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The protein kinase promiscuities in the cancer-preventive

mechanisms of NSAIDs

Povilas Norvaisas, Diana Chan, Kenji Yokoi, Bhuvanesh Dave

and Arturas Ziemys

NSAIDs have been observed to have cancer-preventive
properties, but the actual mechanism is elusive. We hypothesize
that NSAIDs might have an effect through common pathways
and targets of anticancer drugs by exploiting promiscuities of
anticancer drug targets. Here, we have explored NSAIDs by their
structural and pharmacophoric similarities with small anticancer
molecules. In-silico analyses have shown a strong similarity
between NSAIDs and protein kinase (PK) inhibitors. The
calculated affinities of NSAIDs were found to be lower than the
affinities of anticancer drugs, but higher than the affinities of
compounds that are not specific to PKs. The competitive
inhibition model suggests that PK might be inhibited by around
10%, which was confirmed by biochemical screening of some
NSAIDs against PKs. NSAIDs did not affect all PKs universally,
but had specificities for certain sets of PKs, which differed
according to the NSAID. The study revealed potentially new

Introduction

NSAIDs are among the most widely used drugs that are
accessible without a prescription. The primary role of
NSAID:s is to inhibit cyclooxygenase (COX) activity leading
to the synthesis of prostaglandins that cause inflammation-
associated symptoms, like pain or fever (Vane, 1971). There
are two main COX isoforms distinguished: COX-1 and
COX-2. COX-1 is constitutively produced in most tissues,
whereas COX-2 is induced by various stimuli, including
cytokines and hormones (Davies e 4/, 2002). There are
more than few dozen NSAIDs, which include well-known
compounds such as aspirin, ibuprofen, sulindac, celecoxib,
and others that bind most COX isoforms, or are more spe-
cific to COX-2. The toxicity of NSAIDs is most frequently
associated with cardiotoxicity (Patrono and Rocca, 2009) or
gastrointestinal bleedings (Bjorkman, 1998).

In addition to their anti-inflammatory activity, there is evi-
dence that NSAIDs reduce the risks of some types of cancer.
Among the earliest studies published was a report from the
1970s that showed the inhibitory effect of aspirin and indo-
methacin on the osteolytic activity of Walker sarcoma in rats
(Powles e al., 1973). In addition, in a year-long study,
sulindac was shown to inhibit and eliminate colon polyp
growth, confirming the results on indomethacin and pirox-
icam in animals (Waddell and Loughry 1989). A decrease in
death from colon cancer was found among men and women
who used aspirin 16 times or more per month (Thun e a/.,
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features and mechanisms of NSAIDs that are useful in
explaining their role in cancer prevention, which might lead to
clinically significant breakthroughs in the future. European
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1991). Another early study showed that high levels of pir-
oxicam in the diet of rats resulted in fewer colon tumors
compared with control animals (Reddy ¢ @/., 1987).

Clinical correlations have been made between NSAIDs and
cancer in the human population. In 2009, an international
group of researchers published a consensus statement sup-
porting the benefits of aspirin and other NSAIDs as cancer
therapeutics (Cuzick ¢ 4/, 2009). In 2011, Rothwell and col-
leagues presented an in-depth study that described statistical
(25570 patients) correlations between long-term aspirin use
and cancer, finding a lower risk of death among patients
consuming aspirin, because of a decrease in gastrointestinal
and solid tumors (Rothwell ¢z 2/., 2010). It was shown that the
beneficial effects of aspirin in esophageal, pancreatic, brain,
lung, stomach, and prostate cancers manifested after 5 or more
years of regular use (Rothwell ¢ a/., 2011).

Cancer is a complex and heterogeneous phenomenon,
appearing locally at initial stages of development, with no
trivial relationships with other biologically complex pro-
cesses such as inflammation. The link between inflamma-
tion and cancer was established many years ago by Rudolf
Virchow (Balkwill and Mantovani, 2001). In the 1990s,
DuBois and colleagues reported upregulated COX-2 levels
in individuals with colorectal cancer (Eberhart ¢z /., 1994),
making a closer connection between NSAID pathways,
inflammation, and cancer. Later, COX-2 upregulation was
reported in other cancer types, and COX-2-selective drugs
were shown to have potential therapeutic value (Cha and
DuBois, 2007). Furthermore, the cancer and inflammation
domains overlap in biological pathways (Dubois ez a/., 1998).
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Among the mechanisms not involving COX-2 (Hinz and
Brune, 2002) is the proapoptotic effect of NSAIDs
against cancer cells (Zerbini ez al., 2006). The Wnt path-
way has been shown to be critical in cancer development
(Nusse e al., 1984), and NSAIDs have been shown to
interfere with targets in this pathway (Dihlmann and von
Knebel Doeberitz, 2005). In addition, the involvement of
p53 and MAPK signaling pathways has also been reported
(Ho e al., 2003). However, despite extensive studies by
different research groups and decades of research and
thorough clinical correlations, the mechanism of NSAID
action is far from being clear. Moreover, the discovery of
clear cancer-preventive mechanisms of NSAIDs requires
more research (Hudis e 4/, 2012).

The fact that NSAIDs may interfere with other pathways,
can inhibit the development of tumors, and affect tumors of
different phenotypes, as described above, lets us hypothe-
size that NSAIDs could interfere with fundamental path-
ways controlling cell growth and differentiation in a similar
manner to anticancer drugs. Molecular promiscuities are
common even for anticancer drugs that have more than a
few targets, such as imatinib — the widely used protein
kinase (PK) inhibitor (Broekman ¢ «/., 2011). Hence, here
we investigate the similarities of NSAIDs to small-molecule
anticancer drugs, seeking to understand more about
NSAIDs. Using in-silico tools and in-vitro screening, we
outline ligand-based and structure—physicochemical-based
similarities between NSAIDs and anticancer drugs, leading
to potential targets and pathways other than the COX
pathway that NSAIDs could modulate.

Materials and methods

Databases

There were 35 NSAIDs and 81 chemotherapeutic sub-
stances analyzed in our study. Most of the structures of these
drugs, together with accompanying data, were obtained from
the DrugBank database. If experimental logP values were
not available, they were supplemented with the XlogP tool
in Knime software (Berthold ¢ a/., 2008). Before further
analysis, all of the structures were cleaned of salts and
optimized using the OpenBabel MMFF94 method.

Ligand-based comparison

NSAIDs were compared with chemotherapeutic drugs
and metabolites. Ligands were compared using a com-
posite measure based on the following steric and physi-
cochemical similarities: pharmacophoric alignment and
logP. Structural and pharmacophore comparisons were
accomplished wusing Align-it software (Silico IT,
Wijnegem, Belgium; /Aup.//silicos-it.com/software/sofrware.
html). In both of these tools, similarities between struc-
tures were measured in terms of the Tanimoto coefficient
(T.), which provides the similarity score in the unitary
scale. To tackle physicochemical similarities, we used
antilogarithmic logP values, which were also compared

using 7. The final score for each ligand-ligand pair was
obtained by multiplying individual matrix scores.

Docking

Docking of the drugs into targets was performed using
LeadIT software from BioSolvel T (Leadl'T; A#p./flwww.
biosotveit.de[LeadlT). The best docking poses were eval-
uated using the Hyde method to determine the contribu-
tion of hydration. Targets of the chemotherapeutics were
identified according to the data in DrugBank and their
corresponding structures were retrieved from the RSCB
PDB database (Kouranov ez al., 2006), giving preference to
the structures with highest resolution. A docking study was
performed in three steps. First, we docked the reference
chemotherapeutic compounds and then evaluated the root
mean square deviation by comparing with the crystal-
lographic data to test the performance of the method. We
then docked a negative control set of common metabolites
to identify the activity of nontherapeutic compounds. We
used randomly selected metabolites from the Human
Metabolome Database (Wishart ez 4/, 2007) as negative
controls. This allowed us to set a scale on the results by
comparing functionally divergent classes of compounds —
drugs and metabolites. Common metabolites should not
have any therapeutic role, but are present and can theo-
retically compete for binding to targets. Finally, we docked
the selected NSAIDs into corresponding target structures.
The following PDB structures were used: 2GQG, 3CS9,
3HMI, 3V99, 4E26, 3C4C, 211M, 1M17, 2ITY, 1XKK,
1IMQOB, 3RCD, 3HNG, 1R]B, 2DQ7, 3VO3, 3GOE, 1NSG,
4A0], 3MJG, 31QU, 2 x 2L, 2ZH8H, 3KMR, 2P1T, 4DM6,
1H9U, 1EXA, 2GLS8, 3NT1, 1IEQG, 1VTH, 2DES, 1D67.
All docking poses were postprocessed with Hyde to eval-
uate the free energy of binding (Schneider e7 a/., 2012).

Compounds

The following NSAIDs were studied: diclofenac, etodolac,
indomethacin, ketorolac, nepafenac, sulindac, tolmetin, car-
profen, celecoxib, etoricoxib, lumiracoxib, parecoxib, lornox-
icam, meloxicam, piroxicam, tenoxicam, meclofenamic acid,
mefenamic acid, niflumic acid, nabumetone, vilazodone,
misoprostol, fenoprofen, flurbiprofen, ibuprofen, ketoprofen,
naproxen, oxaprozin, suprofen, tiaprofenic acid, phenylbuta-
zone, acetylsalicylic acid, diflunisal, salicyclic acid, and salsa-
late. Only small molecular weight chemotherapeutic
compounds were selected in this study (~80). Forty-four
metabolites were used as negative controls, having structures
of amino acids, lipid acids, monosaccharides, and compounds:
acetyl-CoA, fumaric acid, malonyl-CoA, oxalosuccinic acid,
pyruvic acid, urea and water.

Biochemical screening

The biochemical screening services of selected NSAIDs
against PKs were purchased from Millipore Co. (Billerica,
Massachusetts, USA) at 10 mmol/l ATP and 100 pmol/l
NSAID concentrations using two replicas per compound.
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Competitive inhibition
The competitive inhibition model was applied to study
the effect on NSAIDs:

Vmax [S]

' Ky (H—%) +is)'

(1)

where [§] is the concentration of ATP, [/] is the con-
centration of the inhibitor (NSAID or chemotherapeutic
drug), Ky is the Michaelis-Menten constant, K; is the dis-
sociation constant of the inhibitor, and V is the reaction
velocity. Physiological average values were used for [$] and
Ky, Smmol/l  (Beis and Newsholme, 1975) and
1% 107> mol/l (Prowse and Lew, 2001; Knight and Shokat,
2005), respectively. K; was calculated from docking energies.

1

K= P (CAG/RT)’ @

where AG is the inhibitor affinity or docking energy after
analysis rescoring docking poses with Hyde software, R is
the gas constant, and 7"is the absolute temperature.

Results

Ligand comparison

The anticancer and NSAID compounds were compared
by consolidating them into related chemical families to
explore the potential target promiscuities. The ligand-
based comparison presented in Fig. 1 in the form of a
heatmap helps understand whether NSAIDs can poten-
tially be ligands for other targets rather that COX alone.
Many NSAID families showed similarities to PK inhibi-
tors, especially fenamate-based NSAIDs. Enolic acid
derivatives and salicylates also showed similarities to
anthracyclines and other inhibitors. No or very little
similarity to chemotherapeutic compound families of
antimetabolites or compounds involved in chemical
modification, such as alkylating agents, was found (Fig. 1).

Using a family-based comparison, we have narrowed down
on a drug—drug comparison focusing on PK inhibitors and
anthracyclines, because they have shown several similarities
to anticancer drugs across many NSAID families. The ana-
lysis found aspirin to have high scores against a large number
of chemotherapeutics (Fig. 2). This might be a result of the
small molecular weight of aspirin, and an aspirin-like frag-
ment could have been identified in corresponding antic-
ancer molecules. Although salicylic acid is related to aspirin,
it did not show a corresponding high similarity. NSAIDs
have shown an average similarity to masoprocol, the antic-
ancer agent whose main target is apolipoxygenase A (LOX)
and is structurally and genetically related to COX-2. On the
basis of the calculated highest score or the calculated highest
average score against all anticancer drugs, nabumetone,
aspirin, meclofenamic acid, mefenamic acid, etodolac,
diflunisal, and niflumic acid are the NSAIDs that are most
similar to PK inhibitors. Oxicam family compounds show
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Heatmap of a similarity matrix with a corresponding dendrogram based
on pharmacophoric alignments and physicochemical pairwise
comparisons of different classes of anticancer drugs and NSAIDs.
Brighter shades show greater similarities. COX, cyclooxygenase.

the lowest similarity, together with nepafenac. On the basis
of computed pharmacophoric and physicochemical simila-
rities, no single NSAID shows similarity to all investigated
PK inhibitors and anthracyclines. Most of the NSAIDs have
narrowly defined similarities (Fig. 2); for example, diclofenac
shows similarities to bexarotene, tretoin, everolimus, etho-
dolac, masoprocol, imatinib, vindesin, and a few other
compounds.

Structural comparison

Ligand-ligand comparisons suggested highest simila-
rities, leading to specific targets associated with che-
motherapeutics drugs. All targets were identified using
DrugBank and available structures were used to identify
docking studies. Each specific target was docked with
ATP, the corresponding chemotherapeutic drug, the
corresponding NSAID from the ligand-ligand compar-
ison, and a set of common metabolites. The set of com-
mon metabolites were docked to each target also to
establish nonspecific affinities toward targets, which
helps judge the specificity of other docked compounds.

The docking results show examples of how ligand—ligand
similarity is correlated with structural data. Figure 3a shows the
crystal structure of nilotinib and the docked nilotinib in ABL1.
The docked nilotinib almost perfectly overlies the crystal
structure, leading to a root mean square deviation of 0.37 A,
Meclofenamic acid docking into ABL1 reveals identical
overlap with fragments of the crystal structure of nilotinib. It
was interesting to explore docking of NSAIDs to DNA. Some

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.



80 European Journal of Cancer Prevention 2016, Vol 25 No 1

Fig. 2
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Heatmap of a similarity matrix based on pharmacophoric and physicochemical ligand-ligand comparisons between anticancer drugs and NSAIDs.

COX, cyclooxygenase; PK, protein kinase.

experimental data suggest that aspirin could intercalate DNA
(Neault ¢ al., 1996). The comparison of individual ligands
revealed similarities between aspirin and other anthracyclines
that intercalate DNA as well. The docking of doxorubicin to
DNA showed a perfect match to the crystal structure, and the
docking of aspirin led to the conformation in which the aro-
matic ring of aspirin intercalates DNA (Supplementary
material). The examples of nilotinib/meclofenamic acid and
doxorubicin/aspirin  pairs illustrate the possible relations
between physicochemical, pharmacophoric, and structural
properties.

Figure 3b illustrates the average affinity for each class of
compounds. On the basis of the average docking ener-
gies, anticancer drugs have the highest affinity, whereas
metabolites have the lowest affinity. This result serves as
a validity test to show that NSAIDs might have a sig-
nificant affinity for PKs. NSAIDs show intermediate
affinity together with ATP. The data spread is large, but
results average all different targets and well illustrate a
general trend.

Kinetics

We have applied the competitive inhibition model to
evaluate to what level NSAIDs could inhibit PK targets
assuming the physiological ATP concentration and how
the inhibitory strength of NSAIDs could compare to that
of anticancer drugs. On the basis of the average calcu-
lated affinity from the docking results, we calculated
Ki=15x10"" and 1.5x10~° for anticancer drugs and
NSAIDs, respectively. Figure 4a shows the substantially
reduced reaction rate of anticancer drugs at their con-
centration of 10~ mol/l (Peng ez al., 2004; Van Erp et al.,
2009). The effect of NSAIDs was evaluated assuming
NSAID concentrations at Cp,,, values that fluctuate
around 10~ *mol/l (Ross-Lee e al., 1983; Tiirck e al.,
1996; Davies et al., 2000). The inhibition model shows
that NSAID concentrations below 107> mol/l should
have a very small effect on the reaction rate of PKs. On
increasing the NSAID concentration, the reaction rate
starts to decrease, leading to a 10-20% reduction in the
PK reaction rate at 0—=5 mmol/l [§]. The calculated frac-
tion of PKs occupied by NSAIDs and anticancer drugs is

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.
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of nilotinib (blackg structure), with a root mean square deviation
(RMSD) of 0.37 A. Docked meclofenamic acid (white structure) overlaps
with nilotinib fragments in the ABL1 pocket. (b) Comparison of average
calculated affinities of chemotherapeutic compounds, ATP, NSAIDs, and
metabolites. Dockings were performed in the selected targets of anticancer
drugs. Chemo, chemotherapeutic; PK, protein kinase.

shown in Fig. 4b. Considering the physiological con-
centrations, 10% of PKs should be bound with NSAIDs,
whereas up to 90-95% of PKs could be bound with the
corresponding anticancer drugs. However, mutated PKs
found in cancers usually have increased activity, with a
10-fold or even a 100-fold increase in Ky; (Brasher and
Van Etten, 2000; Carey e7 a/., 2006; Yun ¢z al., 2008), and
thus greater sensitivity to inhibition.

T'o evaluate whether NSAIDs could modulate PK activity,
biochemical NSAID screening was performed for seven
chosen NSAIDs (aspirin, celecoxib, diflunisal, ibuprofen,
ketorolac, nabumetone, piroxicam) against ABLL1, B-RAF,
C-RAF, EGFR, FL'T1, FL'T3, FMS, FYN, KDR, KIT,
RET, and SRC. Because anticancer drugs themselves
show target promiscuities against PKs, the activities of PKs
are presented as the average activity of PKs for each
NSAID, as presented in Fig. 5. Inactivation by ~10% can
be observed for the screened NSAIDs, which was pre-
dicted by the competitive inhibition model (Fig. 4). The
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The catalytic kinetics of PK targets interpreted by competitive inhibition.
(a) The reduced reaction rate without inhibition (V) and with inhibitors
(Vehem, anticancer drugs; Vysaip, NSAIDs) as a function of the
physiological ATP concentrations. The numbers denote the NSAID C,,,,
concentration used to calculate V/Vi,a,. (b) The target fraction
inactivated by chemotherapeutics and NSAIDs on the basis of their
average calculated affinities as a function of their concentrations.
Chemo, chemotherapeutic; PK, protein kinase.

exception is aspirin, which did not lead to a significant
change in the average activity of PKs.

Discussion

There are many different studies suggesting different
mechanisms of action of NSAIDs in cancer prevention. The
fact that different NSAIDs can reduce the incidence of
cancer across different phenotypes suggests that the
mechanism possibly involves exploitation of universal bio-
chemical pathways. PKs are universal and the key targets
involved in the regulation of mostly all cellular processes.
Small-molecule cancer therapeutics have been developed to
bind PKs and suppress or arrest cell growth and proliferation.
Our main aim was to explore whether it is possible that
NSAIDs might exert similar, but much milder, effects to
anticancer drugs, avoiding the well-known toxicities of
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Fig. 5
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anticancer drugs, but still suppressing tumor growth — that is,
suppressing cellular proliferation and growth. For NSAIDs
to cause suppression, they should show similarities to
anticancer molecules and an affinity toward the targets of
anticancer drugs. Promiscuities can certainly be a result of
the physicochemical and structural properties of ligands. It
has been shown that the highest promiscuity is observed for
lower molecular weight compounds (~300 Da), which have

hydrophobic logP values of 2-6 (Hopkins ¢ a/., 2006), which
are highly ~ similar  to NSAIDs: molecular
weight =289.51£64.2 Da and logP=3.3£0.9.

The ligand-family-based comparison of NSAIDs with
anticancer drugs using logP and pharmacophoric alignment
differentiated functionally different families of compounds;
for example, no NSAID family has shown similarities to
alkylating agents, platinum-based compounds, or anti-
biotics (Fig. 1). In addition, no similarity was found
between NSAID families and families of pyrimidine and
purine antagonists (antimetabolites). However, the ligand-
based comparison identified similarities between NSAIDs
and anticancer compounds that function as ligands, such as
PK inhibitors or anthracyclines.

"The ligand-ligand comparison between families of PK inhi-
bitors and anthracyclines, and NSAIDs revealed that similarity
to NSAIDs is dependent on a specific ligand-ligand couple,
even within the same family of compounds. The absence of
universal similarity between NSAIDs and anticancer com-
pounds suggests that different NSAIDs could interact differ-
ently with the targets of anticancer drugs in biochemical
pathways. The biochemical screening results also show a large
spread of effects of NSAIDs against the investigated PKs,
confirming that NSAIDs could possess different specificities
for different PKs. Mild activation of PKs was observed from
the biochemical screening results, contrary to inhibition, which
could be explained by other potential NSAID interactions
with targets, such as possible allosteric modulation.

Structural analysis by in-silico screening has shown that
NSAIDs can dock inside active centers of PKs. NSAIDs
are slightly smaller compounds than chemotherapeutic
molecules; therefore, they can be compared as fragments.
"This kind of behavior is illustrated in the case of meclo-
fenamic acid in ABLL1. However, this does not guarantee a
strong affinity of NSAIDs toward a target. All docking
poses were re-evaluated for free energy change, revealing
that NSAIDs have a higher affinity toward chemother-
apeutics compared with PKs, but a lower affinity toward
common metabolites compared with PKs. The use of
metabolites not associated with the activity of PKs helped
show that calculated NSAID affinities are significant and
might help NSAIDs lead in the competition for binding
to PKs. The trend shows that the affinity of NSAIDs is
numerically higher than that of metabolites by 10 kJ/mol.
The evaluated average NSAID affinities from docking
studies and experimental kinetic parameters have sug-
gested that NSAIDs could inactivate PK activity by 10%
on the basis of the competitive inhibition model.
Biochemical screening has confirmed ~ 10% inactivation
of PKs in the presence of NSAIDs. The limited inhibition
of PKs supports the need for long-term administration of
NSAIDs, typically 3-5 years, to observe statistically sig-
nificant effects (Rothwell ez /., 2011). In contrast, we can
anticipate that stronger inhibition of PKs by NSAIDs
would lead to stronger toxicities that are highly associated
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with anticancer drugs. However, the present toxicities of
some NSAIDs could also be reviewed in the context of
PKs. It is also possible that mutated PKs with higher
activities would be more sensitive to NSAIDs.

The investigated targets against NSAIDs and their
immediate partners have been consolidated into path-
ways, as shown in Fig. 6. The pathways integrate
COX-1/2, its related counterpart 5-1.OX, and the recently
identified IKKp. We have included DNA, as previous
studies have shown that aspirin can reside in the minor
groove of DNA and is capable of intercalation (Bathaie
et al., 2010). On the basis of our analysis, individual
NSAIDs show promiscuity and seem to have moderate
affinities toward several targets. This should not come as
a surprise, as PKs are closely related and retain similar
structural patterns. The intended inhibitors of PKs, such
as omatinib, dasatinib, gefitinib, erlotinib, and nilotinib,
have also been reported to have considerable levels of
promiscuity (Arora and Scholar, 2005; Vajpai e al., 2008;
Zhang et al., 2009; An et al., 2010). Actually, it was rea-
soned that their efficacy is closely related to their ability
to inhibit several related forms of kinases at the same
time, as in the case of imatinib (Baselga, 2006).

Figure 6 shows that PK targets interact with DNA through
biochemical pathways and affect common functions of cells

Fig. 6
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and their microenvironment. Cellular features such as
migration, inflammation, and angiogenesis are frequently
associated with tumorigenesis, cancer, and metastasis.
Whereas NSAIDs acting through COX targets affect those
cellular features, those acting through PKs contribute a
parallel and synergistic input toward the suppression of
cellular functions aiding or facilitating cancer development.
A variety of PKs have been implicated in the signaling
cascades responsible for cancer development and growth
(Krause and Van Etten, 2005). Therefore, NSAIDs can
suppress cellular proliferation and growth though partially
inhibited PKs, and indirectly — by acting on the micro-
environment through inflammation and other processes by
exploiting COX targets. One can also speculate that any
mild suppression of cancer cell proliferation and growth can
provide the immune system with more time to deal with
cancerous cells.

Conclusion

Our in-silico and in-vitro results show that NSAIDs can act
as mild PK inhibitors with low affinity and high pro-
miscuity. Mild inhibition of PKs can suppress individual
targets, but NSAID promiscuity might strengthen the
effects by acting through several PKs due to low specificity
for a target. Although no single NSAID possesses affinity
toward all PKs in general, it is possible that different
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NSAIDs might exhibit differences on the basis of cancer
phenotype, expression, or epigenetic profiles. The results
offered a new perspective toward NSAIDs as a class of
compounds, offering additional means of explaining their
cancer-preventive features. Although this study presents a
broad view on NSAIDs, further research focusing deeper
on specific targets, cancer types, and biochemical hetero-
geneity of a patient population is needed to facilitate this
research for translational purposes.

Acknowledgements

The authors acknowledge support from the Houston
Methodist Research Institute. P.N. is thankful for the
scholarship from the Baltic-American Freedom Foundation
(BAFF). The authors thank Sharangdhar Phatak for valu-
able and inspiring discussions.

Conflicts of interest
There are no conflicts of interest.

References

An X, Tiwari AK, Sun Y, Ding PR, Ashby CR Jr, Chen ZS (2010). BCR-ABL
tyrosine kinase inhibitors in the treatment of Philadelphia chromosome positive
chronic myeloid leukemia: a review. Leuk Res 34:1255-1268.

Arora A, Scholar E (2005). Role of tyrosine kinase inhibitors in cancer therapy.
J Pharmacol Exp Ther 315:971-979.

Balkwill F, Mantovani A (2001). Inflammation and cancer: back to Virchow?
Lancet 357:539-545.

Baselga J (2006). Targeting tyrosine kinases in cancer: the second wave. Science
312:1175-1178.

Bathaie SZ, Nikfarjam L, Rahmanpour R, Moosavi-Movahedi AA (2010).
Spectroscopic studies of the interaction of aspirin and its important meta-
bolite, salicylate ion, with DNA, A-T and G-C rich sequences. Spectrochim
Acta A Mol Biomol Spectrosc 77:1077-1083.

Beis I, Newsholme EA (1975). The contents of adenine nucleotides, phosphagens
and some glycolytic intermediates in resting muscles from vertebrates and
invertebrates. Biochem J 152:23-32.

Berthold MR, Cebron N, Dill F, Gabriel TR, Kétter T, Meinl T, et al. (2008). KNIME:
The Konstanz information miner. Data Analysis, Machine Learning and
Applications. Berlin Heidelberg: Springer. pp. 319-326.

Bjorkman D (1998). Nonsteroidal anti-inflammatory drug-associated toxicity of the liver,
lower gastrointestinal tract, and esophagus. Am J Med 105 (5A):17S5-218.
Brasher BB, Van Etten RA (2000). c-Abl has high intrinsic tyrosine kinase activity that is
stimulated by mutation of the Src homology 3 domain and by autophosphorylation

at two distinct regulatory tyrosines. J Biol Chem 275:35631-35637.

Broekman F, Giovannetti E, Peters GJ (2011). Tyrosine kinase inhibitors: Multi-
targeted or single-targeted? World J Clin Oncol 2:80-983.

Carey KD, Garton AJ, Romero MS, Kahler J, Thomson S, Ross S, et al. (2006).
Kinetic analysis of epidermal growth factor receptor somatic mutant proteins
shows increased sensitivity to the epidermal growth factor receptor tyrosine
kinase inhibitor, erlotinib. Cancer Res 66:8163-8171.

Cha Y|, DuBois RN (2007). NSAIDs and cancer prevention: targets downstream
of COX-2. Annu Rev Med 58:239-252.

Cuzick J, Otto F, Baron JA, Brown PH, Burn J, Greenwald P, et al. (2009). Aspirin
and non-steroidal anti-inflammatory drugs for cancer prevention: an interna-
tional consensus statement. Lancet Oncol 10:501-507.

Davies G, Martin LA, Sacks N, Dowsett M (2002). Cyclooxygenase-2 (COX-2),
aromatase and breast cancer: a possible role for COX-2 inhibitors in breast
cancer chemoprevention. Ann Oncol 13:669-678.

Davies NM, McLachlan AJ, Day RO, Wiliams KM (2000). Clinical pharmacoki-
netics and pharmacodynamics of celecoxib: a selective cyclo-oxygenase-2
inhibitor. Clin Pharmacokinet 38:225-242.

Dihlmann S, von Knebel Doeberitz M (2005). Wnt/B-catenin-pathway as a mole-
cular target for future anti-cancer therapeutics. Int J Cancer 113:515-524.

Dubois RN, Abramson SB, Crofford L, Gupta RA, Simon LS, Van De Putte LB,
Lipsky PE (1998). Cyclooxygenase in biology and disease. FASEB J
12:1063-1073.

Eberhart CE, Coffey RJ, Radhika A, Giardiello FM, Ferrenbach S, DuBois RN
(1994). Up-regulation of cyclooxygenase 2 gene expression in human colo-
rectal adenomas and adenocarcinomas. Gastroenterology 107:1183-1188.

Hinz B, Brune K (2002). Cyclooxygenase 2—10 years later. J Pharmacol Exp Ther
300:367.

Ho CC, Yang XW, Lee TL, Liao PH, Yang SH, Tsai CH, Chou MY (2003).
Activation of p53 signalling in acetylsalicylic acid-induced apoptosis in OC2
human oral cancer cells. Eur J Clin Invest 33:875-882.

Hopkins AL, Mason JS, Overington JP (2006). Can we rationally design
promiscuous drugs? Curr Opin Struct Biol 16:127-136.

Hudis CA, Subbaramaiah K, Morris PG, Dannenberg AJ (2012). Breast cancer
risk reduction: no pain, no gain? J Clin Oncol 30:3436-3438.

Knight ZA, Shokat KM (2005). Features of selective kinase inhibitors. Chem Biol
12:621-637.

Kouranov A, Xie L, de la Cruz J, Chen L, Westbrook J, Bourne PE, Berman HM
(2006). The RCSB PDB information portal for structural genomics. Nucleic
Acids Res 34 (Database issue):D302-D305.

Krause DS, Van Etten Ra (2005). Tyrosine kinases as targets for cancer therapy.
N Engl J Med 353:172-187.

Neault JF, Naoui M, Manfait M, Tajmir-Riahi HA (1996). Aspirin-DNA interaction stu-
died by FTIR and laser Raman difference spectroscopy. FEBS Lett 382:26-30.

Nusse R, van Ooyen A, Cox D, Fung KTY, Varmus H, et al. (1984). Mode of
proviral activation of a putative mammary oncogene (int-1) on mouse chro-
mosome 15. Nature 307:131-136.

Patrono C, Rocca B (2009). Nonsteroidal antiinflammatory drugs: past, present
and future. Pharmacol Res 59:285-289.

Peng B, Hayes M, Resta D, Racine-Poon A, Druker B, Talpaz M, et al. (2004).
Pharmacokinetics and pharmacodynamics of imatinib in a phase | trial with
chronic myeloid leukemia patients. J Clin Oncol 22:935-942.

Powles TJ, Clark SA, Easty DM, Easty GC, Neville AM (1973). The inhibition by
aspirin and indomethacin of osteolytic tumor deposits and hypercalcaemia in
rats with Walker tumour, and its possible application to human breast cancer.
Br J Cancer 28:316-321.

Prowse CN, Lew J (2001). Mechanism of activation of ERK2 by dual phosphor-
ylation. J Biol Chem 276:99-103.

Reddy BS, Maruyama H, Kelloff G (1987). Dose-related inhibition of colon car-
cinogenesis by dietary piroxicam, a nonsteroidal antiinflammatory drug, during
different stages of rat colon tumor development. Cancer Res 47:5340-5346.

Ross-Lee LM, Eadie MJ, Heazlewood V, Bochner F, Tyrer JH (1983). Aspirin
pharmacokinetics in migraine. The effect of metoclopramide. Eur J Clin
Pharmacol 24:777-785.

Rothwell PM, Fowkes FG, Belch JF, Ogawa H, Warlow CP, Meade TW (2011).
Effect of daily aspirin on long-term risk of death due to cancer: analysis of
individual patient data from randomised trials. Lancet 377:31-41.

Schneider N, Hindle S, Lange G, Klein R, Albrecht J, Briem H, et al. (2012).
Substantial improvements in large-scale redocking and screening using the
novel HYDE scoring function. J Comput Aided Mol Des 26:701-723.

Thun MJ, Namboodiri MM, Heath CW Jr (1991). Aspirin use and reduced risk of
fatal colon cancer. N Engl J Med 325:1593-1596.

Tirck D, Roth W, Busch U (1996). A review of the clinical pharmacokinetics of
meloxicam. Br J Rheumatol 35: (Suppl 1):13-16.

Vajpai N, Strauss A, Fendrich G, Cowan-Jacob SW, Manley PW, Grzesiek S,
Jahnke W (2008). Solution conformations and dynamics of ABL kinase-
inhibitor complexes determined by NMR substantiate the different binding
modes of imatinib/nilotinib and dasatinib. J Bio/ Chem 283:18292-18302.

Vane JR (1971). Inhibition of prostaglandin synthesis as a mechanism of action for
aspirin-like drugs. Nat New Biol 231:232-235.

Van Erp NP, Gelderblom H, Guchelaar H-J (2009). Clinical pharmacokinetics of
tyrosine kinase inhibitors. Cancer Treat Rev 35:692-706.

Waddell WR, Loughry RW (1989). Sulindac for polyposis of the colon. Am J Surg
157:175-179.

Wishart DS, Tzur D, Knox C, Eisner R, Guo AC, Young N, et al. (2007). HMDB:
the Human Metabolome Database. Nucleic Acids Res 35 (Database issue):
D521-D526.

Yun CH, Mengwasser KE, Toms AV, Woo MS, Greulich H, Wong KK, et al.
(2008). The T790M mutation in EGFR kinase causes drug resistance by
increasing the affinity for ATP. Proc Nat/ Acad Sci USA 105:2070-2075.

Zerbini LF, Czibere A, Wang Y, Correa RG, Otu H, Joseph M, et al. (2006). A
novel pathway involving melanoma differentiation associated gene-7/inter-
leukin-24 mediates nonsteroidal anti-inflammatory drug-induced apoptosis
and growth arrest of cancer cells. Cancer Res 66:11922-11931.

Zhang J, Yang PL, Gray NS (2009). Targeting cancer with small molecule kinase
inhibitors. Nat Rev Cancer 9:28-39.

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.





