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SUMMARY

The discovery of novel small molecules that induce
stem cell reprogramming and give efficient access
to pluripotent stem cells is of major importance for
potential therapeutic applications and may reveal
novel insights into the factors controlling pluripo-
tency. Chemical reprogramming of mouse epiblast
stem cells (EpiSCs) into cells corresponding to em-
bryonic stem cells (CESCs) is an inefficient process.
In order to identify small molecules that promote
this cellular transition, we analyzed the LOPAC Ii-
brary in a phenotypic screen monitoring Oct4-GFP
expression and identified triamterene (TR) as initial
hit. Synthesis of a TR-derived compound collection
and investigation for reprogramming of EpiSCs into
cESCs identified casein kinases 1 (CK1) o/d/¢ as
responsible cellular targets of TR and unraveled the
structural parameters that determine reprogram-
ming. Delineation of a structure-activity relationship
led to the development of Epiblastin A, which en-
gages CK1 isoenzymes in cell lysate and induces effi-
cient conversion of EpiSCs into cESCs.

INTRODUCTION

Stem cell research and technology have recently emerged as
powerful approaches to the development of cell-based therapies
for various diseases (Wei et al., 2013; Volarevic et al., 2014; Lunn
et al., 2014), tissue engineering (Forbes and Rosenthal, 2014),
and disease modeling (Grskovic et al., 2011; Sterneckert et al.,
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2014). In particular the identification of methods giving access
to pluripotent stem cells (PSCs) that can self-renew and differen-
tiate into all somatic cell types is of major importance (Gonzalez
et al., 2011; Kejin, 2014). The establishment of such methods
in turn could potentially reveal novel insights into the factors
governing stem cell self-renewal and differentiation, as well as
de- and transdifferentiation (Boiani and Scholer, 2005; Ng and
Surani, 2011; Shenghui et al., 2009).

In the context of cell reprogramming, the identification of small
molecules that can regulate stem cell fate and replace crucial el-
ements of the transcription factor network controlling pluripo-
tency has gained substantial attention (Shi et al., 2008; Huangfu
etal., 2008; Federation et al., 2014). For instance, recently the re-
programming of differentiated cells into PSCs could be achieved
by chemical means only, using a cocktail of seven small mole-
cules (Hou et al., 2013). Initially, reprogramming to induced
pluripotent stem cells (iPSCs) was accomplished by expressing
the transcription factors Oct4, Sox2, KIf4, and c-Myc in mouse
fibroblasts (Takahashi and Yamanaka, 2006).

So far, two types of PSCs have been derived from early
mammalian embryos, termed embryonic stem cells (ESCs) and
epiblast stem cells (EpiSCs). Like iPSCs, mouse ESCs are in a
state of naive pluripotency (Nichols and Smith, 2009), whereas
mouse EpiSCs (Brons et al., 2007; Tesar et al., 2007) feature
primed pluripotency (Nichols and Smith, 2009). Primed EpiSCs
can be converted into cells corresponding to naive ESCs, which
we term cESCs to distinguish them from blastocyst-derived
ESCs. Naive pluripotency is induced in EpiSCs when they
are exposed to ESC culture conditions supplemented with a
cocktail referred to as 2i/LIF, which is composed of MEK1 inhib-
itor PD0325901, GSK-38 inhibitor CHIR-99021, and leukemia
inhibitory factor (LIF) (Hanna et al., 2009; Greber et al., 2010).
However, we have shown that the EpiSC line derived from
GOF18 (genomic Oct4 fragment, 18 kb) mice, containing a
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GFP transgene under the control of the entire regulatory region of
the Oct4 gene (Yeom et al., 1996), is heterogeneous (Han et al.,
2010). These cells consist of two distinct populations that differ in
the expression levels of specific fluorescently tagged Oct4 (Han
et al., 2010), a crucial pluripotency-associated transcription fac-
tor (Jerabek et al., 2014; Radzisheuskaya and Silva, 2014). We
found that exposure to 2i/LIF converted only a minor, Oct4-
GFP-positive fraction of EpiSCs (less than 1% of the entire cell
population) into cESCs, whereas the Oct4-GFP negative cells
(more than 99% of the entire cell population) were not. In order
to efficiently reprogram more EpiSCs we searched for a small-
molecule modulator that would efficiently restore the Oct4-
GFP expression in EpiSCs and potentially convert them to naive
cESCs. Identification of the corresponding target proteins and
the pathways responsible for the reprogramming activity would
give deeper insights into the mechanisms that regulate stem
cell dedifferentiation and pave the way for the development of
more efficient protocols to obtain naive cESCs. Here we report
on the development of a high-content screening platform that
monitors the efficient reactivation of Oct4-GFP expression in
EpiSCs. Evaluation of the LOPAC library in the reprogramming
assay yielded a single hit, triamterene (TR). The subsequent syn-
thesis of a small compound collection yielded compounds with
increased reprogramming activity compared with TR. These
compounds were collectively termed Epiblastins. We show
that the Epiblastins inhibit casein kinase 1 (CK1) «, 3, and ¢ to
various extents. The most active compound was named Epiblas-
tin A and engages CK1a/d/¢ isoforms in lysates derived from the
human colorectal carcinoma HCT116 cell line. Genetic ablation
of CK1a and to a lower extent CK1¢ by means of RNAI repro-
duced the dedifferentiation phenotype indicating that inhibition
of this kinase family is important at later stages of the reprogram-
ming process in mouse stem cells.

RESULTS

TR Induces the Reactivation of Oct4-GFP Expression in
EpiSCs

An Oct4 reporter line termed GOF18, which harbors all known
Oct4 regulatory elements, was used to study the different states
of pluripotency (Yeom et al., 1996). Previous reports showed that
E3 GOF18-ESCs express GFP when cultured under ESC condi-
tions (Han et al., 2010; Bernemann et al., 2011). The correspond-
ing E3 GOF18-EpiSCs, when cultured under EpiSC conditions
(i.e., basic fibroblast growth factor [bFGF] and Activin A) do not
express GFP, except for a small subpopulation of less than 1%
(Han et al., 2010). The E3 Oct4-GFP-negative GOF18 EpiSCs
(more than 99% of the entire cell population) were found to be
refractive to 2i/LIF-based ESC conversion, thus dramatically
limiting the access to cESCs. Based on these findings, we set
out to identify small molecules that are capable of restoring effi-
cient Oct4-GFP expression in E3 GOF18-EpiSCs (see Supple-
mental Information for more details). For this purpose, we devel-
oped a high-content imaging screening platform in 96-well
format (see Figure 1A). The quantitative readout was based on
the number of cells with GFP intensity above a preset minimum
value, with a threshold set according to the levels of ESCs (see
Figure 1B). Moreover, the assay can also monitor the morpho-
logical changes, which represent important criteria to assess

the extent of the reprogramming process. For example, EpiSCs
form large and flat colonies, whereas ESCs grow as a small and
compact 3D cell population (see Figure 1A). 2i/LIF ESC medium
was used as a positive control and conditioned medium/fibro-
blast growth factor (CM/FGF) EpiSC medium was employed as
a negative control (see Figure S1). The quality of the assay was
validated using the Z’ factor, which was calculated to be 0.57
(Zhang et al., 1999). We then screened the Library of Pharmaco-
logically Active Compounds (LOPAC), which contains annotated
agents with known target proteins, and therefore should enable
rapid target hypothesis generation. The screening campaign
yielded a single active compound that was capable of inducing
a significant increase in the number of Oct4-GFP-positive cells
in the E3 GOF18-EpiSC population (see Figure 1C). The hit TR
(see chemical structure in Figure 1D) is a pteridine-based com-
pound that blocks the epithelial sodium channel (ENaC) (Kellen-
berger et al., 2003) and is used as a diuretic in the clinic (Busch
et al., 1996). The conversion occurred despite the presence of
bFGF and Activin A in the growth medium, which promote the
maintenance of EpiSCs in culture. This suggests that the mode
of action of TR requires the signaling pathways responsible for
the self-renewal of this cell population. A close inspection of
the cellular morphology showed that the reprogrammed cells ac-
quired a compact 3D morphology characteristic for ESCs. This
observation indicates that the Oct4-GFP expressing cell popula-
tion reached an ESC-like state. Taken together, we identified a
small molecule that turns on the Oct4-GFP transgene expression
in E3 GOF18-EpiSC cells and, therefore, can be regarded as a
reprogramming inducer of mouse EpiSCs.

TR Induces Oct4-GFP Expression by Inhibiting CK1

Since TR is an antagonist of the ENaC channel (Kellenberger
et al., 2003), we investigated whether this mode of action was
responsible for the observed reprogramming activity. However,
functional investigation of the structurally unrelated ENaC antag-
onist amiloride revealed that this activity of TR is not decisive
for reprogramming EpiSCs (see Figure 2A). Since the closely
related TR derivative, TG100-115 (Palanki et al., 2007), has pre-
viously been described as an inhibitor of the phosphatidylinositol
3-kinases (PI3K) (Davis et al., 2011; Doukas et al., 2006), we
investigated whether this protein family might be targeted by
TR and performed a focused kinase profiling study including
various members of the lipid kinase family (see Table S1). TR
blocked the enzymatic activity of different PI3Ks (see Table
S1). Therefore, we investigated whether inhibition of PI3Ks by
TR might be responsible for the reprogramming process and
analyzed the structurally unrelated PI3K inhibitors AS-605240
and LY294002. These inhibitors did not turn on the expression
of the Oct4-GFP transgene in EpiSCs (see Figure 2A), suggesting
that pharmacological inhibition of PI3K is not responsible for the
reprogramming activity. Given the facts that TR is not an opti-
mized, selective kinase inhibitor and that kinases share high
structure and sequence homology in their ATP-binding sites,
we hypothesized that TR might target a different kinase to induce
the reactivation of the Oct4-GFP expression in EpiSCs. We sub-
jected TR to an additional extended kinase profiling study that
included 119 kinases, comprising members of the most impor-
tant signaling pathways found to modulate stem cell fate in pro-
cesses such as reprogramming and differentiation (see Table
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S2). In addition to PI3K isoforms, TR was identified as a fairly se-
lective inhibitor of CK1a, 8, and ¢ isoenzymes, but not affecting
CK1y1, v2, v3, and CK2 (see Figure 2B). Indeed, concentration
dependent analyses showed half maximal inhibitory concentra-
tion (ICsp) values of 33.5 uM, 6.9 uM, and 30.4 uM for CK1a,
CK19, and CK1e isoforms, respectively (see Figure 2C). To vali-
date the involvement of the CK1 family in the reactivation of
Oct4-GFP expression in EpiSCs, we tested a structurally unre-
lated pan-CK1 inhibitor D4476 (Rena et al., 2004). GFP-positive
colonies could be detected under the same assay conditions
although to a lower extent than observed upon treatment with
TR, confirming the involvement of the CK1 isoenzymes in reprog-
ramming EpiSCs (see Figure 2D). We attribute the lower conver-
sion efficiency of D4476 to the inhibition of undesired protein ki-
nases (off-targets), which is common for even highly selective
and optimized kinase inhibitors. This activity might negatively
interfere with the signaling pathways responsible for reprogram-
ming, and thus might explain the observed discrepancy in the
biological activity. Taken together, we showed that TR, a previ-
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Figure 1. Stem Cell-Based Screening Assay
Identifies Triamterene as an Inducer of
Epiblast Stem Cell Reprogramming

(A) Schematic representation of the small-molecule
screening assay based on the reactivation of Oct4-
GFP in E3 GOF18-EpiSCs. EpiSCs were seeded as
single cells on FCS-coated 96-well plates in EpiSC
culture medium (CM/FGF) on day 0. Compounds
were added on day 2 at 10 uM concentration in
EpiSC CM without additional FGF. EpiSC culture
medium was used as a negative control, and ESC
medium including 2i/LIF was used as a positive
control. The cell colonies were dissociated into
single cells using trypsin on day 8, and GFP-posi-
tive cells were quantified by means of the high-
content reader Arrayscan.

(B) Readout system based on consequent fluores-
cence imaging for Hoechst nuclei stain and Oct4-
GFP with Arrayscan. Scale bar represents 200 pm.
(C) Identification of the hit compound triamterene
located in rack number 15, position HO7 of the
LOPAC library. GFP-positive cells (%), percentage
of cells with GFP signal above the preset threshold.
(D) Chemical structure of the hit compound tri-
amterene (TR).

See also Figure S1.

Oct4-GFP

ously known ENaC blocker, targets mem-
bers of the PI3K and CK1 kinase family.
Moreover, we revealed that only the
inhibition of CK1 generated Oct4-GFP
colonies within the EpiSC population,
thereby connecting this kinase family to
the induction of the later stages of reprog-
ramming in mouse stem cells.
NH,
Synthesis of a Compound Collection
and Delineation of a Structure-
Activity Relationship
Having identified TR as an Oct4-inducing
agent in EpiSCs, we set out to confirm
the reprogramming activity associated
with the pteridine scaffold by generating closely related analogs
that might yield more active derivatives. Using either commer-
cially available or readily accessible starting materials (see deriv-
atives 1-4, Figures 3A and 3B), we generated 36 compounds in
order to explore the correlation between structure and biological
activity. Thus, initially we varied the substitution pattern on the
benzene ring following known synthesis procedures (Spickett
and Timmis, 1954; Weinstock et al., 1968; Osdene et al.,
1967). To this end, commercially available 5-nitroso-2,4,6-tria-
minopyrimidine 1 was reacted with a broad range of phenylace-
tonitriles to yield in a single step derivatives 5-33 decorated with
various substituents on position C6 of the pteridine core (see Fig-
ure 3A). In addition, derivatives 34-36 carrying various groups in
positions C6 and C7 of the pteridine scaffold were synthesized
from starting compound 4 (Palanki et al., 2007) (see Figure 3B).
Compounds 37-40, which contain various substitutions at the
C2 amino group were generated starting from nitroso-deriva-
tives 2 and 3 (Spickett and Timmis, 1954) (see Figure 3A). Inves-
tigation of the resulting 36 compounds for reprogramming of
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Figure 2. Triamterene Induces Oct4-GFP
Expression in EpiSCs by Targeting the
Casein Kinase 1 Family
(A) Influence of ENaC inhibitor amiloride (10 pM),
PI3K inhibitors TG100-115 (10 uM), AS605240
(10 uM), and LY294002 (10 uM), and CK1 inhibitor
D4476 (20 uM) on the induction of Oct4-GFP
expression in E3 GOF18-EpiSCs as determined by
- flow cytometry. Data represent mean values + SEM
b"\@

>

GFP+ cells [%]
= a2 NN W W
O o1 O O O 01 O O

of three independent measurements.
(B) Focused kinase profiling study using a radio-
metric readout for the inhibition of casein kinase
O \QQ’ cOQQ:)(T’ f]?’b‘ Qb‘ isoenzymes upon treatment with 10 pM triamterene
\:\ (TR). Data represent mean values + SEM of three

independent measurements.

(C) Dose-response curves for inhibition of CK1a.
B (IC50 = 33.5 uM), CK13 (ICs0 = 6.9 uM), and CK1e
120 (ICs0 = 30.4 uM) upon treatment with triamterene
(TR). Data represent mean values + SEM of

100 three independent measurements. Determined
ICso value + SEM was generated by fitting the
80 data with three-parameter nonlinear regression
analysis.
60 (D) Oct4-GFP expression in E3 GOF18-EpiSCs af-
ter 6 days treatment with the CK1 inhibitor D4476
40 (20 uM) and the PI3K inhibitor TG100-115 (10 uM),
Scale bar, 300 um. Data are representative of three
20 independent experiments.
See also Table S1 and Table S2.
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Figure 3. Epiblastin A Shows Increased Reprogramming Activity

(A) Synthesis of pteridine derivatives bearing substitutions at positions C2 and C6. Reaction condition a, phenylacetonitrile (1.1 eq), NaH (1.1 eq), 2-ethox-
yethanol, reflux (1-3 hr).

(B) Synthesis of pteridine compounds containing various substitutions at position C7. Reaction condition b, NaHCOj3 (2 eq), H2O, then benzil (1 eq), reflux (3 hr);
reaction condition c, phenylglyoxal (1.1 eq), hydroxylamine hydrochloride (1.1 eq), MeOH, reflux.

(C) Structure-activity relationship study derived from the capacity to induce reprogramming of EpiSCs.

(D) Chemical structures of Epiblastins A-E. Numbers contained in brackets indicate the entry number of these compounds in Table 1.

(E) Focused kinase profiling inhibition study using radiometric readout of casein kinase isoenzymes upon treatment with 10 uM Epiblastin A Data represent mean
values + SEM of three independent measurements.

(F) Dose-response curves for inhibition of CK1a. (ICso = 3.8 uM), CK13 (ICs0 = 0.8 pM), and CK1e (ICs0 = 3.7 uM) upon treatment with Epiblastin A. Data represent

mean values + SEM of three independent measurements. Determined ICso value + SEM was generated by fitting the data with three-parameter nonlinear
regression analysis.

See also Table S3.

EpiSCs (entries 5-40, Table 1) revealed that even small alter-  1). Introduction of larger para-substituents such as methoxy in
ations of the phenyl ring at C6 of the pteridine scaffold substan- compound 8 (entry 8), methyl in compound 9 (entry 9), or amino
tially affected the conversion efficiency (entries 5-33, Table 1).  in compound 10 (entry 10) led to a larger reduction or complete
For example, introduction of a fluorine atom in the para-position  loss of activity. Thus, the para-position of the phenyl ring must
reduced the relative reprogramming efficiency by 40% (entry 6; remain unsubstituted to maintain the reprogramming activity.
the reprogramming activity for TR, entry 5, was arbitrarily setto  However, variation of the substituents in the meta-position was
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Table 1. Reprogramming Efficiencies of EpiSCs and CK1«/3/¢ Inhibiting Activity upon Treatment with Pteridine Derivatives 5-40

No. R’ R? R® Efficiency CK1a ICs0 (uM) CK13 ICs0 (uM) CK1e ICs0 (uM)
5 -H -NH, -NH, 1 36.8+5.6 36.4 + 6.4 26.8 + 4.2
6 p-F -NH, -NH, 0.6 NT ND ND

7 p-OAllyl -NH, -NH, 0.1 NT ND ND

8 p-OCHs -NH, -NH, 0.1 NT ND ND

9 p-CHs -NH, -NH, 0.07 NT ND ND

10 p-NH, -NH, -NH, 0 NT 81.2 +15.8 ND

11 p-NO, -NH, -NH, 0 NT ND ND

12 p-iPr -NH, -NH, 0 NT ND ND

13 p-Ph -NH, -NH, 0 NT ND ND

14 p-OBz -NH, -NH, 0 NT ND ND

15 m-Cl -NH, -NH, 8.4 89+24 0.5+ 0.1 47 +0.8
16 m-F -NH, -NH, 3.1 33.3+5.9 61.8+12.5 14.4+ 4.7
17 m-Me -NH, -NH, 1.6 NT 20.2 + 4.7 ND

18 m-Br -NH, -NH, 1.1 9.3+19 25+05 ND

19 m-CF3 -NH, -NH, 0.7 NT ND ND

20 m-OCHg -NH, -NH, 0.3 NT 12.3+1.9 26.3 + 4.9
21 m-NH, -NH, -NH, 0.2 NT 324+7.0 12.4+ 3.0
22 0-OCHg -NH, -NH, 1.3 NT ND ND

23 o-F -NH, -NH, 1.3 NT ND 28.3 +3.8
24 0,0-diCl -NH, -NH, 2.2 NT ND 38958
25 0,p-diCl -NH, -NH, 0.5 55.6 + 8.2 ND 43+0.9
26 m,p-diCl -NH, -NH, 1.6 NT ND ND

27 0,0'-diF -NH, -NH, 2.3 NT 35.7 5.2 51.5+11.8
28 m,o’-diF -NH, -NH, 0.8 NT ND 38.4 +6.1
29 naphthalen-1-yl -NH, -NH, 2.6 359+ 6.6 36.5 + 6.4 1.0+0.2
30 pyridin-2-yl -NH, -NH, 0.5 ND ND 6.6+1.9
31 benzol[b]thiophen-3-yI -NH, -NH, 0.4 56+1.1 2.8+04 0.6 £ 0.1
32 thiophen-2-yl -NH, -NH, 0.1 14.2 +3.0 24.4 + 6.4 81+25
33 pyridin-3-yl -NH, -NH, 0.01 NT 16.1+4.3 15.5 + 4.0
34 -Ph -Ph -NH, 0.5 NT ND ND

35 -Ph -H -NH, 0.1 29.5+5.0 80.6 + 11.7 6.0+ 1.5
36 m-OH-Ph m-OH-Ph -NH, 0.07 55+1.3 9.6 + 1.6 6.6 +1.5
37 m-H -NH, -CHs 0 NT ND ND

38 m-F -NH, -CHs 0 NT ND ND

39 m-H -NH, -SCHjy 0.08 NT ND ND

40 m-F -NH, -SCHjy 1.72 NT ND ND

The relative reprogramming activity of triamterene (TR, entry 5) was arbitrary set to 1. All compounds were assessed at 10 uM compound concentration
for 6 days. The kinase inhibition data represent mean values + SEM of three independent measurements performed in duplicate. NT, not tested; ND, no
ICs0 value could be determined under the kinase assay conditions. See also Table S4 and Table S5.

well tolerated. For instance, the meta-fluoro derivative 16 (entry  parent TR. Equipment of the meta-position with a methoxy group
16) and the meta-methyl derivative 17 (entry 17) were more as shown in derivative 20 (entry 20), a trifluoromethyl-group in
potent than TR (entry 5). The meta-chloro substitution in deriva-  derivative 19 (entry 19), or an amino group in derivative 21 (entry
tive 15 (entry 15) yielded a compound 8-fold more active thanthe  21) led to reduced activity. Substitution of the ortho-position was
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tolerated as well and TR analogs with an ortho-fluoro substituent
as in derivative 23 (entry 23) and an ortho-methoxy group in de-
rivative 22 (entry 22) exhibited activities comparable with the
initial hit TR (entry 5). Overall, the structure-activity relationship
revealed that modifications in meta- and ortho-positions are
tolerated and may lead to increased activity, whereas even a mi-
nor structural change at the para-position nearly abolished the
conversion efficiency. Given this strong influence of phenyl
mono-derivatization on the reprogramming efficiency, various
di-substituted derivatives were generated (entries 24-28, Table
1). Two ortho-fluorine or chlorine atoms in derivatives 27 and
24, respectively (entries 27 and 24), are beneficial for reprogram-
ming activity compared with TR (entry 5). However, the introduc-
tion of two chlorines in para- and meta-position as shown for de-
rivative 26 (entry 26) only slightly increased the reprogramming
efficiency, which is in agreement with the observations made
for the monosubstituted analogs, i.e., the positive influence of
the meta-chloro substituent is negatively balanced by the large
para-substituent.

In general, the phenyl ring is important for reprogramming
activity as shown by the results recorded for derivatives 29-33
(entries 29-33, Table 1) since replacement with different hetero-
cycles led to reduced activity. Only the introduction of a 1-naph-
thyl moiety as for compound 29 (entry 29) yielded an agent more
active than TR. In addition, replacement of the amino group adja-
cent to the phenyl ring by different substituents negatively af-
fects the desired biological activity as indicated by the results
obtained for compounds 34-36 (entries 34-36, Table 1). More-
over, we investigated compounds that contain either a methyl
or a thiomethyl group in position C2 (entries 37-40, Table 1). De-
rivatives 37 and 39 (entries 37 and 39) were completely inactive in
the reprogramming assay. In addition, we generated a set of
compounds that maintain the two substitutions in position C2
but are equipped in the meta-position of the phenyl ring with a
fluorine atom (entries 38 and 40). By analogy to the findings
described above, only the addition of a fluorine atom in the
case of thiomethyl derivative 40 (entry 40) increased the reprog-
ramming efficiency (compare entry 37 with entries 39-40).

Thus, the structure-activity relationship study indicated that
the range of allowed alterations at positions C6 and C7 of the
pteridine scaffold is limited to selected modifications on the
phenyl ring and that the adjacent amino group needs to be
kept. In addition, the amino group in position C2 is important
and can be replaced with thiomethyl only if a fluorine atom is
introduced in the meta-position of the C6 phenyl ring. However,
this compound was less efficient than the parent C2 amino
substituted congener (Figure 3C highlights the allowed substitu-
tions on the pteridine ring that control the reprogramming
activity).

As described above, compounds 15, 16, 29, 24, and 26 ex-
hibited an increased biological activity compared with TR (see
chemical structures in Figure 3D). Since these compounds
reprogram EpiSCs, we term them Epiblastins and sublabel
them according to decreasing reprogramming efficiency as Epi-
blastins A-E, i.e., the most potent compound 15 is termed Epi-
blastin A (see chemical structure in Figure 3D).

Small chemical modifications of kinase inhibitors were re-
ported to alter their enzymatic inhibition profiles (Miduturu
et al., 2011; Goldstein et al., 2008). Therefore, we investigated
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the impact of a chlorine atom in the meta-position of TR on ki-
nase inhibition and profiled Epiblastin A under the same condi-
tions as TR employing the same kinase panel. On the one
hand, the results showed that Epiblastin A has a kinase inhibition
profile similar to TR (see Table S3), indicating a similar inhibition
mechanism. On the other hand, we observed a stronger inhibi-
tion of the CK1a/d/¢ isoenzymes (see Figure 3E and compare
Figure 2B with Figure 3E). This finding was further confirmed
by dose-dependent inhibition studies that yielded IC5 values
of 3.8 uM, 0.8 uM, and 3.7 uM for CK1a, CK13, and CKTe,
respectively (see Figure 3F). This observation suggests that a
higher degree of CK1 family inhibition qualitatively correlates
with increased reprogramming efficiency observed for Epiblastin
A compared with TR.

Modifications on the Pteridine Scaffold Yield Potent
and/or Selective CK1 Inhibitors

To assess the potential contribution on the individual isoforms to
the conversion, the compound collection described above was
investigated for inhibition of human CK13 and ¢ by means of
an assay employing the KinaseGlo reagent (Promega). From
the inhibition assays (entries 540, Table 1 and Table S4; entries
50-59, Table S5) the following insights were gleaned:

1. Compared with TR (entry 1, Table 1), introduction of a sub-
stituent into the para-position of the phenyl ring at C6 of
the pteridine core is detrimental to inhibition of CK1d/¢
(compare entry 5 with entries 6-14).

2. The meta-substituent at the C6 phenyl ring greatly affects
the kinase inhibitory activity (compare entry 5 with entries
15-21). In line with the potency observed in the reprog-
ramming assay, Epiblastin A (entry 15) was identified as
the most potent CK13 inhibitor. Replacement of the
meta-chlorine by bromine only slightly reduced activity,
whereas in the presence of fluorine the activity was nearly
abolished (compare entry 15 with entries 18 and 16).
Replacement of the meta-chlorine by a methoxy, methyl,
or amino group yielded analogs with lower potency
(compare entry 15 with entries 20, 17, and 21). By analogy,
Epiblastin A (entry 15) was also the most potent CK1¢ in-
hibitor identified across the series, however, this isoen-
zyme was inhibited with an ICsq ca. 10 times higher than
the IC5p value determined for CK13.

3. Among the 6-phenyl di-substituted derivatives, selectivity
for the CK1e isoenzyme can be achieved. Thus, com-
pound 25 (entry 25) containing chlorine atoms in the ortho-
and para-positions of the phenyl ring emerged as a fairly
potent and selective CK1e inhibitor (ICsq = 4.3 uM for
CK1¢; upon treatment with 50 uM compound 25, 44% re-
sidual CK13 activity was measured). None of the remain-
ing derivatives tested within this series inhibited CK135 or
yielded more potent inhibitors of CK1¢e (compare entry 15
with entries 24-28).

4. Replacement of the phenyl ring at C6 by heterocycles in
general does not improve the potency of CK13 inhibition
(entries 29-33). However, introduction of a 1-naphthyl
group as in Epiblastin C (entry 29) instead of a phenyl
ring yielded an inhibitor that displayed an ICsq value of
1 uM for CK1e and 36 puM for CK13. Thus, Epiblastin C
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(entry 29) is one of the most selective CK1e inhibitors
among the CK1d/¢ isoenzymes (Walton et al., 2009).
Good selectivity was also observed in the case of deriva-
tive 30 (entry 30), containing a 2-pyridyl substituent. In
addition, compound 31 (entry 31) containing a benzo[b]thi-
ophen-3-yl moiety yielded the most potent CK1¢ inhibitor
among the series with an IC5q value of 0.6 pM.

5. Removal of the amino group at C7 leads to selectivity for
CK1e as shown by derivative 35 (entry 35), whereas substi-
tution of the amino group at C7 with a phenyl ring in com-
pound 34 (entry 34) yields an inactive agent. Surprisingly,
addition of a 3-hydroxyphenyl substituent to C6 and C7
as in derivative 36 (entry 36, also known as TG100-115)
restored the inhibitory activity against both CK13 and ¢
isoenzymes.

6. Replacement of the amino group at C2 of the pteridine
scaffold leads to complete loss of CK1 inhibiting activity
regardless of the investigated isoenzyme or the phenyl
ring substitution pattern at position C6 as shown by deriv-
atives 37-40 (entries 37-40, Table 1).

7. Replacement of the amino group at C4 of Epiblastin A
(entry 15) with various alkoxy substituents (see synthesis
procedure in Figure S2A) completely abolishes inhibitory
activity against CK13 (see entries 50-59, Table S5),
suggesting that the presence of the amino group as an
H-bond-donating moiety is essential for the inhibitory
activity.

A selected number of derivatives were tested for the inhibition
of the closely related CK1a. isoform (see Table 1). Apparently,
only a few derivatives proved to be potent inhibitors of this isoen-
zyme. Thus, Epiblastin A and derivatives 18, 31, 36 (entries 15,
18, 31, and 36) exhibit IC5q values for inhibition of CK1a, below
10 uM, while the compounds 16, 25, 29, and 35 (entries 16, 25,
29, and 35) show ICsq values higher than 30 pM.

Taken together, appropriate adjustment of the substitution
pattern on the pteridine ring in various positions allowed the
generation of potent and/or selective CK1a/d/¢ inhibitors. For
example, meta-substitution with a chlorine atom yielded selec-
tive CK13 inhibitors as shown in the case of Epiblastin A (entry
15). Interestingly, a bromine atom in the same position furnished
a pan-CK1a/3 inhibitor (entry 18), whereas derivatives 25, 30, 35,
and Epiblastin C (entries 25, 30, 35, and 29, respectively) were
selective CK1e inhibitors. We stress that Epiblastin A (entry 15)
and Epiblastin C (entry 29) are selective CK15/CK1¢ inhibitors
(Peifer et al., 2009; Richter et al., 2014; Mashhoon et al., 2000)
that may open up novel avenues for the study of CK1-isoenzyme
modulated processes.

In order to determine the inhibition type, Epiblastin A (entry 15)
was assayed for CK1d/¢ inhibition in the presence of different
ATP concentrations. A Lineweaver-Burk plot clearly revealed
that this compound is an ATP competitive inhibitor (see Fig-
ure 4A-B). The inhibition mode was also confirmed by the inhibi-
tion profiles at different ATP concentrations (see Figures S2B
and S2C). Moreover, a Dixon plot revealed an inhibition constant
(Kj) for CK1d of 0.86 uM and 3.71 uM for CK1¢ (see Figures 4C
and 4D). This inhibition mode is also in accordance with the
observation that the C2 and C4 amino groups at the pteridine
scaffold are required for activity. Determination of crystal struc-

tures of CK13 in complex with Epiblastin A and derivative 18 (en-
tries 15 and 18, Table 1, PDB: 5IH5 and 5IH6) at 2.56 A and
2.76 A resolution, respectively, revealed that the 2,4-diaminopyr-
imidine unit forms an array of H bonds within the nucleotide bind-
ing site. The two compounds differ only in the halogen substitu-
ent present in the meta-position of the phenyl ring at position C6,
i.e., a chlorine atom in Epiblastin A and a bromine atom in deriv-
ative 18. As shown in Figure 4E, the amino group in position C2 is
engaged in two H bonds with the carbonyl groups of Leu85 and
Gly86. Moreover, the amino group at position C4 points to the
carbonyl moiety of Glu83. The interaction of the inhibitors with
the hinge region is enforced by the fourth H bond between the
nitrogen at position 3 and the NH residue of Leu85. Finally, the
meta-halogen substituent on the C6 phenyl ring is deeply buried
inside a hydrophobic cavity created by Met80 and Met82. The
position of the bromine atom in derivative 18 has specifically
been located inside the ATP-binding pocket of CK13 via its char-
acteristic anomalous X-ray scattering signal (see Figure S2D).
Due to the strong X-ray absorbance of heavy atoms like bromine,
atom-specific anomalous density can be observed if the wave-
length of the X-ray is adjusted to the characteristic absorption
edge, 0.91883 A in the case of bromine. Comparison with other
CK1d/¢/y-ligand structures present in the protein database
(PDB) shows that most inhibitors use a similar binding mode ex-
hibiting hydrogen bridges to the hinge region (Glu83 to Gly86)
and hydrophobic interactions in a deeply buried pocket formed
by amino acid residues Met80 and Met82. For example, the
pan-CK1%/¢ inhibitor PF670462 (PDB: 3UYT and 3UZP, respec-
tively) is protruding even deeper in this cavity than Epiblastin A
(Long et al., 2012a, 2012b). The interaction of Epiblastin A with
the nucleotide binding pocket of CK13 confirms the conclusions
of the enzymatic study (see Table 1). Thus, the proper interaction
with the hydrophobic cavity is mandatory for a high degree
of CK13 inhibition (see entries 15-21, Table 1). Moreover, any
derivatization of the para-position would potentially clash into
the Glu52/Met80 residues found in close proximity (see entries
5-14, Table 1). Not even the introduction of a meta-chloro substi-
tution on the para-chlorine-containing derivative as shown for
compound 26 (entry 26) could block the enzymatic activity of
CK1%/¢ isoforms. Together, these observations clearly suggest
restricted functionalization possibilities of the phenyl ring at po-
sition C6. Although the ortho-para-chlorine disubstitution as
shown for derivative 25 (entry 25) yielded an inactive compound
against CK19, this derivative exhibited an IC5q value of approxi-
mately 4.3 uM for the CK1¢ isoenzyme. The result suggests that
this precise arrangement of substituents can be exploited to
generate CK1e-selective inhibitors.

Target Engagement in Cell Lysates

Target engagement (Simon et al., 2013) in cell lysates was inves-
tigated by means of a kinase enrichment assay employing an Ac-
tivX ATP probe (Thermo Fisher; https://www.thermofisher.com/
order/catalog/product/88310.) that features a desthiobiotin-
bearing mixed carboxylic/phosphoric acid anhydride at the
v-phosphate position of the ATP. When bound to a kinase ATP-
binding site, the desthiobiotin moiety is transferred to a proximal
e-amino group of a lysine residue (Rosenblum et al., 2013; Sar-
aste et al., 1990; Deyrup et al., 1998), and labeled kinases can
be enriched by means of streptavidin and subsequently detected
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Figure 4. Epiblastin A Is an ATP Competitive Inhibitor of CK13/c Isoenzymes

(A) A Lineaweaver-Burk plot shows competitive inhibition of CK13 by Epiblastin A with respect to various concentrations of ATP. Data represent mean
values + SEM of three independent measurements performed in duplicate. Black arrows indicate the increasing concentrations of Epiblastin A.

(B) A Lineaweaver-Burk plot shows competitive inhibition of CK1e by Epiblastin A with respect to various concentrations of ATP. Data represent mean
values + SEM of three independent measurements performed in duplicate. Black arrows indicate the increasing concentrations of Epiblastin A.

(C) A Dixon plot for CK13 yields the inhibition constant for Epiblastin A by using different concentrations of Epiblastin A at various ATP concentrations. Data
represent mean values + SEM of three independent measurements performed in duplicate. Black arrows indicate the increasing concentrations of ATP.

(D) A Dixon plot for CK1e yields the inhibition constant for Epiblastin A by using different concentrations of Epiblastin A at various ATP concentrations. Data
represent mean values + SEM of three independent measurements performed in duplicate. Black arrows indicate the increasing concentrations of ATP.

(E) Crystal structures of Epiblastin A and derivative 18 in complex with CK13. The chlorine atom in Epiblastin A is shown in green, while the bromine in derivative
18 is highlighted in brown. Nitrogen and carbon atoms are depicted in blue and red, respectively. The four hydrogen bonds between the hinge region and the
2,4-diaminopyrimidine unit of Epiblastin A and derivative 18 are shown as black dashed lines.

RLU, relative light units. See also Figure S2.
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Figure 5. Target Confirmation Studies of Epiblastin Ain HCT116 Cell
Lysate

(A) Epiblastin A disturbs the labeling of CK1a, CK13, CK1e isoenzymes in
HCT116 cell lysates. Nucleotide-depleted lysates of HCT116 cells were
incubated with different concentrations of Epiblastin A or DMSO as a control
for 10 min followed by treatment with ActivX ATP probe for 10 min. Labeled
proteins were enriched using streptavidin beads and were separated by
means of SDS-PAGE. Proteins were transferred to a polyvinylidene fluoride
(PVDF) membrane prior to detection of CK1 a/3/¢ using anti-CK1a, anti-CK13,
and anti-CK1e antibody and secondary antibodies coupled to horseradish
peroxidase. Data are representative of three independent experiments.

(B) Assessment of CK1 shRNA-based knockdown efficiency in E3 GOF18-
EpiSCs cells by quantitative PCR analysis. Data represent mean values + SEM
of three independent measurements.

by western blotting. Inhibition of probe binding leads to reduced
labeling and thereby weaker bands in the immunoblot. Short in-
cubation times and low probe concentrations minimize unspe-
cific lysine labeling (Okerberg et al., 2009). The robustness of
the method for analysis of ATP-binding proteins, in particular ki-
nases, has previously been proven (Xiao and Wang, 2014; Patri-
cellietal.,2011; McAllister et al.,2013; Adachietal., 2014). One of
the advantages of this technology is that appendage of a linker is
not required. The nature of the linker and its attachment position
on a scaffold of a linker can affect activity (Ziegler et al., 2013).
Target engagement by Epiblastin A was investigated in human
HCT116 colorectal carcinoma cells because all CK1 isoenzymes
could be detected in the cell lysate (see Figure S3A). After incuba-
tion of the HCT116 cell lysate with increasing concentrations of
Epiblastin A (1, 10, and 100 uM, respectively) and addition of
the probe, labeled proteins were isolated using streptavidin-
coated beads and analyzed by means of immunoblotting. As
shown in Figure 5A, in the absence of inhibitor, CK1a/3/¢ are
labeled by the reagent. Addition of Epiblastin A to the cell lysate
in increasing concentrations impairs labeling and, therefore,
binding of the ATP probe to the kinase. This result proves engage-
ment of the three CK1a/d/¢ isoenzymes by Epiblastin Ain HCT116
cell lysate. In order to determine whether Epiblastin A binds ki-
nases in addition to the CK1 isoforms, in a separate experiment
kinases whose labeling could be inhibited by Epiblastin A were
identified and quantified by means of label-free mass spectrom-
etry (see the Supplemental Experimental Procedures and Fig-
ure S3B for the list of proteins identified). The analysis revealed
CK1a as target protein in accordance with the findings detailed
above. CK13 and CK1e were identified as well, however with
lower confidence. Notably, CK1a could be identified in all repli-
cates of the chemical proteomics experiment, indicating that
CK1la may be the major cellular target of Epiblastin A in
HCT116 cell lysate. Having identified the CK1a/3/¢ isoenzymes
as targets of Epiblastin A, we set out to determine the contribution
of each CK1 isoform in the reprogramming process. Therefore,
we performed shRNA-mediated knockdown in E3 GOF18-
EpiSCs (see Figures 5B and 5C). Genetic ablation of CK1¢ and
mainly the CK1a isoenzyme yielded 4% and 18% GFP-positive
colonies, respectively, as quantified by flow cytometry, suggest-
ing a major contribution of the CK1a. isoform inhibition during re-
programming of EpiSCs.

In addition to CK1a, serine/threonine-protein kinase 10
(STK10) (Kuramochi et al., 1997) was detected in the proteomics
experiment to bind to Epiblastin A (see Figure S3B). An in vitro
enzymatic assay revealed that Epiblastin A indeed inhibits

(C) Oct4-GFP expression in E3 GOF18-EpiSCs after shRNA-based knock-
down of CK1a, CK13, and CK1e as measured by flow cytometry. The cells
were cultured in conditioned EpiSC medium containing FGF2 and Activin A.
Data are representative of three independent experiments.

(D) Epiblastin A disturbs the labeling of STK10 in HCT116 cell lysates. Nucle-
otide-depleted lysates of HCT116 cells were incubated with different con-
centrations of Epiblastin A or DMSO as a control for 10 min followed by
treatment with ActivX ATP probe for 10 min. Labeled proteins were enriched
using streptavidin beads and were separated by means of SDS-PAGE. Pro-
teins were transferred to a PVDF membrane prior to detection of STK10 using
anti-STK10 antibody and secondary antibody coupled to horseradish perox-
idase. Data are representative of three independent experiments.

See also Figure S3 and Figure S4.
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STK10 kinase activity with an ICsq value of 19 uM (see Fig-
ure S3C). By analogy to the method described above, immuno-
blotting proved engagement of Epiblastin A by STK10 (see
Figure 5D) in lysates obtained from HCT116 cells.

The chemical proteomics approach identified phosphatidyli-
nositol-5-phosphate 4-kinases type 2 (Fiume et al., 2015), ki-
nases PIP4K2A and PIP4K2C, as putative targets (see Fig-
ure S3B). Given the fact that TR analog TG100-115 (Palanki
et al., 2007) had been identified as an inhibitor of PI3Ks before
(Davis et al., 2011; Doukas et al., 2006), this result may represent
a more general affinity of the pteridine chemotype for lipid ki-
nases. In light of these findings, Epiblastin A was subjected to
an additional kinase profiling study monitoring a total of 123 ki-
nases (see Table S6). The analysis revealed that it further inhibits
brain-selective kinase 1 (BRSKT1; IC5q = 24.2 + 5.8 uM), eukary-
otic elongation factor 2 kinase (EEF2K; IC50 = 27.4 + 5.6 uM),
epidermal growth factor receptor kinase (EGFR; IC50 = 8.3 +
1.5 puM), Map kinase-interacting Ser/Thr kinase 2 (MKNK2;
ICs0 = 45.0 £ 10.3 uM), and receptor-interacting Ser/Thr kinase
2 (RIPK2; IG5 = 38.0 + 11.3 uM) (see Figures S4A-S4F). While
these data might be considered in the rationalization of the
stem cell reprogramming activity of Epiblastin A, inhibition of
these kinases is much weaker than for the CK1 isoenzymes
(with the possible exception of EGFR; see the Discussion below)
and may, therefore, not be relevant under the conditions of the
reprogramming experiments. Further studies are required to
clarify this possibility.

DISCUSSION

Chemical reprogramming of differentiated cells into PSCs is an
emerging technology that may enable the identification and
interrogation of the cellular pathways that govern stem cell dedif-
ferentiation (Boiani and Scholer, 2005; Ng and Surani, 2011). We
describe the identification of the initial hit compound TR discov-
ered in a cell-based assay monitoring the efficient reactivation
of Oct4-GFP expression in mouse EpiSCs. The synthesis of a
collection of TR analogs yielded Epiblastins A-E as a class of
pteridine compounds that efficiently and reproducibly converted
EpiSCs to cESCs that re-express the Oct4-GFP transgene and
exhibit cell morphology similar to ESCs. Variation of the substitu-
tion pattern at different positions of the pteridine ring furnished
potent and/or selective CK1a/3/¢ inhibitors. Epiblastin A and
Epiblastin C are excellent candidates for further improvement
of inhibitory activity and/or selectivity toward CK13 and CK1s,
respectively. The crystal structures obtained for Epiblastin A
and derivative 18 in complex with the target protein provide a
solid structural basis for these studies.

The data generated from the cell-based assays, the inhibition
studies, and analysis of target engagement indicate that for the
most potent compound identified, i.e., Epiblastin A, inhibition
of CK1a may be the most relevant activity for EpiSC reprogram-
ming. However, acquiring ESC-like features in the case of
EpiSCs is possible via a CK1 independent mechanism as well.
Recent findings suggest that EpiSC lines of various origins can
be converted to an ESC-like state by genetic and/or chemical
manipulation of different targets (Bao et al., 2009; Gillich et al.,
2012; Zhou et al., 2010; Festuccia et al., 2012; Bernemann
et al.,, 2011; Yang et al., 2010; Guo et al., 2009).
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Analysis of target engagement by means of chemical prote-
omics indicated that also other kinases inhibited by Epiblastin
A may be involved in the reprogramming process. However, of
the enzymes for which binding was confirmed, only CK1a has
been previously linked to stem cell biology as a regulator of the
DNA damage response in mouse ESCs (Carreras Puigvert
et al., 2013). CK1a inhibition has not been described as a critical
step in EpiSC reprogramming before, although kinome-wide
RNAIi and kinase inhibitors screens have been performed in the
past (Sakurai et al., 2014; Lee et al., 2012). Thus, our chemical
proteomics approach may have revealed possible novel targets
that might act as reprogramming barriers in the stem cell context
and could not be identified by means of genome-wide RNAI
screens before (Yang et al., 2014; Qin et al., 2014).

In vitro kinase profiling revealed additional proteins potentially
targeted by Epiblastin A in cells. However, with the exception of
the EGFR kinase, the ICsq values for their inhibition were consid-
erably higher than for the CK1 isoenzymes, in particular CK1a..
Thus, it appears unlikely that inhibition of these kinases plays a
decisive role in stem cell reprogramming. Notably, a recent liter-
ature report (Tran et al., 2015) characterizes EGF receptor com-
ponents as barriers in the transition from the pre-cESC to the
ESC-like state. Thus, Tran et al. (2015) found that reduction
of EGFR kinase levels at the later stages of reprogramming facil-
itated the transition to the ESC-like state via activation of
Esrrb expression, an important component of the pluripotency
network (Festuccia et al., 2012; Feng et al., 2009).

Epiblastin A is a valuable tool compound to further identify and
characterize the signaling events involved in the conversion of
EpiSCs into an Oct4-GFP expressing cell population (D.J.l.,
M.Z., AU, S.Z., HW., H.R.S., and colleagues, unpublished
data). Given the identification of CK1a as a major determinant
of this activity, further compound improvement by means of a
structure-based inhibitor design may allow the development of
more potent and selective modulators of stem cell fate.

SIGNIFICANCE

Novel small molecules that influence stem cell reprogram-
ming are in high demand because they may pave the way
for new therapeutic applications and be efficient tools to
unravel the cellular networks that govern stem cell renewal
and differentiation. Conversion of mammalian epiblast
stem cells (EpiSCs) characterized by primed pluripotency
into cells corresponding to embryonic stem cells (CESCs)
by means of established techniques is ineffective because
only a minority of EpiSCs (1% or even less) is converted.
The application of Epiblastin A now allows for efficient re-
programming of EpiSCs into cESCs and thereby enables
their further use. The identification of casein kinases as
primary cellular targets of Epiblastin A revealed that these
enzymes are important factors in the cellular networks
determining pluripotency. The results suggest that regula-
tion of casein kinase 1 o (CK1a) enzymatic activity is a
critical step in EpiSC reprogramming. This kinase family rep-
resents an important reprogramming barrier in the stem
cell context not identified by genome-wide RNAi screens
before. The development of an efficient synthesis of a triam-
terene-derived compound collection, the delineation of a
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conclusive structure-activity relationship, and the availabil-
ity of crystal structures of Epiblastin A in complex with
CK13 enable further inhibitor improvement for in-depth anal-
ysis of the signaling pathways that govern stem cell dediffer-
entiation and better manipulation of stem cell fate in vitro.

EXPERIMENTAL PROCEDURES

General Procedure for the Synthesis of Derivatives 5-40

Epiblastin A (entry 15): NaH (60% oil dispersion, 0.75 mmol, 1.1 eq) was dis-
solved in 8 ml of anhydrous 2-ethoxyethanol and vigorously stirred at room
temperature. After Hy evolution, a clear solution was obtained and then
(8-chlorophenyl)acetonitrile (0.75 mmol, 1.1 eq) was added followed by 5-ni-
troso-2,4,6-triaminopyrimidine (0.68 mmol, 1 eq). The reaction mixture was
heated to 140°C and refluxed for 2 hr. After cooling to room temperature,
the mixture was concentrated in vacuo. The solid obtained was treated with
5 ml of water, filtered, and washed twice with 3 ml of methanol. The solid
was dried to finally furnish 107 mg of a yellow solid (yield, 55%) (see Supple-
mental Experimental Procedures for more details).

Fluorescence-Activated Cell Sorting-Based Detection of
GFP-Positive Cells

100,000 E3 EpiSC GOF18 cells were plated into 6 cm low attachment dishes on
day 0. The reprogramming assay was performed in EpiSC medium, i.e., CF1
MEF-conditioned KO-DMEM containing 20% serum replacement and without
additional bFGF. Compounds were added on day 0 at a concentration of 10 uM,
and cells were incubated for 8 days at 37°C. Medium containing the com-
pounds was changed on days 4 and 6. The basic EpiSC conversion medium
was used as negative control, and a mixture of 3 pM CHIR99021 (GSK38 inhib-
itor), 1 uM PD0325901 (MEK1 inhibitor), and 2000 U/mI LIF (commonly referred
to as 2i/LIF) was used as a positive control for reprogramming E3 EpiSC GOF18
cells. On day 8, cells were dissociated using trypsin. Approximately one million
cells were resuspended in 500 pl of cell culture medium and the suspension was
passed through a 40 um cell strainer to remove debris and undissociated tis-
sue. DAPI was added to stain the nuclei. Cells were subjected to fluores-
cence-activated cell sorting using a FACSAria cell sorter (BD Biosciences) to
detect the selective expression of the Oct4-GFP construct in embryonic
stem-like cells, i.e., reprogrammed cells. On day 8 of reprogramming, reverted
E3 EpiSCs displayed reactivation of the Oct4-GFP transgene. The yield of con-
version was related to the initial hit TR, whose efficiency was set to 1.

Detection of Target Engagement Using the ActivX ATP Probe
HCT116 cells were lysed in ice-cold Pierce IP lysis buffer (25 mM Tris-HCI [pH
7.4], 150 mM NaCl, 1 mM EDTA, 1% NP-40, and 5% glycerol). 10 ul of 1 M
MgCl, was added to ca. 1 mg HCT116 cell lysate and samples were incubated
for 1 min at room temperature prior to addition of DMSO or Epiblastin A to yield
1,10, and 100 uM Epiblastin A. Samples were incubated at room temperature
for 10 min. The ActivX ATP probe (Life Technologies) was pre-equilibrated at
room temperature prior to incubation with the DMSO and Epiblastin A-treated
samples at room temperature for 10 min. The solution was diluted 1:2 in 8 M
urea stock solution in Pierce IP lysis buffer, followed by the addition of high-ca-
pacity streptavidin agarose resin (Pierce Streptavidin Agarose) and incubation
for 1 hr at room temperature. Samples were centrifuged at 1,000 X g for 1 min
and washed twice using 4 M urea in Pierce IP lysis buffer followed by centrifu-
gation at 1,000 x g for 1 min. Finally, proteins were denatured in 2x Laemmli
buffer (100 mM Tris [pH 6.8], 7% SDS, 200 mM DTT, 0.014% bromophenol
blue). Samples were then analyzed by means of immunoblotting or mass spec-
trometry (see Supplemental Experimental Procedures for more details).

For cloning, expression and crystal structure determination, kinase assays,
shRNA-mediated knockdown, quantitative PCR, and biochemical proce-
dures, see Supplemental Experimental Procedures.

ACCESSION NUMBERS

The accession numbers for the crystal structures of CK13 in the apo form and
in complex with Epiblastin A and derivative 18 reported in this paper are PDB:
5IH4, 5IH5, and 5IH6.
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Supplemental Information includes Supplemental Experimental Procedures,
four figures, and seven tables and can be found with this article online at
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