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Abstract

BMP receptor inhibitors induce death of cancer cells through the downregulation of antiapoptotic
proteins XIAP, pTAKZ, and 1d1-1d3. However, the current most potent BMP receptor inhibitor,
DMH?2, does not downregulate BMP signaling in vivo because of metabolic instability and poor
pharmacokinetics. Here we identified the site of metabolic instability of DMH2 and designed

a novel BMP receptor inhibitor, JL5. We show that JL5 has a greater volume of distribution

and suppresses the expression of 1d1 and pTakl in tumor xenografts. Moreover, we demonstrate
JL5-induced tumor cell death and tumor regression in xenograft mouse models without immune
cells and humanized with adoptively transferred human immune cells. In humanized mice, JL5
additionally induces the infiltration of immune cells within the tumor microenvironment. Our
studies show that the BMP signaling pathway is targetable in vivo and BMP receptor inhibitors
can be developed as a therapeutic to treat cancer patients.

Introduction

An estimated 170,000 people this year in the U.S. will die from lung cancer. More people
will die from lung cancer then prostate, colon, breast, and kidney cancer combined. Despite
advances in targeted therapy 85% of patients diagnosed with lung cancer will succumb to
the disease. It is clear that better treatment options are needed for the treatment of lung
cancers.

Bone morphogenetic proteins (BMPs) are members of the transforming growth factor

beta (TGFp) superfamily that are phytogenetically conserved morphogens required for
embryonic development across species from insects to humans [1, 2]. BMP2 and BMP4
regulate a plethora of activities during embryogenesis, including the development of the
lung. Following the development of the lungs there is little expression of BMP signaling in
normal adult lung tissue [1]. The BMP signaling cascade is reactivated in lung cancer and
inflammation [1, 3]. Studies have reported that the bone morphogenetic signaling cascade
has a significant role in promoting tumorigenesis in lung and other cancers. The BMP2
ligand is overexpressed in 98% of non-small cell lung cancers but not in benign lung tumors
[4]. BMP signaling is reported to enhance tumorigenesis in many other cancers including
prostate [5], breast [6, 7], pancreas [8], melanoma [9], and sarcoma [10]. Aberrant BMP
signaling has been reported to enhance cell migration, invasion, metastasis, proliferation,
and angiogenesis, and is associated with a worse prognosis [3, 11-14].

There are ~20 BMP ligands that signal through trans-membrane serine/threonine kinases
composed of type I and type Il receptors. The type | receptors are ALK2 (ActR-1),

ALKS3 (BMPR-1A), and ALK6 (BMPR-IB) [15] and the type Il receptors are BMPR-11

and activin type 1l receptors ActR-I1 and AcR-11B [15]. There are different affinities of the
BMP ligands to each type I receptors [15]. Ligand binding to the type | receptor leads to
phosphorylation by the constitutively active type Il receptor. The BMPRI/BMPRII receptor
complex phosphorylates Smad-1/5 [16], which then translocates to the nucleus leading to

Oncogene. Author manuscript; available in PMC 2024 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Newman et al.

Page 3

the transcription activation of downstream target genes including inhibitor of differentiation
proteins (Id1, 1d2, and 1d3) [17-21].

Recently, we reported that the BMP signaling cascade regulates several antiapoptotic
proteins in lung cancer cells through evolutionarily conserved signaling pathways, which
include X-linked inhibitor of apoptosis protein (XIAP), TGFp activated kinase 1 (TAK1),
and inhibitor of differentiation proteins (1d1-1d3) [22]. During embryonic development,
XIAP binds to the BMP type | and type Il receptors preventing its ubiquitination and
subsequent degradation via proteasomes, thus increasing its expression [23]. XIAP binds
to TAB1, leading to the activation of TAK1 [24]. XIAP is the most potent of the inhibitor
of apoptosis proteins and is the only antiapoptotic protein that inactivates caspases [25].
XIAP binds and inactivates effector caspase-3 and caspase-7 and initiator caspase-9 [26].
XIAP has been shown to block apoptosis induced by many pro-apoptotic agents. TAK1
also potently inhibits apoptotic cell death through the activation of NF-kappa B (NF-xB)
[27] and prevention of reactive oxygen species (ROS) production [28]. NF-xB inhibition of
apoptotic cell death involves the induction of cellular FLICE-like protein (c-FLIP), XIAP,
cellular inhibitor of apoptosis protein 1 (c-1AP-1), and c-1AP-2 [27].

Dorsomorphin was identified in a zebrafish library screen to be a small molecule inhibitor
of the BMP receptors [29]. Several generations of BMP inhibitors have been synthesized
based on substitutions to this pyrazolo[1,5-a]pyrimidine core with varying affinities to the
kinase domain of the BMP type I and type Il receptors [30, 31]. The BMP analog, DMH1
has been shown in tumors in mice to suppress metastatic growth without tumor regression
or downregulation of Id1, TAK1, or XIAP [7, 32]. Our in vitro studies showed that the
BMP analog DMH?2 is significantly more potent in downregulating XIAP, pTAKZ, and 1d1
expression and inducing death of lung cancer cells than LDN-193189 and DMH1 [22].
However, DMH2 does not downregulate XIAP, ID1, or pTAKL in tumor xenografts, likely
because of its poor pharmacokinetic profile in mice [22]. The development of stable BMP
inhibitors that have potent inhibition of BMP-regulated antiapoptotic proteins 1d1, pTAK1,
and/or XIAP in tumor xenografts is needed to better evaluate the role of BMP inhibitors as
a cancer therapeutic. The BMP signaling pathway is also known to regulate the activation
and development of dendritic cells [33], T cells [34], and natural Killer cells [35]. However,
the effects of BMP inhibitors on immune cells within the tumor microenvironment are not
known. Since BMP signaling regulates immune cells it essential to understand how BMP
inhibitors affect the immune cells within the tumor microenvironment and to determine
whether BMP inhibition in the context of an immune system enhances or attenuates tumor
growth.

In our study, genetic profiling indicates that mutations that could cause resistance to

a BMP receptor inhibitor are infrequent in non-small cell lung cancer (NSCLC). We
have identified the chemical instability of DMH2 and designed a compound, JL5, to
circumvent the chemical hydrolysis of the morpholine side-chain. JL5 inhibits BMP type
| and type Il receptors at similar concentrations, induces in vitro cancer cell death, and
downregulates 1d1, XIAP, and pTAK1 with similar potency as DMH2. Importantly, JL5
is more metabolically stable than DMH2, and downregulates 1d1 and pTAK1 and induces
tumor regression in lung tumor xenografts. JL5 demonstrates a positive effect on immune
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cells within the tumor microenvironment by increasing immune cell infiltration within the
tumor. JL5 maintains suppression of tumor growth even in the presence of adoptively
transferred immune cells. These data demonstrate that BMP signaling is targetable in
NSCLC and propose that targeted suppression of BMP receptors can be developed as a
therapeutic drug to treat lung and other cancers.

BMP ligands are frequently overexpressed in NSCLC

In a prior study, we have shown that BMP2 protein is highly overexpressed in 98% of lung
cancers (independent of cell type) with little expression in normal lung tissue [4]. However,
genetic alteration could cause resistance to a target-specific therapeutic, by alterations that
inactivate the signaling pathway, mutations of the receptor that affect its interaction with
the small molecule, and amplifications of essential downstream signaling events. Therefore,
to determine whether the BMP signaling cascade is a targetable pathway (i.e., it exhibits
low mutation frequency), we queried The Cancer Genome Atlas (TCGA) to examine the
genetic alterations effecting BMP ligands, receptors, transcription factors, and downstream
targets in NSCLC. Only 2 of the 117 lung adenocarcinomas had a deep deletion, missense
mutation, or truncating mutation of the BMP2 ligand (Fig. 1a). Sixty-eight percent of lung
adenocarcinomas had upregulation of mMRNA and 26% had amplification of one or more
BMP ligands (Fig. 1a).

Genetic alterations of the BMP signaling cascade are infrequent in NSCLC

Deep deletions, truncating mutations, or missense mutations were present in 8 (6%) of the
BMP type | and 4 (3%) of the BMP type Il receptors among 135 lung adenocarcinomas
examined (Fig. 1b). None of the tumors had mutations in all three of the type I or

type Il receptors (Fig. 1b) Mutations of Smad-1/5/9 were also infrequent (5%) and never
occurred in all three transcription factors (Fig. 1b). Amplification of the downstream BMP
targets XIAP, TAK1, and Id1 has the potential to cause resistance to a BMP inhibitor if it
upregulates expression. Amplification of XIAP occurred in 0.7%, of TAK1/MAP3K?7 in 0%,
of 1d1 in 6%, of 1d2 in 0%, and of 1d3 in 2% of lung adenocarcinomas (Fig. 1b).

Similar levels of genetic alterations were identified in squamous carcinoma of the lung and
adenocarcinoma lung cancer cell lines (Supplementary Fig. 1 and Supplementary Fig. 2).
The low rate of mutations and the redundancy of the BMP signaling cascades suggest that
resistance to BMP receptor inhibitors in lung cancer because of genetic alterations is likely
to be a rare event.

Design of JL5 improves on the pharmacokinetic profile of DHM2

Based on the inability of DMH2 to downregulate XIAP, ID1, or pTAK1 in vivo [22], we
designed a series of DMH2 analogs. The pyrazolo [1,5-4] pyrimidine core of the BMP
dorsomorphin (Fig. 2a) has been utilized as a heterocyclic core to synthesize BMP inhibitors
[36]. Analogs of Dorsomorphin, DMH1, DMH2 [30], and LDN-193189 (LDN) [37] differ
in the substitutions made at the R-position of the pyrazolo [1,5-4] pyrimidine core (Fig.

2a). We found that after four months, aliquoted samples of DMH2 have decreased potency
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to downregulate 1d1 expression and induce death of lung cancer cells in vitro (personal
observation). Analysis using liquid chromatography-mass spectrometry (LCMS) of a sample
of DMH2 stored as a solid in a desiccator for 4 months revealed a phenolic byproduct due to
morpholine side-chain hydrolysis (Fig. 2b).

This observation led us to design a compound devoid of an oxygen by replacement with

a carbon atom to generate JL5 (Fig. 2c). JL5 was synthesized in simple and convergent
fashion by palladium-catalyzed coupling using microwave reactor to couple the brominated
pyrazolo[1,5-a] pyrimidine ‘2’ to the borate ester of the morpholine side-chain *3’ to
generate “1” in 48% yield as a white crystalline solid (Supplementary Scheme 1). An
additional substitution of JL5 was made at the R2 position of the core with an imidapyrazole
creating JL12 (Fig. 2c).

Using mouse liver microsomes, we demonstrated that the intrinsic clearance of JL5 is 48%
lower than that of DMH2 (Table 1). Both JL5 and DMH2 demonstrated high binding to
mouse plasma proteins (Table 1). Following a single intravenous administration of JL5

to male BALB/c mice at 2 mg/kg dose, JL5 showed very high plasma clearance (194
mL/min/kg) exceeding normal hepatic clearance, likely due to a high volume of distribution
(Vss) of 8.78 L/kg and an elimination half-life of 0.57 h, indicative of high tissue penetration
(Table 2). The area under the curve (AUC) was determined to be 1605 hxng/mL with a

Col Gax 0f 1282 ng/mL (Table 2). The Vss of DMH2 (0.95 L/kg) was lower than that of JL5
(8.78 L/kg) so its distribution into the tissue is significantly lower than that of JL5 (Table 2).
Since the pharmacokinetic properties of JL5 were improved over DMH2, we proceeded with
further in vitro and in vivo xenograft studies.

JL5 potently inhibits BMP receptors without inducing toxicity

Towards determining the functional capability of JL5, we determined its half maximal
inhibitory concentration (IC50) for inhibiting BMP type | and type Il receptors. JL5
demonstrated a single digit nanomolar (nM) IC50 for the BMP type | receptors alk2, alk3,
and alk6, which is lower than previously reported for DMH2 (Table 3). Although JL5 only
had an approximately 8 uM 1C50 for the BMP type Il receptor BMPR?2, it was similar to that
of DMH2 (Table 3). JL12 demonstrated very little inhibition of the BMP type | and type Il
receptors, and therefore, was used as a negative control in our subsequent studies (Table 3).
These studies show that the inhibition of the BMP type | and type Il receptors by JL5 is very
similar to that of DMH2.

To determine whether JL5 causes toxicity, NSG mice were injected intraperitoneally (IP)
with 0, 3 mg/kg, 10 mg/kg of JL5 twice daily for 4 days. Mice showed no evidence of
systemic toxicity such as loss of appetite, anorexia, and lethargy. Histological examination
of the livers, lungs, and kidneys by a veterinary pathologist did not reveal any evidence

of toxicity (Supplementary Fig. 3) or weight loss (Supplementary Fig. 4). Further, a blood
chemistry screen revealed no significant difference between mice treated with JL5 or DMSO
(Supplementary Table 1). In addition, in our 21-day studies (10 mg/kg of intraperitoneal JL5
twice daily) mice had no signs of toxicity as demonstrated by the lack of anorexia, lethargy,
or loss of weight.
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JL5 inhibits BMP signaling and induces death of lung cancer cells

To determine whether JL5 inhibition of BMP receptors leads to inhibition of downstream
BMP signaling mediators, H1299 lung cancer cells were treated with JL5, JL12 (inactive
derivative of JL5), and/or DMSO. JL5 treatment caused a decrease in the expression of

Id1 and XIAP (Fig. 3a) in a similar manner as previously reported for DMH2 [22]. Like
DMH2, JL5 at lower concentrations caused an increase in the expression of pTAK1, which
became undetectable at the highest concentration (Fig. 3a) [22]. JL12 had no effect on the
expression of 1d1, XIAP, or pTAKL1 (Fig. 3b). Since BMP signaling is a direct transcriptional
regulator of the 1d1 promoter, we examined whether JL5 regulates the 1d1 promoter. H1299
cells stably expressing the 1d1 promoter regulating the luciferase reporter were treated with
JL5. JL5 caused a dose-related decrease in the expression of the Id1-luciferase reporter,
while JL12 had no effect (Fig. 3c). Three-day treatment with JL5 induced a significant
dose-dependent increase in cell death (Fig. 3d) and a decrease in the number of live H1229
cells (Fig. 3e). JL12 had no effect on either cell death or cell growth of the H1299 cells
(Fig. 3d, e). JL5 and DMH2 caused the same amount of cell death at 2.5 uM after 3 days
(Fig. 3d). After 7 days, the majority of the H1299 cells treated with JL5 were dead with few
live cells remaining in comparison to the DMSO control (Fig. 3f, g). JL5 also suppressed
growth of A549 cells, an adenocarcinoma cell line harboring an activating K-Ras mutation
(Supplementary Fig. 5). JL5 induced the activation of caspase-3 and cleavage of PARP,
suggesting like DMH2, it induces apoptotic cell death (Fig. 3h) [22]. Annexin V staining is
frequently used to detect early and late stages of apoptosis. Cells that stain for 7-AAD but
not Annexin V are considered to have undergone cell death by necrosis. H1299 cells treated
with JL5 for 48 h showed a significant increase in the percentage of cells in late stages of
apoptosis as well as necrosis (Fig. 3i) in comparison to the DMSO control. The TUNEL
assay demonstrated that JL5 induces DNA double-stranded breaks (DSBs) of H1299 cells
(Fig. 3j). The caspase inhibitor Z-VAD-FMK (VAD) partially inhibited JL5-induced cell
death, while the RIPI kinase inhibitor necrostatin-1 had no effect (Fig. 3k). These data
demonstrate that cell death caused by JL5 occurs in part by inducing apoptosis.

JL5 inhibits tumor growth and induces tumor regression in NSG mice without immune

cells

Towards determining whether JL5 exhibits anti-tumor effects in vivo, we first examined
whether JL5 downregulates BMP downstream targets in established H1299 tumors in NOD-
scid IL2Rgamma™!! (NSG) mice that do not have immune cells. Similar to what was
reported for DMH2, JL5 at a lower concentration (3 mg/mL) caused a feedback increase

in the expression of 1d1 after 4 days (Fig. 4a) [22]. After 4 days, JL5-treated tumors (10
mg/kg) had a decreased protein expression of 1d1 and TAK1 but not XIAP (Fig. 4a). DMH2
at similar doses did not downregulate 1d1, pTAKZ1, or XIAP in tumor xenografts [22]. Next,
we examined the effects of JL5 (10 mg/mL) on established H1299 tumors in NSG mice
treated for 21 days. From the point of maximal tumor growth on treatment day 5, JL5
induced an ~35% regression in tumor size by treatment day 14 followed by a plateau in
tumor growth (Fig. 4b, c). During this same period the size of tumors in control-treated mice
(DMSO) increased by 13%. No significant differences in the amount of tumor cell death or
proliferation were observed in tumors examined after 21 days of treatment (Fig. 4d, e).
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JL5 induces the influx of immune cells into the tumor microenvironment and induces
tumor regression in immune-reconstituted NSG mice

Since NSG mice do not have immune cells, they accept human donor immune cells without
rejection. To investigate the anti-tumor effects of JL5 in the presence of immune cells, NSG
mice were reconstituted with HLA-compatible patient-derived immune cells (humanized)
and xenografts then established with H1299 cells. After the tumors had reached ~5 mm? in
size the mice were treated with JL5. JL5 caused a reduction in tumor size in humanized mice
treated for 21 days (Fig. 5a). From the point of maximal tumor growth on treatment day

7, JL5 again induced an ~35% regression in tumor size by post-treatment day 12 (Fig. 5a,
b). After the tumor regression, the tumors then began to grow, suggesting that the immune
cells had a growth-promoting role (Fig. 5a). There were no noteworthy histomorphological
differences in cell death by H&E staining (Fig. 5¢) but there was a significant reduction in
proliferation of tumor cells in mice treated with JL5 (Fig. 5d).

To determine the effect of JL5 treatment on immune cells, we examined the presence of
immune cells within the tumors. There were significantly more immune cells within the
tumor microenvironment in tumors treated with JL5 in comparison to DMSO controls (Fig.
5e). Quantitative image analysis demonstrated that JL5 induced a 67% increase in CD3+
cells and 80% increase in CD4+ cells in comparison to the DMSO control (Fig. 5f).

JL5 induces tumor necrosis on treatment day 13

Since we did not see cell death after 21 days of treatment despite both the humanized and
non-humanized xenografts demonstrating tumor regression after ~13 days of treatment, we
repeated the humanized xenograft study but analyzed the tumors after 13 days of treatment
with JL5. Again, a significant difference in the size and weight of the tumors of mice
treated with JL5 compared to vehicle control was observed (Fig. 6a, b). The amount of
tumor regression was equivalent to that seen in the prior experiments on treatment day 15.
Histological examination revealed increased necrosis in tumors treated with JL5 compared
to controls at this timepoint (Fig. 6¢). Two independent pathologists agreed on this finding.
Computer-based image analysis using morphometrics software of the H&E slides was used
to examine necrosis within the tumor. JL5-treated tumors exhibited twice the number of
necrotic cells compared to control tumors (Fig. 6d).

Discussion

Drugs targeting specific receptors are frequently only effective if that receptor has an
activating mutation. Activating ROS-1 or epidermal growth factor mutations occur in 1%
and 13% of NSCLC, respectively [38]. Targeted therapy is also limited by the deletion of

the receptor or development of mutations that are not recognized by the drug [39]. Mutations
of downstream effector genes can also render a drug inactive [39]. Our analysis supports
that BMP signaling cascade is active in the majority of NSCLCs and genetic alterations are
unlikely to induce resistance to small molecules targeting the BMP receptors. Expression

of BMP ligands and receptors is highly redundant in NSCLC. Ten different BMP ligands
were expressed in NSCLC. All three BMP type | and type Il receptors were expressed in

all of the NSCLC examined. We have shown that all three of the type | BMP receptors
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can effectively induce downstream signaling in lung cancer cell lines [40]. The mutation
rate of the BMP receptors is low (<5%) and no tumor had mutations in all three of the
type | or type 11 BMP receptors. The very low incidence of amplification of XIAP, TAK1,
or 1d1 suggests that these downstream effectors would not provide a mechanism inducing
resistance to BMP targeted therapy. Overall, these data suggest that targeting the BMP
signaling cascade will not be limited by genetic alterations found in either squamous cell
carcinomas or adenocarcinomas of the lung.

There are only a few studies examining the effects of BMP receptor inhibitors in tumor
xenografts. The BMP inhibitors most frequently used have been DMH1, DMH2, and LDN.
Our studies have shown that DMH?2 in vitro is significantly more potent than DMH1 or
LDN in decreasing the downstream targets Id1, TAKZ, and XIAP and inducing cell death
of cancer cells [22]. DMH1 and LDN in tumor xenograft studies reduce metastasis but have
not demonstrated tumor regression or significant death of cancer cells [7, 41]. DMH2 has
a half-life of only 60 min with a low volume of distribution. Surprisingly, DMH2 causes
an increase in Id1 expression in tumor xenografts likely from low level of suppression of
BMP signaling allowing for activation of TAK1, which can cause a feed-forward activation
of BMP signaling [22]. Substituting a carbon for the oxygen on the morphine side-chain
improved the stability of DMH2 and resulted in a new compound, JL5. The potency of JL5
to inhibit BMP receptors and regulate BMP signaling of cancer cells is very similar to that
of DMH2. Although the serum half-life was not improved, the volume of distribution was
significantly better than that DMH2, which likely contributed to the improved anti-tumor
effects seen in our studies. It is likely that further improvements in the pharmacokinetic
properties of JL5 and the future development of other potent BMP inhibitors will produce
even more pronounced in vivo anti-tumor effects.

We show for the first time that a BMP inhibitor induces tumor regression and causes
significant cell death in human tumor xenografts in mice. This was associated with a
downregulation of 1d1 and TAK1 but not XIAP. The binding of XIAP to the BMP receptors
stabilizes XIAP leading to increased expression. XIAP can be stabilized by other pathways,
including by binding to survivin and phosphorylation by PI-3 kinase [42]. XIAP is an
upstream activator of TAK1, which can phosphorylate Smad-1/5 leading to the activation
of BMP signaling [22, 44]. The ability to downregulate XIAP is likely to further inhibit
BMP signaling leading to greater cell death. During apoptotic cell death smac is released
from the mitochondria, which binds and inactivates inhibitor of apoptosis proteins [43].
Smac mimetics have been designed to bind and inactivate inhibitor of apoptosis proteins
IAP-1, IAP-2, and XIAP [44]. Combinational therapies utilizing inhibitors of survivin, P1-3
kinase, or smac mimetics should be explored as a potential strategy to further enhance the
downregulation of BMP signaling in cancer cells.

The immune system can induce or inhibit the growth of tumors. In our humanized mouse
tumor model the immune cells appeared to have a growth-promoting role. This finding
argues the importance of including immune cells in preclinical tumor xenograft models

to better delineate therapeutic strategies to treat cancer. Importantly, despite the growth-
promoting effect of immune cells, JL5 still caused tumor regression. However, tumor
regression was not sustained in the presence of immune cells. Surprisingly, only in tumors
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with immune cells did JL5 decrease proliferation of cancer cells. Immune cells are known
to secrete BMP ligands [45]. An increase in the number of immune cells secreting BMP
ligands could enhance the proliferation of tumor cells and suppress the cytotoxic effects of
JL5. A more potent BMP receptor inhibitor with a longer duration of action may be able to
counter act the growth-promoting effects of immune cells. A potential strategy that could be
utilized is to activate cytotoxic immune cells that have become ‘exhausted’. Inhibitors of the
immune blockade have demonstrated sustained tumor regression in lung and other tumors
[46, 47]. However, the response rate is only 20%. The presence of immune cells within the
tumor microenvironment is reported to be the best predictor of PD-L1 blockade inducing

a response [48]. Further studies are needed to determine whether the enhanced influx of
immune cells induced by BMP receptor inhibition can be used to enhance the effects of
immunotherapy directed at PD-1 or PD-L1.

BMP signaling is active in the majority of lung cancers and genetic mutations in NSCLC

are unlikely to mitigate the effects of BMP receptor inhibitors. The development of JL5
provides a useful tool to examine the mechanisms in vivo by which the BMP signaling
regulates the survival of cancer cells and to develop therapeutic strategies. Since JL5 induces
the influx of immune cells into the tumor microenvironment, without causing their death,
raising the possibility it can be used in conjunction with checkpoint inhibitors. These studies
demonstrate that BMP signaling is growth-promoting in cancer, but is targetable supporting
the need for further drug development and design of therapeutic strategies.

Cell culture and reagents

The A549 and H1229 lung cancer cell lines were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, Sigma Aldrich, St Louis, MO, USA) with 5% fetal bovine serum (FBS)
[49]. DMH2 and JL5 were synthesized at Rutgers-New Jersey Medical School (Dave
Augeri). Z-VAD-FMK and necrostatin-1 were obtained from Sigma-Aldrich, and utilized
as per manufacture instructions.

Western blot analysis

Total cellular protein was prepared as previously described and the protein concentration
determined using the BCA assay [3]. Protein was separated by SDS-PAGE then transferred
to nitrocellulose (Schleicher and Schuell, Keene, NH). The blots were blocked for at
least 2 h then incubated overnight at 4 °C with the appropriate primary antibody.
Secondary antibodies were applied for 1 h at room temperature. Proteins were detected
using the enhanced chemiluminescence system (Amersham, Arlington Heights, IL). The
primary antibodies used were rabbit monoclonal anti-pTAK1, rabbit monoclonal XIAP,
rabbit monoclonal anti-activated caspase-3, rabbit monoclonal anti-PARP (Cell signaling
Technology, Danvers MA), rabbit monoclonal anti-ld1(Calbioreagents, San Mateo, CA),
rabbit anti-actin, an affinity isolated antigen specific antibody (Sigma, Saint Louis, MO),
and rabbit polyclonal anti-GAPDH (Sigma, St. Louis, MO).
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Chemical synthesis of JL5

To synthesize 4-(6-bromopyrazolo[1,5-g]pyrimidin-3-yl) quinolone (2 in Supplementary
Scheme S1) a solution of 4-(quinolin-4-yl)-1 H-pyrazol-3-amine (535 mg, 2.54 mmol, 1 eq)
in acetic acid (20 ml) was added 2-bromomalonaldehyde (383 mg, 2.54 mmol, 1 eq). After
stirring for 16 h at room temperature, the reaction was diluted in water up to 150 ml total
solvent. The solution was adjusted to a pH of 5-6 with careful addition of sodium hydroxide
when a solid began to precipitate. After 30 min, the suspended solid was subjected to
sonication, filtered and washed with water. The solid was recrystallized in MeOH to yield
the title compound (752 mg, 91% yield) as a white solid. *H NMR (500 MHz, DMSO-d)
9.77 (d, /= 2.2 Hz, 1H), 8.94 (d, /= 4.5 Hz, 1H), 8.78-8.71 (m, 1H), 8.69 (s, 1H), 8.09 (td,
J=8.3,1.4 Hz, 2H), 7.78 (ddd, J= 8.2, 6.7, 1.4 Hz, 1H), 7.71 (d, J= 4.4 Hz, 1H), 7.58 (ddd,
J=8.3, 6.8, 1.3 Hz, 1H). MS: 324.75, 326.80 [M + H]".

To synthesize 4-(3-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)phenyl)propyl)morpholine (3 in Supplementary Scheme S1) a solution of 4-(3-(4-
bromophenyl)propyl) morpholine (110 mg, 0.387 mmol, 1 eq), bis(pinacolato) diboron (147
mg, 0.581 mmol, 1.5 eq), PdCly(dppf)CH,ClI, (16 mg, 0.0194 mmol, 0.05 eq), and KOAc
(104 mg, 1.16 mmol, 3 eq) in dioxane (4 ml) was heated in a microwave reactor for 15 min
at 130 °C. The crude reaction was diluted in hexanes and filtered over a pad of celite to
remove inorganics. The filtrate was purified by silica gel chromatography (50% — 100%
EtOAc/Hex) and concentrated to afford the title compound (115 mg, 90%) as an oil that was
used in the subsequent coupling without further purification. MS: 332.05 [M + H]*.

To synthesize JL5 (1 in Supplementary Scheme S1) a mixture of 4-(6-bromopyrazolo[1,5-
dlpyrimidin-3-yl)quinolone (300 mg, 0.810 mmol, 1 eq), 4-(3-(4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)phenyl)propyl)morpholine (402 mg, 1.22 mmol, 1.5 eq), PdCI,(PPh3),
(28 mg, 0.405 mmol, 0.05 eq) in dioxane (9 ml) and 2 M aqueous Na,CQOg3 (6 ml) was
heated in a microwave reactor for 10 min at 130 °C. The reaction was partitioned in EtOAc
and water followed by filtration over celite to remove insoluble impurities. The filtered
organic was separated and the filtered aqueous was extracted 2x EtOAc. The combined
organic was dried over Nay,SOy, filtered and concentrated. The residue was dissolved in
dilute aqueous HCI and washed 2x DCM. The acidic aqueous was made basic with 1 M
NaOH and extracted 4x CM. The combined organic was dried over Na,SOy, filtered and
concentrated. The residue was purified by silica gel chromatography (2% — 5% MeOH/
DCM) and product containing fractions were combined and concentrated. Recrystallization
from EtOAc afforded the title compound (175 mg, 48%) as a white solid.

Evaluation of genetic abnormalities of BMP signaling in NSCLC

We used The Cancer Genome Atlas (TCGA) database available through cBioportal (http://
www.chioportal.org/public-portal/; accessed on 18 March 2016), a publicly available data
portal to investigate the frequency of alterations and expression of the BMP family ligands,
receptors, transcription factors, and BMP downstream mediated targets regulating cell
survival [50, 51]. Data sets were queried for lung adenocarcinoma and lung squamous

cell cancers (provisional for both). Only cases with complete data on mutations, copy-
number alterations, and mRNA expression were included. Alterations in BMP signaling in
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NSCLC cell lines (CCLE, Cancer Cell Line Encyclopedia) were queried through cBioportal
[52]. Dysregulated gene expression was defined by Z> 2 (over-expression) or Z< 2
(reduced expression). Software tools embedded within cBioPortal were used to determine
the proportion of samples within each dataset with alterations or up/downregulation.

Cell viability
Lung cancer cells were plated into six-well plates. The following day cells were treated
with the BMP inhibitor for the designated amount of time. The live and dead cells were
determined using the Vi-CELL cell analyzer (Beckman Coulter). Vi-CELL cell analyzer
examined 500 cells per sample and uses utilizes trypan blue dye exclusion to determine the
number of dead cells.

Annexin V staining

To assess apoptotic cell death, H1299 cells in six-well plates were treated with DMSO or
JL5 2.5 uM for 48 h. Cells were then stained with labeled Annexin V and 7-AAD as per
manufacturer’s instructions (Thermo Fisher Scientific). Cells were then analyzed by flow
cytometry.

ICsg kinase assay
IC5p assays were performed for alk2, alk3, alk6, alk5, BMPRII, and TGFp for JL5 and JL12

(Reaction Biology Corporation, Malvern, PA). This was a 10-point assay ranging from 100
UM to 100 nM performed in duplicate with the ATP concentration of 10 uM.

Plasma protein binding

Mouse protein plasma binding for JL5 was performed using equilibrium dialysis (Sai Life
Sciences Limited, Pune India).

Metabolic stability

Mouse liver microsomes were treated with DMSO or JL5 for 0.5, 15, 30, and 60 min.
The plates were centrifuged and 100 pL aliquots analyzed by liquid chromatography-mass
spectrometry (LC-M/MS) (Sai Life Sciences Limited, Pune India).

Pharmacokinetics

The pharmacokinetics of JL5 was examined in BALB/c mice following intravenous and
intraperitoneal (i.p.) administration (Sai Life Sciences Limited, Pune India). Blood samples
were taken 0.08, 0.25, 0.5, 1, 2, 4, 8, 12, and 24 h and analyzed with LC/MS/MS.

Plasma half-life, clearance, AUC, and volume of distribution were then determined (Sai
Life Sciences Limited, Pune India).

Luciferase assay

H1299 cells were stably transfected with the 1d-1 promoter, which drives the expression of
the luciferase reporter. Cells were treated with BMP inhibitors for 48 h then cells lysed and
luminescence measured by the TD-20/20 Luminometer (Turner Designs/Turner BioSystems,
Sunnyvale, CA) [22].
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Humanized and non-humanized tumor xenograft studies

Tumor xenografts from H1299 cells were established by injection of 2 million cells into the
intradermal space of the flanks of NOD-scid IL2Rgammanu!l (NSG) mice (bred in-house
and randomly assigned to groups without blinding). When tumors reached approximately

4 mm x 4 mm, mice were treated with 3 or 10 mg/kg of JL5 twice daily (or DMSO

control) for four days. In some experiment, the NSG mice also received adoptive transfer
(via intravenous injection, as previously described [53-55]) of 1-2 million cells donor
HLA-compatible human peripheral blood immune cells per mouse and were treated with 10
mg/kg of JL5 twice daily (or DMSO control) for 13 or 21 days, as described for each set of
experiments. Tumors were measured using electronic calipers and dissected and processed
at the end of each study, as previously described [56-58]. For each experiment, 7-8 mice
per group were included (as detailed for each individual experiment) a sample size powered
to identify statistical significance with a minimal number of mice. The power calculation
applies to the tumor size at the final time point. Experiments were conducted in compliance
with ethical regulations and approved by Rutgers IACUC.

Quantifying tumor necrosis
To quantify necrosis H&E-stained slides from each tumor were analyzed using CellSens
imaging software (Olympus Life Science). Necrotic and viable tissue areas were manually
delineated to calculate percent necrosis.

Toxicity studies

Mice treated with DMSO, 3 mg/kg, and 10 mg/kg of JL5 twice daily for four days were
euthanized and postmortem examinations were performed at the scheduled necropsy. At the
time of necropsy, lungs, kidneys, and livers were collected and fixed in 10% neutral-buffered
formalin. Histomorphological examination of hematoxylin and eosin (H&E)-stained paraffin
sections were performed by a board certified veterinary pathologist. Mice in 21-day repeat-
dose toxicity studies treated with DMSO (vehicle) or 10 mg/kg of JL5 were examined four
times weekly for lethargy, weight loss, and loss of appetite.

Statistical analysis

The means of the control group and treated groups were compared using a two-sided paired
Student #test assuming unequal variances. Error bars represent standard error of the mean.
A p-value < 0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Genetic alterations of the BMP signaling cascade are infrequent in lung adenocarcinomas.

The TCGA database was queried for DNA amplifications, deep deletions, truncating
mutations, missense mutations, and mMRNA expression of (a) BMP ligands in lung
adenocarcinomas (n=117) and (b) BMP receptors, BMP transcription factors (Smad-1/5/9),
and BMP downstream targets (XIAP, MAP3K7/TAK1, ID1, ID2, ID3) in lung
adenocarcinomas (77 = 135). Gray boxes indicate gene expression without alteration
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A?:arbon for oxygen substitution to DMH2 results in the formation of JL5. a Structures

of Dorsomorphin analogs, which were derived from the same pyrazolo[1,5-a] pyrimidine
core. BMP inhibitors DMH2, DMH1, and LDN differ in the substitutions made at the R
position of the pyrazolo[1,5-a] pyrimidine core. b DMH2 was found to be chemically and
metabolically unstable. LCMS of a sample of stored DMH2 for 4 months revealed the
phenolic byproduct due to morpholine side-chain hydrolysis. ¢ Structure of DMH2 analogs
JL5 and the inactive analog JL12. The small arrowhead shows the carbon substitution for
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oxygen in the DMH2 side chain to create JL5. The large arrowhead shows the imidapyrazole
substitution made to JL5 to create JL12
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Fig. 3.

JL5 but not JL12 regulates BMP signaling and induces cell death. a, b Western blot analyses
of H1299 cells treated with JL5 or JL12 for 72 h showing that JL5 but not JL12 decreases
expression of 1d1, XIAP, and pTAK1. ¢ H1299 cells stably expressing the Id1-luciferase
reporter were treated with JL5 and JL12 for 48 h. JL5 but not JL12 decreases the activity

of the 1d1 promoter. d, e H1299 cells were treated with JL5 or JL12 for 72 h and (d) the
percent dead and (e) the number of live cells determined. f, g H1299 cells were treated

with JL5 for 7 days and the percent dead and number of live cells determined. h Western
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blot analysis of H1299 cells treated with JL5 for 3 days demonstrating that JL5 activates
caspase-3 and cleaves PARP. i H1299 cells were treated with JL5 2.5 uM for 48 h. Cells
were stained were then stained with fluorescently labeled Annexin V and 7-AAD and
analyzed by flow cytometry. JL5 induced both late stage apoptosis and necrotic cell death.
j TUNEL assay of H1299 cells treated with JL5 for 24 h demonstrating an increase in
DNA double-stranded breaks. k H1299 cells were pretreated with Z-VAD-FMK (VAD) or
necrostatin for 1 h then treated with DMSO or JL5 for 3 days and percent death cells
determined. VAD but not necrostatin partially inhibited cell death induced by JL5. All
experiments were performed at least 3 times with similar results except (c), which was
performed twice with similar results

Oncogene. Author manuscript; available in PMC 2024 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Newman et al.

pTAK1

(2]

4-Day Xenograft Study In Non-humanized Mice

DMSO JLS IS
(3 mg/kg) (10 mg/kg)

————

———— T ———

> S > — - s —

1 2 3 4 § 6 7 8 9 10 11 12

E 40 4 d
<0.001 H&E
85 21 T 1
sl-
£3 0 DMSO JLS
\2.0 . APy a3 "." -
2—2 204 54 .“','.l.‘._ﬁ‘ ." . ‘{“":_. \.3.
e -:"" -".' IR Lok
.;E ‘:"'\ ."é‘, ,.."‘c“,'-" :’
5 © 401 == O A A T 4
£ fedok e T (Ve B Ped
3 AN I » al ? "u Vet
= 60 T T 'l‘. - ¥ ! prie r
SR
N
Fig. 4.

Page 21

8

-*- DMSO *
- LS .

S

-
o
A

*p<0.05
**p<0.001

Tumor size (mm?)

0 3 6 9 122 15 18 21
Time (days from start of treatment)

e Ki-67

DMSO

JL5 suppresses BMP signaling and decreases growth of tumor xenografts in NSG mice
without immune cells. a Western blot analysis of H1299 tumors in NSG mice without
immune cells treated with JL5 for 4 days. b—e H1299 cells were injected intradermally into
the flanks of NSG mice. Five days later after tumors had reached ~5 mm?2 mice were treated
with DMSO or 10 mg/kg JL5 (twice daily) (7= 8 mice for each group) for 21 days. Growth
curves of tumors treated for 21 days (b). Fold change in tumor growth from day 5 post-
treatment to day 14 (c). DMSO-treated tumors increased in size while JL5-treated tumors
demonstrate tumor regression. H&E staining of tumors shows no significant differences in
the cell death (d) and IHC for the proliferation marker Ki67 on treatment day 21 show no

significant differences between groups (e)
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Fig. 5.

JL5 suppresses growth of tumor xenografts in NSG mice with immune cells and induces
infiltration of immune cells. a—e NSG mice received adoptively transferred human immune
cells and then H1299 cells were injected intradermally into the flanks. Five days later

after tumors had reached ~5 mm?2 mice were treated with DMSO or 10 mg/kg JL5 (twice
daily) (n =8 mice for each group) for 21 days. Growth curves of tumors treated for 21

days (a). Percent change in tumor growth from day 7 post-treatment to day 12 (b). DMSO-
treated tumors increase in size while JL5-treated tumors demonstrate tumor regression. H&E
staining of tumors shows no significant differences in the number of death cells (c). IHC

for the proliferation marker Ki67 on treatement day 21 demonstrates a significant decrease
in proliferation in tumors treated with JL5 (d). IHC staining of tumors on treatment day 21
shows that JL5 increases the number of immune cells within the tumor microenvironment
(e). Tumors formed in mice that did not receive immune cells were used as controls. NC and
NT = non-humanized mice treated with DMSO control or JL5, respectively. HC and HT =
humanized mice treated with DMSO control or JL5, respectively. f IHC slides were scanned
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and the mean number of immune cells quantified using imaging software (7= 3 in each
group)
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JL5 induces death of cancer cells on treatment day 13. NSG mice received adoptively
transferred human immune cells and then H1299 cells were injected intradermally into the
flanks. Five days later after tumors had reached ~5 mm?2 mice were treated with DMSO or
10 mg/kg JL5 (twice daily) (7= 7 mice for each group) for 13 days. a, b Growth curves of
tumors (a) and tumor weights of xenograft tumors on treatment day 13 (b). ¢ H&E staining
demonstrating significantly more cell death of cancer cells (pink cells shown by arrows) of
tumors treated with JL5. d The H&E slides were scanned and the percentage of dead cells
within each tumor determined using imaging software. Data represents the mean of 7 tumors
depicted as the percent of control
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