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Abstract

Neuroblastoma is the most common extracranial solid tumor encountered in children, and
continues to carry a dismal prognosis. Focal adhesion kinase (FAK) has been shown to be
upregulated in a number of human tumors and is related to tumor virulence and patient prognosis.
We have demonstrated FAK expression in human neuroblastoma cell lines and tumors, and have
shown that FAK is important for neuroblastoma tumor cell viability. We have also demonstrated
that FAK inhibition through a number of different methods results in decreased neuroblastoma
survival both in vitro and in vivo. The current review addresses the merit of further exploring FAK
inhibition as a novel treatment for neuroblastoma.
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Neuroblastoma

Neuroblastoma remains the most common extra-cranial solid tumor in children and infants.
This neuroendocrine tumor arises from neural crest cells, and can therefore be found in
many locations throughout the body. The adrenal glands are the most common site for the
tumor to arise, but neuroblastoma may be present in sympathetic neural tissue anywhere in
the abdomen, pelvis, chest or neck. Over 50% of neuroblastoma occurs in children under the
age of 2 years [1]. Unfortunately, there is no distinct set of symptoms characterizing
neuroblastoma, frequently resulting in delays in diagnosis until the disease is in an advanced
stage or widely metastatic.

Neuroblastoma is responsible for over 15% of all pediatric cancer deaths [2]. Long term
overall survival rates for children diagnosed with neuroblastoma are less than 55% despite
advances in surgery, chemotherapy, and radiation therapy. Because the majority of children
have disseminated disease at diagnosis, even with appropriate treatment, the 3-year disease-
free survival rate remains less than 20% [3]. Those children with the worst prognosis are
those who have relapsed disease and tumors that are resistant to known chemotherapeutic
protocols. In order to improve outcomes for these children, novel therapies for the treatment
of neuroblastoma are desperately needed.

Neuroblastoma and cellular adhesion

Tumor cell motility and invasiveness clearly affects the virulence of neuroblastoma.
Amplification of the MYCN oncogene is the most significant adverse prognostic indicator
for human neuroblastoma and is present in approximately 20% of these tumors [4, 5].
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MYCN expression correlates with higher relapse rates and tenacity of tumor cells [6, 7].
Zaizen et al illustrated the correlation between MYCN and invasive potential [8]. Using six
neuroblastoma cell lines having varying levels of MYCN oncogene amplification, they
performed matrigel invasion assays. They also utilized digital image analysis aimed at
comparing changes in cell morphology to evaluate cellular motility. Their results confirmed
that the neuroblastoma cell lines with amplification of the MYCN oncogene (IMR-32,
GOTO, DZ) had a higher degree of invasion and motility than the non-amplified cell lines
(NB-69, SK-N-SH) [8].

The mechanisms by which MYCN promotes an aggressive phenotype are not completely
understood. In a study by Vasudevan, a cDNA microarray platform was utilized to discover
gene products that were substantially up-regulated or down-regulated as a result of MYCN
amplification [9]. MYCN led to up-regulation of multiple cell cycle-related genes, including
MCM4, MCM7 and CDC2. Interestingly, genes that modulate cell-cell interactions and
motility were down-regulated, including class | and Il major histocompatibility complex
(MHC) molecules, integrin subunit beta I, laminin, and many interferon-responsive genes
including interferon-inducible protein 9-27. These results indicated that multiple gene
targets contribute to the relationship between increased matility, and therefore tumor
aggressiveness, and MYCN in neuroblastoma.

If tumor cells are to successfully metastasize, they must overcome their usual cell-cell or
cell-extracellular matrix interactions. It would follow that a better understanding of the
association between cellular adhesion and MYCN amplification is important in
neuroblastoma metastasis. In a recent study, Ma and others reported that MYCN
amplification correlates with levels of microRNA-9 (miR-9) in breast cancer cells.
MicroRNA-9 is associated with increased cell motility and invasiveness through the
targeting of the metastasis suppressor protein, E-cadherin [10]. More specifically to
neuroblastoma, in 1995, Terpe and others reported that MYCN oncogene amplification was
inversely correlated with the expression of the cell adhesion molecule, CD44s [11]. Akeson
and Bernards showed that rat neuroblastoma cells transfected with a MYCN expression
vector have significant reductions in mMRNA and protein expression of neural cell adhesion
molecule (NCAM) [12], a specific cell-cell adhesion molecule that is associated with an
unfavorable prognostic phenotype in advanced stage neuroblastoma [13]. A number of
studies have focused upon the relationship between MYCN and integrin expression.
Research with the human neuroblastoma cell line SK-N-SH, showed that transfection of
these cells with MYCN resulted in a decreased expression of the 1 integrin subunit [14].
These cells were noted to display more aggressive tumor growth when injected into nude
mice [15]. These same investigators found that in addition to the downregulation of the 1
subunit, the a2 and a3 integrin subunits are also downregulated both at the RNA and protein
levels in the face of MYCN [16]. Decreased expression of the integrin subunits allowed the
cells to alter the cell-extracellular matrix association and survive as rounded, loose cellular
aggregates. Also, these integrin subunits have been shown to be responsible for cellular
interactions with laminin and collagen [17], so the loss of attachment to these extracellular
matrix molecules confers an increased capability for migration. Finally, Tanaka and
Fukuzawa demonstrated that MYCN overexpression in neuroblastoma cells in vitro resulted
in decreased expression of al integrin, leading to decreased attachment and increased
migratory activity of these neuroblastoma cells [18]. These studies demonstrate that cellular
adhesion is inversely related to MYCN amplification, and is clearly implicated in the
aggressive nature of neuroblastoma.
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Focal adhesion kinase and neuroblastoma

Focal adhesion kinase (FAK) is a nonreceptor protein kinase that impacts a number of cell
signaling pathways, including proliferation, cellular adhesion & migration [19]. Due to the
importance of motility in neuroblastoma virulence, FAK has become a significant target of
investigation. The first investigations involving FAK and neuroblastoma cell lines focused
upon neurite outgrowth and neural differentiation more than the cancer aspect of
neuroblastoma. For instance, Bozzo and colleagues were among the first to study FAK in
neuroblastoma cell lines [17]. They showed that adhesion of SH-SY5Y neuroblastoma cells
to laminin and collagen type IV caused tyrosine phosphorylation of various proteins in the
100-130 kDa range. Using protein specific antibodies, it was determined that focal adhesion
kinase was among those kinases that were phosphorylated. When this phosphorylation was
blocked with genistein, a specific tyrosine kinase inhibitor, neurite outgrowth in these cells
was strongly inhibited. Other early studies of FAK expression in neuroblastoma involved the
use of SH-SY5Y neuroblastoma cells to investigate the relationship between insulin-like
growth factor —1 (IGF-1) and FAK activation in the role of neuronal morphology [20]. In
these studies, the investigators determined that treatment of SH-SY5Y cells with IGF-1
caused lamellipodial advance, which signaled cell migration. They also noted that IGF-1
treatment of these cells resulted in FAK phosphorylation. Using these findings, in a later
study, Kim and Feldman noted that mannitol-induced cellular detachment of SH-EP
neuroblastoma cells was associated with FAK dephosphorylation that could be abrogated by
treatment with IGF-1 [21]. Next, the investigators from this group utilized okadaic acid, a
serine phosphatase inhibitor, to block the tyrosine phosphorylation of FAK in SH-EP
neuroblastoma cells to study changes in cell morphology. Unlike their findings with
mannitol, the okadaic acid-induced changes in cell morphology and FAK phosphorylation
were not reversed by IGF-1 treatment [22]. Although these studies focused upon the
relationship between growth factors and FAK, they revealed an association between the loss
of FAK phosphorylation and apoptosis in neuroblastoma cells.

Wu and colleagues showed that FAK catalytic activity is important in NB8 neuroblastoma
cell motility [23]. They found that these cells express a5p1integrin as do advanced stage
human neuroblastoma tumors. This integrin subunit confers advanced migratory potential
for these cells, and the authors demonstrated with the use of small hairpin RNA directed to
FAK, that FAK phosphorylation was critical to the function of a5p1integrin [23]. This study
provides a further connection between FAK and aggressive neuroblastomas.

FAK has been shown to be upregulated in a number of human tumors including breast [24,
25], pancreatic [26], and ovarian cancers [27]. Recently, FAK expression was investigated
in human neuroblastoma tumors. Immunohistochemical staining revealed FAK to be present
in 73% of neuroblastoma tumor specimens examined [28]. The researchers also noted that
FAK staining correlated with FAK mRNA abundance as detected by real time quantitative
PCR. In addition, FAK staining was significantly increased in INSS Stage IV tumors with
amplification of the MYCN oncogene [28]. As previously discussed, MYCN is known to
mediate signals involving cell adhesion, and since FAK is involved with adhesion, it could
be hypothesized that FAK may be influenced by this oncogene. In fact, Beierle and others
demonstrated through dual luciferase assays, chromatin immunoprecipitation and
electrophoretic mobility shift assays that MYCN functions as a transcription factor for FAK.
They showed that MYCN binds to the FAK promoter and augments FAK expression in vitro
and in vivo [29]. The FAK-MYCN interaction augments the utility to seek out therapies to
target FAK expression in neuroblastoma.

Lymphangiogenesis is important in the metastatic spread of human tumors including
neuroblastoma [30]. Vascular endothelial growth factor receptor-3 (VEGFR-3) is a receptor
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tyrosine kinase that is critical in tumor lymphangiogenesis and the formation of tumor
metastasis in a number of human cancers including breast [31], non-small cell lung [32], and
prostate cancer [33]. Using PCR and immunohistochemical staining, VEGFR-3 has been
detected in both human neuroblastoma cell lines and tumor specimens [30, 34, 35]. We have
also found VEGFR-3 expression in human neuroblastoma cell lines (Fig. 1). Recently,
Garces demonstrated through immunoprecipitation and confocal microscopy that VEGFR-3
interacts with FAK in human breast cancer cell lines [36]. Preliminary studies have been
performed that demonstrate that these two kinases, FAK and VEGFR-3, interact in
neuroblastoma cell lines also. SK-N-AS neuroblastoma cells were stained with fluorescent-
tagged antibodies to FAK and VEGFR-3, and confocal microscopy was employed to
determine colocalization of the stains. There was obvious colocalization of FAK and
VEGFR-3 in this neuroblastoma cell line as detected by confocal microscopy (Fig. 2). Since
metastatic disease portends a worse outcome in neuroblastoma, and lymphangiogenesis,
VEGFR-3, and FAK all seem to be related, it would follow that FAK is relevant to
neuroblastoma, and would be a potential target for the development of novel therapies.

Targeting FAK in neuroblastoma

Focal adhesion kinase is expressed in neuroblastoma tumor cells and is more prominent in
tumors with the more aggressive phenotypes [28, 29]. Inhibition of FAK is associated with
decreased proliferation and propensity for invasion in many adult carcinomas, such as breast
and pancreas [37-39]. One method that has been utilized to block FAK is ADFAK-CD.
AdFAK-CD is an adenoviral construct containing the carboxy-terminal domain of FAK
[40]. ADFAK-CD is analogous to FAK related non-kinase (FRNK), which has been shown
to lead to decreased phosphorylation, and decreased activity, of p125FAK. Xu illustrated a
loss of cellular adhesion and apoptosis in BT474 breast cancer cells that were transformed
with AdFAK-CD [40]. AdFAK-CD has been successfully utilized to inhibit FAK in
neuroblastoma [41]. After treatment with AJFAK-CD, MYCN+ and MY CN- isogenic
neuroblastoma cells exhibited cellular detachment and a decline in proliferation and viability
that was much more pronounced in the MYCN+ cell line, suggesting that the phenotypically
more aggressive tumor cells (MYCN+) were more sensitive to FAK inhibition. In addition,
this study also demonstrated that dual inhibition of FAK and Src results in cellular
detachment, decreased viability and increased apoptosis in both the MYCN— and MYCN+
neuroblastoma tumor cells [41].

Another method of FAK inhibition is the use of small inhibiting RNA’s (siRNA). In a study
using PANC1, MIAPaCa2 and BxPC3 pancreatic adenocarcinoma cell lines, SIRNA
interruption of FAK expression resulted in augmentation of the cytotoxic effect of
gemcitabine, with elevated levels of apoptosis at lower gemcitabine concentrations [42].
SiRNA methods have also been utilized to interfere with FAK in neuroblastoma cell lines.
In an isogenic MYCN+ / MYCN-— neuroblastoma cell line, studies were undertaken to
interrogate the effects of blocking FAK using siRNA [29]. SiRNA treatment of the isogenic
MYCN+ / MYCN- neuroblastoma cell lines effectively abrogated the expression of FAK,
and resulted in decreased cellular viability. As noted with the ADFAK-CD treatment, the
effects of FAK knockdown were more pronounced in the MYCN+ cell line, those cells with
higher levels of FAK activity. These FAK-targeted investigations have provided data to lead
to further investigation with small molecule inhibitors of FAK.

Various inhibitors of FAK expression have been described, including NVP-TAE226
(TAE226), 1,2,4,5-benzenetetramine tetrahydrochloride (Y15), and PF-573,228 (Table 1).
NV-TAE226 (TAE226) is a potent inhibitor of FAK that has bioavailability when
administered orally. This small molecule inhibits the phosphorylation of FAK, thereby
effectively decreasing FAK activity [43]. In multiple types of cancer, including esophageal
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[44], glioma [43] and ovarian cancer [45], treatment with TAE226 causes dose-dependent
apoptosis. When SHEP and SK-N-AS neuroblastoma cell lines were treated with TAE226 at
10uM concentration, there was a significant decrease in cell survival, and cell cycle studies
with flow cytometry revealed that TAE226 treatment lead to cell cycle arrest [46]. Recent
data show that TAE226 treatment of SK-N-BE(2) neuroblastoma cell lines results in a
decline in cellular invasion and migration (Figs. 3, 4). Judging from these data, the
inhibition of FAK with TAE226 has desirable anti-tumor effects in multiple neuroblastoma
cell lines.

Golubovskaya and others have recently described a small molecule inhibitor of FAK,
1,2,4,5-benzenetetraamine tetrahydrochloride (Y15) (Table 1) [47]. Y15 was found through
in silico screening to bind to, and block, the tyrosine 397 phosphorylation site of FAK,
inhibiting FAK activity [47]. These investigators showed that inhibition of FAK with
1,2,4,5-benzenetetraamine tetrahydrochloride resulted in decreased breast cancer tumor
growth [47] and pancreatic cancer tumor growth both in vitro and in nude mouse models
[48]. In addition, a recent study by Perry showed that inhibition of FAK with 1,2,4,5-
benzenetetraamine tetrahydrochloride resulted in decreased adhesion in the sarcoma cell
lines HT-1080, KHOS-240S and A-673 [49]. In the neuroblastoma cell lines SK-N-AS and
SK-N-BE(2) (MYCN nonamplified and amplified, respectively), treatment with 1,2,4,5-
benzenetetraamine tetrahydrochloride resulted in decreased cellular attachment and viability,
and increased apoptosis in vitro as evaluated by trypan blue exclusion, Hoechst 33258
staining, and immunoblotting [50]. Two neuroblastoma tumor lines with MYCN
amplification (SK-N-BE(2) and WAC?2) exhibited decreased tumor growth in a nude mouse
xenograft model after 30 mg/kg/day of 1,2,4,5-benzenetetraamine tetrahydrochloride
treatment [50]. Notably, as seen with other methods of FAK inhibition, the affects of
1,2,4,5-benzenetetraamine tetrahydrochloride treatment were more pronounced in the MYCN
amplified neuroblastoma cell lines [50]. An important finding has been that normal human
ganglion cells (SKP cells) are not affected by 1,2,4,5-benzenetetraamine tetrahydrochloride
treatment, even at high concentrations (Fig. 5). Due to the successful in vivo suppression of
tumor growth and the lack of impact on normal tissues, 1,2,4,5-benzenetetraamine
tetrahydrochloride is a logical candidate for further testing in neuroblastoma.

Finally, the interruption of protein-protein interactions involving FAK has become another
area of focus for FAK targeting in cancer. After Garces and others demonstrated the unique
interaction between FAK and VEGFR-3, they were able to show that interruption of this
interaction resulted in decreased breast cancer cell survival [36]. They utilized a small
peptide, AV3, indentified through phage display experiments, to interrupt the FAK—
VEGFR-3 interaction. AV3 has been utilized in studies with neuroblastoma cell lines. SK-
N-AS, MYCN non-amplified with low VEGFR-3 and FAK, and IMR-32, MYCN amplified
with high VEGFR-3 and FAK, were treated with control scrambled peptide and the AV3
peptide. Apoptosis was measured using Hoechst staining and reported as percent apoptotic
cells. There was a marked increase in apoptosis in the MYCN amplified IMR-32 cells with
AV3 treatment compare to the SK-N-AS cell line, suggesting that the MYCN amplified cells
were more susceptible to interruption of the FAK-VEGFR-3 interaction (Fig. 6). Successful
inhibition of the FAK-VEGFR-3 interaction has also been achieved using a small molecule
inhibitor, chloropyramine hydrochloride (C4) (Table 1) [51]. Kurenova and others
demonstrated in both in vitro and in vivo models that C4 inhibition of the FAK-VEGFR-3
interaction leads to decreased tumor cell survival and tumor growth in breast cancer cells
[51]. Preliminary studies with C4 in neuroblastoma cell lines have also found decreased
tumor cell survival in vitro and decreased tumor growth in vivo. Nude mice with SK-N-
BE(2) flank tumors were treated with vehicle or 60 mg/kg/day of chloropyramine
hydrochloride (C4). Tumors from mice treated with C4 weighed 2.5 times less than those
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from mice treated with vehicle only (Fig. 7). These preliminary data show that blocking the
FAK-VEGFR-3 interaction may have utility in decreasing tumor growth in neuroblastoma.

Conclusions

Neuroblastoma continues to be an aggressive and devastating tumor. FAK inhibition has
been shown to decrease viability and invasion of neuroblastoma both in vitro and in vivo.
Clinical trials of small molecule FAK inhibitors are underway with many adult tumors. One
of the first clinically available FAK inhibitors, PF-00562271 (Table 1), was assessed with a
Phase I trial between December 2005 and April 2009. One hundred six patients with head
and neck, prostate and pancreas neoplasms were enrolled. The drug was well tolerated, and,
in addition, 17% of the patients had stable disease for more than 6 cycles [52]. Patients are
currently being enrolled in Phase I trials involving two other FAK inhibitors, PF-04554878
(Table 1) and GSK2256098 (Table 1) [53]. Additional investigations of the mechanisms
involved with FAK inhibition in neuroblastoma both in vitro and in vivo will be necessary
before clinical studies can become a reality for these patients. In addition, further studies are
needed to elucidate the effectiveness of FAK inhibition when combined with other treatment
modalities. FAK inhibition is an exciting novel therapy on the horizon for children with this
disease.
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Figure 1. VEGFR-3 protein is present in human neuroblastoma cell lines

Western blotting was used to detect the presence of VEGFR-3 protein in cell lysates from
SK-N-AS and SK-N-BE2 human neuroblastoma cell lines. The protein was seen in both cell
lines, but is differentially expressed. Blots were stripped and probed for p-actin as an
internal control for equal protein loading.
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Figure 2. Focal adhesion kinase (FAK) and vascular endothelial growth factor receptor-3
(VEGFR-3) interact in human neuroblastoma cells

Immunofluorescence staining and confocal microscopy were employed to detect the
presence of FAK and VEGFR-3 in SK-N-AS neuroblastoma cells. The cells were stained
with fluorescent-tagged antibodies to FAK (top panel, red) and VEGFR-3 (middle panel,
green). When the two figures were merged with confocal microscopy, colocalization of
FAK and VEGFR-3 (bottom panel, yellow) was detected.
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Figure 3. Inhibition of FAK with TAE226 leads to decreased cell invasion in SK-N-BE(2)
neuroblastoma cells

SK-N-BE(2) neuroblastoma cells were treated with TAE226 in various concentrations and
matrigel invasion assays were performed. After 24 hours, the cells were fixed, stained, and
counted. There was a significant decrease in the number of invading cells (4582 + 183 vs.
2219 £ 113 cells, p<0.001, control vs. TAE226) seen with the lowest TAE226 treatment of
0.5 uM, which continued with increasing concentrations.
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Figure 4. TAE226 treatment decreases cell migration in SK-N-BE(2) neuroblastoma cell line
SK-N-BE(2) neuroblastoma cells were plated onto culture dishes and allowed to attach for
24 hours. They were then treated with TAE226 in various concentrations and a standard
scratch was created with a 2mm pipette tip through the monolayer of cells. Digital photos
were obtained to determine the area of the scratch remaining after 48 hours. The area of
closure of the scratch relative to the initial scratch area was significantly diminished with
TAE226 treatment. The cells showed significantly less migration beginning with the lowest
concentration of TAE226, 0.5 uM (0.764 £ 0.05 vs. 0.593 * .04, p<0.05, control vs.
TAE?226), and continued this finding with the increasing concentrations of TAE226.
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Figure 5. 1,2,4,5-benzentetraamine tetrahydrochloride (Y15) treatment of SKP cells does not
significantly affect cellular viability

The SKP, normal human ganglion cells, and SK-N-BE(2), human neuroblastoma cell lines,
were treated with varying concentrations of Y15. Alamar Blue assays were utilized to detect
cell viability. Even at concentrations as low as 2 uM the Y15 significantly decreased the
viability of the neuroblastoma cell line, SK-N-BE(2) (shaded triangles). In contrast, Y15
treatment had no effect upon the viability of the SKP cell line (shaded boxes), even at
concentrations as high as 25 uM. This study demonstrates the specificity of Y15 to the
neuroblastoma cancer cells, and the lack of effect upon normal cell lines.
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Figure 6. Treatment with AV3 peptide leads to increased apoptosis in the IMR-32 human
neuroblastoma cell line

SK-N-AS, MYCN non-amplified with low VEGFR-3 and FAK, and IMR-32, MYCN
amplified with high VEGFR-3 and FAK, human neuroblastoma cell lines were treated with
AV3 peptide, scrambled peptide, or vehicle (control). Cells were stained with Hoechst
33342 to detect apoptosis. Cells were counted and apoptosis was reported as percent
apoptotic cells. There was a marked increase in apoptosis in the MYCN amplified IMR-32
cells with AV3 treatment compare to the non-amplified SK-N-AS cell line with AV3
treatment. Apoptosis was not affected in either cell line by the scrambled peptide or vehicle
alone.
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Figure 7. Treatment of SK-N-BE(2) tumor xenografts in a nude mouse model with
chloropyramine hydrochloride (C4) results in a significant decrease in tumor weight
SK-N-BE(2) neuroblastoma cells (2.5 x 108 cells) were injected into the right flank of nude
mice. When tumors became palpable (100 mm3) mice were treated with intraperitoneal
injections of C4 (60 mg/kg/day) or vehicle. After 21 days, the tumors were harvested and
weighed. The tumors from the C4 treated animals weighed 2.5 times less than the tumors
from control treated animals.
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Table 1
Inhibitor Name  Chemical Name Structure Company
N \ CFy
6-(4-(3-(methylsulfonylbenzylamino) g 5
-5-(trifluoromethyl) pyrimidin- ]
PF 573,228 2-ylamino)-3, 4-dihydroguinolin- Pfizer
2(1H)-one
(2-[5-Chloro-2-[2-methoxy-4-
g (4-morpholinyl)phenylamino] & i .
NVP-TAE226 0 imidin-d-ylamino]-N- A Novartis
methylbenzamide oo
. H-N NH,
1,2,4,5-Benzenetetraamine < = A .
Y15 tetrahydrochloride ]@: s Sigma
HoN NH,
cl
C4 Chloropyramine hydrochloride ‘ HCI Sigma
CH,
N~ NCH,CH,NCH,
CH,
F3
N-Methyl-N-(3-{[2-(2-0x0-2,3- ):I:n N,so,u. OH
3 dihydro-1H-indol-5-ylamino)-5- :
PF-0562271 trifluoromethyl-pyrimidin-4-ylamino]- Pfizer
methyl1}-pyridin-2-yl)methanesulfonamide i
PF-04554878 Unknown Pfizer
GSK2256098 Unknown GlaxoSmithKline
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