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Activation of inhibitor of nuclear factor NF-κB kinase subunit-β (IKKβ), characterized
by phosphorylation of activation loop serine residues 177 and 181, has been implicated
in the early onset of cancer. On the other hand, tissue-specific IKKβ knockout in Kras
mutation-driven mouse models stalled the disease in the precancerous stage. In this
study, we used cell line models, tumor growth studies, and patient samples to assess the
role of IKKβ and its activation in cancer. We also conducted a hit-to-lead optimization
study that led to the identification of 39-100 as a selective mitogen-activated protein
kinase kinase kinase (MAP3K) 1 inhibitor. We show that IKKβ is not required for
growth of Kras mutant pancreatic cancer (PC) cells but is critical for PC tumor growth
in mice. We also observed elevated basal levels of activated IKKβ in PC cell lines, PC
patient-derived tumors, and liver metastases, implicating it in disease onset and progres-
sion. Optimization of an ATP noncompetitive IKKβ inhibitor resulted in the identifi-
cation of 39-100, an orally bioavailable inhibitor with improved potency and
pharmacokinetic properties. The compound 39-100 did not inhibit IKKβ but inhibited
the IKKβ kinase MAP3K1 with low-micromolar potency. MAP3K1-mediated IKKβ
phosphorylation was inhibited by 39-100, thus we termed it IKKβ activation modula-
tor (IKAM) 1. In PC models, IKAM-1 reduced activated IKKβ levels, inhibited tumor
growth, and reduced metastasis. Our findings suggests that MAP3K1-mediated IKKβ
activation contributes to KRAS mutation-associated PC growth and IKAM-1 is a viable
pretherapeutic lead that targets this pathway.
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The IKK complex is composed of three subunits, namely IKKα, IKKβ, and IKKγ. The
IKK complex serves as the signaling node to regulate NF-κB–mediated gene expression,
in response to upstream signals. The canonical NF-κB pathway is regulated by the acti-
vation of IKKβ. The hallmark of IKKβ activation is the phosphorylation of its activa-
tion loop serine residues 177 and 181 (1). Immunohistochemistry (IHC) studies and
genetic mouse models implicate activated IKKβ as a driver of oncogenesis. For exam-
ple, elevated levels of p-IKKβ were observed in ∼50% of surgically resected tumor sam-
ples and tissue-specific expression of constitutively active (ca) IKKβ (S177E, S181E),
either in the presence of a mutant oncogene (KrasG12D) or loss of tumor suppressor
(APC), resulted in severely compromised survival of mice (2–4). Moreover, tissue-
specific inactivation of IKKβ in Kras mutation-driven mouse tumor models resulted in
improved survival (5–8). Although the exact mechanism of IKKβ activation is yet to be
fully elucidated, upstream kinases, such as MAP3K1 (MEKK1), priming phosphorylation
by TAK1 followed by autophosphorylation and oligomerization of regulatory subunit
IKKγ (NEMO)-induced transautophosphorylation, have been reported as mechanisms
that result in IKKβ activation (9–11).
The link between IKKβ and chronic inflammation led the pharmaceutical industry

to vigorously pursue the development of small-molecule IKKβ inhibitors. Nearly all
the IKKβ inhibitors developed were ATP competitive and block stimulus induced acti-
vation of IKKβ. Despite full characterization of these ATP-competitive IKKβ inhibitors
in preclinical models, only four inhibitors entered clinical trials and the Food and
Drug Administration has approved none of them, due among others to unfavorable
safety profile, lack of efficacy, or portfolio repositioning (7, 12–16). Other strategies
explored include NEMO binding peptide to disrupt the IKK complex, resulting in the
inhibition of IKKβ activation and a TAK1 inhibitor to block tumor necrosis factor-α
(TNF-α)–induced IKKβ activation (17, 18).
The IKBKB gene codes for 756 amino acids (aa), with 16 to 309 aa adopting a clas-

sic kinase domain, 310 to 404 aa adopting a ubiquitin fold labeled as ubiquitin-like

Significance

Pancreatic cancer is a deadly
disease with limited therapeutic
options. High expression of the
kinase MAP3K1 is associated with
poor survival among pancreatic
cancer patients. MAP3K1 activates
the kinase IKKβ, and our studies
show that higher levels of
activated IKKβ are found in
patient-derived tumors as
opposed to the surrounding
normal tissue. We also show that
inhibition of MAP3K1 by a drug-
like compound 39-100 results in
reduced levels of activated IKKβ.
This leads to reduced tumor
growth and reduced metastasis in
pancreatic cancer models.
Therefore, drug candidates like
39-100, that are IKKβ activation
modulators, can be developed to
treat pancreatic cancer.

Author contributions: E.K., Y.A., and A.N. designed
research; J.V.N., S. Sagar, S.P.K., L.B., S. Kour, H.M.K.,
Y.A.S., A.J.C., N.G., S. Kizhake, P.A.B., J.R.M., P.P., S.R., S.
Singh, J.P., and G.G. performed research; J.V.N., J.P.,
P.M.G., G.E.O.B., and M.A.H. contributed new reagents/
analytic tools; J.V.N., S. Sagar, S.P.K., L.B., S. Kour,
H.M.K., Y.A.S., A.J.C., N.G., S. Kizhake, P.A.B., E.K., J.R.M.,
P.P., S.R., S. Singh, G.E.O.B., G.G., Y.A., P.R., and A.N.
analyzed data; and J.V.N., S. Kizhake, G.G., P.R., and
A.N. wrote the paper.

Competing interest statement: A.N. is named as an
inventor on pending US Patent Application No. 16/
766,762 filed by the Board of Regents of the University
of Nebraska related to this work.

This article is a PNAS Direct Submission.

Copyright © 2022 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).
1To whom correspondence may be addressed. Email:
anatarajan@unmc.edu.

This article contains supporting information online at
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2115071119/-/DCSupplemental.

Published April 27, 2022.

PNAS 2022 Vol. 119 No. 18 e2115071119 https://doi.org/10.1073/pnas.2115071119 1 of 9

RESEARCH ARTICLE | PHARMACOLOGY

https://orcid.org/0000-0002-8115-8357
https://orcid.org/0000-0003-3830-3560
https://orcid.org/0000-0003-2355-2169
https://orcid.org/0000-0002-4906-5409
https://orcid.org/0000-0003-0440-6617
https://orcid.org/0000-0002-8799-8197
https://orcid.org/0000-0001-8070-0258
https://orcid.org/0000-0001-8399-5354
https://orcid.org/0000-0001-5314-1630
https://orcid.org/0000-0001-5067-0203
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:anatarajan@unmc.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115071119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115071119/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2115071119&domain=pdf&date_stamp=2022-04-27


domain, and 410 to 664 aa forming the scaffold dimerization
domain (SDD) that adopts a helical blade structure. To date,
only three groups have reported the structure of IKKβ that
extends to the SDD (19–21). The human IKKβ (PDB ID code
4KIK) structure (1-664) is a dimer in which the activation loop
(S177 and S181) is phosphorylated in protomer B (active form)
but not in protomer A (21). The kinase domains of the two
protomers are identical and inhibitors that target the ATP
binding site are not likely to distinguish between inactive and
active IKKβ. However, the protomer conformations are differ-
ent outside the kinase fold, such as the ∼120 Å2 pocket at the
interface of the kinase domain–SDD is open in protomer B
(active IKKβ) but is partially closed in protomer A (resting
IKKβ), thus providing allosteric sites for inhibitor design (21).
We previously reported a quinoxaline urea analog (13-197)

as an allosteric IKKβ inhibitor that inhibited tumor growth
and metastasis in an orthotopic pancreatic tumor model and
increased median survival of mice in a mantle cell lymphoma
(MCL) model (22–24). Here we assessed the role of IKKβ and
its activation in a pancreatic cancer (PC) setting and optimized
13-197 to address stability and bioavailability issues for therapy.
Toward the former, we show that: 1) IKKβ is dispensable for
growth in a PC cell line model but is required for PC tumor
growth; 2) the activation–deactivation of IKKβ is transient in
normal cells, however the activation is sustained in PC cells; and
3) elevated levels of p-IKKβ are observed in patient-derived pan-
creatic tumors and liver metastases when compared to adjacent
normal tissue. Toward the latter, we show that: 1) hit-to-lead
optimization of 13-197 led to novel chemical entity (NCE)

39-100 with improved stability and oral bioavailability; 2) mech-
anism of action studies revealed that 39-100 is a selective
MAP3K1 inhibitor that blocked IKKβ activation, which we
termed IKKβ activation modulator 1 (IKAM-1); and 3) oral dos-
ing of IKAM-1 reduced levels of p-IKKβ in tumors, and inhibits
tumor growth and metastasis in orthotopic PC models. Our
findings suggest that MAP3K1-mediated IKKβ activation con-
tributes to KRAS mutation-associated PC growth and IKAM-1
is a viable pretherapeutic lead that targets this pathway.

Results

The major goal of this study was twofold: 1) to explore the role
of activated IKKβ in cellular and animal models and 2) to
develop a suitable pretherapeutic lead that inhibits tumor
growth by modulating the levels of activated IKKβ.

Role of IKKβ in PC. Despite numerous mouse models that
explored the role of IKKβ using tissue-specific knockouts, the
effects of IKKβ in human PC cell lines using knockouts has
not been adequately explored. We used CRISPR to knock out
IKKβ (IKKβ KO) in MiaPaCa2 cells (SI Appendix, Fig. S1 A
and B). The loss of IKKβ did not alter the levels of key mole-
cules in the canonical NF-κB pathway (IKKα, IKKγ, IκBα,
p65, and p105/p50) except in reduction in the levels of IκBα
phosphorylation, the primary substrate for IKKβ (Fig. 1A)
(25). Cell growth studies revealed that IKKβ was dispensable
for growth in a cell line model and the presence or absence
of IKKβ did not affect sensitivity to gemcitabine (Fig. 1B and

Fig. 1. IKKβ is dispensable for cell growth in two-dimensional models but is critical for pancreatic tumor growth. (A) Expression of canonical NF-κB pathway
proteins in MiaPaCa2 IKKβ WT and IKKβ KO cells. Cell lysates were subjected to Western blotting and probed using the indicated antibodies. (B) A time-
course study of growth of MiaPaCa2 IKKβ WT and IKKβ KO cells (4 × 103) in the presence and absence of 100 nM gemcitabine (n = 3). (C) Effect of TNF-α on
the growth of MiaPaCa2 IKKβ WT and IKKβ KO cells (4 × 103) following 24-h incubation (n = 3). (D) MiaPaCa2 cells (2.5 × 106 cells) were subcutaneously
implanted in athymic nude mice (n = 5). Tumor volumes were measured every 72 h. (E) Tumor weights measured at the end of the study. (F) Ki67
levels assessed by IHC at the end of the study. Data represented as average ± SEM; P value determined by two-tailed hypothesis, Student’s t test. *P < 0.05,
**P < 0.005, ***P < 0.0005.
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SI Appendix, Fig. S1C). Mouse embryonic fibroblasts (MEFs)
that lack IKKβ were sensitive to TNF-α–induced apoptosis,
because the NF-κB pathway regulates the expression of antia-
poptotic proteins (26). Consistent with this observation, IKKβ
KO MEF and IKKβ KO MiaPaCa2 cells exhibited modest
sensitivity to TNF-α–induced growth inhibition when com-
pared to IKKβ WT cells (Fig. 1C and SI Appendix, Fig. S1D).
No such effect was observed when the isogenic cell lines were
subjected to insulin or epidermal growth factor (EGF) (SI
Appendix, Fig. S1 E–G). The viability of IKKβ KO MEFs and
the embryonic lethality of the corresponding mice prompted
us to assess the effects of IKKβ on PC tumor growth. In a sub-
cutaneous tumor model, we found a dramatic reduction in the
size of tumors (Fig. 1 D and E) formed by IKKβ KO PC cells
along with reduced proliferation and angiogenesis markers
(Fig. 1F and SI Appendix, Fig. S1 H and J). Moreover, we
observed reduced TNF-α levels in the IKKβ KO tumors (SI
Appendix, Fig. S1I), indicating a feed-forward loop resulting in
ca-IKKβ.

ca-IKKβ in PC. To determine the kinetics of TNF-α–induced
activation and deactivation of IKKβ, we subjected immortalized
human pancreatic Nestin-expressing (HPNE) cells and two PC
cell lines (S2013 with KrasG12D and MiaPaCa2 with KrasG12C)
to TNF-α stimulation and monitored changes in p-IKKβ levels
over time (Fig. 2 A–C). We observed rapid activation of IKKβ
in all three cell lines (10 min after TNF-α treatment). The acti-
vation in HPNE cells was transient as reflected by the return of
IKKβ to its resting state in ∼2 h. However, elevated levels of
p-IKKβ were observed at the 2-h time point in the PC cell
lines, suggesting sustained activation. Moreover, a subpopula-
tion of IKKβ is phosphorylated even in the absence of TNF-α
in PC cell lines, suggesting constitutive activation (compare “0
time point” lanes in Fig. 2 A–C). To determine if p-IKKβ is
found in patient-derived pancreatic tumors and liver metastasis,
we conducted IHC studies with tissue from the University of
Nebraska Medical Center Rapid Autopsy Program for Pancreas

(SI Appendix, Fig. S2) (27). We observed higher p-IKKβ levels
in the primary tumor and liver metastases compared to the tumor
stroma, acinar, and ductal cells, indicating constitutive activation
in the tumors and liver metastases (Fig. 2 D and E). We previ-
ously showed that our ATP noncompetitive IKKβ inhibitor (13-
197) allowed transient activation of IKKβ but inhibited sustained
IKKβ activation (22, 23). Consistent with that, herein we
observed a dose-dependent decrease in the levels of p-IKKβ, indi-
cating that 13-197 modulates the levels of ca-IKKβ (Fig. 2F).
Together our results suggest that ca-IKKβ contributes to PC and
returning it to its resting state is a viable therapeutic option.

Optimization of 13-197 Leads to NCE 39-100 with Improved
Stability and Oral Bioavailability. Despite the anticancer effects
exhibited by 13-197 in multiple cancer models, it suffers from
poor metabolic stability and low oral bioavailability (22–24,
28). To address these concerns, we synthesized a focused library
of 13-197 analogs (Fig. 3A and SI Appendix, Fig. S3) and
screened them in a cell-based luciferase reporter assay to iden-
tify inhibitors of TNF-α–induced IKKβ-mediated NF-κB activ-
ity (Fig. 3B). We found that replacing the metabolically liable
furan rings in 13-197 with a single N-methylpyrazole ring
yielded analog 5 with improved activity. Moving the bromine
atom from the para-position in analog 5 to the meta-position
in analog 12 further improved the activity. Analog 12 exhibited
comparable potency to BMS345541, a well-characterized allo-
steric IKKβ inhibitor (22, 29). On the other hand, moving the
bromine atom to the ortho position in analog 13 reduced the
activity and introducing a thiazole ring in analog 14 resulted in
a complete loss of activity (30).

To determine if replacing the furan rings with N-methylpyr-
azole resulted in improved metabolic stability, we incubated
13-197 and analog 12 with human liver S9 fraction and moni-
tored their stability using liquid chromatography-tandem mass
spectrometry (Fig. 4A). The half-life (t1/2) of analog 12 was
four-fold better than 13-197 (Fig. 4A). Since the para-position
of the phenyl ring in acetanilide moieties are susceptible to

Fig. 2. Status of IKKβ phosphorylation in PC cell lines and in patient samples. (A–C) Time-course studies to assess the effect of TNF-α on the activation of
IKKβ in HPNE (KrasWT), S2013 (KrasG12D), and MiaPaCa2 (KrasG12C) cell lines. Cell lysates were subjected to Western blotting and probed using the indicated
antibodies. (D and E) Tissue from normal pancreas (n = 8), pancreatic tumors and liver metastasis (n = 40) stained with phospho-(S181)-IKKβ antibody. Repre-
sentative images are shown at 10x magnification (digital zoom). Data represented as average ± SEM; P value determined by one-tailed Student’s t test *P <
0.05, ***P < 0.0005. (F) A dose–response study to assess the effect of 13-197 on the activated IKKβ in MiaPaCa2 cells. Cell lysates were subjected to Western
blotting and probed using the indicated antibodies.
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oxidation, we speculated that blocking it with a fluorine atom
in analog 12 would further improve the stability. Indeed, the
t1/2 of 39-100 with an F-atom was approximately eight-fold
better than 13-197 (Fig. 4A) and the major metabolites of
39-100 were demethylated, glucuronidated, and sulfated prod-
ucts (SI Appendix, Fig. S4 A and B). Importantly, BMS345541,
analog 12, and 39-100 exhibited comparable potency in the

TNF-α–induced IKKβ-mediated NF-κB activity assay (Fig. 4B).
The systematic data-driven structural changes resulted in the
improvement of oral bioavailability from ∼5% for 13-197 to
∼60% for 39-100 (Fig. 4C and SI Appendix, Fig. S4) (28).
Together the iterative synthesis and screening led to the discovery
of an NCE, 39-100, with an ∼8-fold and ∼12-fold improvement
in stability and oral bioavailability, respectively.

Fig. 3. SAR studies with quinoxaline analogs. (A) Structures of 13-197 and the quinoxaline analogs. (B) A dual luciferase assay-based screen to identify qui-
noxaline analogs that inhibit TNF-α–induced IKKβ-mediated NF-κB activation. Data represented are average ± SEM (n = 4), P value determined by two-tailed
hypothesis Student’s t test.
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39-100 (IKAM-1) Is a Selective MAP3K1 Inhibitor that Blocks
Activation of IKKβ. To our surprise, unlike 13-197 (22), in
in vitro assays 39-100 did not bind to or inhibit IKKβ (SI
Appendix, Fig. S5 A and B). To identify the target, we subjected
39-100 and the inactive analog 14 to kinome profiling (KiNa-
tiv) in PANC1 cells (SI Appendix, Fig. S5C). Quantification of
337 kinase-associated peptides that correspond to 251 kinases
revealed that 39-100 selectively binds to MAP3K1 and
MAP3K12 and the inactive analog 14 did not. A follow-up
dose–response study with 39-100 quantified 328 kinase-associated
peptides that correspond to 254 kinases and showed selective
dose-dependent ATP-competitive inhibition of MAP3K1 (Fig. 5A
and SI Appendix, Table S1). Curve fitting the dose–response data
resulted in an IC50 value of 4.2 ± 0.2 μM (SI Appendix, Fig.
S5D). MAP3K1 is part of the STE branch of the kinome tree
that has 47 kinases. The dose–response study quantified the levels
of 22 of the 47 kinases in the STE branch. Selectivity of 39-100
for MAP3K1 is further demonstrated by a plot of the 10 closest
kinases to MAP3K1 on the kinome tree and IKKβ (SI Appendix,
Fig. S5D). Together, the data from our cellular dose–response
kinome profiling reveals that 39-100 does not inhibit IKKβ but
selectively inhibits MAP3K1 with micromolar potency in PANC1
cell lysates. IKKβ is a substrate of MAP3K1 (9) and consistently
39-100 reduced levels of p-IKKβ in a dose–response study (Fig.
5B), with an IC50 value of 2.3 ± 0.2 μM (SI Appendix, Fig. S5E).
Since 39-100 is a selective MAP3K1 inhibitor that modulates
IKKβ activation, we termed 39-100 as an IKKβ activation modu-
lator (IKAM-1).
To validate MAP3K1 as the target of IKAM-1, we transiently

transfected HeLa cells with MAP3K1-WT and MAP3K1-kinase
dead (KD) mutants (31). Although modest, MAP3K1-WT–
induced p-IKKβ was inhibited by IKAM-1 (Fig. 5C and SI
Appendix, Fig. S5F). In addition, in MAP3K1-WT–transfected
HeLa cells that stably express a luciferase reporter gene under
the control of NF-κB response element, NF-κB activity
was induced and no such increase was observed in the
MAP3K1-KD–transfected cells (Fig. 5D). Moreover, TNF-
α–induced MAP3K1-IKKβ–mediated NF-κB activation was
inhibited by IKAM-1, while the control compound analog 14
did not (Fig. 5D). Although MAP3K12 was not inhibited by

IKAM-1 in the dose–response study, to assess MAP3K12
contribution to the growth of PC cells, IKAM-1, analog 14,
and DLK-In-1, a potent MAP3K12 inhibitor (Ki = 3 nM)
(32), were subjected to growth inhibition studies in PC cell
lines. IKAM-1 inhibits the growth of PC lines with low-
micromolar potencies, while analog 14 or DLK-In-1 did not
(Fig. 5E and SI Appendix, Fig. S5G). These data show that
although 13-197 and IKAM-1 modulate p-IKKβ levels they
exhibit different target profiles.

Characterization of IKAM-1 for TNF-α–Induced NF-κB Pathway-
Selective Inhibition. Next, we assessed the ability of IKAM-1 to
selectively inhibit TNF-α–induced MAP3K1-IKKβ–mediated
NF-κB activity, using isogenic HeLa cell lines that stably
express a luciferase reporter gene under the control of either
NF-κB response element or p53 response element or AP1
response element. In dose–response studies, IKAM-1 selectively
inhibited TNF-α–induced MAP3K1-IKKβ–mediated NF-κB
activity but not Quinacrine-induced p53 activity or PMA-
induced PKC-mediated AP1 activity (Fig. 6 A–C). Cyclic-
pifithrin-α, a well-characterized small-molecule inhibitor of
p53-dependent transactivation of p53-responsive genes, was
used as positive control (33). Together, these results suggest
that IKAM-1 binds to MAP3K1, blocks IKKβ activation to
inhibit TNF-α–induced NF-κB activation.

Characterization of IKAM-1 in PC Cell Line and Animal Models.
Next, we assessed the effects of analog 12 and IKAM-1 on
NF-κB pathway proteins in a dose–response studies. Both ana-
log 12 and IKAM-1 inhibited IκBα phosphorylation in a dose-
dependent manner, suggesting inhibition of IKKβ activity. We
previously showed that IKKβ inhibitors down-regulate Mcl-1
(23, 34); consistent with this observation, IKAM-1 and analog
12 showed robust reduction in Mcl-1 levels with no change in
Bcl-xL. We also observed a dose-dependent increase in cleaved
PARP, indicating the induction of apoptosis (SI Appendix, Fig.
S6A). In a cell viability study with a panel of PC cell lines, ana-
log 12 and IKAM-1 inhibited cell growth with low-micromolar
potencies, which were comparable to an ATP-competitive
IKKβ inhibitor (TPCA1) (35) and BMS345541 (Fig. 6D and

Fig. 4. Discovery of 39-100 (IKAM-1), an orally bioavailable quinoxaline analog. (A) 13-197, 12, and IKAM-1 subjected to human liver S9 fraction. The table
lists the clearance and half-life for the three analogs. (B) Evaluation of BMS345541, 12, and IKAM-1 in a luciferase reporter assay for the inhibition of TNF-
α–induced IKKβ-mediated NF-κB activation in A549 cells (n = 3). (C) Oral and intravenous dose pharmacokinetic studies were performed in CD1 mice. The
oral dose of IKAM-1 was 10 mg/kg, and the intravenous dose was 10 mg/kg. Data represented are average ± SD (n = 3).
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SI Appendix, Fig. S6B). We compared the ability of IKAM-1
with TPCA1, BMS345541, and the Smac mimetic clinical can-
didate LCL161 to induce apoptosis. Results revealed that
IKAM-1 induces caspase 3/7 mediated apoptosis and has com-
parable potencies with the IKKβ inhibitors and the Smac
mimetic LCL161 in PC cell lines (Fig. 6E).
According to the human protein atlas database, the 5-y sur-

vival of PC patients with high MAP3K1 levels is 15%; how-
ever, this increases to 50% in PC patients with low MAP3K1
levels. This, along with the reports that show IKKβ plays a key
role in KRAS mutation-associated PC, prompted us to assess the
efficacy of IKAM-1 in orthotopic PC models. To test the efficacy
of IKAM-1 in a syngeneic orthotopic model, C57BL/6 mice
were orthotopically challenged with KrasG12D/Trp53R172H/
Pdx1Cre (KPC) tumor cells (5 × 104) derived from a primary
culture of spontaneously generated murine KPC tumor. Six days
postchallenge, treatment cohorts began receiving daily oral
administration of IKAM-1 (40 mg/kg) for 4 wk. IKAM-1 was
formulated as previously described (28), and 100 μL of IKAM-1
solution was dosed daily by oral gavage. In parallel, we also
treated mice with gemcitabine at 100 mg/kg every 4 d by
intraperitoneal administration. Animal necropsies were gener-
ally unremarkable; with the exception of periodic gastric gas
accumulation, IKAM-1–treated mice showed no apparent
signs of toxicity. The final tumor volumes and weights from

mice from the various groups are summarized in SI Appendix,
Fig. S6 C and D. These results demonstrate that IKAM-1 does
not exhibit any adverse effect in pancreatic tumor bearing
mice with an intact immune system.

Next, we used an orthotopic xenograft model to assess the
effects of IKAM-1 on pancreatic tumors derived from human
cell lines to mimic late-stage pancreatic tumors in patients.
Fourteen days postorthotopic implantation of PC cells (T3M4
with KrasQ61H), mice were treated orally with either IKAM-1
(40 mg/kg) or vehicle. In IKAM-1–treated mice, we observed
reduced tumor weight and tumor volume (Fig. 6 F and G and SI
Appendix, Fig. S6E) when compared to vehicle-treated mice.
Additionally, we observed reduced expression of p-IKKβ in the
IKAM-1–treated tumors when compared to vehicle-treated
tumors (Fig. 6H and SI Appendix, Fig. S6F), indicating in vivo
target perturbation. We also observed reduced Ki67 and CD31+

tumor cells in IKAM-1–treated tumors as compared to vehicle-
treated tumors (SI Appendix, Fig. S6G). Consistent with reduced
CD31 staining, we observed reduced metastasis to the perito-
neum and liver, and no metastasis to lung and diaphragm in
IKAM-1 as compared to vehicle-treated tumor-bearing animals
(SI Appendix, Fig. S6H). Together, these results show that oral
dosing of IKAM-1 reduced p-IKKβ levels in tumors, and reduced
PC tumor growth and metastasis with no obvious toxicities (SI
Appendix, Fig. S6H) in a human orthotopic xenograft model.

Fig. 5. Mechanism of action studies with IKAM-1. (A) Kinome profiling (KiNativ) dose–response study with IKAM-1 in PANC1 cells. Each spot represents a
kinase inhibited by IKAM-1 at the indicated concentration (black: 10 μM; red: 7.5 μM; violet: 5 μM; green: 2.5 μM; and yellow: 1.25 μM). (B) MiaPaCa2 cells
were treated with increasing concentrations of IKAM-1; the lysates were probed for p-IKKβ and IKKβ levels. (C) Western blot analyses with indicated antibod-
ies of lysates from MAP3K1-KD (K1253M, V1467L) or MAP3K1 transfected HeLa cells in the presence and absence of IKAM-1. (D) MAP3K1-KD (K1253M,
V1467L) or MAP3K1-WT were transiently transfected into HeLa cells that stably express a luciferase reporter gene under the control of an NF-κB response
element. The MAP3K1 transfected cells were stimulated with TNF-α (20 ng/mL) for 6 h in the presence and absence of IKAM-1 or analog 14. The NF-κB activ-
ity was measured using luciferase reagent at the indicated conditions and normalized to cell viability. Data represented as average ± SD (n = 3). P value
determined by two-tailed Student’s t test, ***P < 0.0005. (E) Growth inhibition studies with IKAM-1, and analog 14 in PC cell lines (PANC1 and CFPAC1). Cell
viability was determined using PrestoBlue following incubation of compounds for 72 h. Data represented are average ± SEM (n = 3).
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Discussion

Our interest in IKKβ stemmed from elegant studies that reported
pancreas-specific elimination of IKKβ resulted in stalling of
Kras mutation-driven PC at the pancreatic intraepithelial neo-
plasia stage (5, 6). The reduced levels of p-IκBα observed in
our IKKβ KO cells is consistent with previously reported ele-
vated levels of nuclear RELA levels observed in majority of
pancreatic ductal adenocarcinoma tumors (36). Unlike ortho-
topic implantation of AsPC-1 cells expressing the nonphos-
phorylated form of IκBα, which reduced metastasis but did
not affect tumor growth (37), we found that IKKβ KO in
MiaPaCa2 cells dramatically reduced tumor growth. The pres-
ence of elevated levels of nuclear RELA in most PC tumors
but not in adjacent normal tissue indicates constitutive activa-
tion of IKKβ. Activated IKKβ protects cancer cells by regulat-
ing the levels of antiapoptotic proteins and in the presence of
oncogenic insults drives tumor growth (3, 4). Consistent with
the above, in patient-derived PC tissue we observed elevated
levels of activated IKKβ in PC tumors and liver metastasis
when compared to adjacent ductal cells or the stroma. More-
over, the presence of a subpopulation of ca-IKKβ in PC cells
and, unlike in normal cells, the inability of PC cells to
de-activate cytokine-induced activation of IKKβ implicates
activated IKKβ as a viable target for PC therapy.

The development of ATP-competitive IKKβ inhibitors was
stalled following unanticipated toxicities (7, 13). Imidazo[1,2-a]
quinoxaline analog BMS345541, was the first allosteric IKKβ
inhibitor that was reported and was shown to inhibit mela-
noma tumor growth in subcutaneous models (29, 38).
Through iterative synthesis and screening we identified a qui-
noxaline urea analog 13-197 that inhibited PC tumor growth
and metastasis (23, 34). More recently, we showed while
BMS345541 does inhibit IKKβ in an ATP-competitive man-
ner, 13-197 was an ATP noncompetitive IKKβ inhibitor (22).
Here we show that 13-197 reduced p-IKKβ levels providing
the molecular basis for the previously reported antitumor
effects (23, 24).

A >30% rat oral bioavailability (F) is a go/no-go criteria for
pretherapeutic lead compounds. This can be achieved for com-
pounds such as 13-197 (%Frat = 16) through systematic
structure-activity relationship (SAR) studies to engineer out func-
tionality that are a metabolic liability (30, 39). We used 13-197
and the allosteric IKKβ inhibitor BMS345541 as control com-
pounds to bookend the activity range for the TNF-α–induced
IKKβ-mediated NF-κB activity assay (23, 29). The SAR study
identified key functional groups required for activity and analog
12 exhibited comparable potency to the allosteric IKKβ inhibitor
BMS345541, while analog 14 exhibited no inhibitory activity.
Metabolic stability studies with liver microsomes showed that

Fig. 6. Efficacy studies with IKAM-1 in PC models. (A–C) Evaluation of IKAM-1 for pathway specific inhibition in HeLa cell lines that stably express a luciferase
reporter gene under the control of either NF-κB response element or p53 response element or AP1 response element (n = 3). (D) Growth inhibition studies
with analog 12, IKAM-1, TPCA1, and BMS345541 in a panel of PC cell lines (MiaPaCa2, AsPC-1, Suit2, S2013, and T3M4). Cell viability was determined using
PrestoBlue following incubation of compounds for 72 h (n = 3). (E) MiaPaCa2 and T3M4 cell lines were treated with IKAM-1, IKAM-1 + Z-Vad, TPCA1,
BMS345541, or LCL161 for 24 h. Apoptosis assessed by measuring the induction of caspase 3/7 activity using the Caspase-Glo 3/7 system (n = 3). (F and G)
IKAM-1 inhibits PC tumor growth. T3M4 cells (3 × 105 cells) were orthotopically implanted into the pancreas of athymic nude mice (n = 6). Tumors were
treated with vehicle control and IKAM-1 (40 mg/kg, by mouth for 28 d). Tumor volume and weight were measured at the time of killing. (H) Average histo-
score of p-IKKβ IHC in vehicle and IKAM-1–treated tumor-bearing animals (n = 5). Data represented as average ± SEM (n = 5), P value determined by
unpaired Student’s t test. ND, not determined.
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replacing the furan rings in 13-197 with a hydrogen atom and
2-methylpyrazole in analog 12 resulted in an approximately four-
fold improvement in the stability. It is known that the paraposi-
tion on acetanilide is susceptible to oxidation in the liver followed
by elimination through either sulfation or glucuronidation (40).
Therefore, a strategically placed F atom at the paraposition in
IKAM-1 resulted in approximately eightfold improvement in the
half-life when compared to 13-197. Metabolic profiling of
IKAM-1 suggests that replacing the methyl group with a -CF3 or
a -C2H5 would further improve the stability of the compound.
The addition of the F atom in IKAM-1 did not compromise its
ability to inhibit TNF-α–induced IKKβ-mediated NF-κB activity
and was more potent than 13-197.
Unexpectedly, unlike 13-197, IKAM-1 was inactive in

in vitro IKKβ binding and enzymatic assays, however like
13-197 it was able to reduce p-IKKβ levels. Targeting upstream
signaling components that result in the phosphorylation of
IKKβ is an alternate approach to reduce p-IKKβ levels. An
excellent example is the Bruton tyrosine kinase, which is
upstream of IKKβ, and the Bruton tyrosine kinase inhibitor
Ibrutinib is approved for the treatment of MCL. Sensitivity to
Ibrutinib correlates with reduction in IκBα phosphorylation
levels in MCL cell lines (41). Several upstream kinases, such as
MAP3K1, PKC, TBK1, and TAK1, that were reported to acti-
vate IKKβ (10, 42, 43), and a chemoproteomic kinome profiling
in PANC1 cells, identified MAP3K1 as the IKAM-1 target (44,
45). A follow-up dose–response study that assessed the ability of
IKAM-1 to inhibit >250 kinases showed that IKAM-1 is a low-
micromolar selective ATP-competitive MAP3K1 inhibitor.
MAP3K1 is a 196-kDa protein with a C-terminal kinase

domain and an N-terminal regulatory domain with no known
inhibitors. MAP3K1 is known to regulate AP1 and NF-κB
transcription and a point mutant I1394A in the kinase domain
of MAP3K1 minimally inhibited AP1 activity but completely
abolished NF-κB activity (46). This is consistent with our
observation that shows cellular selectivity of IKAM-1 for TNF-
α–induced IKKβ-mediated NF-κB activity over the PMA-
induced PKC-activated AP1 activity. Studies previously showed
that MAP3K1 activates IKK resulting in the phosphorylation
of the IKKβ substrate IκBα (9, 47). Expression of dominant-
negative (DN) MAP3K1 in PC cell lines, an amnion-derived
immortalized cell line (FL), and hepatocellular carcinoma cell
line (Huh7) showed that DN-MAP3K1 expression resulted in
reduction of the number of colonies only in PC cell lines but
not in FL or Huh7 (48). Consistent with the above, IKAM-1
inhibited growth of PC cell lines with low-micromolar potency,
while analog 14 did not, suggesting that IKAM-1 perturbs
kinase activity of MAP3K1 to inhibit growth of PC cells. In
addition to the IKKβ-mediated NF-κB pathway, MAP3K1 also
promotes signaling through ERK, JNK, and p38 in response to
different cellular cues. This is apparent in the differential
growth effects observed in MiaPaCa2 cells in the absence of
IKKβ vs. inhibition of MAP3K1 by IKAM-1.

There are a limited number of studies that explored perturb-
ing IKKβ function in orthotopic pancreatic tumor models that
mimics the human condition. The efficacy of orally adminis-
tered IKAM-1 in syngeneic and xenograft PC orthotopic mod-
els was comparable to those reported with other modulators of
IKKβ, which include NEMO binding peptide (intraperitone-
ally) in an HPNE/KrasG12V/P16sh xenograft model and IKKβ
inhibitors PS-1145 (intraperitoneally) in a PANC1 xenograft
model (17, 49). Together these studies suggest that blocking
MAP3K1-IKKβ–mediated activation of the NF-κB pathway
could be explored as a therapeutic modality for PC.

In conclusion, we report the discovery of a small-molecule
pair of IKAM-1/analog 14 that may be used to dissect the
MAP3K1-IKKβ signaling axis in PC. Our findings suggests
that MAP3K1-mediated IKKβ activation contributes to KRAS
mutation-associated PC growth and IKAM-1 is a viable pre-
therapeutic lead. Activation of parallel pathways is suggested as
a major reason for the disappointing performance-targeted
agents. In an elegant study, Xue et al. (50) recently showed that
MAP3K1-mediated JNK-JUN activation contributes to MEK
inhibitor resistance and predicted that small-molecule inhibitors
of MAP3K1 will be synergistic with MEK inhibitors. Thus, the
availability of IKAM-1 also facilitates future combination studies
with not only clinically used MEK/ERK inhibitors but also com-
pounds that target the NF-κB pathway proteins downstream of
the IKK complex.

Materials and Methods

The complete experimental methods and materials used are included in SI
Appendix. Details relate to all the materials used, including chemicals, antibod-
ies, plasmids, cell lines, and animals. All animal experiments conducted were
approved by the University of Nebraska Medical Center Institutional Animal Care
and Use Committee. Experimental details include CRISPR-Cas9–mediated IKKβ
KO cell line generation, synthesis protocols used to generate the analogs, and
characterization of the intermediates and final products, cell viability assays, lucif-
erase reporter assay, metabolic stability studies, DNA transfection, Western blot-
ting, caspase 3/7 assay, pharmacokinetic studies, IHC, and orthotopic PC
models.

Data Availability. All study data are included in the main text and
SI Appendix.
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