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Hypoxia inducible factor-1 alpha (HIF-1a) plays an important role in angiogenesis and metastasis and is a
promising therapeutic target for the development of anti-cancer drugs. We recently developed a new
synthetic small molecule inhibitor of HIF-1a, LW6, which results in inhibition of angiogenesis. To
investigate its underlying mechanism, target protein identification was conducted by reverse chemical
proteomics using phage display. We identified calcineurin b homologous protein 1 (CHP1) as a target
protein of LW6, which specifically binds to CHP1 in a Ca®>* dependent manner. Covalent labeling of LW6
using photoaffinity and click chemistry demonstrated its co-localization with CHP1 in live cells. HIF-1a
was decreased by CHP1 knockdown in HepG2 cells, and angiogenesis was not induced in HUVEC cells by
treatment with conditioned media from CHP1 knockdown cells compared to the control. These data
demonstrated that LW6 inhibited HIF-1a stability via direct binding with CHP1 resulting in suppression
of angiogenesis, providing a new insight into the role of CHP1 in HIF-1¢. regulation. LW6 could serve as a
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1. Introduction

Hypoxia is the environmental condition of the absence of oxy-
gen. It is a key feature of most tumor environments contributing to
chemoresistance, radioresistance, angiogenesis, metastasis, resis-
tance to cell death, and altered genomic instability and metabolism
[1]. Hypoxia inducible factor (HIF) is a key transcriptional factor
responsible for tumorigenesis inducing drug-resistance and
angiogenesis; therefore, numerous drug discovery efforts targeting
HIF-10. are currently ongoing. For example, phenethylisothiocya-
nate and Acriflavine [2]| are under investigation as anti-cancer

Abbreviations: CHP1, calcineurin b homologous protein 1; FBS, fetal bovine
serum; HIF-a, hypoxia inducible factor-1 alpha; HUVEC, human umbilical vein
endothelial cell; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide; siRNA, small interfering RNA; SPR, surface plasmon resonance; Kp, dissoci-
ation constant.
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drugs [3—5]. HIF-1a also plays an important role in angiogenesis
[6]. We have previously developed several inhibitors of HIF-1a
stability from synthetic libraries harboring hydrophobic moiety of
adamantyl-ring structure and have evaluated their biological
activities.

Among the characterized inhibitory compounds, LW6 showed
the most potent inhibitory activities against HIF-1a stability by
up-regulation of VHL inducing HIF-1a degradation [7]. Recently,
malate dehydrogenase 2 (MDH2) was identified as one of the
target proteins of LW6 using activity-based chemical probes in
HCT116 cells [8]. Simultaneously, we attempted to identify addi-
tional, new LW6 target proteins using affinity-based phage display
cloning from human cDNA libraries [9] to elucidate the underlying
mechanisms responsible for the suppressive activity of LW6 on
HIF-1a stability. Conventionally, “one drug-single target” has been
the general concept with respect to target identification for small
molecules. Recently, however, owing to development of multi-
omics technologies, “one drug-multiple targets; single pharma-
cological effect” has been recognized as a biologically relevant
paradigm for the mode of action of small molecules. For instance,
protein kinase inhibitors such as sorafenib and sunitinib were
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approved as anti-cancer drugs for their inhibition of multiple ki-
nases [10].

In this study, we identify calcineurin b homologous protein 1
(CHP1) as a new target protein of LW6, highlighting CHP1 in the
regulation of HIF-1a. Furthermore, these results demonstrate that
CHP1 could be a new means by which to control HIF-1a activity for
inhibition of cancer cell growth and eventually suppression of
angiogenesis.

2. Materials and methods
2.1. Materials

EBM-2 was purchased from Lonza (San Diego, CA), and fetal
bovine serum (FBS) was from Invitrogen (Grand Island, NY).
Matrigel™ was obtained from BD Biosciences (Bedford, MA).
Transwell plates were from Corning Costar (Cambridge, MA).
DMEM and streptoavidin (SA) sensor chips were purchased from
Thermo Fisher Scientific (Waltham, MA).

2.2. Chemistry

Synthesis of LW6, Biotinyl-LW6, and the LW6 derived multi-
functional probe (1) were prepared following the previously re-
ported procedures [6].

2.3. Cell culture and proliferation assay

HepG2, HUH7, and Hep3B cells were maintained at 37 °C under
a humidified atmosphere of 5% CO, in DMEM medium supple-
mented with 10% FBS and 1% antibiotics. For detection of HIF-1a,
HepG2 cells were seeded at a density of 2 x 10° cells/mL/well in a 6-
well plate at 37 °C for 20 h for subsequent experiments. After
treatment of LW6 for 1 h, hypoxic stimulation of the cells was
induced by replacing cell atmosphere with 5% CO,, 10% H,, and 85%
N, in a hypoxia chamber for 4 h.

Proliferation was measured using 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT; Sigma—Aldrich, Saint
Louis, MO), and cellular morphology was observed using an
Olympus IX70 microscope at 100X magnification (Olympus Amer-
ica, Inc., Melville, NY). Independent experiments were repeated at
least three times.

2.4. Phage display biopanning

Biotinyl-LW6 diluted in Tris-buffered saline (TBS [pH 7.5]) was
immobilized onto a streptoavidin-coated well (Pierce Biotech-
nology, Inc.) at a 10 uM concentration for 1 h. T7 phage particles
encoding human cDNA libraries from liver tumor tissues (Novagen,
Madison, WI) were diluted in TBS (8 x 108 pfu/mL) and added to the
LW6-immobilized wells. After incubation for 1 h, the well plate was
washed ten times with TBS. The final wash solutions were collected
as wash samples and LW6 bound phage particles were eluted for
1.5 h with 100 pM LW6 free compound diluted in TBS. The eluted
phage particles were amplified after infection into Escherichia coli
strain BLT5615, and amplified phage particles were utilized for next
round biopanning. After 10th round biopanning, eluted phages
were infected into BLT5615 grown on an LB agar ampicillin plate
(50 pg/mL). The plaques formed on the agar plate were isolated,
and cDNA fragments from the isolated plaques were sequenced by
Macrogen Inc. (Seoul, Korea).

2.5. SPR analysis

Biotinyl-LW6 diluted in BIAcore running buffer (pH7.4, 10 mM
HEPES, 150 mM Nacl) without EDTA was immobilized on the sur-
face of a streptoavidin-coated sensor chip at a concentration of
200 pM. Before injection of CHP1, the surface of the sensor chip
with immobilized biotinyl-LW6 was harshly washed by 50 mM
NaOH diluted in BIAcore buffer for 2 min at a 5 uL/min flow rate.
Purified bovine brain CHP1 (Enzo Life Science Inc., Farmingdale,
NY) was flowed through the biotinyl-LW6 immobilized streptoa-
vidin sensor chip at the desired concentration for 2 min (flow rate:
30 pL/min). Association and dissociation curves were obtained on a
BIAcore 2000. The surface of the sensor chip was regenerated by
injection of 10 pL regeneration buffer (10 mM NaCl and 10 mM
NaOH). SPR response curves were analyzed with BIAcore evaluation
software, version 3.1. The apparent dissociation constants were
calculated from the kinetic constant: Kp = kd/ka*.

2.6. Western blot analysis

Cell lysates were separated by 10% sodium dodecyl sulfate
polyacrylamide gel electrophoresis and transferred to poly-
vinylidenefluoride membranes (Millipore, Bedford, MA) using
electroblotting procedures. Blots were blocked and immunolabeled
overnight at 4 °C with primary antibodies, including anti- HIF1- o
(BD Bioscience, Franklin Lakes, NJ), anti-CHP1 (Novus Biologicals,
Littleton, CO), anti-malate dehydrogenase 2 (Cell Signaling Tech-
nology, Danvers, MA), anti-tubulin (Milipore, Billerica, MA), and
anti-beta actin (Abcam, Cambridge, MA), antibodies. Immunolab-
eling was detected using an enhanced chemiluminescence kit
(Thermo Fisher Scientific).

2.7. Click chemistry in cells and imaging

HepG2 cells were plated on 6-well plates (1 x 10* cells) con-
taining glass coverslips and incubated at 37 °C for 24 h. After
treatment of LW6 derived photoaffinity probes with tri-
fluorodiazirine for 1 h, cells were washed 3 times with PBS and
irradiated by 365 nm UV for 30 min. Then, cells were washed again
with PBS fixed with 4% paraformaldehyde in PBS for 5 min. After
washing with PBS, cells were permeabilized with 0.2% Triton X-100
in PBS for 5 min, blocked with 1% BSA in PBS for 10 min, and then
CHP1 primary antibody was applied for 1 h. After washing with
PBS, the secondary antibody (Alexa Flour-594 rabbit; Invitrogen)
was applied, and the click reaction was performed with the Click-iT
Cell Reaction Buffer Kit (Invitrogen) according to the manufac-
turer's instructions for 1 h. Finally, cells were washed three times
with PBS and analyzed by confocal microscopy (Carl Zeiss, Ober-
kochen, Germany).

2.8. siRNA transfection for CHP1 knockdown

HepG2 cells were seeded onto 6-well plates and incubated for
16 h at 37 °C under a humidified atmosphere of 5% CO, in DMEM
medium supplemented with 10% FBS and 1% antibiotics. CHP1
siRNA (Thermo Fisher Scientific) was transfected into the cells us-
ing Lipofetamine RNAiMax (Thermo Fisher Scientific) for 24 h ac-
cording to the manufacturer's instructions.

2.9. Docking model of LW6-CHP1

A docking study was performed using the Surflex-Dock program
from Tripos (Princeton, NJ) with the SYBYL module. For CHP1 target
(pdb code:2ct9), docking with LW6 or its probe generally showed a
good score. The binging mode was calculated using the Surflex-
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Dock score (Total_Score, Crash, and Polar). In addition, the D score,
PMF score, G score, and ChemScore were also calculated.

2.10. Statistical analysis

All results represent mean + standard deviation of three inde-
pendent experiments. Student's t-test was used to determine sta-
tistically significant differences between the control and test
groups. A p value less than 0.05 was considered significant.

3. Results

3.1. Identification of CHP1 as a binding protein of LW6 by phage
display biopanning

Biotinyl-lW6 was synthesized for the immobilization of the
compound on a streptavidin solid surface (Fig. 1A). The biological
activity of biotinyl-LW6 was assessed through its inhibitory activity
against HIF-1a stability. Biotinyl-LW6 induced degradation of HIF-
1o in HepG2 cells with an IC5g of 10 uM, which is 2-fold weaker
than that of LW6 but which still indicates biological activity
(Fig. 1B). Biotinyl-LW6 was subsequently immobilized onto
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streptavidin-coated wells, and T7 phages encoding human cDNA
libraries from liver tumors were combined and applied for affinity
based selection using the LW6 binding protein. Phage plaques
bound to LW6 increased in proportion to each round of biopanning,
implying that specific LW6 binding phages were enriched after the
process of biopanning rounds (Fig. 1C and Fig. S1). Tenth-round
phages were isolated and analyzed by DNA sequencing using a
plaque forming assay as described previously. A total of 24 phage
plaques were isolated for sequence analysis. The amino acids se-
quences expressed by each phage were determined via homology
analysis using BLAST search. Among the 24 phage plaques isolated,
14 were identified as calcineurin b homologous protein1 (CHP1)-
coding phages (approximately 46% of the total isolated phage
clones) and 9 represented calmodulin (CaM)-coding phages (30%)
(Table S1). One clone was determined to be the nuclear pre-
ribosomal associated protein 1 (100% identity), which were
revealed as a nonspecific binder through phage binding assays
(Fig. S2).

Interestingly, both of the highly represented protein coding
phages bound to LW6, CaM and CHP1, are calcium binding proteins
(Fig. S2). We selected CHP1 as the LW6 target protein for the
following study, as CaM is a well-known protein involved in HIF-1a
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Fig. 1. Identification of LW6 binding proteins using phage display biopanning. (A) The structure of LW6 and its molecular probe (biotinyl-LW6) are shown. Biotinylation of the
compound was executed at the position of phenolic hydroxyl group of LW6. (B) Effects of LW6 and biotinyl-LW6 on HIF-1a. stability in HepG2 cells. Western blot analysis was
performed to evaluate the biological activity of the compounds. Nor: normoxia, Hyp: hypoxia (C) Analysis of LW6 binding phage numbers eluted after each round of biopanning.
Pfu: plaque forming unit. (D) Amino acid sequence homology between human CHP1 and the protein from the LW6 binding phage. Phage sequences were 100% identical to the C-
terminus (106—195) of human CHP1. The values represented by the error bars (means + standard deviation).
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regulation and tumor angiogenesis [11—14]. Its identification,
however, validates our strategy for identifying functionally relevant
LW6 target proteins.

CHP1 is a 22 kDa calcium binding protein that interacts with
sodium hydrogen exchangers (NHEs) and plays a crucial role in
maintenance of the intracellular ionic environment required for
homeostasis [15]. However, the relationship between CHP1 and
tumorigenesis has not yet been revealed. Sequence analysis verified
that two different types of CHP1-coding phages were isolated
(Table S1). All included the sequences encoding both the conserved
EF-hand motif and the Ca®* binding regions, which are essential for
biological activity of CHP1. Among the two different CHP1-phage
classes, we selected the first for the following study as its sequence
mostly encompassed that of human CHP1, and was 100% identical to
the human CHP1 C-terminal fragment (106—195) (Fig. 1D).

3.2. LW6 interacts with CHP1 in Ca®*-dependent manner

To undergo the conformational change from closed to open
forms, proteins contain an EF-hand domain with Ca®* binding re-
gions. The coding sequence of the isolated CHP1 contained the two
EF-hand superfamily domains including the Ca®* binding regions
that were similar to the amino acid properties of the original CHP1
protein, which provide the secondary structure folds necessary for
interaction with LW6 (Tables S2 and S3). To address whether the
CHP1-phage yielded the appropriate folding to achieve the binding
capability for LW6 to act as a CHP1 ligand, we conducted a phage
binding assay. CHP1 expressing-phages binding to immobilized-
LW6 was markedly enhamced compared to biotin, as shown in
Fig. 2A. These data demonstrated that LW6 specifically bound to the
CHP1 protein.

Ca®* is a critical cofactor of CHP1, inducing conformational
changes of CHP1 after binding to its EF-hand motifs [16]. These
changes allow interaction with several CHP1 client proteins and
antagonists [17]. Therefore, we investigated whether Ca®>* was
required for the interaction between CHP1 and immobilized LW6.
In the absence of the cation chelator ethylene glycol-bis (f-ami-
noethylether)-tetraacetic acid (EGTA), the CHP1-phage showed
high affinity to immobilized LW6, whereas in the presence of
EGTA, the binding affinity was dramatically decreased to that of
the biotin control (Fig. 2A). In addition, exogenous addition of Ca®*
increased the relative binding of CHP1-phage to immobilized LW6
(Fig. 2B). To exclude the possibility that EGTA itself inhibited the
binding between LW6 and CHP1, EGTA was treated with an excess
amount of Ca?* in the LW6-CHP1 phage binding assay (Fig. 2C). An
excess amount of Ca®* (5 mM) fully reversed the EGTA (2 mM)-
induced disruption of the binding between LW6 and CHP1.
Furthermore, surface plasmon resonance (BIAcore) (SPR) analysis
was conducted to examine the direct binding interaction between
LW6 and intact CHP1. Human recombinant CHP1 was immobilized
on a surface of a streptavidin-coated BlAcore sensor chip, and
various concentrations (0.25—5 pM) of LW6 were injected into the
sensor cells to monitor the interaction between the two mole-
cules. In the BlAcore sensorgram, resonance curves exhibited
strong binding patterns from the interaction between the two
molecules after the injection of CHP1 with exogenous Ca®* in a
dose-dependent manner, but not in the case of the bovine serum
albumin (BSA) control (Fig. 2D). In addition, the binding affinity
was higher than that without Ca®* (Fig. 2D). The kinetic param-
eters (Kp) were 7.31 x 10”7 M as determined by BlAcore evaluation
software, which is lower than the Kp (1.58 x 10~% M) in the
absence of Ca?*. These data suggested that Ca®* is an important
factor for LW6 binding to CHP1.
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Fig. 2. LW6 specifically interacts with CHP1 in a calcium-dependent manner. (A) The effect of EGTA on the binding of the CHP1-phage to LW6. p < 0.0002 versus no Ca®* treatment
control. (B) The effect of Ca>* on CHP1-phage binding to LW6. (C) Ca®* is a co-factor of CHP1 for CHP1-phage binding to LW6. Inhibition of the interaction between CHP1 and LW6
by EGTA was attenuated by additional Ca>* treatment, which demonstrated that Ca?* is required for binding. (D) Biophysical analysis of the binding between LW6 and CHP1 using
BlAcore. Biotinyl-LW6 was immobilized on a streptoavidin sensor chip, and 0.25—5 uM of purified CHP1 was loaded with (left) or without (center) Ca?* onto the sensor cell. Bovine
serum albumin (BSA) was used as a negative control (right). Binding sensorgrams were obtained from the BlAcore evaluation software. Dissociation constant (KD) is calculated as

shown. The values represented by the error bars (means + standard deviation).
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3.3. Co-localization of LW6 and CHP1 in the cells using click
chemistry and in silico docking analysis

To further validate the interaction of LW6 with CHP1 in live cells,
we utilized LW6 derived probes with photoaffinity labeling and click
conjugation (1; Fig. 3A). A diazirine based photoaffinity probe was
generated to make a covalent bond with the peripheral amino acids
using nucleophiles of the protein upon UV irradiation [18]. Probe 1
was utilized to investigate whether LW6 bound to CHP1 in the live
cells via formation of a covalent bond between LW6 and CHP1. Probe
1 was labeled with Alexa Fluor-488 azide by click conjugation and
CHP1 was stained with an Alexa Fluor-594 conjugated anti-rabbit
secondary antibody. Probe 1 demonstrated co-localization with
CHP1 in cells (Fig. 3B). Collectively, these data strongly demonstrated
that LW6 interacted with CHP1 directly in live cells.

In addition, an automated docking study was performed using
the Surflex Dock software program to investigate possible binding
modes of LW6 in the hydrophobic pocket of CHP1 [19]. The reference
protein applied to the docking system was taken from the crystal
structure of CHP1 (protein data bank (PDB) entry: 2CT9). As shown
in Fig. 3C, the docking results showed that LW6 fits nicely into the
hydrophobic pocket of CHP1. The adamantyl-ring moiety of LW6 is
located in the deep pocket of CHP1, which anchors the compound.
Hydrophobic interactions between the middle chain of the LW6 and
Phe176 of CHP1 stabilizes their binding along with polar interactions
at CHP1 Glu162. In addition, two benzene rings linked by an LW6
amide bond might play a significant role as a capping group and thus
produce more stable hydrophobic interactions with amino acids on
the surface of the protein (Fig. 3C). These data strongly validated that
CHP1 is a direct binding protein of LW6.

3.4. LWE6 inhibits angiogenesis by perturbing CHP1

Drug susceptibility is moderated by genetic background, which
mediates target protein overexpression or depletion. These

differences can be utilized for target identification and validation of
bioactive small molecules [20]. To address whether CHP1 expres-
sion levels affected drug sensitivity, LW6 was administered to three
hepatoma cell lines, HepG2, HUH7, and Hep3B, which were
selected based on CHP1 expression levels reported by the Protein
Altas (http://www.proteinatlas.org). In the CHP1 overexpression
lines HepG2 and HUH7, LW6 exhibited stronger anti-proliferative
activity than in the other cells tested (Fig. 4A and B). These data
further validated that CHP1 is a direct binding protein of LW6 in
biological systems. We next investigated the effect of CHP1
knockdown on angiogenesis. CHP1 siRNA was transfected into
HepG2 cells, which resulted in efficient suppression of CHP1
expression at 20 nM siRNA concentration. HIF-1a was destabilized
by CHP1 genetic knockdown, which phenocopies the result
following treatment with LW6 (Fig. S3 and Fig. 1B). To investigate
the effects on angiogenesis, conditioned media from each knock-
down cell line was applied onto human umbilical vein endothelial
cells (HUVECs). We found that conditioned media from CHP1
knockdown cells did not induce tube formation and invasion of
endothelial cells as compared to the control (Fig. 4C). These data
demonstrated that HIF-1a. stabilization could be mediated by CHP1,
which suppressed the proliferation of cancer cells and the expres-
sion of angiogenic factors in the cells leading to inhibition of
angiogenesis.

4. Discussion

We identified CHP1 as a new biologically relevant target protein
of LW6 by phage display biopanning. A number of chemical, bio-
physical, and biological validations of the binding of LW6 to CHP1
were conducted; these strongly supported that the interaction of
LW6 with CHP1 is relevant for its biological activity. The binding
specificity of LW6 to CHP1 and their Ca®*-dependent binding pat-
terns were deciphered by phage binding assay and SPR analysis.
Furthermore, to investigate the interaction of LW6 with CHP1 in

Fig. 3. Cellular localization of LW6 and the binding mode between LW6 and CHP1. (A) Chemical structure of photo-activatable and clickable probe 1. (B) Localization of probe 1
(3 uM, green) was detected via the click reaction using azide-linked Alexa Flour-488 in HUH7 cells. Nuclei (blue) were stained with Hoechst and CHP1 (red) was selectively stained
with a CHP1 antibody and rabbit Alexa Flour-594. (C) Docking model of LW6 in the C-terminal CHP1 domain of the complex. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Biological activity of LW6 and the effect of CHP1 on angiogenesis were validated. (A) CHP1 expression levels were detected by immunoblot analysis in HepG2, HUH7, and Hep3B
cell lines. Among them, the expression level of CHP1 of HepG2 and HUH?7 cells was higher than that of Hep3B. (B) To elucidate the effect of LW6 in various cell lines according to
genetic background, the anti-proliferative effect of LW6 was determined by MTT assay. LW6 was treated for 24, 48 and 72 h at concentrations of 5—20 pM. CHP1-overexpressed cell
lines, HepG2 and HUH7, were more susceptible to LW6 compared to Hep3B expressing CHP1. **p < 0.01, versus control. (C) CHP1 knockdown by 10 and 20 nM of siRNA treatment was
confirmed by immunoblot in HepG2 cells. Conditioned media from HepG2 cells was concentrated by microcon and applied onto HUVECs for in vitro angiogenesis assays.

live cells, we utilized both click chemistry and photoaffinity label-
ing. We noticed that it was not sufficient to detect localization of
LW6 with fluorescence in the presence of CHP1 antibody when the
compound harboring click conjugation alone was used, likely
because the interaction between LW6 and CHP1 could be reversible
and the CHP1 antibody might interfere with their interaction.
Therefore, for target validation we applied photoactive covalent
conjugation to the live cells as well as cell lysates, which can make it
easier to detect the interaction between a compound and its target
protein even though their binding might be reversible. As a result,
CHP1 was shown to co-localize with a LW6 derived chemical probe
harboring a photoaffinity moiety and a clickable tag in the cells.
Next, relationship between CHP1 and angiogenesis was addressed
by knockdown experiment. Interestingly, depletion of CHP1
moderately decreased HIF-1a stability, but did not affect VHL level
(Figs. S3 and S4). This result indicated that inhibitory effect of LW6
on HIF-1o might be partially mediated by CHP1 perturbation in the
VHL-independent manner. Notably, some proteins had been
recently reported as VHL-independent HIF-1a regulators [21,22].
Accordingly, detailed mechanism of how CHP1 regulates HIF-1a
stability will be our next agenda for exploration. In addition to
CHP1, CaM was also identified as a target candidate of LW6 in phage
display. We demonstrated the better affinity of LW6-CaM than
LW6-CHP1 binding by phage binding assay and BlAcore/SPR. The
Kp of LW6-CaM with Ca%t was 3.61 x 10~/ M, which is lower than
that of LW6-CHP1 with Ca®*. CaM was found to share the homol-
ogous regions (Glu128 and Phel142) with CHP1 (Glu162 and
Phe174), which provide strong binding affinity to LW6-CHP1
through hydrophobic and polar interactions as described above.
Accordingly, following investigation on binding moiety of LW6 to
calcium binding proteins will provide better structural information
for developing drug candidates targeting cancer.

In summary, LW6, a HIF-1a. inhibitor, acts as a CHP1 antagonist,
which eventually results in suppression of tumor angiogenesis. This
presents CHP1 as a new therapeutic target for perturbation of HIF-
1o mediated angiogenesis. In addition, LW6 could be a new

chemical scaffold for analysis of the underlying mechanisms in this
process, having a “one-drug, multiple targets; single pharmaco-
logical effect” against tumor inhibition.
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