
Antagonizing binding of cell cycle and apoptosis regulatory
protein 1 (CARP-1) to the NEMO/IKK� protein enhances the
anticancer effect of chemotherapy
Received for publication, June 21, 2019, and in revised form, January 3, 2020 Published, Papers in Press, February 4, 2020, DOI 10.1074/jbc.RA119.009898

Jaganathan Venkatesh‡§¶, X Sreeja C. Sekhar‡§¶1, Vino T. Cheriyan‡§¶2, Magesh Muthu‡§¶3, Paul Meister�,
Edi Levi‡**, X Sijana Dzinic§, X James W. Gauld�, Lisa A. Polin§, and Arun K. Rishi‡§¶4

From the ‡John D. Dingell Veterans Affairs Medical Center, §Karmanos Cancer Institute, and Departments of ¶Oncology and
**Pathology, Wayne State University, Detroit, Michigan 48201 and the �Department of Chemistry and Biochemistry, University of
Windsor, Windsor, Ontario N9B 3P4, Canada

Edited by Alex Toker

NF-�B is a pro-inflammatory transcription factor that criti-
cally regulates immune responses and other distinct cellular
pathways. However, many NF-�B–mediated pathways for cell
survival and apoptosis signaling in cancer remain to be eluci-
dated. Cell cycle and apoptosis regulatory protein 1 (CARP-1 or
CCAR1) is a perinuclear phosphoprotein that regulates signal-
ing induced by anticancer chemotherapy and growth factors.
Although previous studies have reported that CARP-1 is a part
of the NF-�B proteome, regulation of NF-�B signaling
by CARP-1 and the molecular mechanism(s) involved are
unclear. Here, we report that CARP-1 directly binds the
NF-�B–activating kinase I�B kinase subunit � (NEMO or
NF-�B essential modulator) and regulates the chemotherapy-
activated canonical NF-�B pathway. Importantly, blockade of
NEMO–CARP-1 binding diminished NF-�B activation, indi-
cated by reduced phosphorylation of its subunit p65/RelA by
the chemotherapeutic agent adriamycin (ADR), but not
NF-�B activation induced by tumor necrosis factor � (TNF�),
interleukin (IL)-1�, or epidermal growth factor. High-
throughput screening of a chemical library yielded a small
molecule inhibitor of NEMO–CARP-1 binding, termed selec-
tive NF-�B inhibitor 1 (SNI)-1). We noted that SNI-1
enhances chemotherapy-dependent growth inhibition of a
variety of cancer cells, including human triple-negative
breast cancer (TNBC) and patient-derived TNBC cells in
vitro, and attenuates chemotherapy-induced secretion of the
pro-inflammatory cytokines TNF�, IL-1�, and IL-8. SNI-1
also enhanced ADR or cisplatin inhibition of murine TNBC

tumors in vivo and reduced systemic levels of pro-inflamma-
tory cytokines. We conclude that inhibition of NEMO–
CARP-1 binding enhances responses of cancer cells to
chemotherapy.

CARP-1/CCAR1 (cell cycle and apoptosis regulatory protein
1) is a ubiquitous �130-kDa perinuclear phosphoprotein (1)
that has homologs in vertebrates, Apis millifera, and the worm
Caenorhabditis elegans. Lst3, the C. elegans ortholog of human
CARP-1, is an agonist of Notch signaling that also functions as
an inhibitor of the EGFR5–MAPK pathway (2). This EGFR
pathway antagonism by Lst3 corroborated our prior findings of
CARP-1 requirement for EGFR inhibitor-induced apoptosis
(3). Additionally, CARP-1 promoter methylation as well as sig-
naling by protein kinase A regulated CARP-1 expression and
function, respectively (3–5). CARP-1 is a phosphoprotein, and
although the EGF as well as the ATM kinase signaling target
specific serine residues of CARP-1 (6 –8), the precise role(s) and
kinase(s) of CARP-1 serine phosphorylation remain unclear.
CARP-1 binds with the LIM protein Zyxin and regulates apo-
ptosis in response to UV-C irradiation (9), although it also
interacts with Necdin to regulate myoblast survival (10). Fur-
thermore, recent studies found CARP-1 as a co-activator of the
cell cycle regulatory APC/C E3 ligase (11), the steroid–thyroid
family of nuclear receptors (12), the glucocorticoid receptor
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signaling during adipogenesis, �-catenin in colon cancer
metastasis, or neurogenin3-mediated pancreatic endocrine dif-
ferentiation (13–15). Interestingly, CARP-1 also co-activated
tumor suppressor p53 to transduce the DNA damage–induced
transcriptional increase of cyclin-dependent kinase inhibitor
p21WAF1 in breast cancer cells (12).

Chemotherapeutics such as ADR induce double-strand
breaks (DSBs), whereas phosphorylation of H2AX at serine 139
(�-H2AX) by ATM/ATR functions to repair DSBs (16 –18).
ADR also promotes apoptosis in part by inducing JNK-depen-
dent �H2AX (19, 20). We found that ADR induced CARP-1 and
�H2AX, and depletion of CARP-1 abrogated the �H2AX
increase by ADR (21). CARP-1 binds with H2AX, and abroga-
tion of CARP-1/H2AX binding blocked ADR-induced inhibi-
tion of TNBC and HeLa cells (21).

NF-�B is a pro-inflammatory transcription factor that is a
critical regulator of the immune system, and it is responsive to
many stimuli that engage signaling pathways to activate this
transcription factor and effect distinct cellular responses (22).
Except for C. elegans, the NF-�B signaling components exist in
almost all multicellular organisms (23). In mammalian cells,
five members of the NF-�B family, including RelA (p65), RelB,
c-Rel, p50/p105 (NF-�B1), and p52/p100 (NF-�B2), function by
forming homo- and heterodimers. A family of inhibitory pro-
teins, called I�Bs, sequester the NF-�B complexes in the cyto-
plasm. I�Bs are phosphorylated by I�B kinase (IKK), which
leads to I�B degradation by the ubiquitin–proteasome path-
way, followed by release of NF-�B for its translocation to the
nucleus where it functions as a transcription factor (23). The
IKK complex contains two kinase subunits, IKK� and IKK�,
and an associated regulatory subunit called NEMO (IKK�).
NF-�B regulates cellular homeostasis as well as tumor cell pro-
liferation, survival, metastasis, inflammation, invasion, and
angiogenesis, and it often contributes to a resistant phenotype
and poor prognosis (24). Although a pro-apoptotic function for
NF-�B has also been suggested (25–27), and possibly involves
NF-�B regulation of transducers of receptor-mediated apopto-
sis, a full characterization of the complex molecular details of
the apoptotic functions of NF-�B remain to be accomplished.
However, therapy-induced DNA damage that causes ATM/
ATR activation to promote H2AX-dependent DSB repair also
stimulates phosphorylation of NEMO by ATM. The phosphor-
ylated NEMO is mono-ubiquitinated, which triggers its nuclear
export and IKK activation in the cytoplasm (28). This therapy-
induced activation of canonical NF-�B promotes production of
pro-inflammatory cytokines, cell growth, and survival signaling
and contributes to therapy resistance.

Because CARP-1 is a regulator of cell growth and survival
signaling (1, 3, 12) and a component of the NF-�B proteome
(29), and CARP-1 depletion inhibited transcriptional activation
of NF-�B by ADR, TNF�, or an experimental CARP-1 func-
tional mimetic (CFM) compound (30), we investigated the
molecular mechanism of CARP-1– dependent regulation of
NF-�B signaling. We found that CARP-1 directly binds with
NEMO, and blockage of this interaction interferes with ADR-
induced activation of canonical NF-�B. Pharmacological inhi-
bition of NEMO–CARP-1 binding enhances cisplatin efficacy
in part by impacting levels of circulating pro-inflammatory

cytokines in immunocompetent mice bearing subcutaneous
tumors of murine breast cancer cells.

Results

CARP-1 binds with NEMO

We previously found that TNF�, adriamycin, or CFM-4
compound caused increased transcriptional activation of
NF-�B in human TNBC cells, whereas knockdown of CARP-1
attenuated activation of NF-�B by these agents (30). Because
adriamycin or epidermal growth factor receptor (EGFR) tyro-
sine kinase inhibitor Iressa inhibited HBC growth in part by
inducing CARP-1 expression (1, 3), and CARP-1 was found to
be a part of the NF-�B proteome (29), we investigated whether
and how CARP-1 regulates NF-�B signaling. Cellular proteins
from the human and murine TNBC or human cervical cancer
HeLa cells were immunoprecipitated using anti-CARP-1 (�2)
or NEMO antibodies followed by analysis of immunocom-
plexes by Western blotting (WB) using NEMO or CARP-1 anti-
bodies, respectively. The immunocomplexes derived from
using anti-CARP-1 (�2) antibodies contained NEMO protein
(Fig. 1A). As also shown in Fig. 1B, CARP-1 protein was present
in the immunocomplexes derived from NEMO antibodies.
These data in Fig. 1, A and B, demonstrate that CARP-1 inter-
acts with NEMO. We then performed mutagenesis-based anal-
yses to map the interacting epitopes of CARP-1 and NEMO
proteins. In the first instance, we utilized constructs expressing
myc-His–tagged, nonoverlapping CARP-1 mutants that we
have described before (3). Each of the CARP-1 mutant plasmids
together with a plasmid expressing GST-tagged NEMO
(pEBG–NEMO) were separately transfected in COS-7 cells.
Protein lysates were immunoprecipitated using anti-GST anti-
bodies followed by WB with anti-myc tag antibodies. NEMO
interacted with the CARP-1(452– 654) mutant (Fig. S1A). Next,
HBC cells were transfected with various mutants of NEMO (31)
together with a plasmid encoding the myc-His–tagged CARP-
1(552– 654) mutant. Protein lysates were immunoprecipitated
using anti-His tag antibodies followed by WB with anti-myc tag
antibodies. As shown in Fig. S1B, the CARP-1(552– 654)
mutant interacted with NEMO(221– 405). Additional plasmids
expressing myc-His–tagged CARP-1 having in-frame deletions
of amino acids 553–599 or 521–566 were generated, and stable
neomycin-resistant HBC cells expressing these plasmids were
obtained and characterized as detailed under “Experimental
procedures.” Generation and characterization of HBC cells sta-
bly expressing pcDNA3 vector, myc-His–tagged WT, or
CARP-1(600 – 650) mutant have been described before (3, 21).
Myc-tagged proteins were immunoprecipitated from stable
sublines expressing vector, WT CARP-1, or CARP-1 mutant
proteins followed by WB of immunocomplexes with NEMO
antibodies. This experiment revealed CARP-1 amino acids
553–599 harbored NEMO-binding epitope (Fig. S1C). We next
generated constructs for expression of GST–NEMO(2–260)
and His–TAT–HA-tagged CARP-1 mutant peptides for
expression in Escherichia coli as detailed under “Experimental
procedures.” These peptides were utilized to determine binding
of NEMO(2–260) with various CARP-1 peptides. As shown in
Fig. S1D, NEMO(2–260) bound with CARP-1(552– 654) and
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CARP-1(552–580) peptides. Our data in Fig. S1, A–D suggest
that CARP-1(552–580) and NEMO(221–260) harbor epitopes
for their mutual interaction/binding. On this basis, we gener-
ated pcDNA-based recombinant constructs expressing
EGFP, EGFP–CARP-1(551–580), GST, GST–NEMO, GST–
NEMO(221–261), and GST–NEMO(�221–258) proteins, and
we utilized each construct to obtain stable, neomycin-resistant
HBC or HeLa sublines as detailed under “Experimental proce-
dures” (Fig. S2, A, D–G). Immunoprecipitation and WB exper-
iments further confirmed interaction of CARP-1(551–580)
with NEMO (Fig. S2B) and GST–NEMO(221–261) with
CARP-1 (Fig. S2H). Stable expression of CARP-1(551–580)
results in diminished interaction of endogenous NEMO with
CARP-1 (Fig. S2C). Fig. S2I highlights conservation of the
NEMO-interacting epitope of CARP-1 proteins deduced from
various vertebrates and flies. Interactions of CARP-1 and
NEMO and their respective mutants are summarized in Fig. 1,
C and D.

Interference of CARP-1 interaction with NEMO enhances
adriamycin efficacy in part through attenuation of RelA
activation

To determine if and the extent of CARP-1 interaction with
NEMO regulated cell growth signaling, we utilized the above-
described stable HBC and HeLa cells that express EGFP,
EGFP–CARP-1(551–580), GST, GST–NEMO(221–261), and
CARP-1(�553–599) proteins. Competition of endogenous
CARP-1 binding with NEMO by overexpressing CARP-1(551–
580) or NEMO(221–261) resulted in a generally greater loss of
cell viabilities following treatments with the chemotherapeu-
tics adriamycin, cisplatin, 5-fluorouracil (5-FU), or an experi-
mental compound CFM-4.16 when compared with the respec-
tive vector-expressing cells (Fig. 2, A–C). We next clarified
whether perturbation of CARP-1 binding with NEMO
impacted NF-�B signaling. We utilized HBC cells that stably
express myc-His–tagged WT CARP-1 or CARP-1(�553–599)
mutant proteins. These cells were either untreated or sepa-
rately treated with adriamycin, CFM-4.16, TNF�, EGF, or
IL-1� followed by analysis of cell lysates by WB for expression
of serine 536 phosphorylated or total p65/RelA as indicated
under “Experimental procedures.” All the agents provoked a
robust increase in RelA activation in cells expressing WT
CARP-1 (Fig. 2D). Serine 536 phosphorylation of p65 however
was diminished in cells expressing CARP-1(�553–599) that
were treated with adriamycin or CFM-4.16 but not EGF, TNF�,
or IL-1� (Fig. 2D). These data suggest that NF-�B signaling
involving p65 activation in the presence of adriamycin or CFM-
4.16 involves CARP-1 interaction with NEMO. Because adria-

mycin and CFM-4.16 function in part by promoting DNA dam-
age (21), and NEMO regulates activation of canonical NF-�B
following DNA damage (28, 31), our findings would suggest the
involvement of CARP-1 binding with NEMO for DNA
damage–induced activation of the canonical NF-�B pathway.
DNA damage–induced signaling promotes NEMO sumoyla-
tion and its translocation to the nucleus, followed by phosphor-
ylation by the ATM/ATR kinase that results in NEMO mono-
ubiquitination and nuclear export along with ATM to activate
IKK kinase in cytosol (28, 31, 32). The fact that CARP-1 is a
perinuclear protein (1), it remains to be clarified whether
CARP-1 interaction with NEMO regulates nuclear and/or cyto-
plasmic translocation of NEMO following DNA damage.

We next investigated whether expression of the CARP-
1(�551–599) mutant also interfered with activities of other key
transducers of the canonical NF-�B pathway. HBC cells stably
expressing WT CARP-1 or CARP-1(�551–599) mutant were
separately treated with DMSO (control), adriamycin, CFM-
4.16, or TNF� for a shorter (1 h) or longer (6 h) duration. WB
analyses revealed a robust activation of p65/RelA, �/�, and �
subunits of IKK occurred in cells expressing WT CARP-1 that
were treated with adriamycin, CFM-4.16, or TNF� over short
(1 h) or long (6 h) durations (Fig. 3). Consistent with our data in
Fig. 2D, activation of p65 was diminished in HBC cells express-
ing CARP-1(�551–599) that were treated with adriamycin or
CFM-4.16 (Fig. 3B). Of note is that although a robust loss of p65
activation occurred in CFM-4.16 or adriamycin-treated HBC
cells expressing CARP-1(�551–599) that were treated over a
longer (6 h) period, a moderate reduction in p65 activities also
occurred in these cells that were treated over a shorter (1 h)
period. Interestingly, expression of CARP-1(�551–599)
resulted in diminished serine 85 phosphorylation of IKK�/
NEMO regardless of the agent or duration of treatment,
whereas activities of IKK�/� were diminished in cells that were
treated with the respective agent for a short (1 h) duration.
However, a robust IKK�/� activation occurred in HBC cells
expressing CARP-1(�551–599) over a longer (6 h) treatment
with CFM-4.16 or adriamycin, but not TNF�. p65 activation
was also noted in HBC cells expressing GST–NEMO following
treatments with IL-1�, EGF, and adriamycin (Fig. S3A). Inter-
ference of CARP-1 binding with NEMO in the HBC cells with
stable expression of NEMO(221–261) fragment resulted in
attenuated p65 activation when treated with adriamycin but
not EGF or IL-1� (Fig. S3A). In addition, our confocal micros-
copy-based in situ analysis revealed a reduction in serine 85
phosphorylation of IKK�/NEMO in adriamycin, CFM-4.16, or
TNF�-treated HBC cells that express CARP-1(�551–599)

Figure 1. CARP-1 binds with NEMO, and CARP-1 amino acids 553–599 and NEMO amino acids 221–261 harbor respective epitopes for interaction of
CARP-1 and NEMO proteins. A, protein complexes from the indicated cells were immunoprecipitated with the noted antibodies followed by the analysis of
the immunocomplexes by Western blotting (WB) using anti-NEMO (upper) antibodies. The membrane-containing proteins from whole-cell lysates were then
probed with anti-CARP-1 (middle) or anti-NEMO (lower) antibodies for the presence of respective proteins. B, WB analysis of IP protein complexes was derived
by using the indicated antibodies from the noted cell lines. The membrane-containing IP proteins were probed with anti-CARP-1 antibodies (upper), and the
membrane-containing proteins from whole-cell lysates were probed with anti-NEMO (middle) or anti-CARP-1 (lower) antibodies for the presence of respective
proteins. Arrowheads on the left or right, respectively, indicate the presence of the proteins and the molecular weight markers in A and B of each blot. Schematic
of CARP-1 WT and its various mutants (C) and NEMO WT and its mutants (D) were utilized in co-IP–WB experiments to elucidate CARP-1 and NEMO interactions
and to map the respective minimal epitopes. All CARP-1 proteins have Myc and His6 epitopes at their C termini. All the NEMO proteins, with the exception of
2–260 and 221–261 mutants, harbored 6� Myc epitope at their N termini. NEMO 2–260 and 221–261 mutants had GST epitope at their N termini. Positive
interactions are indicated by � and loss/absence of interaction is denoted by �.
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when compared with IKK�/NEMO activation in adriamycin,
CFM-4.16, or TNF�-treated HBC cells that express WT
CARP-1 (Fig. S3, B and C). Moreover, a 6-h but not a 1-h treat-
ment with either of the agents provoked a robust activation of
stress-activated protein kinase/MAPK JNK1/2 in HBC cells
expressing WT or the �551–599 mutant of CARP-1 (Fig. 3B).
These data collectively suggest that expression of CARP-
1(�551–599) interferes with serine 85 phosphorylation of
IKK�/NEMO in the presence of adriamycin, CFM-4.16, or
TNF�. Because serine 85 phosphorylation of NEMO by ATM
kinase is required for NF-�B activation following DNA damage
(28), and CARP-1 is a perinuclear protein (1), attenuation of
NEMO phosphorylation at serine 85 in CFM-4.16 or adriamy-
cin-treated HBC cells that express CARP-1(�551–599) would
suggest that CARP-1 binding with NEMO is likely required for
ATM-dependent phosphorylation of IKK�/NEMO and subse-
quent activation of IKK and p65 in cells treated with DNA
damage–inducing agents.

Kinetics of CARP-1 binding with NEMO and identification of
pharmacological inhibitors of NEMO–CARP-1 interaction

We conducted computational modeling and SPR studies to
investigate the binding kinetics of CARP-1(551–580) and
NEMO(221–261) peptides following our previously described
methods (21). Because the crystal structure of CARP-1 remains
to be resolved, we utilized SWISS-MODEL (33) that indicated a
51.6% identity of CARP-1(551– 600) to TET2 resulting in a ran-
dom coil domain (Fig. 4A). The crystal structure of NEMO is
characterized and permitted us to obtain the NEMO(221–261)
structure from PDB code 3CL3 (34) as shown in Fig. 4B. Dock-
ing of these two models using ZDOCK 3.0.2 with IRaPPA re-
ranking (35) and the top three predictions (Fig. 4, C–E) were
retained for further analysis via molecular dynamics (MD).
Because small peptides have significantly more conformational
freedom afforded compared with an entire protein, a larger
fluctuation in the backbone root mean square deviation

Figure 2. Interference of CARP-1 binding with NEMO enhances chemotherapy efficacy in part by inhibiting activation of p65/RelA. A–C, indicated cell
lines were treated with DMSO (Control) or with the noted dose and time of indicated agents. Determination of viable/live cells was carried out by MTT assays
as detailed under “Experimental procedures.” The bar chart columns represent the means of two independent experiments; bars indicate S.E. A and C, * and @,
p � 0.001 relative to respective vector sublines. D, cells stably expressing myc-His–tagged WT CARP-1 or CARP-1 (�553–599) mutant were either treated with
DMSO (Control) or with various agents for indicated doses and times. Cell lysates were then analyzed by WB for levels of phosphorylated and total p65/RelA as
described under “Experimental procedures.” Arrowheads on the left or right indicate the presence of proteins or molecular weight markers, respectively.
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(RMSD) calculations is observed. Smaller values reflect greater
stability of each complex throughout the simulations (Fig. S4).
After solvation, equilibration, and heating, the structures
undergo significant conformational change as expected to
relieve clashes from docking. Complex 1 (Fig. S4A) shows a
smooth increase throughout the 24-ns time course of the pro-
duction run until an RMSD of roughly 10 Å after 7 ns. Beyond
this point, the RMSD did not deviate significantly indicating a
stable complex was reached. This was reflected in the histo-
gram analysis by the Gaussian curve observed with a peak at an
RMSD of 10 Å. No other dominant pose was observed. In com-
plex 2 (Fig. S4B), there was significantly smaller shift in struc-

ture from the initial pose. The RMSD initially rose to �8 Å, but
the structure relaxed to an area where the backbone RMSD
leveled off at around 6 Å. Once again, the histogram analysis
shows a Gaussian distribution with a peak at an RMSD of 6 Å
for the highest occurrence. For complex 3 (Fig. S4C), an equi-
librium was not reached as indicated by the continually rising
backbone RMSD. Histogram analysis did not show any signifi-
cantly dominant conformer, confirming no equilibrium was
reached. Furthermore, we conducted binding energy calcula-
tions using MM-GBSA/PBSA to determine the potential of
these two peptides to interact in a biological setting (Table 1).
Calculations were taken from 200 snapshots sampled from the

Figure 3. Interference of CARP-1 binding with NEMO inhibits activation of canonical NF-�B signaling. Indicated cells stably expressing WT or mutant
CARP-1 protein were treated essentially as in Fig. 2D for 1-h (A) or 6-h (B) durations. Cell lysates were then analyzed by WB for levels of CARP-1, phosphorylated
and total p65/RelA, NEMO, IKK�, and JNK1/2 proteins as described under “Experimental procedures.” The WB membranes in A and B were probed with
anti-actin antibodies to assess protein loading. Arrowheads on the left or right of each blot in A and B indicate the presence of proteins or molecular weight
markers, respectively.
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last 5 ns of simulation. The calculated binding energies for all
three complexes was very similar because the difference
between MM-GBSA and MM-PBSA values was not large.
These data support the idea that CARP-1(551– 600) and
NEMO(221–261) peptides are likely to form a relatively strong
interaction in a biological setting.

The predicted kinetics of interaction of CARP-1(551– 600)
and NEMO(221–261) epitopes was further validated by utiliz-
ing the respective chemically-synthesized peptides to deter-
mine their in-solution binding by SPR technology as described
under “Experimental procedures” (21). As shown in Fig. 5A,
this experiment revealed an equilibrium dissociation constant
(KD value) of 1.02 � 10�7 M (Ka � 2.07 � 103 M�1�s�1 and Kd �
2.12 � 10�4 s�1). On the collective basis of our data in Fig. 1,
and the biophysical and SPR data above, we developed in vitro
binding assays utilizing chemically-synthesized CARP-1 and
NEMO peptides. In the first instance, we utilized CARP-1(551–
580) and NEMO(221–261) peptides to carry out buffer optimi-
zation and DMSO tolerance of the assay as detailed under
“Experimental procedures”. The optimal binding was noted
with PBS or PBS plus 0.01% bovine skin gelatin (BSG), and the
presence of 2.5% DMSO did not affect this binding (Fig. S5, A
and B). The presence of 0.01% Tween minimizes nonspecific
binding and generates higher reproducibility as noted by
smaller error bars in Fig. S5A. For the purpose of HTS, we
further adapted our binding assay for use in ELISA-based Alpha
screen strategy (AlphaLISA; PerkinElmer Life Sciences) by uti-
lizing Flag–CARP-1(546 –580) and biotin–NEMO(221–261)

peptides as noted under “Experimental procedures.” As shown
in Fig. 5B, the assay demonstrated a robust interaction. The
assay also demonstrated a Z� factor of 	0.5 indicating a suitable
robustness threshold. HTS yielded two small-molecule inhibi-
tors (SMI) of CARP-1(546 –580) binding with NEMO(221–
261). Because interference of CARP-1 binding with NEMO
resulted in attenuation of RelA activation and NF-�B signaling
(Fig. 3), the compounds 1-(3,4-dihydroxyphenyl)-2-{(1-(4-
methylphenyl)-1H-tetrazol-5-yl)thio}ethanone and 2-{[(4-
methoxyphenyl)sulfonyl]amino}-N-(2-phenylethyl)benzamide
(Fig. 5, C and D) were labeled as Selective NF-�B Inhibitors
(SNI)-1 and -2, respectively. Interestingly, SNI-1 elicited a
biphasic IC50 of �300 nM, whereas the IC50 for SNI-2 was �25
�M in our AlphaLISA assay (Fig. 5, C and D). Although the
precise reason for the biphasic IC50 for the SNI-1 compound is
not known, of note is that the SNI-1 compound inhibited bind-
ing of CARP-1(546 –580) with NEMO(221–261) with an IC50
that appears closer to the dissociation constant (KD) of CARP-
1(551–580) and NEMO(221–260) peptides noted in the SPR
assay (Fig. 5A). For this reason, we chose to investigate proper-
ties of SNI-1 compound further in biochemical and biological
assays in vitro.

We next clarified the biochemical mechanism of inhibition
of CARP-1(551–580) binding with NEMO(221–261) by SNI-1.
Here, we utilized E. coli-expressed GST–NEMO(221–261) and
His–TAT–HA–CARP-1(551–580) peptides in IP–WB assays
as described under “Experimental procedures.” As shown in
Fig. 5E, incubation of SNI-1 with His–TAT–HA–CARP-
1(551–580) peptide that was immobilized with Ni-NTA beads
abrogated binding of GST–NEMO(221–261) with His–TAT–
HA–CARP-1(551–580) peptide. Incubation of SNI-1 with
GST–NEMO(221–261) peptide that was immobilized with
GST-Sepharose beads in contrast failed to abrogate binding
of His–TAT–HA–CARP-1(551–580) with the GST–
NEMO(221–261) peptide. These data suggest that SNI-1 binds
with CARP-1(551–580) epitope and prevents binding of
NEMO(221–261) with CARP-1(551–580). In light of our find-

Figure 4. Computational analyses of CARP-1(551– 600) binding with NEMO(221–261). A, Swiss Model image of CARP-1(551– 600). B, PDB code 3CL3 image
of NEMO(221–261). C–E, three top-scoring docked complexes of CARP-1(551– 600) (gray)/NEMO(221–261) (green) in descending order: C, D, and then E.

Table 1
Calculation of binding energies (BE) (kcal/mol) of the CARP-1(551–
600)/NEMO(221–261) using MM-GBSA and MM-PBSA

Complex 1 Complex 2 Complex 3
BE S.D. BE S.D. BE S.D.

kcal/mol kcal/mol kcal/mol

MM-GBSA �53.7 5.9 �66.1 5.9 �44.3 8.2
MM-PBSA �59.0 6.5 �75.5 8.1 �55.1 9.6
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ings in Fig. 3 demonstrating CARP-1 involvement in ATM-de-
pendent NEMO phosphorylation in the presence of adriamy-
cin, and because cytosolic ATM/NEMO/RIPK1 also regulates
NF-�B response to DNA damage (36), we determined whether
CARP-1 was also involved in adriamycin-induced NEMO/
RIPK1 signaling. IP–WB analyses utilizing GST–NEMO-ex-
pressing HBC cells revealed that NEMO interacted with
CARP-1 or RIPK1 in untreated, control, and adriamycin-
treated cells (Fig. 5F). Presence of SNI-1 alone or in combina-
tion with adriamycin abrogated NEMO interaction with
CARP-1 but not with RIPK1 (Fig. 5F). Thus, targeting of
CARP-1 interaction with NEMO does not impact the NEMO–
RIPK-1 interaction. Because adriamycin activates ATM to reg-
ulate canonical NF-�B and DSB repair pathways, it remains to
be clarified whether CARP-1 regulates RIPK1 signaling depen-
dent and/or independent of ATM. The data in Fig. 5 collectively
demonstrate that SNI-1 binds with CARP-1 and is a novel SMI
of CARP-1 binding with NEMO.

SNI-1 enhances efficacy of DNA damage-inducing
chemotherapeutics and inhibits secretion of pro-
inflammatory and oncogenic cytokines by cancer cells in vitro
and in vivo

We next investigated the potential of SNI-1 as a novel inhib-
itor of cancer cell growth. Although SNI-1 doses of 1.0, 2.5, 5.0,
or 10.0 �M over a 24-h period caused a modest �10 –20% loss of
viability of the human MDA–MB-231 or the murine 4T1
TNBC cells, treatments of these TNBC cells with a 5.0 �M dose
of SNI-1 over a 72-h period revealed an IC50 of �4.0 – 4.5 �M

(Fig. S6A). SNI-1 treatments also resulted in reduced viabilities
of diffuse large B-cell and follicular cell lymphoma cells with
IC50 values of �10.0 and 7.5 �M (Fig. S6, B and C). Given that
adriamycin inhibited growth of MDA–MB-231 TNBC cells
with an IC50 of �3 �M (37), we treated human and murine
TNBC cells as well as human PDX-derived TNBC cells with a 5
�M dose of adriamycin as a single agent or in combination with
various doses of SNI-1 over a period of 24 h. Treatments of
human and murine TNBC cells with a combination of adriamy-
cin and SNI-1 caused a significantly greater loss of cell viabili-
ties when compared with cells treated with either agent alone
(Fig. 6A). A statistically significant and greater loss of viability of
human PDX-derived TNBC cells, however, also occurred in the
presence of 5 �M each of SNI-1 and adriamycin when compared
with either compound alone (Fig. 6A). Although a 5 �M dose of
adriamycin for 48 h elicited �30% inhibition of mammospheres
derived from human TNBC PDX tumors, a 2.5 or 5.0 �M dose of

SNI-1 failed to inhibit growth of mammospheres derived from
human PDX tumors (Fig. 6B). A statistically significant and
greater loss of viability of mammospheres derived from human
TNBC PDX tumors, however, occurred in the combined pres-
ence of SNI-1 and adriamycin when compared with either com-
pound alone (Fig. 6B). Adriamycin induces DSBs and activates
NF-�B signaling that likely functions to promote DSB repair,
survival, and eventual resistance of surviving cancer cells (21,
23, 24, 30). Our data would suggest that abrogation of NF-�B
activation by SNI-1 likely interferes with cell survival with a
consequent increase in adriamycin-induced viability loss of the
TNBC cells. Chemotherapeutics such as 5-FU, cisplatin, as well
as ionizing radiation also activate NF-�B signaling in various
cancer cells (38). Because cisplatin forms covalent bonds with
DNA resulting in intra-strand DNA adducts and cross-links
that in turn block transcription and replication (39), we next
clarified whether SNI-1 also interferes with cisplatin-depen-
dent NF-�B signaling to enhance anti-cancer efficacy of cispla-
tin. To test this possibility, we treated parental and adriamycin-
resistant MDA–MB-231 and 4T1 TNBC cells (40) with
cisplatin, SNI-1, or a combination followed by measurement of
cell viabilities as above. Treatments with a 10 �M dose of cispla-
tin for 24 h caused a moderate 20 –30% loss of viability of the
TNBC cells, whereas a cisplatin and SNI-1 combination elicited
a marked, statistically significant loss of viabilities of these cells
when compared with cells treated with either agent alone (Fig.
6C). Interestingly, treatments of adriamycin-resistant TNBC
cells with a combination of cisplatin and SNI-1 also resulted in
a greater loss of their viabilities when compared with cells that
were treated with either agent alone (Fig. 6D). Similarly, a com-
bination of adriamycin and SNI-1 also provoked a greater loss
of viability of the parental and cisplatin-resistant TNBC cells
when compared with cells that were treated with either agent
(Fig. S6D). Because cisplatin is a front line clinical agent for
treatment of nonsmall cell lung, renal, and pancreatic cancers,
as well as a subset of BRCA-mutant TNBCs, our proof– of–
concept studies demonstrate a greater loss of viabilities of these
cells when exposed to cisplatin together with SNI-1 (Fig. 6E and
Fig. S6E). Moreover, because oxaliplatin is utilized for treat-
ment of colon cancers, our studies also revealed a greater
growth inhibition of different colon cancer cells that were
treated with a combination of oxaliplatin and SNI-1 when com-
pared with cells that were treated with either agent alone (Fig.
S6F). Consistent with our data with TNBC cells, treatments of
human cervical cancer HeLa cells with a combination of adria-

Figure 5. Kinetics of CARP-1 binding with NEMO and identification of pharmacological inhibitors of CARP-1 interaction with NEMO. A, SPR sensogram
showing binding of CARP-1(551–580) and NEMO(221–260) peptides as detailed under “Experimental procedures.” B, solution phase binding of Flag–CARP-
1(546 –580) and biotin–NEMO(221–261) peptides. The histogram shows fluorescence signal following binding of the two peptides over three noted times
using AlphaLisa assay format as described under “Experimental procedures.” C and D, structure, percent inhibition of binding of the Flag–CARP-1(546 –580),
and *biotin-NEMO(221–261) peptides by respective compound, chemical name, formula, molecular weight, and our laboratory abbreviated name of each
compound that was identified following HTS as detailed under “Experimental procedures.” E, SNI-1 binds CARP-1. Left panel, His–TAT–HA–CARP-1(551–580)
was affinity-purified and immobilized on Ni-NTA beads, with or without SNI-1, washed three times with RIPA buffer to remove free compound, and then
allowed to bind with affinity-purified GST–NEMO(221–261) as under “Experimental procedures.” Right panel, GST–NEMO(221–261) peptide was affinity-
purified and immobilized on GSH-Sepharose, incubated with or without SNI-1, washed with RIPA buffer as above, and then allowed to bind with affinity-
purified His–TAT–HA–CARP-1(551–580). The complexes were analyzed by SDS-PAGE followed by WB with noted antibodies in respective top and middle blots.
The lower blots in each panel indicate respective input peptides. F, SNI-1 does not affect NEMO interaction with RIPK1. HBC cells were untreated (Control) or
treated with the indicated agents for the noted dose and time. Protein complexes were immunoprecipitated (IP) with the noted antibodies followed by the
analysis of the immunocomplexes by Western blotting (WB) using anti-CARP-1 (upper blot), anti-NEMO (middle blot), and anti-RIPK1 (lower blot) antibodies.
Arrowheads on the left or right side of each blot in the left panel indicate the presence of proteins or molecular weight markers, respectively.
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mycin and SNI-1 also provoked a greater loss of their viabilities
when compared with SNI-1 or adriamycin-treated cells (Fig.
6F). We generated Crisper-based knockout of CARP-1 in HeLa

cells (HeLa CARP-1 KO cells), as described under “Experimen-
tal procedures.” In addition, we obtained and utilized HeLa
NEMO KO cells (41) in experiments below. Because the inter-

Figure 6. SNI-1 enhances anti-cancer efficacy of chemotherapy in vitro, and CARP-1 is required for cell growth suppression by SNI-1. A–F, cell viability
was determined by MTT assay following treatments of cells with vehicle/DMSO (Control) or the indicated times and doses of various agents. The columns in
each histogram indicate percent of live/viable cells relative to their DMSO-treated controls and represent the means of two to three independent experiments;
bars, S.E. *, **, ***, p 
 0.001 relative to respective cells treated with chemotherapy only (A–D) or SNI-1 only (E); *, **, and ***, p 
 0.05. 0.01, and 0.001,
respectively, relative to corresponding WT cells (F).
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ference of NEMO–CARP-1 interaction inhibited NF-�B sig-
naling (Fig. 3), we first clarified whether SNI-1 inhibited adria-
mycin-induced transcriptional activation of NF-�B. For this
purpose, we utilized WT and NEMO (KO) HeLa cells in con-
junction with NF-�B–TATA–Luc reporter plasmid as detailed
under “Experimental procedures.” Fig. S6G shows reduced
NF-�B transcriptional activity in adriamycin-treated NEMO
(KO) cells when compared with their adriamycin-treated WT
counterparts. Consistent with activation of NF-�B–mediated
survival signaling by adriamycin, treatments of the HeLa
CARP-1 KO cells (HeLa CARP-1�/�) or HeLa NEMO KO cells
(HeLa NEMO�/�) with adriamycin resulted in a significant
increase or decrease, respectively, in their viabilities when com-
pared with the viabilities of the adriamycin-treated WT HeLa
cells (Fig. 6F). Interestingly, although SNI-1 treatments
resulted in a moderate �30% reduction in the viabilities of WT
HeLa cells, a further significant loss of viabilities of NEMO KO
cells was noted following treatment with SNI-1 when compared
with the similarly-treated WT HeLa cells (Fig. 6F). Importantly,
as also shown in Fig. 6F, SNI-1 failed to provoke any loss of
viabilities of HeLa CARP-1 KO cells suggesting a requirement
of CARP-1 for transduction of signaling by SNI-1. In light of the
fact that adriamycin also activates ATM-dependent H2AX
(�H2AX) to promote DSB repair signaling (18), our WB analy-
ses revealed a robust �H2AX level in adriamycin-treated HeLa
cells regardless of the absence of CARP-1 or NEMO proteins
(Fig. S6H). Thus, our data in Fig. 6 suggest that although
CARP-1 regulates adriamycin-induced canonical NF-�B sig-
naling, CARP-1 is required for signaling by SNI-1. A combina-
tion of SNI-1 and the DNA damage–inducing chemotherapeu-
tics is therefore a superior strategy for inhibiting growth of a
variety of cancer cells, including the drug-resistant TNBC cells.

Because SNI-1 in combination with genotoxic chemothera-
peutics provoked a greater loss of viability of a number of can-
cer cells and because SNI-1 alone also caused a moderate inhi-
bition of cell growth, our WB analysis revealed stimulation of
apoptosis in cells exposed to SNI-1 as noted by elevated
CARP-1 levels and cleavage of poly(ADP-ribose) polymerase or
caspase-3 (Fig. 7, A–D). Although treatments with adriamycin
or cisplatin, but not SNI-1, also provoked a robust increase in
p65/RelA activation and phosphorylation of NEMO, the pres-
ence of SNI-1 generally resulted in diminished p65 activation
and NEMO phosphorylation by adriamycin or cisplatin (Fig. 7,
A–E). Adriamycin, but not SNI-1, treatment caused p65 activa-
tion in the nuclear compartment, whereas NEMO phosphory-
lation occurred in both the nuclear and cytosolic compart-
ments (Fig. 7F). As expected, the presence of SNI-1 interfered
with adriamycin-induced activation of p65 and NEMO phos-
phorylation and resulted in diminished cytosolic p65 levels (Fig.
7F). Because disruption of NEMO–CARP-1 interaction

Figure 7. SNI-1 attenuates chemotherapy-induced phosphoryla-
tion/activation of RelA and NEMO, promotes RIPK1 cleavage, and
enhances CARP-1 levels and apoptosis. A–G, indicated cells were either
treated with DMSO (Control) or treated with noted times and doses of respec-
tive agents. F, cellular proteins were first separated into cytosolic and nuclear
fractions. The cell lysates were then analyzed by WB for levels of phospho-
p65, p65, CARP-1, PARP, cleaved caspase-3, RIPK1, actin, lamin B, GAPDH,
phospho-NEMO, and NEMO proteins as described under “Experimental
procedures.”
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impacted adriamycin-induced p65 activation (Fig. 3), and
caspase-3 activation occurred in cells treated with adriamycin,
SNI-1, or a combination (Fig. 7, A–D), we next clarified
whether NEMO was required for p65 and caspase activation by
adriamycin. As expected, adriamycin provoked a robust p65
activation in HeLa WT, but not NEMO (KO), cells, whereas
caspase-3 cleavage occurred in cells that were treated with
adriamycin, SNI-1, or a combination regardless of NEMO (Fig.
S7). Moreover, because SNI-1 binds with CARP-1 (Fig. 5E) and
CARP-1 interacts with RIPK1 (42), and because SNI-1 did not
interfere with RIPK1 interaction with NEMO (Fig. 5F), we next
clarified whether SNI-1 also regulated RIPK1 signaling. Our
WB analysis revealed that ADR or SNI-1 induced expression of
cleaved RIPK1 (Fig. 7G). Interestingly, a combination of ADR
and SNI-1 provoked a robust increase in cleaved RIPK1 (Fig.
7G). Cleavage of RIPK1 and caspase 3 will be consistent with prior
studies demonstrating apoptosis signaling by DSB-inducing geno-
toxic chemotherapeutics that promote RIPK1 cleavage and activa-
tion of pro-apoptotic caspases-3, -6, and -8 (43). Although the
mechanisms of apoptosis by SNI-1 and adriamycin combination
remain to be clarified, our data support a conclusion that blockage
of CARP-1 binding with NEMO interferes with chemotherapy-
activated NEMO phosphorylation and p65/RelA activation to
attenuate canonical NF-�B signaling.

RelA regulates transcriptional activation of NF-�B target
genes, including several pro-inflammatory cytokines through
the canonical and atypical pathways (32). Moreover, the DNA
damage-inducing chemotherapeutics such as adriamycin, cis-
platin, or 5-FU induce inflammatory cytokines that function in
part to promote survival and resistance of cancer cells (44). We
next determined whether and the extent to which the presence
of SNI-1 would attenuate chemotherapy-induced secretion of
pro-inflammatory cytokines by cancer cells. Treatments with
SNI-1 provoked a modest increase in levels of pro-inflamma-
tory cytokines TNF� and IL-8 in culture media of human
TNBC cells when compared with the levels of these cytokines in
the media from the respective untreated cells (Fig. 8, A–D and
H). SNI-1 treatments, however, failed to cause an increase in
secretion of TNF� and IL-1� in murine TNBC cells (Fig. 8,
E–G). As expected, treatments of parental and chemo-resistant
human and murine TNBC cells and the parental renal cancer
cells with adriamycin, 5-FU, or cisplatin provoked a robust
increase in levels of TNF�, IL-8, and IL-1� in the media of the
respective cell line. Consistent with attenuation of p65/RelA
activation in cells that were exposed to a combination of SNI-1
and adriamycin or cisplatin, the presence of SNI-1 also caused a
robust decline in secretion of genotoxic chemotherapy-in-
duced pro-inflammatory cytokines TNF�, IL-8, and IL-1� (Fig.
8, A–H). Our data in Figs. 7 and 8 collectively suggest that phar-
macological blockage of CARP-1–NEMO binding functions to
enhance chemotherapy efficacy in part by promoting superior
growth inhibition of cancer cells and reducing activation of
canonical NF-�B. Inhibition of canonical NF-�B, in turn,
diminishes production of chemotherapy-induced inflamma-
tion and survival-promoting cytokines.

To investigate the therapeutic potential of SNI-1, we con-
ducted in vivo studies to determine the efficacy and potency of
SNI-1 alone or in combination with adriamycin or cisplatin as

described under “Experimental procedures” and our previously
published methods (40, 45). As shown in Fig. 9 and Fig. S8, all
the treatment groups except the SNI-1 treatment group
showed tumor growth inhibition as indicated by the reduced
median tumor volume compared with the control group. With
the exception of cisplatin and cisplatin with SNI-1 arms, the
groups treated with either SNI-1 or ADR as single agents or as a
combination failed to reach effective T/C throughout the treat-
ment period (Fig. 9 and Fig. S8). There was a sustained and
reduced median tumor volume noted in adriamycin plus SNI-1
and cisplatin plus SNI-1 groups compared with respective sin-
gle agent–treated groups (Fig. S8B), Of particular note was the
response generated by cisplatin plus the SNI-1–treated group.
This group reached a therapeutic T/C of 
42% from day 7 until
the end of treatment on day 18. In addition, consistent with our
findings in Fig. 8, E and F, ELISA-based analyses revealed that
treatments with adriamycin or cisplatin, but not SNI-1,
robustly stimulated serum levels of pro-inflammatory cyto-
kines TNF� and IL-1� (Fig. 9C and Fig. S8, C and D). Adriamy-
cin and SNI-1 combination provoked a decline in serum levels
of these cytokines when compared with their levels in sera
derived from adriamycin-treated animals (Fig. S8, C and D). A
combination of SNI-1 and cisplatin treatments, however, elic-
ited a rather robust decline in serum levels of both TNF� and
IL-1� when compared with their levels in sera derived from
animals treated with cisplatin only (Fig. 9C and Fig. S8, C and
D). Furthermore, immunohistochemical analyses of the tumors
derived from animals treated with cisplatin, but not SNI-1,
revealed the presence of phosphorylated p65/RelA, whereas a
decline in the levels of phosphorylated p65 was noted in tumors
derived from animals treated with cisplatin plus SNI-1 (Fig. 9D
and Fig. S9A). Consistent with our in vitro data in Fig. 7, tumors
derived from animals treated with cisplatin, SNI-1, or a combi-
nation revealed the presence of cleaved caspase-3 when com-
pared with tumors derived from untreated controls (Fig. 9D
and Fig. S9A). Interestingly, and in contrast to our in vitro data
with the cancer cell models, our in vivo studies revealed that
although SNI-1 administration caused absent to minimal inhi-
bition of tumor growth, it did not provoke toxicities in the ani-
mals. Although hematoxylin and eosin staining of various tis-
sues, including lungs, spleen, heart, liver, kidneys, and bone
marrow of the animals treated with SNI-1, did not indicate
microscopic alterations, immunohistochemical staining of
these tissues also failed to show the presence of activated
caspase-3 (Fig. S9B). The data in Figs. S8 and S9 and in Fig. 9
collectively suggest that SNI-1 is likely safe and bioavailable
with minimal to absent systemic toxicities. SNI-1 functions to
enhance anti-tumor efficacy of cisplatin in vivo, in part by
robustly inhibiting p65/RelA activation, lowering systemic lev-
els of pro-inflammatory cytokines, and inducing tumor apopto-
sis (Fig. 10).

Discussion

In this report we describe for the first time that CARP-1/
CCAR1 is a regulator of canonical NF-�B signaling. CARP-1
regulates chemotherapy-induced canonical NF-�B signaling in
part by binding with the NEMO/IKK�. Although CARP-1
binding with NEMO was reported in a previous proteomics-
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based study (29), neither the molecular mechanism(s) nor the
functional consequences of this interaction were elucidated.
Here, we employed mutagenesis-based studies to define the
molecular basis of this interaction. We found that CARP-1
amino acids 551–580 harbor the minimal epitope for its inter-

action with NEMO, whereas amino acids 221–261 of the
NEMO protein contained the CARP-1–interacting epitope.
CARP-1 interaction with NEMO was functionally significant
because expression of CARP-1(�553–599) interfered with acti-
vation of RelA by adriamycin or the CFM-4.16 compound but

Figure 8. SNI-1 attenuates chemotherapy-induced secretion of pro-inflammatory cytokines in vitro. A–H, indicated cells were either treated with DMSO
(Control) or treated with noted times and doses of respective agents. The media from the cells were analyzed by ELISA for levels of different pro-inflammatory
cytokines as under “Experimental procedures.”

Figure 9. SNI-1 enhances tumor suppression by cisplatin in part by attenuating systemic levels of pro-inflammatory cytokines and promoting tumor
apoptosis. Histogram columns showing median tumor volume (A) or percent T/C (B) of the TNBC (4T1) xenograft-bearing mice treated with the indicated
agents. The xenograft establishment, treatment, and analysis procedures were carried out essentially as detailed under “Experimental procedures.” C, serum
levels of noted pro-inflammatory cytokines. The columns in histograms indicate noted systemic cytokine levels in two representative animals from each of the
control and treatment groups; bars, S.E. D, immunohistochemical staining of the noted proteins in the tumors derived from mice with median tumor volumes
from each of the control and treatment groups in A was carried out as detailed under “Experimental procedures.” Bar, 200 mm.
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not TNF�, IL2-�, or EGF. Moreover, stable expression of
CARP-1(551–580) or NEMO(221–261) peptides that would in
principle compete/interfere with binding of endogenous
CARP-1 and NEMO proteins resulted in significantly higher
loss of viabilities of cells treated with adriamycin, cisplatin,
5-FU, or CFM-4.16.

Adriamycin or our CFM-4.16 compound promotes apopto-
sis in part by inducing DNA damage (21). The cellular DNA
damage response (DDR) involves activation of ATM kinase and
its downstream target H2AX and nucleus to cytoplasm activa-
tion of canonical NF-�B. For a robust DDR, NEMO is SUMOy-
lated and translocates to the nucleus. NEMO is then phosphor-
ylated by ATM kinase and then is monoubiquitylated, followed
by nuclear export of the NEMO/ATM complex and activation
of cytoplasmic IKK (32). Interestingly, DNA damage per se is
not necessary for NEMO SUMOylation. Other stress condi-
tions, such as oxidative stress, ethanol exposure, heat shock,
and electric shock, also induce NEMO SUMOylation (46).

Although DNA damage–induced NEMO translocation to
and from the nucleus is a hallmark of IKK activation in the
canonical NF-�B pathway, the molecular mechanism(s) regu-
lating nuclear– cytoplasmic shuttling of NEMO have yet to be
fully clarified. In this regard, a recent report has revealed that
IPO3 (also known as importin 3, transportin 2, TRN2, or
TNPO2) functions as a critical NEMO nuclear import receptor
during DDR (47). IPO3 facilitates NEMO nuclear translocation
in a manner dependent on two distinct nuclear localization sig-
nal (NLS) sequences in the human NEMO protein. Although
human NEMO NLS1 and NLS2 sequences have been mapped
to positions 254 –257 and 357–360, respectively, the murine
NEMO protein harbors only the NLS2 sequence and lacks
NLS1 (47). The murine CARP-1 and NEMO proteins interact
(Fig. 1A), and NEMO-binding epitopes of human and murine
CARP-1 are identical (Fig. S2H). Furthermore, because disrup-
tion of CARP-1 binding with NEMO by SNI-1 resulted in loss of
chemotherapy-induced activation of p65/RelA (Fig. 7) in both
human and murine cells, it would collectively suggest that
CARP-1 binding with NEMO is independent of NEMO NLS1.
Moreover, ATM kinase also rapidly translocates to the nucleus
following induction of DSBs that involves binding with impor-

tin �1/�1 heterodimer that depends on a distinct NLS in the
ATM protein (48). A recent study further highlighted geno-
toxic stress-induced mono-ubiquitination of NEMO by an
E3-ligase TRIM37 (49). Genotoxic stress-induced ATM activa-
tion resulted in phosphorylation of TRIM31 in cytosol, which
induced a complex with TRAF6, and consequent nuclear
import. Disruption of TRAF6 binding with TRIM31 resulted in
increased sensitivity to chemotherapeutics in part due to
diminished NEMO mono-ubiquitination in the nucleus.
Whether CARP-1 also binds with ATM, TRAF6, TRIM31, or
another E3 ligase is currently unclear. CARP-1, however,
directly binds with NEMO. Because CARP-1 is a perinuclear
protein, it also not clear whether CARP-1 binding with NEMO
functions to regulate nuclear import of NEMO following DNA
damage. However, abrogation of CARP-1 binding with NEMO
resulted in diminished NEMO phosphorylation (Figs. 3 and 7).
Because ATM kinase promotes serine 85 phosphorylation of
NEMO in the nucleus following activation of DNA damage
signaling, it is likely that CARP-1 binding with NEMO serves to
facilitate ATM-dependent phosphorylation of NEMO. This
possibility is also supported by our WB data in Fig. 3 and con-
focal imaging (Fig. S3) where CFM-4.16 or adriamycin-treated
cells that express the CARP-1(�553–599) mutant had dimin-
ished NEMO serine 85 phosphorylation and cytoplasmic
accumulation when compared with their similarly treated
counterparts expressing WT CARP-1. Because NEMO phos-
phorylation often precedes its mono-ubiquitination, it is also
unclear whether and the extent to which CARP-1 binding with
NEMO regulates NEMO mono-ubiquitination. Nevertheless,
our current findings collectively would support the hypothesis
that CARP-1 binding with NEMO facilitates ATM-mediated
NEMO phosphorylation. This signaling likely promotes the
nuclear export of the NEMO/ATM complex for activation of
canonical NF-�B by genotoxic stress to modulate apoptotic
response (28). Activation of this pathway, results in elevated
levels of pro-inflammatory cytokines that contribute to therapy
resistance (47).

Although more than 700 different inhibitors (aspirin to I�B�
super repressor) of NF-�B have been reported (50), thus far no
NF-�B blocker has been approved for human use. Given
NF-�B’s physiological roles in immunity, inflammation, and
cellular homeostasis, a selective inhibition of therapy-induced
NF-�B activation without affecting the immunity, inflamma-
tion, and homeostasis signaling would be desirable. Functional
studies would then be necessary for determining the optimal
regulator/transducer in this complex pathway, as well as iden-
tification of opportunities for synergistic agents to augment
their efficacy and minimize resistance mechanisms. In this con-
text, our proof– of– concept preliminary studies provide evi-
dence of selective activation of chemotherapy-dependent
canonical NF-�B signaling by CARP-1–NEMO interactions.
Moreover, a number of prior reports have highlighted targeting
of NEMO for inhibition of inflammation regulated by canonical
NF-�B signaling. For example, targeting of NEMO by endoge-
nous proteins such as Hsp70 (51) and cell-permeable NEMO-
binding domain peptides of IKK� and IKK� (52, 53), the pep-
tides corresponding to the leucine zipper and the coiled-coil 2
(CC2) regions of NEMO (54) have been documented. Further-

Figure 10. Schematic of mechanism of action of SNI-1.
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more, a novel small molecule that targets the NEMO
ubiquitin– binding domain was recently reported (55). In addi-
tion, the medicinal compound Withaferin disrupted ubiquitin-
based NEMO reorganization by regulating its covalent modifi-
cation and binding with ubiquitin, and it also targeted IKK� to
inhibit NF-�B signaling and associated inflammatory responses
(56 –58).

Our high-throughput chemical biological studies resulted in
identification of novel, small molecular compounds. The com-
pound SNI-1 binds with CARP-1 and interferes with the
NEMO–CARP-1 interaction (Fig. 5). Although SNI-1 does not
bind with NEMO, by disrupting CARP-1 binding with NEMO,
it causes loss of chemotherapy-induced phosphorylation of
NEMO. Because NEMO phosphorylation is often a prerequi-
site for NEMO ubiquitination and nuclear export to promote
chemotherapy-induced activation of NF-�B, SNI-1 would not
be expected to interfere with functions of cytoplasmic NEMO
often necessary for activation of canonical NF-�B following
growth factor or cytokine-dependent cellular homeostasis. In
this regard, our data demonstrate that the presence of SNI-1
affects only the chemotherapy-induced p65/RelA activation.
Because chemotherapy often activates canonical NF-�B to pro-
mote survival and production of pro-inflammatory cytokines,
the presence of SNI-1 also attenuates secretion of chemother-
apy-induced inflammatory cytokines in vitro as well as system-
ically in TNBC tumor-bearing animals in vivo. Of note here is
that similar to chemotherapy, SNI-1 is able to moderately
inhibit cancer cell growth in vitro in part by inducing apoptosis
as indicated by increasing levels of activated/cleaved caspase-3
(Fig. 7). Interestingly, and in contrast to the in vitro cell models,
our in vivo studies revealed that although SNI-1 administration
caused absent to minimal inhibition of tumor growth, it did not
provoke toxicities in the animals either. Although hematoxylin
and eosin staining of various tissues, including lungs, spleen, heart,
liver, kidneys, and bone marrow of the animals treated with SNI-1,
did not indicate microscopic alterations, immunohistochemical
staining of these tissues also failed to show the presence of acti-
vated caspase-3 (Fig. S9), albeit caspase-3 activation was noted in
tissues derived from chemotherapy-treated animals (data not
shown). These findings collectively underscore a suitable safety
profile of SNI-1 for further development and testing.

In summary, we demonstrate that CARP-1 is a novel, endog-
enous regulator of chemotherapy-induced canonical NF-�B
activation. Pharmacological inhibition of CARP-1 binding with
NEMO enhances genotoxic chemotherapy efficacy in vitro and
in vivo, in part by attenuating activation of canonical NF-�B,
and secretion of NF-�B activated pro-inflammatory cytokines.
Our lead compound, SNI-1, represents a novel tool to investi-
gate canonical NF-�B signaling with the potential for transla-
tional development to target chemotherapy-induced cancer
survival and resistance mechanisms.

Experimental procedures

Materials

DMEM, Eagle’s minimal essential medium, and antibiotics
(penicillin and streptomycin) were purchased from Invitrogen.
Fetal bovine serum (FBS) was purchased from Denville Scien-

tific Inc. (Metuchen, NJ), and DMSO was purchased from
Thermo Fisher Scientific (Fair Lawn, NJ). Chemiluminescence
reagent was purchased from Amersham Biosciences, and the
protein assay kit was purchased from Bio-Rad. Structure and
synthesis of the CFM-4 analog CFM-4.16 has been described
previously (40). Clinical grade ADR, cisplatin, oxaliplatin, and
5-fluouracil were obtained from the Harper Hospital Phar-
macy, Wayne State University, Detroit, MI. The SNI-1 and -2
compounds 1-(3,4-dihydroxyphenyl)-2-{(1-(4-methylphenyl)-
1H-tetrazol-5-yl)thio}ethanone and 2-{[(4-methoxyphenyl-
)sulfonyl]amino}-N-(2-phenylethyl)benzamide, respectively,
that inhibited CARP-1/NEMO binding in the HTS (see below)
were purchased from ChemBridge, San Diego, CA. SNI-1 com-
pound of 	98% purity was also synthesized by Otava Chemi-
cals, Toronto, Canada. 5-Dimethylthiazol-2-yl-2,5-diphe-
nyltetrazolium bromide (MTT), anti-FLAG tag, and anti-actin
antibodies were purchased from Sigma. The affinity-purified
anti-CARP-1 (�1 and �2) polyclonal antibodies have been
described (1). Anti-EGFP and phospho(Ser-85) NEMO anti-
bodies were purchased from Abcam, Cambridge, MA, and anti-
HA–tag antibodies were purchased from Biolegend, San Diego,
CA. Antibodies for GST-tag, Myc-tag, His6-tag, total NEMO,
phospho(Ser-536), total p65RelA, phospho(Ser-176/Ser-180),
IKK�/� and total IKK�, phospho and total JNK1/2, phospho-
(Tyr-705), total STAT3, and RIPK1 were purchased from Cell
Signaling, Beverley, MA.

Recombinant plasmid constructs

The plasmids for expression of myc-His–tagged WT
CARP-1 (clone 6.1.2), CARP-1(�600 – 650), CARP-1(1–
198), CARP-1(97– 454), CARP-1(452– 654), CARP-1(603–
898), and CARP-1(896 –1150) have been described before (1,
3, 21). Additional pcDNA-based plasmids for expression of
myc-His–tagged CARP-1(�553–599), CARP-1(�521–566),
CARP-1(452– 625), CARP-1(452– 610), CARP-1(452–552),
CARP-1(552– 654), CARP-1(552– 640), CARP-1(552– 625),
CARP-1(552– 610), CARP-1(552–580), CARP-1(571– 600),
CARP-1(591– 620), pcDNA3–EGFP, pcDNA3–EGFP,
CARP-1(551–580), pcDNA3–GST, pcDNA3–GST–NEMO,
pcDNA3–GST–NEMO(221–261), and pcDNA3–GST–
NEMO (�221–258) were generated by standard molecular
biological and cloning manipulations. Plasmids encoding
WT and mutant NEMO proteins with 6x myc epitopes at the
N terminus have been described (31) and were kindly pro-
vided by Dr. Shigeki Miyamoto, Department of Pharmacol-
ogy, University of Wisconsin-Madison, Madison, WI. These
plasmids encoded NEMO �N120 (lacking the N-terminal
220 amino acids), NEMO �C125 (lacking the C-terminal 25
amino acids), NEMO C417R, and NEMO D406V mutant
proteins. Recombinant plasmids encoding GST-tagged
NEMO(WT), NEMO(2–260), NEMO(221–261), NEMO-
(221–317), and NEMO(296 – 419) were generated by PCR
amplification of NEMO cDNA fragments and their subsequent
subcloning in the pEBG vector plasmid. The NEMO(2–260)
cDNA was cloned in pGEX-4T-1 vector to generate bacterially
(E. coli)-expressed GST–NEMO(2–260) protein. Additional
CARP-1 cDNA fragments were cloned in pTAT-HA vector (5)
to generate bacterially (E. coli)-expressed His–TAT–HA-
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tagged CARP-1(552– 654), CARP-1(552–580), CARP-1(571–
600), CARP-1(591– 620), CARP-1(611– 640), and CARP-
1(631– 660) proteins. The NF-�B TATA-Luc plasmid
harboring 5� NF-�B consensus enhancer sequences posi-
tioned upstream of TATA sequences that collectively drive fire-
fly luciferase reporter as well as the plasmid for expression of
Renilla luciferase (pTK/Renilla Luc) were purchased from
Stratagene, Inc. (La Jolla, CA) and Promega, Inc. (Madison,
WI), respectively. All the recombinant plasmids were
sequenced to confirm the accuracy and validity of various
inserts/epitopes.

Cell lines and cell culture

Routine maintenance and culture of MDA–MB-468 and
MDA–MB-231 (both lack estrogen receptors and have mutant
p53), SUM-149, SUM-1315, and HCC1937 (all three have
mutant BRCA1), human TNBC, human cervical cancer HeLa,
human pancreatic cancer PANC-1, human diffuse large B-cell
lymphoma WSU-DLCL2, human follicular lymphoma WSU-
FSCCL, human clear cell renal carcinoma A498, human colon
cancer HT-29, SW620, HCT-116, HCT-116 (p53�/�), colon
epithelial IEC-6 cells, and monkey kidney COS-7 cells were
carried out essentially as described previously (1, 3, 11, 21, 45).
HeLa and MDA–MB-468 cells having CRISPR-based CARP-1
knockouts were generated and characterized on a fee–for–
service basis by Biocytogen Corp., Wakefield, MA. HeLa cells
having CRISPR-based NEMO knockouts have been described
before (41) and were kindly provided by Dr. Zhengfan Jiang,
School of Life Sciences, Peking University, Beijing, China. The
murine TNBC cell line 4T1 that was derived from a spontane-
ously arising BALB/c mammary tumor was obtained from the
Karmanos Cancer Institute and maintained in culture as
described before (40). Generation, characterization, and cul-
ture of drug (ADR or cisplatin)-resistant human TNBC MDA–
MB-468 and MDA–MB-231 cells as well as ADR-resistant
murine 4T1 cells has been detailed before (40). All the cell cul-
ture media were also supplemented with 10% FBS, 100 units/ml
penicillin, and 100 �g/ml streptomycin, and the cells were
maintained at 37 °C and 5% CO2. For cell growth and MTT
studies, the cells were cultured in fresh media with 5–10% FBS
prior to their treatments with various agents. Generation and
characterization of MDA–MB-468 cells expressing reduced
CARP-1 have been described before (1). The stable sublines
were generated by transfecting the MDA–MB-468 and HeLa
cells with the pcDNA3 vectors pcDNA3-CARP-1(WT),
pcDNA3-EGFP, and pcDNA3-GST and the various Myc-His,
EGFP, or GST-tagged mutants of CARP-1 as well as NEMO
followed by selection in the presence of 800 �g/ml neomycin
using methods described previously (1, 3, 11, 21, 45). The cell
lysates from WT, untransfected cells, neomycin-resistant
pools, or individual sublines were then subjected to IP and WB
analyses as below. Three well-characterized TNBC PDX
tumors (TM00089, TM00098, and TM00091) were purchased
from The Jackson Laboratory and were routinely maintained/
passaged at the Karmanos Cancer Institute Animal Model and
Therapeutic Evaluation Core (AMTEC).

Three-dimensional mammosphere assays

The PDX tumor (TM00098) cells were dissociated from the
tumor fragments and cultured for two-dimensional and mam-
mosphere studies in vitro as we have done previously (40).
Briefly, the cells were washed twice in 1� PBS, trypsinized, and
pelleted at 200 � g at room temperature. Cells were then resus-
pended in 5 ml of mammosphere media (DMEM/F-12 contain-
ing 2 mM L-glutamine, 100 units/ml penicillin, 100 units/ml
streptomycin, 1� B27 supplement, 20 ng/ml recombinant
human EGF (Sigma) and 10 ng/ml recombinant human basic
fibroblast growth factor (R&D Systems)). Approximately 5000
viable cells per ml were then seeded in an ultra-low adherent
60-mm plate and incubated at 37 °C and 5% CO2 for 2 weeks
without disturbing the plates. After the mammospheres were
formed, fresh media with or without adriamycin (5 �M), SNI-1
(2.5 or 5.0 �M), or a combination of these agents was added, and
the cells were incubated for additional 48 h at 37 °C and 5%
CO2. The mammospheres in the untreated and treated plates
were photographed, and the cells were then dissociated to
determine their viabilities by the MTT assay as described (40).

Cell viability, immunoprecipitation, luciferase, and Western
blotting assays

500 –1000 cells were seeded in each well of 96-well plates and
then either untreated (control) or treated with various agents
for the noted times. After treatment, MTT reagent was added at
0.5 mg/ml concentration for 2– 4 h at 37 °C. DMSO was added
to solubilize formazan, and the plate was read at 570 nm in a
plate reader. The histograms indicating levels of cell viability
were generated by plotting the net absorbances as described (1,
3). Next, logarithmically growing cells were either untreated or
treated with different agents for various time periods. The cells
were lysed to prepare protein extracts. Immunoprecipitation
was carried out by incubating �1 mg of the protein lysate with
appropriate antibodies. For GST-pulldowns, GST–NEMO or
various His–TAT–HA-tagged CARP-1 peptides were gener-
ated in E. coli BL21 cells as we described previously (5, 21).
Briefly, bacterial pellet was lysed in 100 –200 �l of BPER buffer
(Thermo Fisher Scientific) with DNase I at room temperature,
and the supernatant was checked for expression of respective
fusion peptides by WB. Following confirmation of expression,
5–20 �l of lysate expressing GST fusion protein was first incu-
bated with 20 �l of precleared GSH-Sepharose in a final volume
of 100 �l at 4 °C for 2 h with constant rotation. The Sepharose
beads were spun at 800 � g for 2 min, and the pellet was washed
two to four times with 100 –200 �l of RIPA buffer with 0.5 M

NaCl. The beads were spun again as above and mixed with 5–20
�l of E. coli lysate expressing His–TAT–HA CARP-1 peptides.
The reactions were incubated further at 4 °C for 2 h with con-
stant rotation. The peptide-bound Sepharose beads were pel-
leted and washed with 100 –200 �l of RIPA buffer with 0.1 M

NaCl for 2– 4 washes. If necessary, additional washes with 0.05
M NaCl buffer were carried out. In some instances, the com-
plexes were incubated with a small molecule compound (see
below) followed by additional NaCl washes as above. After the
final wash, the Sepharose/protein complexes were spun and
then resuspended in SDS loading buffer for electrophoresis on
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12–15% SDS-PAGE, followed by WB with appropriate antibod-
ies. Alternatively, a similar pulldown strategy was carried out by
immobilizing the His–TAT–HA peptides on the Ni-NTA
matrix, followed by washing, incubating with a small molecule
compound, and/or E. coli lysates with GST-tagged proteins,
SDS-PAGE analysis, and WB with anti-GST tag antibodies.
Luciferase assays were performed essentially as described
before (30). Briefly, 3 � 105 cells in culture media minus FBS
were plated in 12- or 24-well plates and transfected with a com-
bination of pTK/Renilla Luc and NF-�B–TATA–Luc plasmids.
Five hours post-transfection, FBS was added to media, and cells
were allowed to grow for 18 h. Cells were then treated with
DMSO (control), adriamycin, SNI-1, or a combination for 1 h,
harvested, and lysed, and the Renilla and firefly luciferase activ-
ities were measured using the Dual-Luciferase assay kit (Pro-
mega) following the vendor’s guidelines.

Immunofluorescence staining and confocal microscopy

Cells were plated onto chamber slides 24 h prior to treat-
ment. Following treatment of cells with respective compounds,
the adherent cells were fixed with 5% formaldehyde for 10 min
and then washed with PBS. Samples were blocked (0.5% Non-
idet P-40, 5% milk powder, 1% fetal bovine serum) for 30 min.
After a single wash with PBS, cells were incubated with primary
antibodies for 45– 60 min. Cells were washed with PBS and then
incubated with secondary antibodies for another 45– 60 min,
followed by washing with PBS and mounting with 0.1 �g/ml
4�,6�-diamidino-2-phenylindole (DAPI) containing mounting
solution. For confocal imaging, cells were first fixed with para-
formaldehyde, stained for CARP-1 by myc-tag antibodies
(green), NEMO by phospho-NEMO antibodies (red), and DAPI
(blue) for nuclear staining. Immunofluorescent or confocal
images were taken using Zeiss LSM 510 Meta NLO (�63),
essentially as described before (21).

Cytokine ELISAs

Secretion of pro-inflammatory cytokines TNF�, IL8, and
IL-1� in untreated and treated human TNBC, and renal cancer
cells and mouse 4T1 TNBC cells as well as in sera of 4T1 tumor-
bearing BALB/c mice was quantitatively measured by 96-well
Quantikine colorimetric ELISA-based assays following the
manufacturer’s (R&D Systems, Minneapolis, MN) suggested
methods and guidelines.

Kinetics of CARP-1–NEMO interaction

In the absence of available X-ray crystal structures for
CARP1, we first performed homology modeling on its known
sequence to build a suitable protein model utilizing the meth-
odology recently detailed by us (21). Briefly, SWISS-MODEL
(33) was used to build homology models for CARP1(551– 600)
that harbors the epitope for interaction with NEMO. A crystal
structure for NEMO has been elucidated, and thus the struc-
ture of NEMO(221–261) that interacts with CARP1 was
obtained from PDB code 3CL3 (34). Protein–protein docking
was performed using ZDOCK 3.0.2f with IRaPPA re-ranking
(35). The top three predictions for each complex were further
subjected to molecular dynamics (MD) using the AMBER14
package to relieve clashes resulting from docking (59). MD cal-

culations were conducted as reported previously with a 24-ns
production run for each complex (21).

Next, the kinetics of CARP-1 binding with NEMO were
determined by SPR technology (Profacgen, Shirley, NY).
Briefly, CARP-1(551–580) peptide (NH2-HRPEETHKGRT-
VPAHVETVVLFFPDVWHCL-COOH) was dissolved in water,
and various concentrations of CARP-1 peptide were manually
printed onto the bare gold-coated (thickness 47 nm) PlexArray
Nanocapture Sensor Chip (Plexera Bioscience, Seattle, WA) at
40% humidity. Each concentration was printed in replicate, and
each spot contained 0.2 �l of sample solution. The chip was
incubated in 80% humidity at 4 °C overnight and rinsed with
10� PBST for 10 min, 1� PBST for 10 min, and deionized
water twice for 10 min. The chip was then blocked with 5%
(w/v) nonfat milk in water overnight and washed with 10�
PBST for 10 min, 1� PBST for 10 min, and deionized water
twice for 10 min before being dried under a stream of nitrogen
prior to use. The binding reactions with NEMO(221–260)
peptide (NH2-EEKRKLAQLQVAYHQLFQEYDNHIKSSV-
VGSERKRGMQLE-COOH) were performed in PBST buffer
(0.01 M PBS (0.138 M NaCl; 0.0027 M KCl), 0.05% Tween 20, pH
7.4). SPRi measurements were performed with PlexArray HT
(Plexera Bioscience, Seattle). Collimated light (660 nm) passes
through the coupling prism reflects off the SPR-active gold sur-
face and is received by the CCD camera. Buffers and samples
were injected by a nonpulsatile piston pump into the 30-�l flow
cell that was mounted on the coupling prism. Each measure-
ment cycle contained four steps: washing with PBST running
buffer at a constant rate of 2 �l/s to obtain a stable baseline;
sample injection at 5 �l/s for binding; surface washing with
PBST at 2 �l/s for 300 s; and regeneration with 0.5% (v/v)
H3PO4 at 2 �l/s for 300 s. All the measurements were per-
formed at 25 °C. The signal changes after binding and washing
(in amplitude unit) were recorded as the assay value. Selected
protein-grafted regions in the SPR images were analyzed, and
the average reflectivity variations of the chosen areas were plot-
ted as a function of time. Real-time binding signals were
recorded and analyzed by Data Analysis Module (Plexera Bio-
science, Seattle, WA). Kinetic analysis was performed using
BIAevaluation 4.1 software (Biacore, Inc.).

Association and dissociation rate constants were calculated
by numerical integration and global fitting to a 1:1 interaction
model and the equation: dRU(t)/dt � kaC(Rmax � RU(t)) �
kdRU(t), where RU(t) is the response at time t; Rmax is the max-
imum response; C is the concentration of analyte in solution; ka
is the association rate constant; kd is the dissociation rate con-
stant; and RU (0) � 0.

AlphaLISA assay for high-throughput screening

For screening a library of chemical compounds, we devel-
oped and optimized a fee-for-service ELISA-based assay for use
in a 384-well format (SAMDI Tech, Chicago, IL). The assay
development involved buffer optimization by testing peptide
binding in PBS, PBS � 0.01% Tween, PBS � 0.01% BSG, PBS �
0.01% Tween, 0.01% BSG, and a proprietary buffer 79389 (BPS
Bioscience, San Diego, CA). The assay utilized streptavidin
donor and anti-FLAG acceptor beads (PerkinElmer Life Sci-
ences) in conjunction with Flag-tagged CARP-1(546 –580) and
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biotin-tagged NEMO(221–261) peptides that were chemically
synthesized to 	95% purity (Peptides America, Fairfax, VA).
The peptides were dissolved in water, and the binding reactions
consisted of 100 nM Flag-tagged CARP-1(546 –580) with 1000,
500, 250, 125, 62.5, 31.25, 15.125, or 0 nM biotin-tagged
NEMO(221–261) peptide in BPS buffer. The reaction was car-
ried out at room temperature for a 60-min incubation of the
peptide pair, followed by 0, 30, and 90 min incubation with
AlphaLisa beads. In addition, binding reaction containing dif-
ferent concentrations of biotin-tagged NEMO(221–261) pep-
tide was incubated with 100 nM Flag-tagged CARP-1(546 –580)
peptide in the absence or presence of 2.5% DMSO. The assay
signal (fluorescence) was measured at 680 nm excitation and
615 nm emission wavelengths to determine assay robustness
and DMSO tolerance. Next, 10,240 total compounds from a
Chembridge diversity set were screened in pools of 8 (5 �M final
concentration) with a final concentration of 1% DMSO, 100 nM

each peptide utilizing 384-well OptiPlates. The plates were read
on a Pherastar FS plate reader. Positive control wells that lacked
compound and negative controls were run absent the biotiny-
lated peptide. Hits were identified as those wells showing a %
inhibition of 	3 standard deviations from the average inhibi-
tion across the plate. Those wells were further analyzed to
investigate the eight compounds individually in duplicate. The
hits revealed during this confirmation step were then analyzed
in a dose-response experiment with 50 �M top concentrations
of compound with a 3-fold 10-point dilution series in duplicate.

Establishment of TNBC cell-derived xenografts in syngeneic
mice

Generation of 4T1 TNBC cell-derived subcutaneous xeno-
grafts in BALB/c mice were performed according to our previ-
ously published methods and protocols approved by the Insti-
tutional Animal Care & Use Committee at the Wayne State
University (40, 45). Then 6 – 8-week-old BALB/cAnNCr female
mice were purchased from Charles River Laboratories (Hor-
sham, PA). Following suitable acclimation of animals, 1 � 106

4T1 TNBC cells were resuspended in 200 �l of sterile saline and
implanted in the flanks using a 27-gauge needle. Tumors were
allowed to grow to 500 –1000 mg (�10 days) and then asepti-
cally harvested, minced into 3– 4-mm3 (30 mg) fragments, and
transplanted subcutaneously into naive recipient mice using a
standard 12-gauge trocar to serially maintain the tumor in vivo.
For efficacy studies, tumors serially maintained in vivo were
aseptically harvested and minced into 3– 4-mm3 (30 mg) frag-
ments and then bilaterally transplanted subcutaneously along
the flanks using a standard 12-gauge trocar. Mice were then
randomly assigned to either the control or one of five treatment
arms (n � 6 mice/group) as follows: no treatment; SNI-1 (70
mg/kg/dose; quaque die 1–13 via intraperitoneal injection;
total dose 910 mg/kg); adriamycin (4 mg/kg/dose; Day 1, 5, 10,
and 14 via intravenous injection; total dose 16 mg/kg); cisplatin
(CIS) (3 mg/kg/dose; Day 1, 5, 10, and 14 via intravenous injec-
tion; total dose 12 mg/kg); and SNI-1 � ADR or SNI-1 � CIS on
matching respective single arm schedules. For the combination
arm, SNI-1 was administered first, followed within 1 h by either
ADR or CIS. A pilot dose-route determination conducted with
SNI-1 in nontumor-bearing mice using a solubilized formula-

tion (5% DMSO, 5% ethanol, 2% Tween 80 (all v/v) with double-
distilled water) found that the compound was not suitable for
chronic intravenous administration. Therefore, for the efficacy
studies reported here, SNI-1 was formulated in 8% DMSO (v/v)
and 8% Cremophor (v/v) in cell grade water, pH 4, as diluent.
Clinical grade ADR stock (2 mg/ml) was diluted to the appro-
priate concentration with cell grade water, pH 4, and clinical
grade CIS (1 mg/ml) diluted with USP 0.9% saline, pH 6. All
mice were monitored daily for changes in condition and body
weight. Tumors were measured three times weekly by caliper,
and tumor volume (in milligrams) was calculated using the fol-
lowing formula: (A � B2)/2, where A and B are the tumor length
and width (in millimeters), respectively. End points for assess-
ing antitumor activity consisted of qualitative determinations
via tumor growth inhibition (%T/C) where T is the median
tumor volume of treated mice and C is the median tumor vol-
ume of control mice on any given day of measurement. Accord-
ing to NCI-accepted criteria from the National Institutes of
Health, a treatment is considered effective if the T/C is 
42%.
Highly-active agents produce T/C values 
20%. Efficacy was
also assessed quantitatively using tumor growth delay (T/C)
defined as the difference between the median time (in days)
required for the treatment group tumors to reach 1000 mg and
the median time (days) for the control group tumors to reach
the same volume. After the last treatment, tumor tissue and
samples from various organs (spleen, liver, kidney, heart, bone,
and lungs) were collected. Additionally, the whole-blood sam-
ples were obtained from a representative tumor-bearing mouse
from each group via terminal cardiac puncture. We performed
immunohistochemical analyses of the tumor and tissue sam-
ples for expression of activated RelA (serine 536 phosphorylat-
ed p65), total RelA, cleaved caspase-3, and CARP-1 proteins.
The levels of pro-inflammatory cytokines in the sera were ana-
lyzed by sandwich ELISAs following methods detailed above
and previously published by us (40, 45).

Statistical analyses

The statistical analyses were performed using Prism 6.0 soft-
ware. The data were expressed as means� S.E. and analyzed
using two-tailed Student’s test or one-way analysis of variance
followed by a post hoc test. A p value of 
0.05 was considered
statistically significant.
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