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Abstract

The transcription factor Kruppel-like factor 5 (KLF5) is primarily expressed in the proliferative
zone of the mammalian intestinal epithelium where it regulates cell proliferation. Studies showed
that inhibition of KLF5 expression reduces proliferation rates in human colorectal cancer cells and
intestinal tumor formation in mice. To identify chemical probes that decrease levels of KLF5, we
used cell-based ultrahigh-throughput screening (UHTS) to test compounds in the NIH’s public
domain, the Molecular Libraries Probe Production Centers Network (MLPCN) library. The
primary screen involved luciferase assays in the DLD-1/pGL4.18hKLF5p cell line, which stably
expressed a luciferase reporter driven by the human KLF5 promoter. A cytotoxicity counterscreen
was performed in the rat intestinal epithelial cell line, IEC-6. We identified 97 KLF5-selective
compounds with EC5¢<10 pM for KLF5 inhibition and EC5g>10 pM for IEC-6 cytotoxicity. The
two most potent compounds, CIDs (PubChem Compound IDs) 439501 and 5951923, were further
characterized based on computational, Western blot, and cell viability analyses. Both of these
compounds and two newly-synthesized structural analogs of CID 5951923 significantly reduced
endogenous KLF5 protein levels and decreased viability of several colorectal cancer cell lines
without any apparent impact on IEC-6 cells. Finally, when tested in the NCI-60 panel of human
cancer cell lines, compound CID 5951923 was selectively active against colon cancer cells. Our
results demonstrate the feasibility of UHTS in identifying novel compounds that inhibit colorectal
cancer cell proliferation by targeting KLF5.
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INTRODUCTION

Kruppel-like factor 5 (KLF5; also known as intestinal Kriippel-like factor, IKLF) is a
member of the highly conserved zinc finger transcription factor family (1-3). Studies
indicate that KLF5 regulates numerous biological processes including growth, proliferation,
differentiation, development, stem cell renewal, inflammation, angiogenesis, and vascular
remodeling (4-12). In adults, KLF5 is highly expressed in the rapidly dividing crypt
epithelial cells of the intestine (13). The expression pattern of KLF5 is similar to some
components of the Wnt pathway, which regulates intestinal crypt epithelial cell proliferation
and is frequently perturbed during tumorigenesis (14, 15). Interestingly, KLF5 expression
can be modulated by Wnt signaling (16) and conversely, KLF5 modulates activity of B-
catenin, a critical mediator of Wnt signaling (17). Moreover, ectopic expression of KLF5
increases the rate of proliferation of cultured cells, leading to anchorage-independent growth
(4, 18). These studies indicate that KLF5 has a crucial role in regulating intestinal epithelial
cell proliferation.

Expression of KLF5 is frequently increased in transformed cells. For example, KLF5 was
shown to be a target of oncogenic HRAS and KRAS, and mediates their transforming
activity by targeting key components of the cell cycle (3, 19, 20). In vivo, intestinal tumors
derived from mice transgenic for oncogenic KRAS and human primary colorectal cancers
with mutated KRAS contain high levels of KLF5 (3). Importantly, genetic reduction of KIf5
in transgenic mice reduces intestinal tumor formation in mice harboring a germline mutation
in the colon cancer tumor suppressor gene, Apc, or combined Apc and KRAS mutations (1,
17). These studies underscore an essential role of KLF5 in promoting intestinal
tumorigenesis.

Expression and activity of KLF5 can be regulated at transcriptional and posttranslational
levels (21). Earlier studies identified several compounds or stimuli that modulate KLF5
expression, with consequent alteration in growth behavior, in either a positive (examples
include phorbol ester, fetal bovine serum, epidermal growth factor, and lipopolysaccharide)
(4, 12, 22) or negative (all-trans retinoic acid [ATRA] and mitogen-activated protein kinase
[MAPK] inhibitors, PD98059 and U0125) (18, 20) manner.

In a proof-of-principle effort to identify novel compounds that inhibit KLF5 expression, we
recently conducted a screen of 1,280 compounds in the Library of Pharmacologically Active
Compounds (LOPAC1280) and identified several small molecules that inhibit the KLF5
promoter activity (23). Importantly, many of these inhibitors, which reduce KLF5 protein
levels, also inhibit proliferation of colorectal cancer cell lines that exhibit high levels of
endogenous KLF5. These results provided the rationale for conducting an additional high-
throughput screen of a much larger compound library belonging to NIH’s MLPCN with the
intention of identifying additional novel and potent small-molecule inhibitors of KLF5
expression. We anticipated that optimized screening leads could help understand the in vitro
and in vivo consequences of knocking down KLF5 protein levels. Moreover, identified
molecular probes could potentially be developed as novel therapeutic agents for treating
colorectal cancer.

MATERIALS AND METHODS

Cell Lines

The human colorectal cancer cell line, DLD-1, and rat intestinal epithelial cell line, IEC-6,
were purchased from the American Type Culture Collection (ATCC). DLD-1 cells were
maintained in RPMI1640, supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin. IEC-6 cells were grown in DMEM, supplemented with 5% FBS,
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1% penicillin/streptomycin and 4pg/ml of human recombinant insulin. The DLD-1/
pGL4.18hKLF5p cell line (23) was maintained in RPMI11640 with 10% FBS and 1%
penicillin/streptomycin supplemented with 800 pg/ml of geneticin. We routinely performed
morphology checks on all cell lines. Additionally, the cell lines were tested at Bionique
Testing Laboratories for mycoplasma contamination. Furthermore, each experiment had
controls conditions to assure the behavior of tested cell lines.

Cell culture media, FBS, and geneticin were purchased from Invitrogen. The SteadyL ite
HTS assay kit was purchased from Perkin Elmer. Control compounds LY 294002 and
doxorubicin were purchased from Calbiochem and Sigma Aldrich, respectively. A cell-Titer
Glo luciferase viability assay kit was purchased from Promega. A rabbit polyclonal antibody
generated against amino acid positions 95-111 of the KLF5 protein was manufactured by
QCB. Rabbit antibodies against EGFR, pEGFR, EGRL1, pERK, p38, p-p38 were purchased
from Cell Signaling. Rabbit antibodies against ERK were purchased from Millipore. Mouse
monoclonal antibodies against B-actin were purchased from Sigma-Aldrich.

Ultrahigh-Throughput Screen (UHTS)

A. KLF5 Luciferase Cell-Based Screen—-Prior to the start of the assay, 2,500 DLD-1/
pGL4.18hKLF5p cells in 5 pl media per well were dispensed into 1,536-well plates. The
assay was started immediately by dispensing 20 nl of the test compounds in DMSO (final
DMSO concentration, 0.4%), DMSO alone (0% inhibition control), or LY294002 (final
concentration, 200 pM, 100% inhibition control) to the appropriate wells. The plates were
then incubated for 27 h at 37°C and equilibrated to room temperature for 30 minutes. The
assay was stopped by dispensing 5 ul of SteadyL.ite HTS luciferase substrate to each well,
followed by incubation at room temperature for 15 m. Well luminescence was measured on
the ViewLux plate reader. The percent inhibition for each compound was calculated as
follows: % Inhibition=[1—((Test_Compound — Median_High_Control)/
(Median_Low_Control—Median__High_Control))]*100, where: Test_ Compound is defined
as luminescence of wells containing test compound. Low_Control is defined as
luminescence of wells containing DMSO. High_Control is defined as luminescence of wells
containing LY294002.

B. IEC-6 Cytotoxicity Counterscreen—Prior to the start of the assay, 1,250 IEC-6 cells
in 5 pl media per well were dispensed into 1,536-well plates. The assay was started
immediately by dispensing 20 nL of test compound in DMSO (final DMSO concentration,
0.4%), DMSO alone (0% inhibition control), or doxorubicin (final concentration, 150 uM,
100% inhibition control) to the appropriate wells. The plates were then incubated for 48 h at
37°C and equilibrated to room temperature for 30 minutes The assay was stopped by
dispensing 5 ul of CellTiter-Glo reagent to each well, followed by incubation at room
temperature for 15 minutes. Well luminescence was measured on the ViewLux plate reader.
The percent inhibition for each compound was calculated as follows: % Inhibition=(1—
((Test_Compound-Median_High_Control) / (Median_Low_Control —
Median_High_Control)))*100, where: Test_Compound is defined as luminescence of wells
containing test compound. Low_Control is defined as luminescence of wells containing
DMSO. High_Control is defined as luminescence of wells containing doxorubicin.

Biological Activity and Chemical Structure Data

To determine nominally active compounds (“hits”) a cutoff algorithm was used, as described
previously (24). We aggregated and analyzed the primary, confirmatory, and dose-response
screening results of the human KLF5 promoter-luciferase inhibition assays and the IEC-6
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cytotoxicity counterscreen, as well as data for luciferase inhibition data (to identify possible
assay artifacts). Data for these assays are available online
(http://pubchem.ncbi.nlm.nih.gov/): KLF5 (PubChem Assay IDs (AIDs) 1700 and 1835) and
IEC-6 (PubChem AIDs 1825 and 1905) primary and confirmatory HTS data as well as dose-
response data (PubChem AIDs 1973 and 1975). Luciferase inhibition data from PubChem
AIDs 411 and 1379 was aggregated prior to use. For all compounds, a global PubChem
promiscuity Index (PCldx) was computed as previously described (25). Briefly, PCldx is the
ratio of the number of assays reported in PubChem in which a compound is found active and
the number of assays in which it was tested. All chemical structures associated with the
screening results were downloaded from PubChem using Substance Identifier number (SID).

Structure-Activity Response (SAR) Clustering and Reporting

For the most active confirmed hits (those with KLF5 dose response 1Cgp<10 uM) we
identified all structurally-related compounds screened. This information provides insight
into substructural features associated with KLF5 inhibition and regions of hit molecule
amenable to structural variability. Briefly, we employed ECFP6 fingerprints (26) and the
Tanimoto similarity threshold of 0.6 using Accelrys Pipeline Pilot (27). The resulting set of
compounds were then clustered by maximum common substructure (MCS) with a minimum
MCS size of 15 using LibMCS Clustering from ChemAxon (28). Only clusters that had at
least one seed compound (i.e. a confirmed screening hits with KLF5 IC57<10 uM) were
kept.

All results including chemical structures obtained after clustering, their biological activity
data, promiscuity data, and cluster information were then assembled into an interactive SAR
cluster report using the Pipeline Pilot reporting collection (Supplementary Figure 3). MCS
cores were highlighted for easier review of SAR in each series. The report displays the most
active compounds of each cluster in overview section, which links to each cluster series.
Compounds are displayed as a matrix of chemical structure with the numerical and textual
data shown underneath.

Western Blot Analysis

Prior to the start of the assay, 2 x 10° cells in 1 ml media per well were seeded into 12-well
plates. The assay was started 24 h post-seeding by dispensing 2 pl of test compounds in
DMSO (final DMSO concentration, 0.2%) or DMSO alone to the appropriate wells. After
24 h incubation the cells were lysed in 200 pl Laemmli buffer and subjected to
electrophoresis in polyacrylamide gel. The proteins were then transferred to a nitrocellulose
membrane and developed with appropriate antibodies. The developed films were scanned
and densitometry was performed using Scion Image software (NIH Image site:
http://rsb.info.nih.gov/nih-image/).

Cell Viability Assay

Prior to the start of the assay, 10% cells in 100 pl media per well were dispensed into 96-well
plates. The assay was started immediately by dispensing 0.5 ul of test compounds in DMSO
(final DMSO concentration, 0.4%) or DMSO alone to the appropriate wells. The plates were
incubated for 48 h and well luminescence was measured on the Biotek Synergy 2 plate
reader according to manufacturer’s protocol.

Statistical Analysis

Nonlinear regression (curve fit) test with sigmoidal dose-response was performed using
GraphPad Prism for Macintosh, GraphPad Software, San Diego California USA,
www.graphpad.com.
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RESULTS

Ultrahigh-Throughput Screen for KLF5 Inhibitors

We conducted a primary screen of the NIH small molecule library, which consisted of
290,735 compounds, using the DLD-1/pGL4.18hKLF5p reporter cell line (Figure 1;
PubChem AID 1700). This cell line stably expresses a luciferase reporter gene under the
control of 1,959-nucleotides of the human KLF5 promoter (23). The compounds were added
at a final concentration of 5 uM in 0.4% DMSO. LY 294002 (23) at 200 uM concentration
was used as a positive control with the ability to inhibit 100% luciferase activity. DMSO at
0.4% was used as negative control (Supplementary Figure 1A). The mean Z'-factor of the
primary screen was 0.58 + 0.05 (n=240 plates). The range in percent inhibition of luciferase
activity for all compounds tested in the screen exhibits a broad distribution in which the
majority of compounds were inactive (Supplementary Figure 1A).

Six hundred and seventy one library members (0.23%) achieved the active criteria of >
61.7% inhibition of luciferase activity at 5 uM (Supplementary Figure 1A and 1B). Six
hundred and nine of these compounds were available for KLF5 confirmatory screen and
IEC-6 cytotoxicity counterscreen (Figure 1). The KLF5 confirmatory screen was performed
in the same fashion as the primary screen and yielded 483 hits with a hit cutoff at 61.7%
(Figure 1; PubChem AID 1834). At the same time, IEC-6 cytotoxicity screen was performed
and yielded 340 positive hits using a viability cutoff of 21.9% (Figure 1; PubChem AID
1905).

The KLF5 confirmatory assay and IEC-6 conuterscreen identified 170 compounds that were
KLF5-specific, i.e. inhibited luciferase activity in DLD-1/pGL4.18hKLF5p reporter cell line
> 61.7% and were not cytotoxic to IEC-6 cells, i.e. exhibited < 21.9% inhibition in the
counterscreen. One hundred and twenty-two available compounds in this group were then
subjected to dose-response assays in the DLD-1/pGL4.18hKLF5p and IEC-6 cell lines. One
hundred nineteen compounds had EC53<10 UM in luciferase dose-response assay and 23
had EC5>10 UM in IEC-6 cytotoxicity dose-response assay (Figure 1; PubChem AIDs
1973 and 1975, respectively). This yielded 97 KLF5-selective compounds with EC5p<10
UM for KLF5 inhibition and EC5p>10 uM for IEC-6 cytotoxicity (Figure 1).

Structure-Activity Response (SAR) Cluster Analysis of KLF5 Inhibitors

Prior to data analysis all screening results from primary, confirmatory, and dose-response
assays of KLF5 inhibition and IEC-6 cytotoxicity counterscreen were aggregated. In
addition, to exclude possible artifacts, luciferase inhibition data and global PubChem
promiscuity was also obtained. Clusters of chemical series related to the most active KLF5
inhibitors were then generated and all information was assembled into an interactive SAR
cluster report. One hundred and fifteen structural clusters were identified with cluster size
ranging from 1 — 25 compounds (Supplementary Figure 2). The interactive cluster report is
provided as Supplementary Figure 3. After medicinal chemistry review of the active
clusters, 19 compounds were selected for further follow-up (Supplementary Figure 4).

Validation of Hit Compounds

Primary Western Blot Analysis—We tested 19 selected compounds in DLD-1 cell line
with respect to their ability to decrease endogenous levels of KLF5 protein. The cells were
treated for 24 h with 5 and 10 pM of each compound. Western blot analysis revealed that
five compounds, CIDs 4283428, 439501, 2567894, 5951923, and 4877095, reduced
endogenous KLF5 levels to the control level (Figure 2; Supplementary Table 1). The
inhibitory effects of compounds CIDs 439501 and 5951923 were more pronounced than
were those of the other three tested compounds (Figure 2; Supplementary Table 1).
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Primary Cell Viability Analysis—We then determined the effect of the 5 compounds in
Figure 2 on the rate of proliferation of DLD-1 and IEC-6 cells. We treated each cell line for
48 h with various concentrations of the compounds. This was followed by Cell-Titer Glo
assay to measure the rate of cell proliferation. As seen in Figure 3, while none of the
compounds affected the viability of IEC-6 cells, two, CIDs 439501 and 5951923, inhibited
proliferation of DLD-1 cells in a dose-dependent manner (Figure 3D and 3E, respectively).
These two compounds had an ICsq of 0.046 UM and 1.6 puM, respectively. The potency of
inhibition correlated with each compound’s ability to reduce endogenous KLF5 levels
(Figure 4). In contrast, neither CIDs 4395011 nor 5951923 reduced endogenous KLF5 levels
or viability of IEC-6 cells over a wide range of concentrations (Supplementary Figure 5).

CID 439501 is known as ouabain, a cardiac glycoside that inhibits Na*/K* ATPase and is
used to treat congestive heart failure (29). Cardiac glycosides have been shown to have anti-
tumor properties in a number of model systems, but clinical utility has not yet been
demonstrated (30). Ouabain has a history of showing promise in antitumor assays, yet
several efforts to find structural analogs with specificity against certain cancer cell lines and
acceptable levels of off-target cytotoxicity have not succeeded (Daniel Zaharevitz, personal
communication). For this reason our attention was focused on the second compound, CID
5951923, with a structure previously not linked to antitumor activity and with the
sufficiently low level of off-target activity. With regard to its activity in other assays, CID
5951923 has to date been tested in 342 high-throughput bioassays reported in PubChem and
was identified as an active compound in only 14 of these assays (4.1%) (Supplementary
Table 2; PubChem BioAssays: http://pubchem.ncbi.nlm.nih.gov/). Six of the fourteen assays
were directly connected with our efforts to identify KLF5 inhibitors (Supplementary Table
2).

The PubChem assay selectivity analysis and the data showing selective KLF5 activity led us
to design and synthesize analogs of CID 5951923. Our aim was to identify more potent
compounds with respect to decreasing KLF5 protein levels and viability of colon cancer cell
lines, while also determining whether potentially problematic substructure features of CID
5951923, such as the ester group, the nitroaryl group, and the conjugated double bond, could
be replaced without loss of KLF5-specific activity.

The Effects of CID 5951923 and its Derivatives on Cell Signaling

We synthesized 22 structural analogs of CID 5951923 and performed luciferase assays using
the DLD-1/pGL4.18hKLF5p reporter cell line at 10 pM concentration for each compound.
Based on the results of this experiment (data not shown), we selected two compounds with
similar KLF5 activity to CID 5951923. The structures of CID 5951923 and synthesis
pathways and the structures of the two most active analogs, CIDs 469301037 and
469301043, are shown in Figure 5A, Supplementary Figures 6, 7 and 8. Notably the ester
group maybe replaced with an amide group and additionally the aromatic group can be
replaced with a chlorine atom without erosion of activity (CID 46931043).

We examined the effects of these compounds on several signaling pathways. As seen in
Figure 5B, at 10 uM, all three compounds significantly decreased endogenous KLF5 levels
in the DLD-1 cell line when compared to control. We noticed that phosphorylation levels of
PEGFFpY1068 were increased after treatment with the three compounds. There was an
upregulation of phosphorylation of pERK1/2pT202/Y204, Two of the compounds, CIDs
5951923 and 46931037, downregulated EGR1, which was shown to directly modulate KLF5
expression at a transcriptional level (20, 22). All three compounds increased
phosphorylation levels of p-p38 T180/Y182 without any impact on the unphosphorylated
form of p38. There were no changes in activity of the AKT, JNK and p70 S6 kinase
pathways after treatment with tested compounds (data not shown). Both CIDs 469301037
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and 469301043, inhibited proliferation of DLD-1 cells to a similar extent as their parent
compound (Figure 5C). Neither had any appreciable effect on the viability of IEC-6 cells
(Figure 5C).

Effects of Compound 5951923 on Proliferation of Cancer Cell Lines in the NCI-60 Panel

The National Cancer Institute offers as part of the Developmental Therapeutics Program the
possibility of testing the activity of promising antitumor agents versus a panel of 60 different
cancer cell lines (NCI-60 panel,
http://dtp.cancer.gov/docs/common_files/submit_compounds.html). A screen was performed
with a concentration of 10 uM of CID 5951923 on the NCI-60 panel by the Drug Synthesis
and Chemistry Branch at National Cancer Institute. The results are presented in
Supplementary Figure 9C. Although potency was weak, what inhibition there is seems to be
mainly in cell lines that highly express KLF5 (Supplementary Figure 9B). The exceptions
were poor inhibition in the highly expressing KM12 colon cancer cell line and inhibition in a
number of leukemia cell lines. These results are consistent with the notion that KLF5 is the
primary mediator for the inhibitory effect of compound CID 5951923 on proliferation on
colon cancer cells. Microarray analysis of the NCI-60 panel showed that colon cancer cell
lines had the highest KLF5 mRNA levels compared to cancer cells of other tissue origins
(Supplementary Figure 9). These results suggest that KLF5 is the primary mediator
responsible for the effects of CID 5951923 in slowing the proliferation of colon cancer cells.

DISCUSSION

To identify novel KLF5 inhibitors, we performed an ultrahigh-throughput screen of the
MLPCN library of small molecules using cell-based luciferase reporter assay in the DLD-1/
pGL4.18hKLF5p cell line. To identify true positives we performed confirmatory KLF5
screens as well as cytotoxicity and luciferase counterscreens to select for compounds that
decrease luciferase reporter activity driven by the human KLF5 promoter in DLD-1 cells but
have no impact on the viability of IEC-6 cells. Both the confirmatory screen and
counterscreen were repeated at a dose range. From these efforts, 97 compounds were
identified that were KLF5 selective in DLD-1 cells but had little effect on viability of IEC-
cells. The number of inhibitors was further narrowed down using a combination of
computational, Western blot, and cell viability analyses. This led to the identification of two
potent KLF5-selective inhibitors, CIDs 439501 and 5951923.

CID 439501 is ouabain that was originally found in the seeds of African plant Strophanthus
gratus. It belongs to the family of cardiac glycosides and has been used for treatment of
congestive heart failure. Due to the narrow therapeutic window, ouabain is not in use in
other applications (29). Moreover, its proposed mechanism of action which includes
disruption of mitochondrial membrane potential, increase Ca2* uptake, sustain reactive
oxygen species production, and selective protein kinase C activation through its binding to
the subunit of Na*/K* ATPase (31-34) seems disconnected to KLF5 activity. Ouabain
preferentially binds the a3 subunit over the al subunit of Na*/K* ATPase and the lack of
expression of the a3 subunit confers resistance to ouabain, as is the case for rodent cells. It is
of interest to note that colon cancer cells have a higher ratio of a3 to a1 subunit compared to
normal colonic epithelial cells (35). This may explain the exquisite sensitivity of colon
cancer cells to ouabain as observed in the current study. There have been numerous attempts
to modify the structure of ouabain, but any altered structural changes caused loss of its
activity. This compound was tested in the NCI-60 panel and is growth inhibitory to all tested
human cancer cell lines

(http://dtp.cancer.gov/dtpstandard/servlet/MeanGraphSummary?
searchtype=NSC&outputformat=html&searchlist=25485). As potential use of ouabain in
cancer treatment is controversial, additional studies are needed to demonstrate efficacy. We
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should mention that during our previous proof-of-principle screen with the LOPAC1280
library, ouabain and dihydroouabain, were identified as potential KLF5 inhibitors (23).

The second compound, identified in this uHTS screen, CID 5951923, is a novel agent and is
more appealing due to its structural novelty and lack of assay promiscuity, with activity in
fourteen of 342 high-throughput assays deposited in PubChem database (Supplementary
Table 2). Six of the listed assays are related to this KLF5 inhibitor effort. Of the remaining
eight assays, three (PubChem AIDs 2717, 449748, and 463074) were designed to identify
inhibitors of breast cancer stem cells. It is of interest to note that KLF5 plays a role in
embryonic stem cell renewal by maintaining the cells in an undifferentiated state (7, 8). Our
lab is currently examining the role of KLF5 in regulating proliferation of adult intestinal
stem cells and colon cancer stem cells. Another screen (PubChem AID 1578) that led to the
identification of CID 5951923 as an active compound used luciferase reporter assay driven
by a NFkB promoter. The purpose of this screen was to identify compounds that inhibit
NODJ, which is involved in the transmission of signal during inflammation and is
responsible for activation of NF«B. Our group previously showed that activation of NF«kB is
KLF5-dependent and that downregulation of KLF5 abrogates the activation of NFxB upon
lipopolysaccharide stimulation (12).

Given the evidence linking CID 5951923 to KLF5-specific inhibition, structural analogs
were prepared and two of these compounds, CIDs 46931037 and 46931043, similarly affect
KLF5 protein levels and improve upon one or more unwanted structural aspects of the
parent, CID 5951923. We found that the parent compound and both of these analogs activate
the p38 pathway as seen by phosphorylation of p38 at T180/Y182 sjtes (Figure 5). Increase of
p38 phosphorylation is associated primarily with inflammation and stress induction (36).
Other findings demonstrate a role for p38 in cell proliferation, differentiation, and
tumorigenesis. For example, recent results suggest that activation of p38 leads to a decrease
of cell proliferation, induction of cell differentiation, and suppression of tumorigenesis (37,
38). Moreover, p38 has been shown to negatively regulate cell proliferation by stimulating
EGFR phosphorylation and internalization as well as through induction of p53 in response to
stress stimuli (39, 40). The exact molecular mechanism of interaction of p38 and KLF5
needs to be however determined.

We found that the three lead compounds also activate the EGFR/ERK pathway by
stimulating phosphorylation of EGFR at Y1968 and ERK1/2 at T292/Y204 sjtes (Figure 5).
Moreover, CIDs 5951923 and 46931037 decreased EGR1 protein levels. It has been shown
that KLF5 expression is induced by the mitogen-activated protein kinases (MAPKSs), MEK/
ERK, through activation of EGR1 (22). As a downstream target of the MAPK pathway, we
demonstrated that KLF5 mediates the transforming effect of oncogenic HRAS in fibroblasts
in an EGR1-dependent manner (19, 20) and oncogenic KRAS in intestinal epithelial cells
(1). In squamous epithelial cells of the esophagus, KLF5 influences cell proliferation by
activating EGFR transcription, leading to the induction of the MEK/ERK pathway (41).
Conversely, EGFR and MEK/ERK stimulate expression of KLF5, forming a positive
feedback loop (41). Given that EGR1 is situated in a critical location, downstream of EGFR/
RAS/MEK/ERK and upstream of KLF5, it is possible that EGR1 provides a negative
feedback of its upstream events. Alternatively, the induction of EGFR/MEK/ERK pathway
in drug-treated cells represents a compensatory mechanism by which the cells attempt to
offset the inhibitory effects of the compounds. The exact molecular mechanisms by which
CIDs 59551923, 46931037, and 46931043 affect KLF5 expression, including crosstalk
between different signaling pathways such as that of p38 and EGFR/MEK/ERK, remain to
be established.
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An important observation of our study is the correlation between the ability of the
compounds identified by the uHTS, including CIDs 5951923 and 439501, to reduce KLF5
expression and the viability of colon cancer cells (see, for example, Figure 4). Moreover,
neither compound affects KLF5 levels and viability of the non-transformed intestinal
epithelial cells, IEC-6 (Supplementary Figure 5). These findings indicate that the
compounds are selective for colon cancer cells over non-transformed cells, a feature
critically important for the development of cancer therapeutics. It is also interesting to note
that among the cancer cell lines in the NCI-60 panel, colorectal cancer cells have the highest
basal KLF5 mRNA levels and are most likely to be inhibited by CID 5951923
(Supplementary Figure 9). These results suggest that CID 5951923 or a close structural
analog may be a useful probe to study KLF5 function. A similarly target-specific more
potent analog may offer promise as a colon cancer-specific therapeutic agent.

In summary, we used an UHTS approach to identify novel compounds with potential
therapeutic benefits by targeting KLF5 expression, a therapeutically relevant target
commonly over-expressed in colon cancer cells. The screen yielded several potential
candidates, one of which (CID 5951923), appears to be highly selective for colon cancer
cells. Two synthetic analogues of CID 5951923 also appeared to be equally effective. We
are now in the process of generating additional derivatives of CID 5951923 with the hope of
further increasing KLF5-specific activity and drug-likeness. We believe that this lead will
prove useful as a probe for understanding KLF5 function and that its analogs may be
suitable for the preclinical evaluation in animal models of colon cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

An outline of the ultrahigh-throughput screen strategy to identify KLF5 inhibitors.
Summaries of the probe development efforts are deposited in the NIH database (PubChem
BioAssays http://pubchem.ncbi.nlm.nih.gov/). Each assay has an ascribed PubChem assay
identification (AID) number. The hit cutoff rate for KLF5 primary and confirmatory screens
and for IEC-6 cytotoxicity counterscreen were calculated based on the average percentage of
inhibition of all tested compounds with the hit threshold selection of p+3c, where p is the
mean value and o is the standard deviation of the entire assay (24).
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Figure 2.

Western blot analyses of the effects of select compounds from the uHTS campaign on KLF5
protein levels in DLD-1 cells. DLD-1 cells were treated with 5 or 10 pM of the compounds
in 0.4% DMSO or DMSO alone for 24 h before extraction of proteins for Western blotting.
The membranes were probed with antibodies against KLF5 and p-actin. The ID numbers of
the compounds correspond to their PubChem Compound ID (CID).

Mol Cancer Ther. Author manuscript; available in PMC 2012 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bialkowska et al.

—~~

Cell viability (%

Cell viability (%)

Cell viability (%)

100
80
60
40

20 A

100

N A O ©
o O o o o

100
80
60
40
20

Page 15

A 4283428 B 439501
4 —~ 100 A
o\o S~ o — ——{
< b
. > 80 - I-
. S 60 A
.©
- ; 40 1
DLD-11C, = NC 8 20 - DLD-11C, = 4.6E-08
IEC-6IC5,=NC 0 IEC-6 IC5, =NC
9 8 7 B 5 4 9 8 7 B 5 4
LOG [moliL] LOG [moliL]
C 2567894 D 5951923
. ~ 100 -
i T —F--
- -~ > 80 A -,
4 3 60 -
@
- ; 40 4
|DLD-1IC, =NC 8 20 J DLD-11C, = 1.6E-06
IEC-61C5,=NC 0 IEC-6 IC4, = 9.5E-06
-9 -8 -7 -6 -5 4 -9 -8 -7 -6 -5 -4
LOG [moliL] LOG [mol/L]
E 4877095
Il
- ~F— -
J{DLD-11C, = 1.4E-05

IEC-6 IC, = 9.7E-09

-9 -8 -7 -6 -5 -4
LOG [mol/L]

Figure 3.
Cell viability assays of DLD-1 and IEC-6 cells treated with the same compounds assayed in

Figure 2. Cells were seeded in 96-well plates with medium containing DMSO or increasing
concentrations of CIDs 4283428 (A), 439501 (B), 2567894 (C), 5951923 (D) and 4877095
(E), for 2 d before the measurement of luciferase activity with Cell-Titer Glo assays. The
control (cells with medium containing only DMSO) was defined as 100% and the results
from other measurements were calculated accordingly. ICsq was calculated for each
compound, NC — not converged. Each experiment was performed in triplicates. DLD-1 —
solid lines, IEC-6 — dashed lines.

Mol Cancer Ther. Author manuscript; available in PMC 2012 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bialkowska et al. Page 16
A 439501 B 5951923
100 » 100 I-—-.\
o _ 8071 o _ 804
O O o O
8 5601 8 =5 60+
c < c C
3 8 40 8 3 404
o i o 7
0 " L] L] L] L] 1 0 | | | | | | ] L]
-9 -8 -7 -6 -5 -4 -9 -8 -7 -6 -5
LOG [mol/L] LOG [mol/L]
Cell Viability |C50 = 4.5E-08 Cell Viability |C50 =1.6E-06
KLF5 inhibition |C50 = 3.2E-08 KLF5 inhibition |C50 = 2.3E-06

Figure 4.

Cell viability and KLF5 inhibition assays performed in DLD-1 cells. For the cell viability
assay, DLD-1 cells were seeded in 96-well plates with medium containing DMSO or
increasing concentrations of the compounds: CIDs 439501 (A) and 5951923 (B), for 2d
before the measurement of luciferase with Cell-Titer Glo assays. For KLF5 inhibition,
DLD-1 cells were treated with DMSO or increasing concentrations of the compounds, CIDs
439501 (A) and 5951923 (B), and protein extracts were collected for Western blotting
analyses with KLF5 and B-actin antibodies. The control (cells with medium containing
DMSO) was defined as 100% and the results from other measurements were calculated
accordingly. 1Csq was calculated for both compounds. Each experiment was performed in
triplicate. Cell viability — solid lines, KLF5 levels — dashed lines.
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Figure 5.

Western blot and cell viability analyses of CID 5951923 and its two derivatives, CIDs
469301037 and 469301043, on DLD-1 cells. (A) Chemical structures of CIDs 5951923,
469301037, and 469301043. (B) DLD-1 cells were treated with 10 uM of the compounds in
0.4% DMSO or DMSO alone for 24 h before extraction of proteins for Western blotting
against the indicated proteins. (C) For cell viability assay, DLD-1 cells were seeded in 96-
well plates with medium containing DMSO or increasing concentrations of the compounds,
CIDs 469301037 and 469301043, for 2 d before the measurement of luciferase activity with
Cell-Titer Glo assays. The control (cells with medium containing only DMSO) was defined
as 100% and the results from other measurements were calculated accordingly. 1C5y was
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calculated for both compounds. Each experiment was performed in triplicate. DLD-1 - solid
lines, IEC-6 — dashed lines.
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