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Introduction: Constitutive activation of NF-κB has been implicated as being contributive to 
cancer cell growth, drug resistance, and tumor recurrence in many cancers including breast 
cancer. Activation of NF-κB leads to nuclear translocation of RelA, a critical component of 
the NF-κB transcription factor complex, which subsequently binds to specific DNA sites and 
activates a multitude of genes involved in diverse cell functions. Studies show that triple- 
negative breast cancer (TNBC) cells possess constitutively active NF-κB and concomitantly 
have higher levels of nuclear localization of RelA than cytoplasmic RelA. This feature is 
considered to be associated with the response to chemotherapy. However, currently, there is 
no specific inhibitor to block nuclear translocation of RelA.
Methods: A structure-based approach was used to develop a small-molecule inhibitor of 
RelA nuclear translocation. The interaction between this molecule and RelA was verified 
biophysically through isothermal titration calorimetry and microscale thermophoresis. TNBC 
cell lines MDA-MB-231 and MDA-MB-468 and a human TNBC xenograft model were used 
to verify in vitro and in vivo efficacy of the small molecule, respectively.
Results: We found that the small molecule, CRL1101, bound specifically to RelA as 
indicated by the biophysical assays. Further, CRL1101 blocked RelA nuclear translocation 
in breast cancer cells in vitro, and markedly reduced breast tumor growth in a triple-negative 
breast cancer xenograft model.
Conclusion: Our study demonstrates that CRL1101 may lead to new NF-κB-targeted 
therapeutics for TNBC. Further, blocking of nuclear translocation of shuttling transcription 
factors may be a useful general strategy in cancer drug development.
Keywords: transcription factors, breast cancer, computer aided drug design, nuclear 
transport, drug-target

Introduction
Triple-negative breast cancer (TNBC), a clinical breast cancer subtype lacking 
estrogen receptor (ER), progesterone receptor (PR) and overexpression of Her2, 
is highly proliferative but more sensitive to systemic chemotherapies. However, 
patient outcomes of TNBC are poor compared to the prognosis of other subtypes of 
breast cancer. While 93% of Her2+ breast cancer patients remain in remission for 5 
years, this is only true for 77% of those individuals with TNBC. Although immu
notherapies are showing promise in the treatment of TNBC, chemotherapy remains 
a standard approach.1 Nonetheless, for 20–30% of patients, there is a high risk for 
relapse within 3 years even after resection of primary tumors and chemotherapy.2
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The NF-κB transcription factor is a central mediator of 
cell function and fate. Numerous studies have shown that 
NF-κB plays a critical role in promoting breast tumor 
growth, progression, and resistance to drug treatment.3 

NF-κB can also be activated by multiple stimuli that may 
sometimes reduce the efficacy of treatments. For example, 
obesity is considered as a general risk-factor for breast 
cancer. In fact, for TNBC patients, studies show that 
adipose tissues elicit inflammatory cytokines such as 
TNFα in a RelA dependent manner,4,5 and reduce the 
efficacy of cancer treatment.6,7 In another study, Wee 
et al.8 showed that resistance to paclitaxel treatment in 
TNBC is conferred by an overexpression of interleukin-1 
receptor associated kinase 1 (IRAK1) in response to NF- 
κB-mediated cytokine production.

The activation of NF-κB can occur in response to 
different stimuli such as radiation, chemo-agents, and 
pro-inflammatory cytokines.9 NF-κB can also be activated 
at different stages of tumor progression and can facilitate 
tumor growth. We and others recently observed that resis
tance to Trastuzumab leads Her2+ breast cancer cells to 
display the phenotypes of TNBC through the activation of 
NF-κB.10,11 TNBC cells are known to harbor constitutive 
activation of NF-κB,12,13 which is implicated in poor prog
nosis for TNBC patients.

NF-κB is a protein complex consisting of Rel family 
proteins (RelA, RelB and cRel) located in the cytoplasm, 
where they reside in a resting state when binding to IκB 
proteins (IκBα, IκBβ), which masks the nuclear transloca
tion signal in Rel proteins and thus prevents their DNA 
binding. Upon activation, IκB proteins are degraded 
through phosphorylation by IκB kinases (IKK). Rel pro
teins in complex with p50/p52 proteins are then translo
cated to the nucleus where they bind to DNA.14 NF-κB 
activation can occur through either canonical or non-cano
nical signaling. In canonical signaling, RelA is translo
cated into the nucleus, whereas in non-canonical 
signaling RelB/cRel are translocated.

Much effort has been directed to develop specific NF- 
κB inhibitors. NF-κB activation can be blocked by inter
ference at any stage of the NF-κB signaling cascades: 
upstream regulators, IKK complex, NF-κB nuclear trans
location, DNA binding, transactivation, and post-transla
tional modification. However, the only regulated step in 
the activation process is the phosphorylation of IκB by 
IKK.15 Given IKK’s central role in signal integration and 
relay in regulating NF-κB activation, IκB kinases have 
been studied to develop NF-κB signaling inhibitors. 

However, decades of work has not yielded a clinically 
useful IKK inhibitor.

Recently, using TNBC tissues, Kim et al.16 have shown 
that among Rel proteins, a disproportionate accumulation 
of RelA in the cancer cell nucleus indicated poor prog
nosis. These observations, consistent with the established 
role of NF-κB in TNBC, further suggest that dysregulation 
of RelA shuttling between cytoplasm and nucleus is essen
tial for TNBC progression. Thus, small molecules that are 
aimed at sequestering RelA in the cytoplasm and thereby 
blocking its DNA binding and transactivation may effec
tively silence anti-apoptotic gene expression.

Umezawa developed an irreversible RelA inhibitor, 
DHMEQ, that shows anti-cancer activity in leukemias.17 

This is the only RelA inhibitor developed thus far. 
However, this irreversible inhibitor binds to a free cysteine 
(free-Cys) at position 38 located in the DNA binding 
domain of RelA.18 Since this free-Cys in the DNA binding 
domain is conserved among all three REL proteins in the 
NF-κB complex (Figure S1), we surmised that DHMEQ 
will be non-specific and likely block cRel, RelB and RelA. 
Thus, we hypothesized that preventing RelA nuclear trans
location by an allosteric inhibitor will be an alternate 
approach to inhibiting constitutively active NF-κB, rather 
than using RelA-DNA binding inhibitors or IKK inhibi
tors. Here, we show that a small molecule designed by a 
structure-based approach disabled the nuclear transloca
tion of the RelA protein. The inhibitor blocked activation 
of NF-κB and its target genes, and inhibited xenograft 
tumor growth. Thus, our strategy to block RelA using an 
allosteric inhibitor may be relevant for cancer therapy and 
represents a novel approach to specifically target NF-κB 
activation.

Materials and Methods
Cell Lines and Reagents
Spontaneously immortalized mouse embryo fibroblasts 
(MEFs) were obtained from Rodent transgenic core facil
ity at Cedars-Sinai and maintained in DMEM (Invitrogen, 
Carlsbad, CA) supplemented with 10% donor calf serum 
(Invitrogen) and 100U/mL penicillin and 100 mg/mL 
streptomycin.

Human triple-negative breast cancer cell lines MDA- 
MB-231 and MDA-MB-468 were obtained from ATCC. 
These TNBC cells are highly proliferative, lack the 
expression of hormone receptors ER (estrogen receptor) 
and PR (progesterone receptor), and do not overexpress 
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the Her2 receptor. Cells were grown in the Roswell Park 
Memorial Institute (RPMI)-1640 (Mediatech, Manassas, 
VA, USA) supplemented with 10% donor calf serum 
(Invitrogen), 100U/mL penicillin and 100 mg/mL strepto
mycin (Invitrogen). Both cells were incubated at 37 °C in 
a humidified atmosphere containing 5% CO2. CRL1101 
was purchased from Chembridge, Inc. (San Diego, CA).

Bioinformatics Analysis of TCGA 
Database
The RNA-Seq data of Breast invasive carcinoma (BRCA) 
was obtained from the Broad Institute GDAC Firebrowse 
(http://firebrowse.org), which contains The Cancer 
Genome Atlas (TCGA) data version 2016_01_28. We 
downloaded the data of mRNAseq preprocess level 3 and 
used the raw counts of UNC RNASeqV2 in our study. The 
clinical information and PAM50 subtypes of the TCGA- 
BRCA dataset were gathered from the released dataset of 
Netanely et al.19 by Shamir lab. The clinical subtypes were 
then defined using estrogen receptor (ER), progesterone 
receptor (PR) and Her2 status. We matched sample IDs 
from the two resources and obtained 1031 tumor samples 
and 111 normal samples for our bioinformatics analysis. 
DESeq220 was applied to normalize the raw counts of 
RNA-seq data after filtering out low abundance genes, 
and differential expression analysis was performed. The 
p-values of multiple tests were adjusted using Benjamini- 
Hochberg’s method.21

Design and Development of RelA 
Inhibitor
The compounds have been designed using a stepwise 
procedure that identifies pseudo-allosteric cavities used to 
induce allosteric modification (CIAM) as described 
previously22,23 to disable protein–protein interaction. The 
procedure has been modified to constrain ligand-induced 
structural changes in a protein complex; these steps 
involve identification of rigid cavity, virtual screening 
using GLIDE (Schrodinger, Inc.) and molecular simula
tions using the DESMOND function in Schrodinger (San 
Diego, CA, USA). Briefly, the three-dimensional struc
tures of RelA dimer-DNA complexes (PBD code: 
2RAM,24 1NFI25 and 1VKX26) were used as template. 
Computational analysis was performed at different tem
perature and simulation times to identify critical sites 
(S276 and NLS) to disrupt the nuclear localization signal
ing region (NLS) located between DNA-binding domain 

and transactivation domain (TAD) at the C-terminus. We 
have screened chemicals from Chembridge database (> 
500,000 compounds) that are filtered for drug-like proper
ties that can disrupt NLS motif structural disposition 
thereby preventing RelA binding to DNA. CRL1101 was 
identified as a potential inhibitor for biological character
ization. Structure analysis and modeling were performed 
using software from SBGRID.27 The calculations were 
performed at Cedars-Sinai high-performance computing 
center facility.

Expression and Purification of 
Recombinant RelA
Human RELA encoding amino acid residues 20–321 was 
cloned into pET-21(a) vector and expressed as a 
C-terminal His-tag fusion protein in BL21 (DE3) cells. 
The cells were resuspended in 1x phosphate buffered 
saline (PBS), sonicated and soluble lysate was passed 
through a Ni-NTA 5 mL FF column (GE Healthcare) 
equilibrated in buffer A (20 mM Tris pH 7.4, 500 mM 
NaCl). The column was washed and eluted with buffer A 
supplemented with 40 mM and 400 mM Imidazole, 
respectively. The sample was dialyzed against 20 mM 
Tris pH 7.4 and put through a SP sepharose 5 mL FF 
column (GE Healthcare). The protein was eluted using 0 
to 300 mM NaCl gradient, dialyzed against PBS + 15 mM 
β-ME, concentrated and stored at −80 °C.

Isothermal Titration Calorimetry (ITC)
The binding thermodynamics of RelA to the CRL1101 
was measured by ITC using a high precision VP-ITC 
titration calorimetric system (Microcal LLC, 
Northampton, MA). The calorimetric cell containing 
RelA at a concentration of 6–10 μM dissolved in 10 mM 
Tris (pH 8.0), 1mM EDTA was titrated with CRL1101 at a 
concentration ranging from 400–600 μM. Injection 
volumes were 10 μL. The heat evolved upon each injec
tion of CRL1101 were obtained from the integral of calori
metric signal. The heat associated with binding of 
CRL1101 to RelA was obtained by subtracting the heat 
of dilution from the heat of reaction. The measurements 
were made at 25°C. Data were analyzed and fitted by 
using the data analysis software supplied by Microcal 
(ORIGIN 5.0). The free energy generated by RelA binding 
to CRL1101 was estimated from ∆G = -RT lnK = 
∆H -T∆S.
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Ligand Binding by Microscale 
Thermophoresis
Monolith NT.115 Microscale Thermophoresis (MST) 
instrument (Nanotemper Technologies) was used for this 
assay. Monolith protein labeling kit RED-NHS was pur
chased from Nanotemper Technologies. Briefly, recombi
nant RelA protein was labeled using RED-NHS 2nd 
generation labelling kit (NanoTemper) following manufac
turer’s instructions. A serial dilution of ligand CRL1101 
(0.25mM to 0.00763μM) was prepared and titrated against 
0.55 µM labeled RelA. The assay was read in 1% excita
tion power and 40% of MST power.

Nuclear Localization of RelA in TNBC 
Cell Lines by Fluorescent Microscopy
Cells were treated with or without 15μM of CRL1101 in 
1% dimethyl sulfoxide (DMSO). 45 min after treatment, 
cells were fixed with 4% formaldehyde for 10 min and 
sequentially treated with 0.1% Triton X-100 for 10 min. 
Cells were blocked in 1% bovine serum albumin (BSA) in 
phosphate buffered saline (PBS) for 10 min. Cells were 
incubated with anti-RelA(p65) antibody (1:150, Abcam, 
Cambridge, UK) in PBS with 1% BSA overnight at 4 °C 
and a secondary antibody (1:1000 anti-rabbit Alexa 488, 
Invitrogen, Carlsbad, CA, USA) for 1 h in the dark. 
Analyses were performed using a microscope (Nikon 
ECLIPSE Ti-U, Nikon, Tokyo, JAPAN). Green signal 
shows RelA(p65), blue signal shows 4ʹ,6-diamidino-2- 
phenylindole (DAPI).

Cell Viability Assay
Cell viability was quantitated using a colorimetric MTT 
assay according to the procedures described previously. 
Briefly, 100 μL of target cell suspension (1 X 104 cells) 
were added to each well of 96-well plate, and the plate was 
incubated for 24 h at 37 °C in a humidified 5% CO2 

atmosphere. Following incubation, 10 μM of MTT work
ing solution was added to each well, and the plates were 
incubated for 3 h at 37 °C. After addition of inhibitor, the 
absorbance values were measured with a microplate reader 
at 570 nm. The percentage of survival was calculated 
using the following formula: survival percentage = (absor
bance of CRL1101 treated wells – blank wells/absorbance 
of untreated wells – blank wells) X 100. The inhibition 
constant (IC50) of the inhibitor was obtained by regression 
analysis using Excel.

Western Blot Analysis
Expression and phosphorylation changes of NF-κB related 
molecules after CRL1101 treatment were examined by 
Western blot. Western blot analysis was performed to 
detect NF-κB (p105 and p50), RelA (p65), IκBα, p-IκBα 
and β-actin protein expression. β-actin was used as a 
loading control. Time course for 0–60 min after 15μM of 
CRL1101 treatment was examined.

Anchorage Independent Growth Assay
The effects of CRL1101 on clonogenic survival were 
analyzed. Base layers consisting of growth medium con
taining 0.53% low-melting point agarose (Invitrogen) were 
poured onto 6-well plates and allowed to solidify. Cells 
were seeded at concentration of 10,000 cells/well in tripli
cate in top layers consisting of growth medium containing 
0.32% agarose. After 24 h, 15 µM of CRL1101 was added. 
Cells were incubated for 14 days to form visible colonies. 
The colonies were fixed and stained by 0.05% Crystal 
violet in 50% methanol.

NF-κB Reporter Assay
MDA-MB-231 cells transfected with the pGL3-luciferase 
(empty vector control) or pGL3-NF-κB luciferase vector 
were treated with 10 µM CRL1101 or DMSO vehicle for 
24 h the day after transfection. 10 µM CRL1101 was used 
in this assay instead of 15 µM due to reduced cell viability. 
Cells were grown in 10% FBS medium. Reporter activity 
was measured by luciferase assays and was normalized to 
β-galactosidase activity.

Cell Migration Assay
Cells were seeded in 6-well plates at 1×105 per well and 
treated with either vehicle or 10 µM CRL1101 (of note, 10 
µM was used due to reason stated above). A line was 
drawn on the underside of the well with a pipette tip. 
Cell migration was assessed by measuring the distance 
between wound edges. Migration results are expressed as 
the average migration distance (μm±SD). The cells were 
monitored by phase contrast microscopy on an inverted 
microscope. All the data presented are from at least 3 
independent experiments performed in duplicate.

Tumor Growth Study
NCr homozygous athymic (nude) mice (eight weeks-old) 
were purchased from Charles River Laboratories. An ali
quot of 2×106 MDA-MB-231 cells were suspended in 200 
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mL of PBS and injected subdermally in the right thigh of 
each animals. When xenograft tumors reached ~200– 
230 mm3 in volume, animals were regrouped into two 
treatment groups (n=6): Vehicle control and CRL1101 
alone. After tumor cell engraftment when tumor size is 
palpable, on day 9, mice were treated with CRL1101 
(25mg/kg) intraperitoneally every other day. Animals 
were maintained in accordance with guidelines of the 
Institutional Animal Care and Use Committee (IACUC) 
of Cedars-Sinai Medical Center. Tumor growth was mon
itored three times weekly for four weeks. Tumor volume 
was calculated by the formula: π/6 x (larger diameter) x 
(smaller diameter)2. Mice body weight during the treat
ment was measured every 2 days.

Statistical Analysis
All experiments were repeated independently a minimum 
of three times and expressed as mean values with 95% 
confidence. The activity of CRL1101 was analyzed using 
cell viability assay and assessed by paired t-test. The other 
results were assessed by one-way ANOVA following by 
Scheffe’s F-test. A value of p < 0.05 was considered to 
indicate statistical significance.

Results
RelA is Overexpressed in TNBC 
Compared to Other Breast Cancer 
Subtypes
NF-κB is constitutively activated in TNBC and plays an 
important role in cancer cell survival and resistance.12,28 

The activation of NF-κB is also critical for the function 
of breast cancer stem cells (BCSC)29 that promotes 
tumor re-emergence and metastasis. In either neoadju
vant or adjuvant settings, certain chemotherapeutic 
agents activate NF-κB. Indeed, our TCGA data analysis 
show that the expression of RelA is significantly higher 
in TNBC than in normal breast tissue and other breast 
cancer subtypes (Figure 1A and B). The results are 
consistent with observation made by others using breast 
cancer tissues. Jones et al. observed nuclear NF-κB in 
TNBC tissues by immunohistochemistry (IHC) in 
response to chemotherapy correlated with high-grade 
tumor.30 Similarly, Wang et al.31 showed overexpression 
of RelA is associated with TNBC by interfering with 
celecoxib mediated apoptosis. These studies show over
expression of RelA, as measured by mRNA levels and 

Figure 1 The boxplot of gene expression of RELA in breast cancer from TCGA: (A) clinical tumor subtype and (B) PAM50 subtype. The gene expression is presented as 
normalized counts using DESeq2 with variance stabilizing transformations (VST) on log2 scale. The comparison results between subtypes are presented as **P < 0.01, ***P < 
0.001; 2-tailed unpaired t test with Bonferroni correction.
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constitutive expression of nuclear RelA, promotes can
cer growth and progression in TNBC. Furthermore, 
using TNBC tissues, Kim et al.16 have shown that 
among Rel proteins, an accumulation of nuclear RelA 
in the cancer cells indicated poor prognosis. Hence, we 
hypothesize that blocking RelA transported from cyto
plasm into nucleus will limit tumor growth.

Design and Development of RelA 
Inhibitors by a Structure-Based Approach
We used a structure-based approach to test whether a 
small molecule can be developed to block the nuclear 
translocation of RelA. In the inactive state of NF-κB, 
the RelA-p50-IκBα protein complex is located in the 
cytoplasm. In the active state, phosphorylation of IκBα 
leads to its degradation, resulting in RelA-p50 translo
cation to the nucleus. The crystal structure of RelA 
complexed with p50 and IκBα (Figure 2A) was deter
mined by Jones et al.25 and showed that the inactive 
complex is held together through a network of hydrogen 
bonds that keep the NLS masked by p50 (Figure S2). 
During this process, the nuclear localization signal 
(NLS), located after the DNA binding domain in 
C-terminus of RelA, drives nuclear translocation of 
RelA. Upon NF-κB activation (IκBα degrade), a large 

conformational change (relaxed by the network of 
hydrogen bonds) exposes the nuclear localization signal 
(NLS) motif (Figure 2B).

Previously, we used CIAM to identify allosteric sites in 
protein.22,23 Using the modified approach we identified a 
distal inhibitor-binding site from the NLS motif 
(Figure 2A and B) proximal to S276, a known phosphor
ylation site. To block nuclear translocation of RelA, struc
tural changes in RelA must be restrained so that NLS 
motif remains unchanged. For this purpose, the inhibitor- 
induced conformational changes (ie, network of hydrogen 
bonds shown in Figure S2) need to be restrained. Hence, 
rigidity of the cavity was assessed by monitoring cavity 
size calculated using sitemap (Schrodinger, Inc) from 
molecular simulation results. Binding site proximal to 
S276 (Figure 2C) (cavity volume 442Å3 and 
Dscore=0.955) was used from an average structure from 
the molecular simulation for subsequent virtual screening. 
We selected 15 compounds based on change in binding 
energy (∆G bind ranging from 3–8 Kcal/mol) from 
MMGBSA analysis. One of the compounds, CRL1101 
(Figure 2D) was identified (∆G bind =7.8 Kcal/mol) as 
the most potent compound based on the combination of 
breast cancer cell proliferation assays and differential 
scanning fluorimetry (DSF).32

Figure 2 Three-dimensional structure of RelA with putative binding of CRL1101: (A) Resting state of RelA (green) is found in complex with p105 (p50 is shown (cyan)) and 
the Ankyrin repeat of IκBα (light brown color) which sequesters the NLS of RelA preventing nuclear translocation of RelA-p50 protein complex. The DNA binding domain 
(DBD) is located at the N-terminus, while the nuclear localization signal (NLS) motif is located at the C-terminus. Key phosphorylation site, S276 is shown as red sphere 
model (B) Inhibitor-binding pocket is show in surface representation (Yellow). Location of S276 is shown in red (C) Closeup look at the binding of CRL1101 (shown in stick 
representation; carbon, nitrogen and oxygen are shown in green, blue and red colors, respectively) binding to RelA (yellow surface). Partial structure of p50 is shown in cyan 
color (D) Chemical structure of CRL1101 is shown. Pictures were created using Pymol.27,46
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CRL1101 Inhibits Nuclear 
Translocalization of RelA
Next, we tested if CRL1101 is specific for RelA. For this 
purpose, we used RelA-null cells. Cells treated with 
CRL1101 were unaffected based on cell survival assays 
compared to the wild-type suggesting that CRL1101 is 
specific to RelA. (Figure 3A). Furthermore, to check 
whether CRL1101 can sequester RelA in the cytoplasm, 
two TNBC cell lines, MDA-MB-231 and MDA-MB-468 
were treated with 15 μM of CRL1101. 
Immunofluorescence showed that CRL1101 diminished 
nuclear localization of RelA (Figure 3B).

Biophysical Characterization of CRL1101 
Directly Binding to RelA
We wanted to verify whether CRL1101 could directly bind 
to RelA protein. First, we tried to measure the binding of 
CRL1101 by Surface Plasmon Resonance (SPR). 
However, the resonance signal was insufficient to measure 
kinetic parameters. We reasoned that immobilization of 
RelA might be interfering with ligand binding. Hence, 
we tried two techniques that do not require immobiliza
tion: (1) In microscale thermophoresis (MST) assay there 
is no immobilization involved and both ligand and target 
can freely move in the favored buffer. In this technique 
either target or ligand can be labeled. Here, we labeled the 
target protein RelA with fluorescent dye. CRL1101 bound 
to RelA with a binding constant (KD) of 2.3 μM 
(Figure 4A). (2) Similar to MST, in isothermal titration 
calorimetry (ITC), protein and ligand are free and provide 
information related to thermodynamics of the interaction. 

In this assay, we observed CRL1101 binding to recombi
nant RelA with an affinity of 2.2μM (∆H= −1734 Kcal/mol 
and ∆S= 14.1cal/mol/deg; N=2) (Figure 4B) confirming 
direct binding of CRL1101 to RelA.

Biological Activity of CRL1101
Having demonstrated that CRL1101 specifically binds to 
RelA, we tested its biological activity in a series of in vitro 
assays. First, we measured the effect of CRL1101 on cell 
proliferation in TNBC breast cancer cell-lines, MDA-MB- 
231 and MDA-MB-468. IC50 of CRL1101 in MDA-MB- 
231 and MDA-MB-468 was 12.76 mM and 12.33 mM 
respectively. As expected, CRL1101 significantly inhibited 
cell proliferation with an inhibition constant of 15 μM in 
both cell lines (Figure 5A). Next, we tested whether 
CRL1101 can block constitutive activation of NF-κB. 
Indeed, CRL1101 inhibited NF-κB activation as measured 
by decrease in phosphorylation of IκBα in both tumor cell 
lines (Figure 5B). However, there was a small reduction in 
expression of RelA in MDA-MB-231 at the 60 min time 
point as opposed to MDA-MB-468. The significance of 
this reduction of RelA expression in MDA-MB-231 is yet 
to be determined. Next, we examined the CRL1101 effect 
on colony formation. As shown in Figure 5C, CRL1101 
inhibited colony formation. These results show that 
CRL1101 limits tumor cell growth.

Using a NF-κB-luciferase vector which contains tan
dem RelA-binding sites in the promoter governing the 
luciferase gene, we also found that CRL1101 inhibited 
the activity of luciferase reporter induced by RelA binding 
in MDA-MB-231 cells (Figure 6A). Next, we checked 
whether CRL1101 affected RelA-regulated gene 

Figure 3 CRL1101 is specific to RelA: (A) CRL1101 affected RelA-null cells viability. Cell survival of RelA-null MEF cells were measured by MTT assay after treatment of 
CRL1101 at different concentrations. **P < 0.01 (B) CRL1101 sequestered RelA in the cytoplasm. Localization of RelA in TNBC breast cancer cells, MDA-MB-231 and 
MDA-MB-468, measured by fluorescence microscopy. TNBC cells treated with CRL1101 retained RelA (p65, green) in the cytoplasm compared to cells treated with vehicle. 
Cellular nuclei are stained with DAPI (blue).
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expression. In breast cancer, the expression of interleukin- 
8 (IL-8)33,34 and EZH2 has been shown to depend on 
RelA.35 Thus, we examined the expression of IL8 and 
EZH2 in MDA-MB-231 cells treated with CRL1101. RT- 
PCR showed that IL-8 and EZH2 mRNA levels were 

significantly reduced while p65 and p50 levels remained 
unaffected (Figure 6B). We also tested if CRL1101 at 10 
μM can affect cell migration which is known to be regu
lated by NF-κB. In a wound-healing assay, CRL1101 
showed reduced cell migration in TNBC cells (Figure 6C 

Figure 4 Analysis of CRL1101 binding to recombinant RelA: (A) Microscale Thermophoresis technique (MST) Dose response curve upon titrating CRL1011 from 0.0076 to 
250 µM against 0.55 µM RelA. The KD obtained was 2.3 µM. Insert represents MST traces depicting fluorescence change over time at different concentrations of CRL1011. 
Traces corresponding to unbound and bound protein are shown in blue and green respectively. (B) Isothermal titration calorimetry: Serial dilution of 10μM CRL1101 was 
titrated against recombinant RelA and heat generated from the interaction is shown. Affinity of CRL1101 to RelA is 2.2μM.

Figure 5 Anti-tumor effects of CRL1101 in TNBC: (A) Anti-proliferation effects of CRL1101. Cells were treated with different concentations of CRL1101, as shown in 
figure. Proliferation of the cells were investigated by MTT assay at 24, 72 and 96 h after CRL1101 treatment. Proliferation was inhibited in a dose-dependent manner 
(**P<0.01). (B) Time series of the effects of CRL1101 on expression and activation of NF-κB and related molecules by Western blot analysis. The effects of 15µM of 
CRL1101 on NF-κB signal related molecules, p105, p50, RelA, IκBα and p- IκBα, is shown after 0, 10, 30 and 60 minutes in MDA-MB-231 and MDA-MB-468 cells. β-actin was 
used as an internal expression standard. (C) Inhibition of tumor growth by anchorage independent growth assay. The effects of CRL1101 on clonogenic survival is shown 
after 24 h. CRL1101 inhibited colony formation in MDA-MB-231 and MDA-MB-468 cells after cells were treated with 15µM of CRL1101.
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and D). These results suggest that targeting RelA nuclear 
translocation impairs NF-κB-mediated cell function.

Therapeutic Efficacy of CRL1101 in a Pre- 
Clinical TNBC Mouse Model
We examined the therapeutic efficacy of CRL1101 in a 
common TNBC xenograft model.36 Briefly, MDA-MB- 
231 cells were used to grow tumors in athymic mice. 
Mice were treated with 25 mg/kg/day (IP) CRL1101 
for 4 weeks. The control group was treated with vehi
cle. Mice treated with CRL1101 showed significant 
reduction in tumor growth (Figure 7A and B). At day 
31, the CRL1101-treated group had reduced tumor 
volume by 50% compared to the PBS group 
(P<0.001). During the treatment there was no signifi
cant change in body weight and the change was within 
the margin of error due to differences in tumor size. 
These results suggest that CRL1101 has a potent anti- 
tumor effect in vivo and does not show severe toxicity 
in mice (Figure 7C).

Discussion
RelA/p65 of NF-κB has been shown to promote cancer 
cell growth and resistance to therapy in many cancers 
including breast cancer.10,12,29 There have been many 
inhibitors developed against NF-κB that mainly target 
IKK.37 To date, clinical trials with NF-κB inhibitors have 
not been successful largely due to the essential role of the 
NF-κB family transcription factors in pleiotropic physio
logical functions and thus ubiquitous supression of total 
NF-κB activity leads to undesirable toxicity.38 In contrast, 
we demonstrated a novel way to disable constitutively 
activated NF-κB mediated tumor growth by targeting 
RelA, the dominant TNBC-associated NF-κB transcription 
factor subunit, using a small-molecule inhibitor to prevent 
its nuclear translocation.

RelA-specific inhibitors have not been developed. As 
mentioned before, the irreversible inhibitor, DHMEQ 
binds to Rel-family proteins and is not specific to 
RelA.39 To develop a RelA-specific inhibitor we used a 
non-canonical approach. Previously, we developed a novel 

Figure 6 (A) Regulation of NF-κB-responsive reporter activity by CRL1101: MDA-MB-231 cells transfected with the pGL3-luciferase (empty vector control) or pGL3-NF- 
κB binding luciferase vector were treated with 10 µM CRL1101 or DMSO vehicle for 24 h the day after transfection. Reporter activity was measured by luciferase assays and 
was normalized to β-galactosidase activity. (B) RelA inhibitor, CRL1101 reduced pro-inflammatory cytokines in MDA-MB-231 cells. The inhibitory effects of CRL1101 (5 μM) 
on RelA-dependent gene regulation in MDA-MB-231 cells was assayed by using quantitative real time PCR. Two key players, IL8 and EZH2, regulated by nuclear RelA 
decreased after 48 h incubation with CRL1101. *P<0.05 and **P<0.01 (C) CRL1101 diminish tumor cells’ migration. Cells treated with CRL1101 have reduced cell migration 
as compared to the vehicle control (1% DMSO). Migration results are expressed as the average migration distance (μm±SD). The cells were monitored by phase contrast 
microscopy on an inverted microscope at 12, 24 and 48 h. All the data presented are from at least 3 independent experiments performed in duplicate. (D) Representative 
images for the wound healing assay. Control (1% DMSO) and CRL1101 (10 μM) treated MDA-MB-231 and MDA-MB-468 cells are shown at 0 and 48 h. Verticle red lines are 
drawn along wound edges and migration distance is depicted as thick horizontal red lines.
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computer algorithm termed “Cavity-induced allosteric 
modification (CIAM)”.40 This approach was used to dis
able protein–protein interactions such as TNFR-TNFα 
receptor complex,22 and survivin.23 The algorithm is 
based on the identification of molecular/atomic determi
nants responsible for flexibility in the protein molecule. 
The crystal structure of RelA/p50 protein complex 
revealed that large conformational and structural changes 
are needed for RelA nuclear localization. We exploited this 
structural aspect of RelA and identified CRL1101. In a 
series of in vitro and in vivo studies, we demonstrated that 
CRL1101 is a novel agent that binds to RelA with an 
affinity of 2.2 μM. CRL1101 is also specific to RelA 
based on the observation from RelA-null MEF cells. Of 
note, it has been shown that tumor cells lacking of either 
cRel or RelB show increased proliferation in tumor cells.
41,42 Since we observed wild-type cells treated by the 
inhibitor undergo apoptosis, we believe CRL1101 is spe
cific to RelA. We plan to explore the specificity of 
CRL1101 in next set of studies by expressing cRel and 
RelB recombinant proteins.

CRL1101 as an allosteric inhibitor shows anti-tumor 
effect in vitro and in vivo. Treatment of TNBC cells, 
MDA-MB-231 and MDA-MB-468, with CRL1101 also 

diminished nuclear localization of RelA (Figure 3B). By 
sequestering RelA in the cytoplasm, CRL1101 inhibited 
NF-κB activation and concomitantly reduced the expres
sion of pro-metastatic genes such as IL-8 and EZH2, 
consistent with ability of CRL1101 to limit cell migration, 
suggesting that our molecule might also aid in delaying/ 
preventing cancer metastasis. This allosteric inhibitor 
reduced tumor growth in a breast cancer mouse model 
(Figure 7A) suggesting the biological effect observed is 
due to blocking RelA nuclear transport.

Activation of NF-κB is critical for adaptive/innate 
immunity. In this context, p50, RelB and cRel play a 
dominant role. Lack of expression of RelA in immune 
cells such as lymphocytes and macrophages has been 
shown to promote suppressive phenotype. It can be argued 
that CRL1101 can promote immunosuppresive environ
ment in cancer. However, when we used CRL1101 in 
pancreatitis mouse model as an anti-inflammatory study 
using wild-type B6 mice, it was found that CRL1101 did 
not have any effect on immune cell function (ie, promote 
immunosuppression) based on the cytokine profiles 
(unpublished data, personal communication with Drs. 
Pandol and Edderkaoui). Thus, we believe that CRL1101 
will have minimal or no effect on tumor microenvironment 

Figure 7 CRL1101 limits tumor growth breast in a TNBC mouse model: Tumor growth mediated by MDA-MB-231 cells was assessed in athymic mice. (A) Mice were 
administered with 25mg/kg/day of CRL1101 or vehicle (PBS) by IP injection, as indicated by arrows. Results are given as mean tumor volume (mm3) ±S.E. Treatment days are 
shown by arrows. Tumor growth in animals treated with CRL1101 was significant (**P<0.01) compared to vehicle. N = 6. (B) Visual of tumor size at the end of experiment is 
shown. (C) Body weight during the treatment is shown. Body weight during the treatment was measured and no significant loss of weight was observed.
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of cancer. However, effect of CRL1101 on T-cells or 
macrophage cannot be ruled out. This aspect requires 
further investigations that may involve targeted delivery 
of CRL1101 by nanoparticles or as drug-conjugates used 
by us before.43–45

In summary, we have developed a novel way to disable 
NF-κB activation by selectively targeting nuclear localiza
tion of RelA in breast cancer. This new approach will be a 
new tool to target cancer that depends on NF-кB function 
for growth and metastasis. The approach can be considered 
as an alternate strategy to disable certain transcription 
factor-mediated tumor growth.
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