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W ith advances in high-throughput screening
capabilities, it is not difficult to identify com-
pounds that target a particular protein or

pathway. Rather, a greater challenge lies in identifying
selective modulators and improving pharmaceutical, or
ADMET (absorption, distribution, metabolism, excretion,
and toxicity), properties of lead compounds (1). In the
traditional approach to pharmaceutical development,
the initial efforts at lead optimization are focused on
identifying structural analogues with the highest po-
tency against a therapeutic target in in vitro assays.
However, when the subsequent in vivo results clash
with the predictions based on in vitro tests, it is diffi-
cult to determine whether such “failures” result from
flawed biological underpinnings or compounds’ intrin-
sic deficiencies, such as poor target selectivity or subop-
timal in vivo bioavailability.

In principal, these pitfalls can be circumvented with
the use of the in vivo zebrafish model early in the lead
optimization phase. Rapid external development, trans-
parency, and high fecundity make zebrafish ideal for
large-scale in vivo characterization of bioactive small
molecules (2−5). Since embryonic cells are capable of
integrating multiple signaling pathways to trigger pre-
cise developmental outputs, a small molecule that se-
lectively targets a signaling pathway involved in embry-
onic patterning will phenocopy genetic mutations in that
pathway, whereas nonspecific compounds will cause
early embryonic lethality or nonspecific developmental
delay. In addition, since drug exposure in embryos oc-
curs by passive diffusion, the in vivo assessment takes
into account compounds’ intrinsic physiochemical prop-
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ABSTRACT The therapeutic potential of small molecule signaling inhibitors is of-
ten limited by off-target effects. Recently, in a screen for compounds that perturb
the zebrafish embryonic dorsoventral axis, we identified dorsomorphin, the first
selective inhibitor of bone morphogenetic protein (BMP) signaling. Here we show
that dorsomorphin has significant “off-target” effects against the VEGF (vascular
endothelial growth factor) type-2 receptor (Flk1/KDR) and disrupts zebrafish angio-
genesis. Since both BMP and VEGF signals are known to be involved in vascular de-
velopment, we sought to determine whether dorsomorphin’s antiangiogenic ef-
fects are due to its impact on the BMP or VEGF signals through the development
of analogues that target BMP but not VEGF signaling and vice versa. In a
structure�activity relationship (SAR) study of dorsomorphin analogues based pri-
marily on their effects on live zebrafish embryos, we identified highly selective and
potent BMP inhibitors as well as selective VEGF inhibitors. One of the BMP inhibi-
tors, DMH1, which exclusively targets the BMP but not the VEGF pathway, dorsal-
ized the embryonic axis without disrupting the angiogenic process, demonstrating
that BMP signaling was not involved in the angiogenic process. This is one of the
first full-scale SAR studies performed in vertebrates and demonstrates the poten-
tial of zebrafish as an attractive complementary platform for drug development that
incorporates an assessment of in vivo bioactivity and selectivity in the context of
a living organism.
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erties, such as the octanol�water partition coefficient
(commonly referred to as log P), a major determinant of
drug-likeness and bioactivity of a small molecule (6). As
a proof-of-principle, we identified dorsomorphin
(Figure 1, panel a), the first selective small molecule in-
hibitor of BMP signaling, on the basis of its ability to
phenocopy the dorsoventral (DV) pattern defects seen
in the BMP pathway mutants (Figure 1, panel b) (7).

Dorsomorphin and its analogue LDN-193189 have
been used to direct differentiation of stem cells and to
demonstrate the therapeutic potential of targeting BMP
signals for anemia and hyperossification syndromes
(7−9). In particular, the discovery of dorsomorphin has
immediate therapeutic implications for a debilitating
heretofore incurable condition known as fibrodysplasia
ossificans progressiva, which has recently been shown
to be caused by activating mutations in ALK2 (ACVR1), a
BMP type-I receptor (10−12).

However, enthusiasm regarding their utility and thera-
peutic potential is tempered by the fact that dorsomor-
phin had significant “off-target” effects, including AMPK
inhibition (13). Since AMPK plays a central role in en-
ergy metabolism and is known to have beneficial cardio-
vascular and antitumor effects, inhibiting AMPK
has potential to cause cardiotoxicity and promote tu-
morigenesis (14−16). Here we show that dorsomorphin
also had significant inhibitory activity against the VEGF
signaling and caused a significant defect in the inter-
somitic vessel (ISV) formation, an angiogenic process
known to require signaling by the VEGF type-II receptor
(also known as Vegfr2/Kdr/Flk1) (17−20). However, be-
cause BMP signaling is also known to be involved in an-
giogenesis (21, 22), it was possible that dorsomorphin
treatment revealed a novel role of the BMP signal in ISV
formation.

To distinguish between these possibilities and to gen-
erate additional potent and specific BMP and VEGF in-
hibitors, we undertook a large-scale in vivo SAR study of
dorsomorphin analogues based on their effects on ze-
brafish embryos. We synthesized 63 distinct com-
pounds using the parallel library synthesis approach
and tested them in zebrafish embryos to identify highly
selective and potent inhibitors of BMP as well as VEGF
signaling. One of the analogues, DMH1, which exclu-
sively targets BMP but not VEGF signaling, dorsalized
the embryonic axis without disrupting ISV formation,
demonstrating that BMP signaling is not required for ze-
brafish ISV formation.

RESULTS AND DISCUSSION
During the course of characterizing the effects of dorso-
morphin (Figure 1, panel a) in zebrafish embryos, we
found that it consistently caused significant defects in
ISV formation (Figure 1, panel b), an angiogenic process
known to require signaling by the VEGF type-II recep-
tors (Kdr/Flk1) (23). To examine in detail dorsomor-
phin’s effects on ISV formation, the Tg(fli:1a:EGFP)y1
transgenic embryos expressing GFP under the control
of an endothelial-specific promoter (24) were treated
with various concentrations (0.1�100 �M) of dorsomor-
phin starting at 12 h post fertilization (hpf). Because
this stage follows the establishment of the dorsoven-
tral (DV) axis, this analysis focused only on dorsomor-
phin’s effects on angiogenesis. After dorsomorphin
treatment, ISV was visualized in live 48 hpf embryos. In
this in vivo angiogenesis model, dorsomorphin com-
pletely inhibited ISV formation at 10 �M (Figure 1,
panel b). At 5 �M, roughly 50% of the ISV were se-
verely shortened or eliminated (dorsomorphin’s EC50,
effective concentration affecting 50% of ISVs, was there-
fore 5 �M; Table 1).

In cultured bovine aortic endothelial cells, dorsomor-
phin inhibited the VEGF-stimulated Flk1 phosphoryla-
tion in a dose-dependent manner (Figure 1, panel c),
demonstrating that dorsomorphin was a potent VEGF
signal inhibitor. Nevertheless, since BMP signaling is
also known to be involved in angiogenesis (21, 22), it
was formally possible that dorsomorphin’s effects on
the zebrafish vasculature revealed a novel role of the
BMP signal in ISV formation. To test this, we sought to
develop small molecules that specifically inhibited BMP
but not VEGF signaling.

Figure 1. Inhibition of both BMP and VEGF signaling by dorsomorphin, and the
pyrazolo[1,5-a]pyrimidine backbone of DM for derivatization. a) Structure of dorso-
morphin (DM). b) DM at a concentration of 2 �M dorsalized zebrafish embryos when
administered at 3 h post fertilization (hpf), and 10 �M DM blocked intersomitic ves-
sel (ISV) formation when administered at 12 hpf. Above, bright-field images of
treated embryos. Below, green fluorescence images of the Tg(Fli:EGFP)y1 transgenic
embryos, which express GFP in the vasculature. Control embryos treated with DMSO
are on the left, and DM-treated embryos are on the right. c) DM suppressed VEGF-
dependent Flk1 phosphorylation in a dose-dependent manner in bovine arterial endo-
thelial cells (BAECs). d) The pyrazolo[1,5-a]pyrimidine backbone of DM for derivat-
ization involving modifications at the 3- and 6-positions (red circles).
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TABLE 1. In vivo assessments and in vitro kinase assays of DM and selected analoguesa

aDorsomorphin (DM) and the selected analogues, along with the R1 and R2 structural modifications and the effects on ze-
brafish embryos with respect to the dorsoventral (DV) axis, the intersomitic vessel (ISV) disruption, and nonspecific toxic-
ity. For dorsalization, the EC100 (effective concentration 100%) represents the concentration when 100% of the treated em-
bryos are severely dorsalized. As a result of significant day-to-day variability in severity of dorsalization at “sub-threshold”
concentrations, the EC50 for severe dorsalization could not be reliably determined. For ISV disruption, the EC50 represents
the concentration when the formation of about 50% of the ISVs is inhibited. For nonspecific toxicity, the EC100 represents
the concentration when 100% of the treated embryos exhibit either early lethality within hours of compound addition, vari-
able embryonic defects, or developmental delay. For comparison, the effects of the known KDR inhibitor SU5416 are shown
at the bottom. Results from at least 20 embryos per condition.
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To generate additional potent and specific BMP in-
hibitors, we synthesized a number of molecules cen-
tered around the 3,6-disubstituted pyrazolo[1,5-
a]pyrimidine core of dorsomorphin (Figure 1, panel d;
Supplementary Figure S1; Supplementary Tables S1,
S2). Our effort was concentrated on varying two aspects
of the dorsomorphin structure: the R1 group (C-3 of the
core structure) and the R2 group (4-phenyl group on C-6
of the core structure) (Figure 1, panel d; Supplementary
Tables S1, S2) (25). The parallel library synthesis, as de-
tailed in Supporting Information, led to the synthesis
and isolation of 63 distinct compounds (Supplemen-
tary Tables S1, S2).

Rather than the traditional approach of identifying
structural analogues with the highest potency against
BMP signaling in in vitro assays, the lead optimization
effort was driven by the compounds’ effects on live ze-
brafish embryos (Figure 2). In vivo effective concentra-
tions (ECs) and relative selectivities against BMP signal-
ing were assessed after administering the compounds
at 3 hpf. Because this stage represents a key temporal
landmark in zebrafish development when multiple cell
signaling pathways fashion the initial embryonic pat-

tern, nonselective inhibitors will cause early lethality or
nonspecific developmental defects, whereas the effects
of selective BMP inhibitors will be limited to dorsaliza-
tion of the embryonic axis. Of the initial set of 21 dorso-
morphin analogues involving the modifications in the
6-position of the pyrazolo[1,5-a]pyrimidine backbone,
9 caused dorsalization without any associated early le-
thality, 7 caused early lethality, and 5 had no visible ef-
fect (Supplementary Table S1). Among the 9
dorsalizing compounds, those with the lower effective
concentrations (ECs) were deemed to have greater anti-
BMP potency in vivo. In this in vivo selectivity assess-
ment, both dorsomorphin and the previously reported
analogue LDN-193189 (9) caused substantial early le-
thality at 20 �M, suggesting significant off-target effects
(Table 1).

Next, we examined the effects of the initial set of ana-
logues and LDN-193189 on ISV formation by adminis-
tering the compounds at 12 hpf and visualizing the ISV
in live 48 hpf Tg(fli:1a:EGFP)y1 embryos. When the com-
pounds were added at this stage, none caused gross
morphologic defects or lethality within 24 h of adminis-
tration. In this analysis of in vivo angiogenesis, LDN-
193189 significantly inhibited ISV formation at 20 �M
(Table 1). Of the initial 21 analogues, 7 had no effect on
ISV formation (Table S1). Of these 7, two (92Y and 6L1)
affected the DV axis, but only at high concentrations, in-
dicating poor bioactivity (Table S1). The remaining five
had no detectable in vivo activity, affecting neither ISV
formation nor DV axis. Interestingly, included in this “in-
active” group was 6LP, which was previously shown to
have significant in vitro activity against KDR (IC50, con-
centration causing 50% inhibition, of 37nM) (26)
(Supplementary Table 1). This discrepancy highlights
the key fact that in vitro results do not necessarily pre-
dict in vivo bioactivity, presumably because they do not
take into account a compound’s solubility or bioavail-
ability. The remaining 14 initial analogues affected both
ISV formation and DV axis, although the individual im-
pact on ISV formation and DV axis varied (Supplemen-
tary Table S1). In summary, the modifications at the
6-position had only a modest impact on conferring the
selectivity for the DV axis. Thus, an additional round of
derivatization was performed retaining several of the
6-position modifications (specifically analogues 6LE,
6K1, and 91E) that conferred enhanced bioactivity or
relative selectivity and introducing modifications at the
3-position (Table 1; Supplementary Table S2).

Figure 2. Schema of zebrafish-based structure�activity relationship (SAR) study of
DM analogues. To assess each analogue’s effect on the dorsoventral (DV) axis, the
wild-type embryos were exposed to the compound (at concentration from 0.01 to
50 �M) starting at 3 hpf. To assess each analogue’s effect on angiogenesis, the Tg-
(Fli:EGFP)y1 embryos were exposed to each compound (from 0.01 to 50 �M) starting
at 12 hpf. After 48 h, the compound-treated embryos were manually scored for dor-
salization of the DV axis (BMPR-I inhibition), vascular defects (VEGFR-2 inhibition),
and nonspecific toxicity or defects. The compounds that caused dorsalization or
blocked angiogenesis were considered for the subsequent round of analogue synthe-
sis and testing.
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The modifications to the 3-position had a major im-
pact on in vivo bioactivity and selectivity (Supplemen-
tary Table S2). Specifically, replacement of the 4-pyridyl
group at the 3-position with a 4-quinoline group (9, 27)
resulted in compounds with preferentially greater effect
on DV axis over ISV formation (Table 1). Of particular in-
terest were DMH1, DMH2, and DMH3, which did not
have any detectible effect on ISV formation (Figure 3;
Table 1; Figure 4, panel a). The EC100s for dorsaliza-
tion (effective concentration causing 100% of embryos
to be severely dorsalized) were approximately 0.2, 0.1,
and 1 �M for DMH1, DMH2, and DMH3, respectively, in
comparison to 2 and 3 �M for dorsomorphin and LDN-
193189, respectively (Table 1). DMH2 was the most po-
tent dorsalizing compound but less selective than
DMH1 and DHM3 since it caused nonspecific develop-
mental effects at higher concentrations (Table 1).

Replacement of the 4-pyridiyl group at the 3-position
with a phenyl group resulted in compounds that prefer-
entially effected ISV formation but not the DV axis
(Table 1). For example, DMH4, which had no discern-
ible effect on the DV axis, caused significant defects in
the ISV and the subintestinal vessel (SIV) (Figure 3;
Table 1; Figure 5, panels a and b). Similar vascular de-
fects have been noted in kdra mutants or in larvae
treated with the Vegfr2 inhibitor SU5146 (19, 20).
DMH4’s EC50 for ISV inhibition (effective concentration
causing loss of 50% of ISVs) was 1 �M, compared to
5 �M for dorsomorphin (Table 1).

Next, we examined the effects of DMH1, DMH2, and
DMH3, the analogues exhibiting highest selectivity for
DV patterning, in a number of in vitro assays. In a BMP-
responsive luciferase reporter assay (28), the IC50s for
DMH1, DMH2, and DMH3 were found to be approxi-
mately 100, 20, and 7 nM, respectively (Figure 4,
panel b; Supplementary Figure S2). In addition, in vitro
assays using the purified human BMP type-I receptor
ALK2 (activin receptor like kinase-2) confirmed that
DMH1, DMH2, and DMH3 were direct inhibitors of ALK2
(IC50s of 107.9, 42.8, and 26.7 nM, respectively)
(Table 2).

Consistent with their minimal effect on ISV forma-
tion, in vitro assays using the purified human KDR dem-
onstrated that DMH1, DMH2, and DMH3 had greatly di-
minished KDR activity in comparison to that of
dorsomorphin and LDN-193189 (IC50 of �30, 2.4, and
2 �M versus 25.1 and 214.7 nM, respectively; Table 2).
Additional in vitro testing with the purified TGF� recep-

Figure 3. Chemical Structures, IUPAC nomenclature, and LC/MS analyses of DMH1,
DMH2, DMH3, and DMH4. DMH1: 4-(6-(4-isopropoxyphenyl)pyrazolo[1,5-a]pyrimi-
din-3-yl)quinoline; �98% at 214 nM, tR � 2.48 min, m/z � 381.2 [M � H]. DMH2:
4-(2-(4-(3-(quinolin-4-yl)pyrazolo[1,5-a]pyrimidin-6-yl)phenoxy)ethyl)morpholine;
�98% at 214 nM, tR � 0.72 min, m/z � 452.2 [M � H]. DMH3: N,N-dimethyl-3-(4-
(3-(quinolin-4-yl)pyrazolo[1,5-a]pyrimidin-6-yl)phenoxy)propan-1-amine; �98% at
214 nM, tR � 0.76 min, m/z � 424.3 [M � H]. DMH4: 4-(2-(4-(3-phenylpyrazolo[1,5-
a]pyrimidin-6-yl)phenoxy)ethyl)morpholine; �98% at 214 nM, tR � 0.89 min, m/z
� 401.2 [M � H].

Figure 4. DMH1 is a potent and selective inhibitor of BMP signaling. a) DMH1
(0.2 �M) caused severe dorsalization when the embryos were treated from 3 hpf
(above), but it (100 �M) had no effect on ISV formation when the embryos were
treated from 12 hpf (below, green fluorescence marks vascular endothelium). b)
DMH1 inhibited BMP signaling in a dose-dependent manner in BMP-responsive lu-
ciferase reporter assay. RLU (relative luciferase units). c) DMH1 blocked BMP4-
induced Smad 1/5/8 phosphorylation in HEK293 cells. In contrast, DMH1 had no ef-
fect on (c) BMP4-induced p38 MAPK phosphorylation, and on (d) Activin A-induced
Smad2 phosphorylation in HEK293 cells. (e) DMH1 had no effect on VEGF-induced
Flk1 phosphorylation in BAECs.
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tor ALK5, the AMPK, and the platelet-derived growth fac-
tor receptor-� (PDGFR�) demonstrated that DMH1,
DMH2, and DMH3 each had substantially higher IC50s
for all of these targets than LDN-193189 did (Table 2).
Remarkably, DMH1 appeared to be very specific for
ALK2 without any detectable inhibition of KDR, ALK5,
AMPK, and PDGFR� (Table 2). Importantly, the lack of
ISV effects by DMH1, an exquisitely selective BMP in-
hibitor without any detectable KDR activity, demon-
strates that the BMP signal, which is mediated by
Smad1/5/8, is not required for zebrafish ISV formation.

On Western blots, DMH1, like dorsomorphin (7), se-
lectively inhibited the BMP-induced Smad1/5/8 activa-
tion (Figure 4, panel c), but not the p38/MAP kinase sig-

naling (Figure 4, panel c) or the Activin A-induced Smad2
activation (Figure 4, panel d). Consistent with the in
vitro kinase assay result, DHM1 had no effect on VEGF-
induced Flk1 phosphorylation (Figure 4, panel e). To de-
termine whether DMH1 had subtype selectivity, we
transfected the BMP signal reporter cells (28) with the
constitutively active (ca) forms of the BMP type-I recep-
tors ALK2, ALK3, and ALK6 (29) and examined DMH1’s
effect on BMP-responsive luciferase activity. In this as-
say, DMH1 effectively inhibited signaling by caALK2 and
caALK3 (IC50 for both significantly less than 0.5 �M)
but had negligible effect on signaling by caALK6
(Supplementary Figure S3). These results suggest that
additional modifications may lead to further refine-
ments in the subtype selectivity. From the clinical per-
spective, a more selective small molecule that targets
just the ALK2, but not ALK3 or ALK6, would be desirable
as a potential treatment for fibrodysplasia ossificans
progressiva (10, 12).

In the above in vivo SAR study, DMH4 had no discern-
ible effect on DV (Figure 5, panel b), but caused signifi-
cant defects in the ISV and SIV formation (Figure 5,
panel a). Additionally, 1 �M DMH4 effectively blocked
angiogenesis in a Matrigel angiogenesis assay using hu-
man umbilical vein endothelial cells (Figure 5, panel c).
These antiangiogenic effects of DMH4 were not medi-
ated through BMP inhibition since, in in vitro BMP re-

Figure 5. DMH4 is a potent and selective inhibitor of VEGF signal-
ing. a) DMH4 disrupted both ISV and SIV formation at 1 �M.
Fluorescent vascular images of DMSO-treated embryo are shown
on the left of DMH4-treated embryos. b) DMH4 had no effect on
dorsoventral axis at 50 �M when treated from 3 hpf. c) DMH4
(1 �M) blocked VEGF-induced tubular network formation in HU-
VECs. d) DMH4 did not show significant inhibition of BMP signal-
ing in a BMP-responsive luciferase reporter assay, but it blocked
VEGF-induced phosphorylation of Flk1 (e) and (f) AKT in BAECs.

TABLE 2. Effects of DM and five of the analogues on various in vitro kinase assaysa

IC50 (nM)

ALK2 (BMPR-I) ALK5 (TGF�R-I) AMPK KDR (VEGFR2) PDGFR�

DMH1 107.9 no no no no
DMH2 42.8 1578.0 3527.0 2418.0 nt
DMH3 26.7 998.0 1940.0 2062.0 nt
DMH4 3558.0 No 8038.0 161.0 nt
DM 148.1 10,760.0 234.6 25.1 nt
LDN-193189 40.7 565.0 1122.0 214.7 nt
Staurosporine 4531.0 10,640.0 �1.0 3.29 6.14

aShown are the IC50s (concentrations causing 50% inhibition) of DM and the analogues for the in vitro kinase assays using the following purified
human enzymes: the BMP type-I receptor activin receptor-like kinase 2 (ALK2/BMPR-I), the TGF� type-I receptor activin receptor-like kinase 5 (ALK5/
TGF�R-I), the VEGF type-2 receptor (VEGFR2/KDR), the AMP-activated protein kinase (AMPK), and the platelet-derived growth factor receptor-� (PDG-
FR�). In in vitro kinase assays, DM was relatively nonspecific, targeting ALK2, AMPK, and KDR with IC50s of �250 nM. LDN-193189 was slightly more
selective but still had significant effects against ALK5 and KDR. By comparison, DMH1, DMH2, and DMH3 were much more selective ALK2 inhibitors.
In particular, DMH1 had no detectible activity against any of the kinases tested besides ALK2. DMH4 was a selective KDR inhibitor with modest effect
on ALK2 (IC50 3.6 �M) and minimal effect on AMPK (IC50 8.0 �M). Nonspecific kinase inhibitor staurosporine was used as a control. All of the reac-
tions were carried out in the presence of 10 �M ATP. no � no inhibition; nt � not tested.
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porter and purified ALK2 kinase assays, DMH4 did not
inhibit BMP signaling at such low concentrations
(Figure 5, panel d; Table 2). Rather, DMH4 effectively
blocked VEGF-stimulated phosphorylation of both Flk1
and the downstream mediator Akt in a dose-dependent
manner (Figure 5, panels e and f). Furthermore, in an in
vitro assay using purified human Vegfr2 (KDR), DMH4
was found to be a direct inhibitor with an IC50 of 161
nM (Table 2). Interestingly, in our in vivo angiogenesis
analysis, the commonly utilized KDR inhibitor SU5146
(Semaxanib) (30), which was originally developed as an
antiangiogenesis therapy, was less potent than DMH4
and not selective (Table 1).

For several compounds, the IC50s based on the in
vitro KDR kinase assays differed dramatically from the
EC50s based on their effects on ISV formation (Tables 1,
2). For example, dorsomorphin, LDN-193189, and 6LP
were potent KDR inhibitors in vitro (IC50s of 25.1, 214.7,
and 37nM, respectively), yet all were relatively poor an-
giogenesis inhibitors in embryos (EC50s of 5, 20, and
�50 �M, respectively; Tables 1, 2). Such IC50�EC50
disparities may reflect suboptimal bioavailabilities of
these compounds in later stage (�24 hpf) embryos. In
summary, the zebrafish proved to be an effective plat-
form for the rapid identification of highly selective VEGF
inhibitors with excellent in vivo potencies and favorable
physiochemical properties.

Here, we utilized zebrafish to conduct the first full-
scale in vivo SAR study in a vertebrate model to simulta-
neously identify selective small molecule inhibitors of
BMP and VEGF pathways, both of which are recognized
as important therapeutic targets. Our analyses indicate
that modification of the 3-position of the pyrazolo[1,5-
a]pyrimidine backbone of dorsomorphin plays a critical
role in determining KDR versus BMP receptor selectivity.
Using this approach, we identified a potent and selec-

tive KDR inhibitor (DMH4), as well as several highly se-
lective BMP type-I receptor inhibitors, including DMH1,
which does not target any of the related signaling path-
ways tested. Exquisitely selective BMP inhibitors, such
as DMH1, that do not affect AMPK are preferred for fur-
ther development as potential therapeutic leads since
they should have reduced potential for cardiotoxicity
and other undesired effects compared with the com-
pounds that inhibit AMPK. Lastly, using DMH1, we dem-
onstrated that BMP signaling is not required for angio-
genesis in early zebrafish embryos.

The in vivo SAR’s success in identifying potent and se-
lective inhibitors of not only BMP but also VEGF signal-
ing demonstrates that the zebrafish provides an effec-
tive multidimensional approach to simultaneously
interrogate multiple pathways on a whole organism
scale. Moreover, since the in vivo SAR study assesses
the compounds’ bioactivities in live embryos, this ap-
proach is inherently likely to identify compounds hav-
ing favorable physiochemical properties and excellent
“drug-likeness”. Thus, this approach is useful for avoid-
ing the pitfall of pursuing “dead end” leads, such as
6LP, which have excellent in vitro activity yet have poor
in vivo bioactivity. The in vivo SAR study contrasts with
the traditional in vitro assay-based SAR studies that fo-
cus on identifying analogues with the highest potency.
Such a “linear approach”, which does not take into ac-
count selectivity and physicochemical properties until
later in drug development, can lead to compounds that
ultimately fail in preclinical animal models despite hav-
ing a compelling biological rationale. In conclusion, we
demonstrate that the zebrafish is an attractive comple-
mentary platform for pharmaceutical development that
incorporates the assessment of a lead compound’s in
vivo bioactivity and selectivity earlier in the development
process.

METHODS
Zebrafish Experiments. The wild-type embryos were treated

with various concentrations (0.1�100 �M) of the compounds
starting at 3 hpf to evaluate compounds’ effects on the dorso-
ventral axis, and Tg(Fli:EGFP)y1 (18, 24) transgenic embryos
were treated from 12 hpf to evaluate the effects on ISV forma-
tion. Twenty embryos were treated per well condition. Treated
embryos were manually dechorionated and observed at 24, 48,
and 72 hpf.

Cells and Cell Culture. C2C12, C2C12BRA, and bovine aortic
endothelial cells (BAEC) were cultured in DMEM supplemented
with 10% FBS (Gibco) and 1% penicillin/ streptomycin (Cellgro).

Human umbilical vein endothelial cells (HUVEC) were grown in
EGM-2 Bulletkit medium (Lonza). Both BAEC and HUVEC cell
lines were cultured on 0.2% gelatin-coated dishes.

Endothelial Tubule Formation. HUVEC cells (1.5 � 104) were
plated on a 96-well microtiter plate precoated with 50 �L of EC-
Matrix (Millipore) and were treated with DMSO or DMH4. After
15 h of incubation, tubular network formation was examined un-
der an inverted light microscope.

Western Blotting. For VEGF signaling, confluent BAEC cells
were serum-starved for 18�24 h and then treated with the com-
pounds or DMSO for 30 min followed by 8 min of incubation
with 50 ng mL�1 VEGF165 (Alpha Diagnostics International, Inc.).
For Smad and P38 MAPK activation, confluent HEK293 cells were
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serum-starved and then treated with the compounds or DMSO
for 30 min followed by 30 min incubation with BMP4 (50 ng
mL�1) or Activin-A (40 ng mL�1). After stimulation, cells were
then lysed in CelLytic-M cell lysis buffer (Sigma) supplemented
with protease inhibitor cocktail (Sigma) and phosphatase inhibi-
tor cocktail 2 (Sigma). Lysates were separated by SDS�PAGE
and transferred onto PVDF membrane. The p-Flk1, p-Smad1/
5/8, p-Smad2, p-AKT, p-P38MAPK, Flk1, AKT, and 	-tubulin were
detected by Odyssey system (Li-Cor bioscience) after incuba-
tion with the appropriate primary and secondary antibodies. Pri-
mary antibodies include antirabbit p-Flk1(Santa Cruz, 1:200 di-
lution), antirabbit p-Smad1/5/8 (Cell Signaling Tech, 1:1000),
antirabbit p-Smad2 (Cell Signaling Tech, 1:1000), antimouse
p-AKT (Cell Signaling Tech, 1:1000 dilution), antimouse
p-P38MAPK (Cell Signaling Tech, 1:1000), antimouse Flk1
(Santa Cruz, 1:200 dilution), and antirabbit Akt (Cell signaling,
1:1000 dilution). The secondary antibodies include IRDye 680-
conjugated goat antirabbit IgG (Li-Cor Bioscience, 1:5000 dilu-
tion) and IRDye 800CW-conjugated goat antimouse IgG (Li-Cor
Bioscience, 1:5000 dilution).

BMP-Responsive Luciferase Reporter Assays. Stably trans-
fected BMP-responsive C2C12BRA cells (containing the Id1
promoter-firefly luciferase reporter; kind gift of D. Rifkin, NYU
Medical Center (28)) were seeded in 96-well plates and incu-
bated overnight with the compounds and BMP4 (50 ng mL�1).
The cells were then lysed, and cell extracts were then subjected
to the firefly luciferase assay using Steady-Glo luciferase assay
kit (Promega). The results were normalized to cell titers, as mea-
sured using Cell Titer-Glo luminescence assay (Promega). For
subtype analysis, C2C12BRA cells were transiently transfected
with plasmids (0.1 �g) expressing constitutively active forms of
the BMP type I receptors (caALK2, caALK3 or caALK6) using Lipo-
fectamine kit (Invitrogen) in 96 well plates; 0.1 �g of pRL-TK Re-
nilla luciferase (Promega) was used to control for transfection ef-
ficiency. Relative activity was quantified by the ratio of firefly to
Renilla luciferase activities using the dual luciferase assay kit
(Promega).

Kinase Assay. All kinase assays were conducted by Reaction
Biology Corp (Malvern, PA). In brief, compounds were tested at
10 concentrations by 3-fold serial dilutions starting at 30 �M,
using nonspecific kinase inhibitor staurosporine as control. In
vitro kinase reactions were carried out in the presence of 10 �M
(33P)
ATP. Five kinases tested were the human BMP type-I recep-
tor activin receptor-like kinase 2 (ALK-2/ACVR1), the human
TGF� type-I receptor activin receptor-like kinase 5 (Alk5/
TGF�R1), the human VEGF type-II receptor (KDR/Flk-1/VEGFR2),
the human AMP-activated protein kinase (AMPK/A1/B1/G1),
and the human platelet-derived growth factor receptor-� (PDG-
FR�).

Chemical Synthesis. The synthetic chemistry effort was con-
centrated on varying two aspects of the 3,6-disubstituted
pyrazolo[1,5-a]pyrimidine core of dorsomorphin (Supplemen-
tary Figure S3): the R1 group (C-3 of the core structure) and the
R2 group (4-phenyl group on the C-6 of the core structure). Based
on the known synthetic methods available, we varied the R1

(phenyl, 2-, 3-, and 4-pyridyl, 3-quinoline, 4-quinoline,
2-thiophene, and 2-thiazole) and R2 (alkyl ethers). Our library
synthesis was focused on common intermediates 3 and 7,
which were synthesized via different pathways depending on
the 3-aryl substitution required (Supplementary Schemes S1,
S2). For the phenyl and pyridyl derivatives, the synthesis started
with the known 4-aryl-1H-pyrazol-5-amine 1 (31−33), which
was reacted with malondialdehyde 2 to afford the pyrazolo[1,5-
a]pyrimidine core 3 (Supplementary Scheme S1). Next, the me-
thoxy group was deprotected, and then the phenol was alky-
lated under basic conditions with a number of groups affording
the final products 4 (Supplementary Tables S1, S2) (31). For the

other 3-heteroaryl-substituted pyrazolo[1,5-a]pyrimidine com-
pounds 7, the commercially available 4-bromo-1H-pyrazol-5-
amine 5 was reacted as above with malondialdehyde 2, which
afforded the 3-bromo pyrazolo[1,5-a]pyrimidine core 6 (Supple-
mentary Scheme S2). Next, 6 underwent transition-metal-
catalyzed cross-coupling with either an appropriate boronic
acid (34) or arylzinc bromide (35) to afford the desired 7. Com-
pound 7 was then reacted as above to yield the final targets 4
(Supplementary Tables S1, S2). This reaction sequence was
amenable to parallel library synthesis, and utilizing this ap-
proach led to the synthesis and isolation of 63 distinct com-
pounds. Detailed synthesis schemes are discussed in Support-
ing Information.
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