
Identification of a small-molecule compound that inhibits
homodimerization of oncogenic NAC1 protein and sensitizes
cancer cells to anticancer agents
Received for publication, January 23, 2019, and in revised form, May 9, 2019 Published, Papers in Press, May 17, 2019, DOI 10.1074/jbc.RA119.007664

XiaoHui Wang‡1, Cheng Ji§1, HongHan Zhang‡, Yu Shan¶, YiJie Ren‡, YanWei Hu‡, LiangRong Shi�, LingChuan Guo‡,
WeiDong Zhu‡, YuJuan Xia‡, BeiJia Liu‡, ZiYun Rong‡, BiLian Wu‡, ZhiJun Ming‡, XingCong Ren**,
X JianXun Song‡‡, JinMing Yang**2, and Yi Zhang‡3

From the ‡Department of Pharmacology, College of Pharmaceutical Sciences, Soochow University, 215123 Suzhou, Jiangsu, China,
§Department of Respiratory Medicine, First Affiliated Hospital, Soochow University, 215000 Suzhou, Jiangsu, China, ¶Institute of
Botany, Jiangsu Province and Chinese Academy of Science, 210014 Nanjing, Jiangsu, China, �Radiological Intervention Center,
Department of Radiology, Xiangya Hospital, Central South University, 410013 Changsha, Hunan, China, ‡‡Department of
Microbial Pathogenesis and Immunology, Texas A&M University Health Science Center, College Station, Texas 77843, and
**Department of Cancer Biology and Toxicology, Markey Cancer Center, University of Kentucky College of Medicine,
Lexington, Kentucky 40506

Edited by Xiao-Fan Wang

Nucleus accumbens–associated protein-1 (NAC1) is a tran-
scriptional repressor encoded by the NACC1 gene, which is
amplified and overexpressed in various human cancers and
plays critical roles in tumor development, progression, and drug
resistance. NAC1 has therefore been explored as a potential
therapeutic target for managing malignant tumors. However,
effective approaches for effective targeting of this nuclear pro-
tein remain elusive. In this study, we identified a core unit con-
sisting of Met7 and Leu90 in NAC1’s N-terminal domain (amino
acids 1–130), which is critical for its homodimerization and sta-
bility. Furthermore, using a combination of computational anal-
ysis of the NAC1 dimerization interface and high-throughput
screening (HTS) for small molecules that inhibit NAC1 homo-
dimerization, we identified a compound (NIC3) that selectively
binds to the conserved Leu-90 of NAC1 and prevents its
homodimerization, leading to proteasomal NAC1 degradation.
Moreover, we demonstrate that NIC3-mediated down-regula-
tion of NAC1 protein sensitizes drug-resistant tumor cells to
conventional chemotherapy and enhances the antimetastatic
effect of the antiangiogenic agent bevacizumab both in vitro and
in vivo. These results suggest that small-molecule inhibitors of
NAC1 homodimerization may effectively sensitize cancer cells
to some anticancer agents and that NAC1 homodimerization
could be further explored as a potential therapeutic target in the
development of antineoplastic agents.

Overexpression or mutation of oncogenes and loss of tumor-
suppressor genes are important events in cancer development
and progression (1, 2). Because transcription is a critical control
point in the production of many proteins, alterations of onco-
genic or tumor suppressor proteins often involve dysregulated
transcription (3). Indeed, certain transcription factors have
been found to be in excess amount or overactive in various
types of cancer and contribute to survival, unrestrained repli-
cation, and apoptosis escape in cancers (4). Therefore, inhibit-
ing the activity of oncogenic transcription factors is considered
as a promising strategy in anticancer treatment. However,
many of those transcription factors seen in human cancers are
considered “undruggable” due to their large protein–protein
interaction interfaces and their lack of deep protein pockets and
intracellular localization. For drugging oncogenic transcription
factors, several new approaches have been developed to over-
come the undruggable nature of these transcription factors (5).
For instance, the BRD4-based small-molecule bromodomain
inhibitor (JQ1) can directly block MYC transcription and Myc-
dependent transcriptional target genes; the conformation-
disrupting Aurora A inhibitors can destabilize the complex of
Aurora A with Myc and promote the degradation of Myc pro-
tein (6, 7). Two compounds, IS3-295 and S3I-201, were
reported to exert their antitumor activity partially through
blocking the Stat3-mediated DNA-binding activity (8, 9).
Molecular docking and synthesis of novel quinazoline ana-
logues were shown to inhibit NF-�B– dependent gene tran-
scription (10).

Nucleus accumbens–associated protein-1 (NAC1)4 is a tran-
scription cofactor belonging to the bric-à-brac, tramtrack,
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broad complex/pox virus and Zn finger (BTB/POZ) family (11,
12). The conserved BTB protein–protein interaction domain is
required for NAC1 homodimerization, which plays important
roles in various biological processes (11, 13). NAC1 is overex-
pressed in various types of cancer, including ovarian cancer,
cervical cancer, and breast cancer (14, 15), and has been shown
to contribute to tumor-suppressor inactivation (16), autophagic
survival response (17), cellular senescence escape (18), cancer
cell cytokinesis (19), anaerobic glycolysis (20), and fatty-acid
synthase expression (21). Also, high expression of NAC1 was
closely associated with chemotherapy resistance and tumor
recurrence (11, 22), and inhibition of NAC1 by siRNA or dom-
inant-negative mutant increased apoptosis induced by antican-
cer agents (17, 20, 23). These observations indicate that NAC1
may represent a potential molecular target for cancer treat-
ment; however, approaches to effectively targeting this nucleic
oncogenic protein remain elusive.

It is known that exposure of the hydrophobic interface of a
dimeric protein may lead to conformational change, causing
destabilization and degradation of a protein via proteasomal or
autophagic pathways (24 –26). In this study, we identified a core
unit consisting of Met7 and Leu90 in the N-terminal domain
(amino acids 1–130) of NAC1, which is critical for its dimeriza-
tion and stability. To test our hypothesis that inhibiting the
dimerization of NAC1 can destabilize NAC1 protein and pro-
mote its degradation, we searched for chemicals able to inhibit
the homodimerization of NAC1 using a combination approach
of computational analysis of the dimerization interface and
high-throughput screening. Here, we report a compound,
NIC3, that has the ability to selectively bind with the conserved
Leu90 of NAC1 and to inhibit NAC1 dimerization, resulting in
proteasomal degradation of the NAC1 protein. We further
assessed the therapeutic potential of NIC3 in combination ther-
apy. We showed both in vitro and in vivo that down-regulation
of NAC1 protein by NIC3 significantly overcame tumor cell
resistance to conventional chemotherapy and enhanced anti-
metastatic efficacy of the antiangiogenic agent bevacizumab.
The results of this study not only underscore the potential of
NAC1 as an anticancer target but also demonstrate the thera-
peutic benefits of the small-molecule inhibitors of NAC1
dimerization in cancer treatment.

Results

Analysis of dimerization domain and residues of NAC1

The conserved BTB/POZ domain is essential for NAC1
dimerization, which plays important roles in tumor develop-
ment (11); however, no evidence has been provided about the
mechanisms and biologic consequences of NAC1 dimerization.
To study this, we first assessed the association of the two forms
of NAC1 proteins tagged with either V5 or Myc epitopes by
co-IP after their coexpression in HEK-293T cells. Fig. 1A dem-
onstrates the association of V5-NAC1 with Myc-NAC1 in the
cells. To further assess the interaction between two tagged
NAC1 proteins, we used bacterially expressed GST-NAC1 pro-

tein in an in vitro dimerization assay. Fig. 1B shows that with
increasing concentrations of disuccinimidyl suberate (DSS), a
noncleavable bivalent chemical cross-linker that is commonly
used to detect direct protein–protein interactions, the intensity
of NAC1 monomers was reduced gradually accompanied by
the appearance of the expected NAC1 homodimers. NAC1
homodimers could not be detected in the bacterially expressed
NAC1(�N130) protein (BTB/POZ domain deletion) (Fig. 1C).

To identify the sites in BTB/POZ domain required for asso-
ciation between the two tagged NAC1 proteins, contacts
between atoms of the protein were examined using the Protein
Contacts module in Molecular Operating Environment (MOE).
Among them, one dimerization core unit consisting of four
residues, Met7 and Leu90 from one chain and the same residues
from another chain, appears to be crucial for NAC1 dimeriza-
tion (Fig. S1, A and B). To further delineate the role of binding
residues (Met7 and Leu90) in dimerization, using a site-directed
mutagenesis method we generated two different tagged NAC1
mutants in which Leu90 sites were altered to Arg. We found that
single Leu90 mutation decreased NAC1 dimer formation, and
double Leu90 mutations further decreased NAC1 dimerization
(Figs. 1D and S2A). Fig. S2B shows that with increasing concen-
trations of DSS the intensity of NAC1 monomers was reduced
gradually and was accompanied by the appearance of the
expected NAC1 homodimers; NAC1 homodimers could not be
detected in the NAC1(S91A) protein. Introduction of Leu90

mutation led to a significant reduction of NAC1 protein
amount in HEK-293T cells, and reduction of NAC1 protein
caused by Leu90 mutation could be rescued by the proteasome
inhibitor MG132 (Fig. 1E). The pulse-chase experiments dem-
onstrated that NAC1 mutant (L90A) had a shorter half-life than
WT NAC1 (4.6 h versus 20 min) (Fig. 1F). Notably, ubiquitina-
tion of the NAC1 mutant (L90A) was significantly increased as
compared with WT NAC1 (Fig. S2C). These results suggest
that the dimerization core unit of NAC1 consisting of Leu90 and
Met7 is critical for the formation of stable NAC1 dimers; dis-
rupting this core unit would suppress NAC1 dimerization and
destabilize this protein.

Identification of NIC3 as an inhibitor of NAC1 dimerization

To search for small-molecule compounds able to target the
dimeric interface of NAC1, we screened �200,000 compounds
using an in silico docking approach (Fig. 2A). Of the 50 hits, one
compound, NIC3 (Fig. 2B), was chosen for the current study
based on the molecular docking showing that the nitrogen
atoms in NIC3 form hydrogen bonds with the critical dimeriza-
tion core residue Leu90, and this confers this compound drug-
like properties (Figs. 2, C–E, and S3). Validation of NIC3 as an
inhibitor of NAC1 dimerization was carried out using co-IP
assay. We showed that NIC3 could abolish co-IP of ectopic
NAC1 protein tagged with V5 or Myc epitopes (Fig. 2F). Using
the purified NAC1 protein (GST-NAC1) and nondenaturing
PAGE analysis, we also showed the inhibition of formation of
NAC1 dimerization by NIC3 in vitro (Fig. 2G). In these
experiments, we incubated the bacterially expressed pro-
teins with increasing concentrations of NIC3 and demon-
strated that NAC1 dimerization was suppressed in a dose-
dependent manner.

ADR, Adriamycin-resistant; DDP, cis-diamminedichloroplatinum(II) (cispla-
tin); SCID, severe combined immunodeficient.
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To determine how NIC3 docks into NAC1, we prepared sev-
eral chemical probes (Fig. S4). Structure–activity relationship
studies revealed that nitrogen atoms are essential for inhibition
of the NAC1 dimerization as the NIC3 treatment was able to
dissociate the dimeric NAC1 into monomers, whereas ana-
logue 1 could not inhibit the formation of NAC1 dimerization
and decrease NAC1 level (Fig. 3, A–C). Based on this informa-
tion, we synthesized a positive probe (PP) and a negative probe
(NP) with biotin and an ester bond linker (Fig. 3D). We found
that the biotin-tagged positive probe possessed the ability to
effectively inhibit NAC1 expression, whereas the biotin-tagged
negative probe did not have this ability at the same concentra-
tion (Fig. 3E), and reduction of NAC1 protein caused by PP
could be rescued by the proteasome inhibitor MG132 (Fig. 3F).
Furthermore, NAC1 dimerization was inhibited, and ubiquiti-

nation of the NAC1 protein was significantly increased by PP
(Fig. 3, G and H). In co-IP experiments, we detected the associ-
ation of NAC1 with PP but not with NP (Fig. 4A). To determine
whether NIC3 directly binds to NAC1, we generated a bacteri-
ally expressed GST-NAC1 protein. The purified GST-NAC1
was incubated with increasing concentrations of PP bound to
biotin-GSH particles followed by immunoblotting with biotin
antibody. As shown in Fig. 4B, the intensity of GST-NAC1
increased with increasing concentrations of PP. However, NIC3
lost its inhibitory effect on NAC1 dimerization when the nitrogen
atoms were replaced with oxygen atoms (Fig. 3B). Molecular dock-
ing demonstrated that Leu90, Ser91, and Met92 form hydrogen
bonds with the nitrogen atoms of NIC3 (Fig. 2, C–E). To deter-
mine which of these residues are critical for the binding with NIC3,
we mutated these leucine, serine, and methionine residues of

Figure 1. Homodimerization of NAC1 via the BTB domain and binding residues Met7 and Leu90. A, V5-NAC1 and Myc-NAC1 were cotransfected into
HEK-293T cells. The lysates of these cells were immunoprecipitated with an anti-V5 antibody. The immunoprecipitates and input were examined by immuno-
blotting with the respective antibodies. Cells cotransfected withV5-NAC1 and empty Myc vector (�) or Myc-NAC1 and empty V5 vector (�) served as negative
controls. B, NAC1 homodimerization in vitro. GST-NAC1 fusion protein was incubated with increasing concentrations of the bivalent chemical cross-linker DSS. The
cross-linked complexes were resolved by nondenaturing PAGE and analyzed by Western blotting using an anti-GST antibody. C, GST-NAC1 and GST-�N130 fusion
proteins were incubated with increasing concentrations of DSS, and the cross-linked proteins were analyzed by nondenaturing PAGE analysis. Nonspecific bands are
indicated with asterisks. D, HEK-293T cells were transfected with a V5-NAC1 plasmid, Myc-NAC1 plasmid, V5-NAC1(L90A) plasmid, or Myc-NAC1(L90A) plasmid for 24 h
and then treated with 5 �M MG132 for another 6 h. Cell lysates were immunoprecipitated with an anti-Myc antibody and then immunoblotted (IB) for V5. E, HEK-293T
cells were transfected with a V5-NAC1 plasmid or V5-NAC1(L90A) plasmid for 24 h and then treated with 5 �M MG132 for another 6 h. NAC1 protein was examined by
Western blotting. �-Actin was used as a loading control. F, HEK-293T cells were transfected with a V5-NAC1 plasmid or V5-NAC1(L90A) plasmid for 24 h and then
subjected to pulse-chase analysis in the presence of cycloheximide (20 �g/ml) for the indicated time periods. Error bars represent S.D. Data are presented as mean �
S.D. (n � 3). G, proposed model for the role of binding residues Met7 and Leu90 in NAC1 homodimerization.
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NAC1 to alanine residues (Fig. 4, C and D). Among these mutants,
we found that L90A mutant completely lost the ability to bind to
NIC3, whereas S91A and M92A retained binding to NIC3 in a
manner similar to WT NAC1 (Fig. 4, C and D). To determine the
effects of those mutations on NAC1 structure, we calculated and
compared the backbone root-mean-square deviations between
the WT NAC1 and each of the mutants. None of the mutants
showed significant structural changes, suggesting that neither
L90A nor other NAC1 mutants tested in the studies have signifi-
cant effects on the NAC1 monomer structure as compared with
the WT (Fig. S1, C and D). These results imply that NIC3 can
efficiently and specifically dock into NAC1 and that Leu90 of
NAC1 is essential for its interaction with NIC3.

NIC3 accelerates the proteasomal degradation of NAC1
protein

As the dimerization of NAC1 contributed to its stability (Fig.
1), we next wanted to know whether inhibiting NAC1 dimeriza-
tion by NIC3 would facilitate proteasomal degradation of

NAC1 protein. In these experiments, we first treated HeLa cells
with a series of concentrations of NIC3 for different periods of
time and then analyzed the level of endogenous NAC1 protein
using immunoblotting. Fig. 5, A and B, show that NIC3 treat-
ment caused a reduction of NAC1 protein in a dose- and time-
dependent manner. Similar effects of NIC3 on the NAC1 level
were observed in SKOV3 cells (Fig. S2D). The mRNA level of
NAC1 was not affected by NIC3 treatment, as measured by
quantitative RT-PCR (Fig. 5C). NIC3 treatment also reduced
the level of ectopic V5-tagged NAC1 in HEK-293T cells (Fig.
5D). The reduction of NAC1 protein in the NIC3-treated cells
could be rescued by the proteasome inhibitor MG132 (Fig. 5E).
Fig. 5F shows that the turnover of NAC1 protein was greatly
facilitated in the cells treated with NIC3 as compared with
that in the control cells (t1⁄2, 53 versus 560 min), as measured by
pulse-chase experiments. Additionally, NIC3 treatment enhanced
the ubiquitination of NAC1 protein (Figs. 5G and S2C). To con-
firm these findings, we examined the effects of NIC3 on the
NAC1-regulated proteins HIF-1� and Gadd45-interacting pro-

Figure 2. Identification and validation of NIC3 as an inhibitor of NAC1 homodimerization. A, flowchart of the number of candidate compounds identified
at each step, resulting in 50 candidate compounds after virtual screening. B, the structure of NIC3. C, 3D binding mode of the receptor–ligand complex with
ligand colored in cyan, receptor atoms in green, and backbone in magenta. D, the tentative surfaces of the binding sites on NAC1 of which exposed, polar, and
hydrophobic areas are colored in red, magenta, and green, respectively. E, 2D binding mode of the same complex. F, HEK-293T cells were transfected with a
V5-NAC1 plasmid and Myc-NAC1 plasmid for 12 h and then treated with increasing concentrations of NIC3 for another 24 h. Cell lysates were immunoprecipi-
tated with an anti-Myc antibody followed by immunoblotting (IB) for V5. G, purified GST-NAC1 protein was incubated with increasing concentrations of NIC3.
Cell lysates were resolved by nondenaturing PAGE and analyzed by Western blotting using an anti-GST antibody.
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Figure 3. Synthesis and biological validation of chemical probes. A, the chemical structure of an analogue of NIC3. B, GST-NAC1 fusion protein was
incubated with increasing concentrations of analogue 1 and NIC3. Cell lysates were resolved by nondenaturing PAGE and analyzed by Western blotting using
an anti-GST antibody. C, HeLa cells were incubated with 20 �M NIC3 or 20 �M analogue 1 for 48 h. NAC1 protein was determined by immunoblotting (IB). �-Actin
was used as a loading control. D, chemical structures of biotin-labeled NIC3 (PP) and biotin-labeled analogue 1 (NP). E, HeLa cells were incubated with 20 �M

PP or NP for 48 h. NAC1 protein was determined by immunoblotting. �-Actin was used as a loading control. F, HeLa cells were incubated with 20 �M PP for 42 h
and then treated with 5 �M MG132 for an additional 6 h. NAC1 protein was examined by Western blotting. �-Actin was used as a loading control. G, purified
GST-NAC1 protein was incubated with increasing concentrations of PP. Cell lysates were resolved by nondenaturing PAGE and analyzed by Western blotting
using an anti-GST antibody. H, HeLa cells were treated with 20 �M PP for 36 h and then treated with vehicle or 5 �M MG132 for an additional 6 h. Cell lysates were
immunoprecipitated with a control IgG or anti-NAC1 antibody. The immunoprecipitates and input were probed for ubiquitin (Ub) and NAC1 by
immunoblotting.

Figure 4. Leu90 of NAC1 is essential for its binding to NIC3. A, HeLa cells were incubated with 20 �M PP or NP for 24 h. The lysates of these cells were
immunoprecipitated with a biotin antibody, and the immunoprecipitates were examined by immunoblotting (IB) with an NAC1 antibody. B, GST-NAC1 fusion
protein was incubated with increasing concentrations of PP for 12 h at 4 °C followed by immunoblotting with biotin or GST. C and D, HEK-293T cells were
transfected with V5-NAC1, V5-NAC1(L90A), V5-NAC1(S91A), or V5-NAC1(M92A) plasmids or Myc-NAC1, Myc-NAC1(L90A), Myc-NAC1(S91A), or Myc-
NAC1(M92A) plasmids for 12 h followed by treatment with PP (20 �M) or NP (20 �M) for 24 h and with 5 �M MG132 for an additional 6 h. Cell lysates were
immunoprecipitated with a biotin antibody followed by immunoblotting for V5 or Myc.
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tein 1 (16, 20, 23). We found that NIC3 treatment indeed affected
HIF-1� and Gadd45-interacting protein 1 (Fig. S9), further sup-
porting the role of NIC3 in accelerating the ubiquitin-proteasomal
degradation of NAC1 protein via prohibiting its dimerization.

NIC3 overcomes chemoresistance in vitro and in vivo

Conventional chemotherapy is an important part of treat-
ment for many cancers, but its effectiveness is often limited by
acquired drug resistance (27). Previous studies showed that
high expression of NAC1 was closely associated with chemo-
therapy resistance and tumor recurrence (11, 22). Therefore,
we determined the effects of NIC3 on tumor-cell sensitivity to
cisplatin and Adriamycin, two commonly used anticancer
drugs, in drug-resistant cancer cell lines. NIC3 itself did not
show any cytotoxicity in the cancer cell lines until the concen-
tration reached 100 –1000 �M (Fig. S5). To test whether NIC3
can sensitize drug-resistant tumor cells to cisplatin or Adria-
mycin, we used the sublethal concentration of 20 �M, which can
inhibit NAC1 expression significantly. The human MCF-7/
ADR (Adriamycin-resistant) and HeLa/DDP (cisplatin-resis-

tant) cell lines were used in these experiments. We observed
that combination treatment of NIC3 with Adriamycin or cis-
platin significantly augmented the cytotoxic effect in the resist-
ant cancer cell lines (Fig. 6, A–D). The increased cytotoxicity
seen in the cells treated with the combination of cisplatin or
Adriamycin with NIC3 was associated with enhanced apopto-
sis, as evidenced by elevated levels of cleaved PARP (Fig. 6, E
and F). We also showed that the combination of cisplatin or
Adriamycin with NIC3 resulted in decreased cell proliferation
and increased apoptotic cell death in the human ovarian cancer
cell line SKOV3 (Fig. S6, A–C). By contrast, NIC3 did not show
a sensitizing effect in ES-2, an ovarian cancer cell line that has
low intrinsic NAC1 expression (Fig. S7, A and B). Furthermore,
NIC3 can also reverse drug resistance in an animal xenograft
model. In mice bearing MCF-7/ADR cells (inoculated subcuta-
neously), NIC3 treatment alone had no effect on tumor growth;
Adriamycin treatment alone showed a moderate inhibitory
effect on the growth of the xenografted tumors (Fig. 6G). In
contrast, the combination of NIC3 with Adriamycin signifi-
cantly suppressed the growth of the xenografted tumors

Figure 5. NIC3 induces proteasome degradation of NAC1 protein. A, HeLa cells were treated with increasing concentrations of NIC3 as indicated for 48 h.
NAC1 protein was determined by immunoblotting. �-Actin was used as a loading control. B, HeLa cells were treated with 20 �M NIC3 for the indicated periods
of time. NAC1 protein was determined by immunoblotting. �-Actin was used as a loading control. Error bars represent S.D. C, HeLa cells were treated with 20
�M NIC3 for 24 h. NAC1 mRNA was measured by quantitative RT-PCR and plotted after normalization. Bars are mean � S.D. (n � 3). D, HEK-293T cells were
transfected with a V5-NAC1 plasmid and then treated with 20 �M NIC3 for 48 h. Ectopic V5-tagged NAC1 was determined by immunoblotting. �-Actin was used
as a loading control. E, HeLa cells were treated with 20 �M NIC3 for 40 h and then treated with 5 �M MG132 for another 6 h. NAC1 protein was determined by
immunoblotting. �-Actin was used as a loading control. F, HeLa cells were treated with 20 �M NIC3 for 40 h and then subjected to pulse-chase analysis in the
presence of cycloheximide (20 �g/ml) for the indicated periods of time. Error bars represent S.D. Data are presented as mean � S.D. (n � 3). G, HeLa cells were
treated with 20 �M NIC3 for 36 h and then treated with vehicle or 5 �M MG132 for another 6 h. Cell lysates were immunoprecipitated with a control IgG or an
anti-NAC1 antibody. The immunoprecipitates and input were probed for ubiquitin (Ub) and NAC1 by immunoblotting. ns, not significant.
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(Figs. 6G and S8A). Concomitantly, as compared with either
vehicle control, NIC3, or Adriamycin alone, the combination
treatment of NIC3 with Adriamycin caused a significant
increase in the terminal deoxynucleotidyltransferase dUTP
nick end labeling (TUNEL) staining–positive cells and a
decrease in Ki67, a proliferation marker (Fig. 6H), and in NAC1
protein expression (Figs. 6H and S8B). No significant changes
in body weight were observed in the mice treated with the com-
bination therapy (Fig. 6G). These results suggest that NIC3 is
synergistic with cisplatin or Adriamycin in suppressing cancer
cell growth, which is associated with induction of apoptotic cell
death in drug-resistant tumor cells both in vitro and in vivo.

NIC3 potentiates the antimetastatic effect of bevacizumab
in a metastatic breast cancer model

Bevacizumab is an antiangiogenic agent used in treating met-
astatic breast cancer (28). However, hypoxia environment or

cancer stem cell enrichment induced by bevacizumab may limit
its antimetastatic efficacy (29 –31). We and other groups previ-
ously showed that silencing NAC1 could mitigate the hypoxic
microenvironment (20) and regulate stem cell differentiation
(32, 33). Therefore, we next determined whether NIC3 could
reinforce the antimetastatic effect of bevacizumab. An experi-
mental metastatic breast cancer model established by intrave-
nous injection of luciferase-labeled MDA-MB-231 cells was
used. We observed that the combination treatment of bevaci-
zumab with NIC3 significantly reduced the lung and bone dis-
seminations of the tumor-bearing mice as compared with
either control, NIC3, or bevacizumab alone, as evidenced by the
luciferase expression in the thoracic cavity and in the hind
limbs (Fig. 7, B and E). H&E staining of the sections correspond-
ing to this region confirmed the decrease of lung metastasis
(Fig. 7, C and D). Additionally, the enhanced antimetastatic
effect of this combination treatment significantly extended the

Figure 6. NIC3 significantly sensitizes drug-resistant tumor cells to cisplatin and Adriamycin in vitro and in vivo. A and B, HeLa/DDP cells and MCF-7/ADR
cells were treated with the indicated concentrations of cisplatin (DDP) or Adriamycin (ADM) or with or without NIC3. 48 h later, cell viability was measured by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. C and D, HeLa/DDP cells and MCF-7/ADR cells treated as described earlier were plated and
incubated for 10 days at 37 °C. Cells were stained, and colonies were counted under a light microscope. Error bars represent S.D. Bars are mean � S.D. (n � 3).
E and F, HeLa/DDP cells and MCF-7/ADR cells were subjected to treatment as described earlier. Apoptosis was determined by Western blot analysis of cleaved
PARP. G, top, experimental schedule/regimen. Bottom left, the mice inoculated with MCF-7/ADR cells were divided into four treatment groups: 1) control (Ctrl),
2) NIC3 (25 mg/kg), 3) Adriamycin (5 mg/kg), and 4) NIC3 (25 mg/kg) � Adriamycin (5 mg/kg). Tumor size was measured every 3 days. Error bars represent S.D.
Each point represents mean � S.D. (n � 5). Bottom right, mouse body weight. H, the tumor specimens were stained for NAC1 protein and Ki67 protein and
subjected to TUNEL. Bars are mean � S.D. (n � 5). Scale bar, 50 �m. ns, not significant; *, p � 0.05; **, p � 0.01; and ***, p � 0.001.
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survival of the tumor-bearing mice (Fig. 7F). These observa-
tions suggest that NIC3 could be used as a sensitizer in antime-
tastatic therapy.

Discussion

Because of the critical role of NAC1 in oncogenesis, thera-
peutic targeting of this protein has been explored as a potential
strategy for cancer treatment. For example, to inactivate NAC1,
Wu et al. (34) developed a series of self-inhibitory peptides that
block NAC1 dimerization by rebinding at the dimerization
interface. Although this method might be an effective approach
to inhibiting NAC1, the biological effects of these peptides and
physicochemical challenges in the application of those peptides
in vivo remain obscure. Thus, nonpeptidic molecules capable of
targeting NAC1 appear to be better candidates. It is known
that NAC1 homodimerization is critical for tumor cell prolifer-
ation and survival; however, the mechanism by which NAC1
dimerization occurs and its biologic consequences are unclear
(11). In the current study, we first focused on the molecular

basis of NAC1 protein dimerization (Figs. 1 and S1). We show
that this type of homodimerization is important for the stability
of NAC1 protein (Figs. 1 and S2C). Furthermore, using compu-
tational analysis of the dimerization interface and high-
throughput screening approach, we identified a small-molecule
compound, NIC3, that is able to inhibit NAC1 dimerization via
targeting the critical dimerization core residues and can pro-
mote proteasome-dependent degradation of NAC1 protein
(Figs. 2, F and G; 5, F and G; and S2, D and E). These results are
consistent with the concept that exposure of the hydrophobic
interface of a dimeric protein often leads to its conformational
change and destabilization (24, 25). We demonstrate that deg-
radation of NAC1 protein caused by NIC3 is specifically based
on its properties as an inhibitor of NAC1 homodimerization
but is not a consequence of an off-target effect. Using biotin-
labeled NIC3 as a probe, we show that NIC3 directly targets
NAC1 protein, and through both computational and experi-
mental studies we further show that NIC3 inhibits NAC1
homodimerization through docking into critical residues such

Figure 7. NIC3 significantly strengthens the therapeutic efficacy of bevacizumab in a metastatic breast cancer mouse model. Luciferase-labeled
MDA-MB-231 human breast tumor cells (1 	 106) were injected into the tail vein of SCID mice. A, experimental schedule/regimen. B, the mice inoculated with
MDA-MB-231 cells were divided into four treatment groups: 1) control (Ctrl), 2) NIC3 (25 mg/kg), 3) bevacizumab (Bev) (5 mg/kg), and 4) NIC3 (25 mg/kg) �
bevacizumab (5 mg/kg). Error bars represent S.D. *, p � 0.05; **, p � 0.01. Left panel, at the indicated time after xenografting, representative bioluminescence
images were acquired; right panel, normalized photon flux of lung metastasis. Scale bar, 10 mm. C, lungs were dissected, fixed, and inspected for metastatic
nodules on the surface. The graph represents numbers of observable metastatic nodules in the lung surface of each mouse. Error bars represent S.D. **, p � 0.01.
Scale bar, 3 mm. Error bars represent S.D. **, p � 0.01. D, lungs showing in C were fixed, embedded in paraffin, sectioned, and stained by H&E for histological
analyses. Scale bar, 50 �m. E, left panel, at the indicated week after xenografting, representative bioluminescence images were acquired; right panel, normalized
photon flux of bone metastasis. Scale bar, 10 mm. F, mice were monitored for survival. Kaplan–Meier plots illustrate survival of the animals (n � 5/group; *, p �
0.05; **, p � 0.01, log-rank test), combination treatment versus bevacizumab alone.
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as Leu90, thereby preventing the interaction between the two
NAC1 molecules (Fig. 4).

A number of oncogenes such as kinases are valuable drug-
gable targets. However, there are oncogenic proteins that are
regarded as undruggable, and most of these are transcriptional
factors, including MYB, MYC, and NF-�B (35, 36). Targeting
nuclear proteins has been considered challenging, mainly due
to their relatively larger interaction surfaces and lack of a drug-
gable binding pocket (5). Nevertheless, based on new concepts
in drug development and better understanding of the interac-
tion surfaces, a number of so-called undruggable molecules
have now been successfully targeted (37–42). The results
reported here provide another example of targeting a nuclear
factor through its hydrophobic pockets and demonstrate that
computational analysis of the hydrophobic dimerization inter-
face to identify the core units is a feasible approach to searching
for small-molecule compounds for inhibiting homodimeriza-
tion of the target proteins.

Cancer metastasis and therapeutic resistance are the major
clinical challenges that account for cancer-related deaths. We
show that NIC3 can sensitize drug-resistant tumor cells to che-
motherapeutic drugs such as Adriamycin and cisplatin and
enhance the antimetastatic efficacy of the antiangiogenic agent
bevacizumab. We and others have previously shown that NAC1
contributes to chemoresistance through tumor-suppressor
Gadd45 inactivation (16), autophagic survival response (17),
cellular senescence escape (18), and cancer cell cytokinesis (19).
Thus, targeting NAC1 may weaken those survival advantages in
tumor cells treated with anticancer drugs. Indeed, the combi-
nation treatment of NIC3 with Adriamycin or bevacizumab
shows more potent antitumor efficacy than Adriamycin or bev-
acizumab alone in drug-resistant tumors both in vitro and in
vivo. NAC1 has previously been shown to promote a hypoxic
microenvironment through hypoxia-induced up-regulation
of HIF-1� (20) and to maintain stemness of stem cells (32, 33).
Antiangiogenic agents such as bevacizumab may induce
hypoxia in the tumor microenvironment and increase the pop-
ulation of cancer stem cells that favors metastatic spread (29 –
31). Down-regulation of NAC1 through preventing its
dimerization by small-molecule inhibitors such as NIC3 may
mitigate the hypoxic tumor environment and reduce the pop-
ulation of cancer stem cells.

Whether or not NIC3 can be further developed as a thera-
peutic agent for treatment of human cancer remain to be inves-
tigated. For instance, the pharmacokinetic properties of this
compound are currently unknown. Bioisosteric replacements
and scaffold hopping are useful approaches in drug design as
they facilitate optimization of pharmacokinetic properties and
activity (43). Whether bioisosterism and scaffold hopping such
as substitution of a lipophilic group with a hydrophilic group or
ethylenediamine with piperazine or homopiperazine may
improve pharmacokinetics, solubility, metabolic stability, bind-
ing ability, or simplification of the synthetic route of NIC3
requires further studies.

Collectively, the findings reported here uncover not only a
biologically critical but also a therapeutically exploitable
role for NAC1 homodimerization. The inhibitor of NAC1
homodimerization that we identified, NIC3, shows potent

effects on sensitizing drug-resistant tumor cells to chemother-
apy and reinforcing the antimetastatic efficacy of the antiangio-
genic agent bevacizumab. Thus, small-molecule inhibitors of
NAC1 homodimerization may have great potential to be used
as therapeutic agents in cancer treatment and may warrant fur-
ther investigation.

Experimental procedures

Cell lines and culture

The human ovarian cancer cell lines SKOV3 and ES-2; the
human cervical cancer cell lines HeLa and HeLa/DDP (the cis-
platin-resistant cell line); the human breast cancer cell lines
MDA-MB-231, MCF-7, and MCF-7/ADM (the Adriamycin-
resistant cell line); and the human embryonic kidney HEK-
293T cells were purchased from ATCC (Manassas, VA). The
identities of these cell lines were verified by short tandem
repeat analysis. HeLa, HeLa/DDP, ES-2, MDA-MB-231,
MCF-7, and MCF-7/ADM cell lines were cultured in Dulbec-
co’s modified Eagle’s medium supplemented with 10% heat-
inactivated fetal bovine serum, 100 units/ml penicillin, and 100
mg/ml streptomycin. The SKOV3 cell line was cultured in
RPMI 1640 medium supplemented with 10% heat-inactivated
fetal bovine serum, 100 units/ml penicillin, and 100 mg/ml
streptomycin. Cells were cultured at 37 °C in a humidified
atmosphere of 20% O2, 5% CO2 (normoxia) or 1% O2, 5% CO2
(hypoxia). All cultures were monitored routinely and found to
be free of contamination by Mycoplasma or fungi. Cell lines did
not surpass 10 passages between thawing and use.

Reagents and antibodies

The following antibodies were used in Western blotting,
coimmunoprecipitation, or immunohistochemistry: anti-NAC1
(Novus Biologicals, Littleton, CO, catalogue number NB110-
77345), anti-PARP (Cell Signaling Technology, Danvers, MA,
catalogue number 5625S), anti-V5 (Cell Signaling Technology,
catalogue number 13202), anti-GST (Cell Signaling Technol-
ogy, catalogue number 2622s), anti-Myc (Cell Signaling Tech-
nology, catalogue number 2278p), anti-�-actin (Santa Cruz
Biotechnology, Dallas, TX, catalogue number sc-47778),
anti-ubiquitin (Santa Cruz Biotechnology, catalogue number
sc-8017), anti-Ki67 (Proteintech, China, catalogue number
19972-1-AP), streptavidin– horseradish peroxidase conjugate
(GE Healthcare, catalogue number RPN1231), and mouse IgG
and rabbit IgG (Beyotime, Shanghai, China, catalogue numbers
A0216 and A0208). Cisplatin and Adriamycin were purchased
from Sigma-Aldrich (catalogue numbers P4394 and 1225758).
MG132 and cycloheximide were purchased from Sigma-Al-
drich (catalogue numbers 5087390001 and M8699 –1). In Situ
Cell Death Detection kit (TUNEL staining) was purchased from
Roche Applied Science (catalogue number 11684817910).

Molecular docking

The 2D structures of the ligands were drawn in ChemBi-
oDraw 2013 and converted to 3D in MOE 2014 through energy
minimization. Protein structures were downloaded from the
Protein Data Bank (PDB code 3GA1) and prepared with the
Structure Preparation workflow in MOE to correct structural
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errors such as missing atoms or nonstandard atom names.
Then, the protonation state of the proteins and the orientation
of the hydrogens were optimized by LigX at a pH of 7 and
temperature of 300 K. Prior to docking, the force field of
AMBER10: EHT and the implicit solvation model of Reaction
Field (R-field) were selected. The docking workflow followed
the “induced fit” protocol of MOE-Dock, in which the side
chains of the receptor pocket were allowed to move according
to ligand conformations, with a constraint on their positions.
The weight used for tethering side-chain atoms to their original
positions was 10. For each ligand, all docked poses were ranked
by London dG scoring first, and then a force field refinement
was carried out on the top 30 poses followed by a rescoring of
GBVI/WSA dG, respectively.

Chemical synthesis

Syntheses of the PP and NP were carried out according to Fig.
S4.

Plasmids and plasmid transfection

V5-NAC1 plasmid was described previously (20). The Myc-
NAC1 plasmid was generated by replacing V5 tag with Myc tag.
To generate the mutants of NAC1, we replaced the leucine site
Leu90, serine site Ser91 with arginine, and methionine site Met92

with leucine. Site-directed mutagenesis was performed using
the QuikChange kit (Stratagene). Transfection of the plasmids
was carried out using Lipofectamine 2000 (Invitrogen) accord-
ing to the manufacturer’s protocol.

Quantitative real-time PCR

Total RNA was prepared using TRIzol reagent (Roche
Applied Science). First-strand cDNA was synthesized using an
Omniscript reverse transcription kit (Qiagen) with random
primers. Quantitative RT-PCR was performed on ABI 7500
using Brilliant II SYBR Green QPCR Master Mix (Stratagene)
and primers. After 40 cycles, data were collected and analyzed
using the ABI 7500 software.

Immunoblotting and coimmunoprecipitation

Proteins (10 –20 �g) were resolved by SDS-PAGE and then
transferred to PVDF membrane (Bio-Rad). Membranes were
incubated with primary antibodies in 3% BSA at 4 °C overnight
followed by incubation with secondary antibodies at room tem-
perature for 1 h. The protein signals were detected by ECL
method. For co-IP, appropriate antibodies were first incubated
with protein A/G beads (Santa Cruz Biotechnology) at 4 °C
overnight, and then cell lysates were incubated with the protein
A/G beads at 4 °C for 6 h. At the end of incubation, the beads
were washed three times with radioimmune precipitation assay
buffer, and the immunoprecipitates were eluted with SDS
buffer and then subjected to immunoblotting.

Nondenaturing PAGE

Purified NAC1 was incubated with increasing amounts of
DSS (Thermo Scientific) or different concentrations of NIC3
before mixing with an equal volume of sample buffer (100
mmol/liter Tris, pH 8.0, 20% glycerol, 0.005% bromphenol blue,
2% Triton X-100, and 100 mmol/liter DTT) followed by incu-

bation at room temperature for 30 min. The cross-linking reac-
tion was stopped by addition of 1 �l of 200 mM Tris-HCl, pH
7.4, and incubated for 15 min at room temperature to quench
the cross-linker. After centrifugation at 11,000 	 g for 10 min,
the supernatants were separated by electrophoresis on a 12%
Tris/glycine polyacrylamide gel followed by transfer to PVDF
membrane for Western blot analysis as described previously
(44).

Cell viability assay

Cellular viability was measured by 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide assay. Briefly, cells were
plated at a density of 5 	 103 cells/well in 96-well tissue culture
plates and subjected to different treatments. Following 48-h
incubation at 37 °C in a humidified atmosphere containing 5%
CO2, 95% air, the cells were incubated for another 4 h with
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
reagent. The formazan product was dissolved in DMSO and
read at 570 nm on a Victor3 Multi Label plate reader (Perkin-
Elmer Life Sciences).

Clonogenic assay

Cells subjected to different treatments were plated in 35-mm
tissue culture dishes (numbers of cells varied with different cell
lines to generate single colonies). Following incubation at 37 °C
in a humidified atmosphere containing 5% CO2, 95% air for 12
days, cells were stained with 1% methylene blue in 50% metha-
nol, and colonies (
30 cells) were counted.

Histology

For immunohistochemistry analysis of xenograft tumors,
tumor specimens were fixed in 4% paraformaldehyde and
stained with H&E. For in situ determination of cell proliferation
or apoptosis, sample slides were incubated with anti-Ki67 anti-
body (1:200 dilution) and subjected to TUNEL.

Animal experiments

Animal maintenance and experimental procedures were
approved by the Institutional Animal Care and Use Committee
of Soochow University. Female severe combined immunodefi-
cient (SCID) mice (5 weeks old, female) were inoculated subcu-
taneously with MCF-7/ADM cells (2 	 106 cells/mouse, mixed
(1:1 volume) with BD Matrigel). Two weeks after inoculation,
the tumor-bearing mice were divided into four groups (five
mice per group): 1) control, 2) Adriamycin, 3) NIC3, and 4)
Adriamycin � NIC3. Adriamycin (5 mg/kg) was given intra-
peritoneally q3d six times. NIC3 (25 mg/kg) was given via tail
vein q3d six times. Tumor volumes were determined by mea-
suring the length (L) and the width (W) of the tumors and cal-
culating using the formula V � L 	 W2/2. At the end of the
experiment (on day 27), the mice were euthanized, and tumors
were surgically dissected. The tumor specimens were fixed in
4% paraformaldehyde for histopathologic examination. In
the experimental metastasis mouse model, luciferase-labeled
MDA-MB-231 human breast tumor cells (1 	 106) were
injected into the tail vein of SCID mice. One week after injec-
tion, the mice were divided into four groups (five mice per
group): 1) control, 2) bevacizumab, 3) NIC3, and 4) bevaci-
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zumab � NIC3. Bevacizumab (5 mg/kg) was given intraperito-
neally q3d six times. NIC3 (25 mg/kg) was given via tail vein q3d
for 2 weeks. Mice were imaged for luciferase expression on a
weekly basis for 7 weeks via a Xenogen IVIS bioluminescence
imager. Mice were injected with 5 �l/g of body weight of 30
mg/ml Luciferin-D (Gold Biotechnology, catalogue number
LUCK-1G) in PBS 5 min prior to imaging. Photon flux was
calculated using region of interest measurements of the ventral
thoracic area for lung and bone metastases. At the experiment
end point, mice were euthanized, and lung tissue was harvested
for ex vivo analysis and subsequent histology.

Statistical analysis

Statistical analyses were performed using Microsoft Excel
software and GraphPad Prism. The results are presented as
mean � S.D. from at least three independent experiments. The
p values for comparisons between experimental groups were
obtained by Student’s t test. All statistical tests were two-sided.
*, p � 0.05; **, p � 0.01.
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