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The transcriptional regulator FUSE binding protein 1 (FUBP1) is aberrantly upregulated in various malig-
nancies, fulfilling its oncogenic role by the deregulation of critical genes involved in cell cycle control and
apoptosis regulation. Thus, the pharmaceutical inhibition of this protein would represent an encouraging
novel targeted chemotherapy.
Here, we demonstrate the identification and initial optimization of a pyrazolo[1,5a]pyrimidine-based

FUBP1 inhibitor derived from medium throughput screening, which interferes with the binding of
FUBP1 to its single stranded target DNA FUSE. We were able to generate a new class of FUBP1 interfering
molecules with in vitro and biological activity. In biophysical assays, we could show that our best inhi-
bitor, compound 6, potently inhibits the binding of FUBP1 to the FUSE sequence with an IC50 value of
11.0 lM. Furthermore, hepatocellular carcinoma cells exhibited sensitivity towards the treatment with
compound 6, resulting in reduced cell expansion and induction of cell death. Finally, we provide insights
into the corresponding SAR landscape, leading to a prospective enhancement in potency and cellular
efficacy.

� 2016 Published by Elsevier Ltd.
1. Introduction

The transcriptional regulator FUSE binding protein 1 (FUBP1)
contributes to the tumorigenicity of many different malignancies,
including liver cancer1–4, colorectal carcinoma5–8, breast cancer9,10

and glioma.11,12 We and others identified FUBP1 to be aberrantly
overexpressed in hepatocellular carcinoma (HCC) tissue compared
to healthy human liver.1,3 We demonstrated that FUBP1 expression
is required for HCC tumor growth due to its anti-apoptotic and pro-
proliferative potential. Concordantly, downregulation of FUBP1 by
shRNA sensitizes HCC cells for apoptotic stimuli, including mito-
mycin c (MMC) and doxorubicin (DOX) treatment.1

FUBP1 is described as a regulator of several target genes includ-
ing the proto-oncogene c-MYC, the cell cycle inhibitor p21, the pro-
apoptotic Bcl2 family member BIK and the cell cycle regulator
cyclin D2 (CCND2).1,13–15 The protein binds via its four K-homology
(KH) domains to the single-stranded Far UpStream Element (FUSE),
1500 base pairs (bps) upstream of the c-MYC transcription start.
Interaction of FUBP1 with the general transcriptional factor TFIIH
facilitates promoter escape of the paused polymerase II (POL II)
complex, resulting in c-MYC peak-expression. In contrast to its
activating role in c-MYC and CCND2 transcription, FUBP1 was
described as a repressor of p21 and BIK expression.16,17

Both, the aberrant overexpression of FUBP1 in HCC and other
tumor entities, and the presence of a druggable DNA-binding fur-
row predestine this protein a promising candidate for targeted
chemotherapy.18

Until today, one compound class is known to interact with
FUBP1 functionality: benzoyl anthranilic acids.18 Huth et al.
showed that this benzoyl anthranilic acid is able to interact with
the hydrophobic region of the KH domain of FUBP1, leading to an
impaired DNA-binding. Limitations of this class of compounds
tested by Huth et al. included poor solubility and high KD and
IC50 values (approximately 350 lM for the best tested inhibitor,
Fig. 1A).18
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Figure 1. Chemical structures of FUBP1-inhibitors. (A) Best inhibitor from Huth
et al. and (B) Compound 6.

Table 1
Different approaches for the synthesis of substituted 3-oxopropanenitrile

Method Solvent Base Conditions Yield

A Toluene (anhyd) NaH (3 equiv) Reflux, 24 h —
B ACN (anhyd) NaOMe (2 equiv) Reflux, 3 h 24%
C ACN (anhyd) NaOMe (2 equiv) Reflux, 15 h 54%
D THF (anhyd) tBuOK (3 equiv) rt, 19 h —
E THF (technical) tBuOK (3 equiv) rt, 30 min —
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Here, we present the results of a structure activity relationship
(SAR) study aiming at the identification of a potent FUBP1 inhibi-
tor. The lead structure was identified in a medium throughput
screening using AlphaScreen technology. Investigation of pyra-
zolo[1,5a]pyrimidine derivatives resulted in the identification of
compound 6 (Fig. 1B) exhibiting inhibitory activity in in vitro and
in cellular assays. Thus, we demonstrate the inhibitory potential
of pyrazolo[1,5a]pyrimidines on FUBP1 binding to FUSE and pro-
vide in silico analyses of the surface characteristics of the investi-
gated compounds, potentially leading to the generation of an
improved FUBP1 inhibitor with increased cellular activity.

2. Results

2.1. Chemistry

The initial SAR landscape was investigated using pyrazolo[1,5a]
pyrimidine derivatives commercially available from Maybridge
(SAR-by-catalogue). For the second optimization round, a synthetic
procedure was established (Figs. 2 and 3).

2.1.1. Synthesis of modified 3(5)-aminopyrazoles
A simple route to obtain pyrazolo[1,5a]pyrimidines is the con-

densation of a bifunctional nucleophil, e.g. 1,3-dicarbonyl, with 3
(5)-aminopyrazole (Fig. 3).19 Thus, 3(5)-aminopyrazoles were gen-
erated in a three-step protocol. After esterification of the acid moi-
ety with methanol, the resulting methyl ester was substituted by
acetonitrile via a Claisen condensation yielding a substituted 3-
oxopropanenitrile. The ester substitution represented the limiting
step of this synthesis path. For the optimization of this step differ-
ent parameters of the reaction have been varied. The different pro-
cedures are listed in Table 1.20–22 In method A, D and E no
conversion to the b-ketonitrile could be detected and just educt
was re-isolated. The use of acetonitrile and freshly prepared
sodium methoxide (method B and C) gave the desired b-ketonitrile
with moderate yields. NMR analysis of the isolated product indi-
Figure 2. Synthesis of modifi

Figure 3. Synthesis of pyrazolo[
cated traces of the starting material, the acid derivative. Further
purification steps were neglected and the substituted 3-oxopropa-
nenitrile was subsequently condensed with hydrazine hydrate in
ethanol to generate the 3(5)-aminopyrazole (Fig. 2).

2.1.2. Synthesis of pyrazolo[1,5a]pyrimidine derivatives
After cyclization with hydrazine hydrate, the condensation was

performed with a 1,3-dicarbonyl in ethanol. In principle, two pos-
sible constitutional isomers are formed depending on the reaction
conditions and on the nature of the b-diketone (Fig. 3). In this
work, an unsymmetrical 1,3-diketone containing a CF3-group was
used. This led to the generation of two different enols.23 For isomer
determination, 13C NMR spectroscopy was used. According to
Emelina24, the C7CF3 (Fig. 3A) shows a characteristic signal (quar-
tet) at 133 ppm, whereas C5CF3 (Fig. 3; indicated with B) exhibits
a signal at approximately 146 ppm. All compounds showed the
characteristic C7CF3 signal.

2.2. Screening and efficacy evaluation of pyrazolo[1,5a]
pyrimidines in in vitro and cell culture-based assays

2.2.1. Assay development
To identify a novel FUBP1-inhibitor class, we screened 14,400

small molecules (Maybridge Hit FinderTM library) in an initial
Amplified Luminescent Proximity Homogeneous Assay (ALPHA)
screen assay for their potential to inhibit the binding between
FUBP1 and its target FUSE DNA element of the p21 upstream regu-
latory region (FUSE p21).

In our AlphaScreen experiments, recombinant FUBP1 was cou-
pled to protein-A acceptor beads using the anti-FUBP1 (N15) anti-
body. The bead-coupled FUBP1 was incubated with DMSO as a
control or with compound and a biotinylated FUSE oligonucleotide,
coupled to streptavidin donor beads (see Section 5 for detailed
description). Cross-titrations revealed a concentration-dependent
increase in counts for FUBP1 binding to FUSE p21 (Suppl. Fig. 1A
and B). In a proof-of-principle experiment, a dilution series of free
FUSE p21 oligonucleotide was used to compete with the binding of
FUBP1 to biotinylated, bead-bound FUSE p21 (Suppl. Fig. 1C). With
ed 3(5)-aminopyrazole.

1,5a]pyrimidine derivatives.
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this experiment, we could demonstrate the feasibility of the
AlphaScreen assay for the screening of compounds that interfere
with the binding of FUBP1 to FUSE p21 DNA.

All 103 positive hits, exhibiting 30% or less FUBP1/FUSE p21
binding compared to DMSO control, were rescreened. The most
promising candidates were verified using surface plasmon reso-
nance (SPR) technology. In SPR experiments, single stranded
biotinylated FUSE p21 oligonucleotide was immobilized on the gold
surface of NLC chips. Upon binding of FUBP1 (liquid phase) to the
immobilized FUSE p21, response units (RUs) increased and the
binding was detected in the association phase. We successfully
verified the specific binding of recombinant FUBP1 to the FUSE
p21 oligonucleotide (54 bps), whereas a non-FUBP1 binding sin-
gle-stranded DNA sequence exhibited no specific increase in RUs
(Suppl. Fig. 2). Vice versa, a non-DNA binding protein (Green Fluo-
rescent Protein; GFP) showed no interaction with either FUSE p21
or the DNA control channel (non-FUBP1 binding single stranded
DNA control; see Section 5).

In contrast to AlphaScreen assays, SPR relies on the size change
of the SPR chip surface which occurs upon binding of FUBP1 to the
immobilized FUSE p21 oligonucleotide, and not a change in color
emission. Therefore, SPR represents a valid complementary assay
for the AlphaScreen technology used.

Among the verified small molecule inhibitors, we were able to
identify a pyrazolo[1,5a]pyrimidine as a reasonable FUBP1 inhibi-
tor (compound 1; Table 2).

To evaluate the SAR landscape of compound 1, 16 derivatives
were purchased and tested for their inhibitory potential on the
FUBP1/FUSE p21 interaction in an AlphaScreen assay (compounds
2–17; Table 2). Positive hits were verified using SPR. The com-
pounds exhibiting the lowest IC50 values were evaluated with
respect to their FUBP1 inhibition in cell culture-based assays. For
this purpose, the change in FUBP1 target gene expression was
monitored as an indirect readout for the cellular inhibition of the
transcriptional regulation induced by FUBP1.

In a first screening approach, compound 1 and its derivatives 2–
17 (Table 2) were incubated with both binding partners (FUBP1
and biotinylated FUSE p21 oligonucleotide) in a final concentration
of 100 lM. In the bead-based proximity assay, the lead compound
1 exhibited a reduction of FUBP1 binding to FUSE p21 down to
22.7% with respect to the DMSO control (Fig. 4A). A similar inhibi-
tory potential was observed for the derivatives 5 (27.8%), 6 (28.4%)
and 7 (9.8%). These hits were successfully verified in SPR experi-
ments, in which biotinylated FUSE p21 was immobilized on the
NLC chip with final response units (RUs) of 50. 25 nM FUBP1 was
used in the liquid phase as the binding partner. For the verification
of inhibitory compounds, FUBP1 was preincubated with either
DMSO control or 100 lMpositive hit compound (Fig. 4B). All tested
compounds showed a reduction in both the association (0–120 s)
and the dissociation phases (120–500 s) of FUBP1 binding to FUSE
p21 compared to solvent control, indicating that the binding of
FUBP1 to single-stranded FUSE p21 DNA is impaired.

2.2.2. In vitro and cell culture testing of initial compound 1
derivatives

To assess the respective IC50 values, a dilution series of com-
pounds 1, 5, 6 and 7 (0.02–200 lM) were tested in AlphaScreen
and SPR assays. Though the inhibitory potential at 100 lM of the
initial positive hits from the first derivatisation of compound 1
did not differ, the IC50 value of compound 6 (24 lM in AlphaScreen
and 11 lM in SPR experiments; Fig. 5A and B) was significantly
lower compared to that of compound 1 (85 lM). The exchange of
a thiophene residue in the position R2 by 4-toluolyl (5) or cyclo-
propyl (7) resulted in a reduction of the inhibitory potential (IC50

values of 85 lM for compound 5 and 103 lM for compound 7,
respectively; see Table 2).
In addition to the decreased binding capacity of FUBP1 to the
FUSE DNA of p21 upon incubation with compound 6, we observed
similar effects with another potential FUSE sequence, the FUSE BIK.
Upon investigation of the upstream region of the BIK transcription
start site, we detected a potential FUSE element with a high simi-
larity to the verified FUSE p21 DNA sequence (Suppl. Fig. 3A). In
proof-of-principle experiments a specific binding of FUBP1 to this
FUSE BIK oligonucleotide could be verified (Suppl. Fig. 3B and C).
Most importantly, compound 6 was able to diminish the binding
of FUBP1 to the FUSE of BIK (Fig. 5C).

To test the cellular inhibition of FUBP1 by this new class of inhi-
bitors in human cells, HCC cell lines were treated with the respec-
tive compounds and investigated for changes in FUBP1 target gene
expression. We previously showed, that a shRNA-mediated knock-
down of FUBP1 leads to increased p21 and BIK expression levels
and a decrease in CCND2 mRNA in Hep3B cells, with the effects
on p21 expression being most prominent.1 We expected to observe
similar effects after incubation of cells with potential FUBP1
inhibitors.

Treatment of the Hep3B cells with compound 5 or 7 did not
result in significant changes of the investigated mRNA expression
levels (Suppl. Fig. 4). However, in accordance to the efficacy
defined in in vitro assays, compound 6 showed a concentration-
dependent upregulation of the FUBP1 target genes p21 and BIK in
Hep3B cells with significant fold changes of 6.2 and 1.5, respec-
tively, and a significant decrease in CCND2 (fold change of �2.7),
using a compound concentration of 50 lM (Fig. 5D). This tendency
could be verified in the hepatocellular carcinoma cell lines Huh7
and HepG2 (Suppl. Fig. 5).

2.2.3. HCC cells are sensitive for compound 6-treatment
As expected from the deregulation of specific FUBP1 target

genes, studies in FUBP1-deficient Hep3B cells exhibited a reduced
cell proliferation and an increased sensitivity towards apoptotic
stimuli.1,3 To test if our potential FUBP1 inhibitor causes similar
effects, the HCC cell lines Hep3B, HepG2 and Huh7 were treated
with compound 6 and investigated for cell expansion, cell cycle
distribution and cell death rates.

In cell expansion assays, HCC cells were, as mentioned above,
either treated with DMSO (solvent control), 10 or 20 lM com-
pound 6 or remained untreated. Cell numbers were quantified
after 24, 48 and 72 h (see Section 5). A significantly reduced cell
expansion compared to the DMSO-treated control cells was
observed 48 and 72 h after treatment of Hep3B with both, 10
and 20 lM of compound 6 (Fig. 6A and B). This effect of com-
pound 6 treatment on the cell expansion of HCC cells could be
substantiated by treatment of HepG2 and Huh7 cells. They exhib-
ited an even higher sensitivity towards CPD 6, with significantly
reduced cell proliferation for 10 and 20 lM treatments after
24 h (Suppl. Fig. 6A and B).

The investigation of cell death in Hep3B after 24 h of single-
treatment with compound 6 revealed a slight increase in the num-
ber of dead cells with both 10 and 20 lM (Fig. 6C and D). This is in
line with our previously performed FUBP1-knockdown studies,
demonstrating that FUBP1-deficiency alone resulted only in minor
induction of apoptosis but sensitizes cells for apoptotic stimuli.1

The combination of our proposed FUBP1 inhibitor compound 6
with MMC or DOX resulted in profound cell killing of Hep3B cells
(Fig. 6D). The combination index (CI) is a commonly used mathe-
matical means for the evaluation of drug effect combinations, with
values under 1 representing synergism (see Section 5 for detailed
description).

Similar tendencies were observed for Huh7 cells and CPD 6
(Suppl. Fig. 6C). The percentage of dead cells was even higher when
investigating compound 6/MMC or compound 6/DOX treated
HepG2 cells, which exhibited no cell death sensitivity towards



Table 2
FUBP1 inhibitory potential of the tested compounds

No. R1 R2 IC50 [lM] No. R1 R2 IC50[lM]

1

O

O
O ++ (85.1) 19

O
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S Br ++++ (7.6)

2 0 20
S

0

3 Cl 0 21
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4 0 22 0
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0 27
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Cl

0 28
N
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O2N
0 29

O
+ (ND)

12
O

0 30 + (ND)

13 0 31
O

++ (ND)

14
N

0 32
N

0

15 0 33 0

16
S

0 34
N

0

17 0 35
Cl

0

18

O

O
S Cl ++++ (11.4)

(A) All candidate substances were tested in 100 lM concentrations for their inhibitory potential on the interaction between FUBP1 and the single stranded FUSE oligonu-
cleotide of p21. ND = not determined.
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compound 6 single treatment (Suppl. Fig. 6D). A statistically signif-
icant synergism could be observed for all tested combination reg-
imens in HepG2 cells as calculated by the combination index (CI)
according to Slinker et al.25
2.2.4. Optimization steps of the hit compound 6
In order to further increase the inhibitory activity of compound

6 for FUBP1, we investigated derivatives of this molecule
with either substitutions in R1 (keeping the thiophene residue at



Figure 4. In vitro activity assessment of lead structure (compound 1) derivatives. (A) Compound 1 derivatives were analyzed for their potential to inhibit or prevent the
binding between FUBP1 and the FUSE DNA of p21 in an AlphaScreen assay. Compounds with an inhibitory potential of >60% compared to solvent control were defined as
positive hits (black bars). (B) Positive AlphaScreen hits were verified using SPR technology. Single-stranded FUSE p21 DNA (50 RU) was immobilized on a NLC chip surface.
25 nM FUBP1 was incubated with either solvent control (DMSO) or compounds 1, 5, 6 or 7, and response units were normalized to the DNA control channel. Results from one
representative experiment out of three independent replicates are shown.

Figure 5. FUBP1/FUSE inhibitory efficacy of compound 6. (A and B) IC50 determination of compound 6 in AlphaScreen and SPR assays. Compound dilution series (0.1–200 lM)
were performed with 50 nM FUBP1. Binding capacity of FUBP1 to FUSE p21 was assayed. Data were normalized to the DMSO control. IC50 values were calculated from three
independent experiments, data show representative curves. (C) Compound 6 potently prevents the binding of FUBP1 to the FUSE of p21 and the FUSE of BIK. 100 lM of
compound 6 was preincubated with FUBP1 (25 nM) and binding to the FUSE of p21 or BIK was measured in the general AlphaScreen set up. Experiments were performed in
three independent replicates. (D) As an indirect readout for the cellular inhibition of FUBP1, qRT-PCR of compound 6 treated cells was performed. Hep3B cells were incubated
with the indicated concentrations of compound 6 for 6 h prior to RNA preparation and qRT-PCR analysis. FUBP1-target gene expression levels (p21, BIK and CCND2) were
normalized to GAPDH. Data are presented as mean ± SD, three independent experiments were performed.
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position R2, compounds 20–31; Table 2), or we introduced addi-
tional halide groups in the thiophene moiety (compounds 18 and
19; Table 2). Furthermore, we evaluated the importance of the
thiophene residue in R1 substituents by reducing the volume of
R2 (compounds 33–35).
All compounds of the second optimization round (compounds
18–35) were examined in a final concentration of 200 lM in the
general SPR screening set up (Fig. 7A). Positive hits were
rescreened in an independent experiment with a final compound
concentration of 100 lM (Fig. 7B). Though the first screening



Figure 6. Effects of compound 6 treatment on the proliferation and cell death induction in Hep3B cells. (A) Expansion assays of Hep3B cells, treated with 10 and 20 lM
compound 6, respectively, showed a significantly reduced cell expansion after 48 and 72 h. (B) Light microscopical pictures of untreated, DMSO and compound 6 (10 and
20 lM) treated Hep3B cells after 72 h. (C and D) Nicoletti assay of Hep3B cells, harvested and fixed after 24 h of treatment. 10 and 20 lM of compound 6 treatment resulted in
an increase in subG1 cells (dead cells). Representative ModFit analyses of five independent experiments are presented. (D) Upon combination of compound 6 with DOX
significant, synergistic cell killing was determined according to combination index analyses. A CI < 1 indicates synergism of the used combinational treatment. Expansion
assays were performed in biological triplicates and Nicoletti assays in five biological replicates, each conducted in technical duplicates. UT = untreated; M/D = MeOH/DMSO;
MMC = mitomycin c; DOX = doxorubicin; CI = combination index.
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resulted in a positive inhibitory potential for 9 out of the 18 tested
compounds, the rescreening revealed a potent reduction of FUBP1
binding to FUSE p21 only for compounds 18 and 19. In small-scale
dilution series (200, 100 and 50 lM), an estimated IC50 value of
over 100 lM was determined for compounds 25, 26 and 28–31
(data not shown). All other compounds lacked efficient inhibition
of FUBP1 binding to the FUSE p21 oligonucleotide in the used assay
(white bars, Fig. 7A).

Further investigation of compounds 18 and 19 revealed IC50 val-
ues that were comparable to that of compound 6 with 11 lM and
8 lM, respectively (Fig. 8A and B). However, after biological evalu-
ation of these two compounds in cell culture experiments, only an
upregulation of p21 could be detected. Effects on BIK expression
levels were only minor (Fig. 8C and D).
3. Discussion

Upon derivatisation of compound 1, we were able to improve
the in vitro activity of the investigated pyrazolo[1,5a]pyrimidine



Figure 7. SPR analysis of the potential of compound 6 derivatives to inhibit the FUBP1/FUSE p21 interaction. (A) Compounds 18–35 were tested at a final concentration of
200 lM with 25 nM FUBP1 protein. Compounds were defined as positive hits with <40% residual FUBP1-binding to FUSE p21 compared to the DMSO control. (B)
Representative binding curves of FUBP1 to FUSE p21 in the presence of DMSO (solvent control) or compounds 18 and 19. One representative experiment out of three
independent experiments is shown.

Figure 8. In vitro IC50 determination of compounds 18/19 and their influence on FUBP1 target gene expression in HCC cells. Low micromolar IC50 values and the deregulation
of FUBP1 target genes, as an indirect readout for the cellular inhibition of FUBP1, validate the in vitro inhibitory potential of compounds 18 and 19. (A and B) The inhibitory
concentrations of 50% were calculated from three independent experiments. Results from one experiment are displayed. (C and D) Hep3B cells were incubated with
compounds 18 and 19 for 6 h prior to qRT-PCR analysis. Minor but significant fold changes in p21 were detected. FUBP1-target gene expression levels were normalized to
GAPDH. Data are presented as mean ± SD of three independent experiments.
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as a FUBP1-inhibitor by 7-fold. Thus, the thiophene moiety and the
concomitant increase in hydrophobic surface led to an increase in
inhibitory activity (Fig. 9A).
qPCR-analysis revealed a significant upregulation of the direct
FUBP1-target gene p21 in compound 6-treated HCC cells (Fig. 5D
and Suppl. Fig. 5). Additionally, BIK and CCND2 expression levels



Figure 9. Qualitative analysis of the SAR study using the Activity Minor and Activity Atlas tools from FORGE. (A) 2D structures of all tested SAR molecules were analyzed for
their surface polarity and activity, resulting in a disparity calculation for defined pairs of molecules. Differences in the hydrophobic surface and the positive field are depicted
in yellow. (B) By comparing active and non-active compounds, favorable and unfavorable hydrophobic regions of this SAR study were assigned using 2D alignment. (C) High
disparity regions, represented by the comparison of compound 1/8 and compound 6/25, indicate structurally important areas of the SAR landscape.
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changed upon treatment with compound 6 as expected for a
FUBP1-inhibiting substance. It is important to note that these kinds
of analyses are only an indirect measure of cellular FUBP1 inhibi-
tion, which cannot completely exclude the possibility of off-target
effects. However, the cellular expansion experiments and the
observed sensitization towards apoptotic stimuli correlate well
with a cellular FUBP1 inhibition by compound 6 (Fig. 6; Suppl.
Fig. 6). Both, FUBP1-deficiency induced by shRNA and treatment
with our new class of chemical FUBP1 inhibitor, lead to a decrease
in cell expansion, a slight induction of cell death when applied as a
monotherapy, and synergistic cell killing in combination with mit-
omycin c and/or doxorubicin.

The addition of halide groups (compound 18, 19) resulted in
neglectable changes with respect to the in vitro activity
(Fig. 8A and B). However, the biological efficacy was reduced com-
pared to 6 (Fig. 5D; Fig. 8B and C). Changes in the thiophene resi-
due at R2 correspond to a low disparity value, underlining the
flat SAR landscape of this region. Disparity is a common character-
ization of SAR landscapes, and it includes the structural similarities
and functionality of the investigated compounds. High disparities
represent pairs of molecules with high similarity and a high differ-
ence in efficacy, low disparity values reflect major structural differ-
ences without an effect on activity.

While exchanges in R2, (e.g. addition of heterocyclic groups)
were well tolerated, an exchange of R1 in the lead compound 1
(which was accompanied by an increase in positive fields) resulted
in a complete loss of functionality (Fig. 9A). Even the omission of
one of the two methoxy residues led to a significant decrease in
activity (compound 1 versus 29/31; Table 2), as indicated by the
high disparity values. The negative electric dipole moment induced
by the two methoxy groups seems to be essential for the inhibition
of FUBP1 binding to FUSE p21 by pyrazolo(1,5a)pyrimidines
(Fig. 9B).

4. Conclusion

Upon optimization of the initial screening hit compound 1 we
were able to generate a FUBP1 inhibitor (compound 6) with a 7-
fold decreased IC50 value as determined using in vitro SPR and
AlphaScreen assays. The biological activity was demonstrated by
FUBP1 target gene deregulation, decreased cell proliferation and
increased apoptosis sensitivity.

We could demonstrate that exchanges at position 5 of the pyra-
zolo[1,5a]pyrimidine scaffold against hydrophobic residues or
halogenated aryl groups (e.g. compounds 13, 17, respectively 21,
23) are unfavorable. Changes at the position 2 of the pyrazolo
[1,5a]pyrimidine core, (halide addition of the thiophene residue)
highlight the important areas of the SAR landscape. In summary,
this preliminary SAR study provides a promising starting point
for the generation of a novel, specific and efficient FUBP1-inhibitor.
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5. Experimental section

5.1. Materials

The compounds 1–17, 20, 22, 24, 25, 27, 29 and 32–35 were
purchased from Maybridge Chemical Co., Ltd (Belgium). Chemicals
for the synthesis of 18, 19, 21, 23, 26, 28, 30 and 31were purchased
from Sigma-Aldrich Chemie GmbH (Steinheim, Germany), Alfa Aesar
GmbH & Co KG (Karlsruhe, Germany), Acros Organics (Geel, Bel-
gium) and TCI Europe (Zwijndrecht, Belgium).

The single stranded, biotinylated FUSE DNA elements of p21 and
BIK used for binding assays (AlphaScreen and SPR) were purchased
from Biospring GmbH (Frankfurt/Main, Germany).

In this study, the HCC cell lines Hep3B (ATCC no. HB-8064TM),
HepG2 (ATCC no. HG-8065TM) and Huh7 (ATCC no. PTA-4583TM)
were used.

5.2. Chemistry

5.2.1. General
Reactions were monitored via thin layer chromatography (TLC)

using ALUGRAM� from Merck (Darmstadt, Germany).
To record NMR-spectra, compounds were dissolved in DMSO-d6

or CDCl3 and measured on DPX250, Avance 400 and Avance 500
from Bruker Corporation (Massachusetts, USA) using tetramethylsi-
lane as an internal standard. All chemical shifts values are reported
in ppm, the multiplicity of the signals assigned as follows: s (sin-
glet), d (duplet), t (triplet) and m (multiplet).

Mass spectrometry analysis was performed in positive ion
mode by electrospray-ionization (ESI) on a LCMS-2020 single
quadrupole MS from Shimadzu (Duisburg, Deutschland). Precision
mass was measured using MALDI Orbitrap XL from Life Technolo-
gies GmbH (Darmstadt, Germany).

For purity estimation of the synthesized compounds, a reverse
phase high-performance liquid chromatography (RP-HPLC) was
performed using the MultoHigh� U-C18 column (50 * 2 mm) from
CS-Chromatographie Service GmbH (Langerwehe, Germany), and
the analysis was conducted using the Shimadzu prominence mod-
ule from Shimadzu.

Acetonitrile and aqueous formic acid 0.1% was used as eluents.
The established method was initiated with 80% water (0.1% formic
acid) for 2 min. Then a linear gradient from 80% to 10% water (0.1%
formic acid) for 6 min was chosen. After additional 2 min, the gra-
dient again raised to 80% water (0.1% formic acid) within 2 min.
The flow rate was adjusted to 0.5 ml/min and the UV–vis detection
occurred at 254 nm and 280 nm, respectively.

5.2.2. General procedure for the synthesis of 4,4,4-trifluoro-1-
arylbutane-1,3-dione

Sodium (1.5 equiv) was dissolved under inert conditions in 3–
5 ml absolute ethanol, and ethyl trifluoroacetate (2 equiv) (diluted
in absolute ethanol) was added. Afterwards, a suitable acetophe-
none (1 equiv), dissolved in absolute ethanol, was added. The reac-
tion mixture was heated under reflux conditions overnight and
cooled to room temperature. Quenching was performed using
hydrochloride acid (1 N), and the mixture was stirred for 15 min.
After extraction with ethyl acetate, the combined organic phases
were washed with brine. The organic layer was dried over MgSO4,
filtrated and the solvent was removed under reduced pressure. The
greasy residue was used without any further purification.

5.2.3. Synthesis of methyl-5-halide thiophene-2-carboxylate
5-Halide thiophene-2-carboxylate (1 equiv) was solved in 3 ml

absolute methanol, and concentrated sulfuric acid (2.2 equiv) was
added. The reaction mixture was heated under reflux conditions
overnight. After cooling to room temperature, the solvent was
evaporated. Purified water was added, and the reaction mixture
was neutralized with saturated NaHCO3. After extraction with
dichloromethane, the combined organic phase was washed with
purified water, 5% NaHCO3 and brine. The organic layer was dried
over MgSO4 and filtrated. The solvent was removed under reduced
pressure, and the white solid phase was used without any further
purification.

5.2.3.1. Methyl 5-chlorothiophene-2-carboxylate. For the
synthesis of this intermediate, 500 mg (3.08 mmol) 5-chloro thio-
phene-2-carboxylate, 400 ll (7.5 mmol) sulfuric acid, and 5 ml
methanol yielded in 393 mg methyl 5-chlorothiophene-2-carboxy-
late. Yield: 73%, Rf (hexane/ethyl acetate 1:2 v/v): 0.84, 1H NMR
(250 MHz, CDCl3): d [ppm] = 7.58 (d, 1H, J = 4 Hz, CHAr), 6.92 (d,
1H, J = 4 Hz, CHAr), 3.87 (s, 3H, CH3).

5.2.3.2. Methyl 5-bromothiopene-2-carboxylate. For the
synthesis of 5-bromothiopene-2-carboxylate 250 mg (1.69 mmol)
5-bromo thiophene-2-carboxylate, 200 ll (3.75 mmol) and 3 ml
methanol yielded 310 mg of methyl 5-bromothiophene-2-car-
boxylate. Yield: 84%, Rf (hexane/ethyl acetate 1:1 v/v): 0.9, 1H
NMR (250 MHz, DMSO-d6): d [ppm] = 7.64 (d, 1H, J = 4 Hz, CHAr),
7.37 (d, 1H, J = 4 Hz, CHAr), 3.82 (s, 3H, CH3).

5.2.4. Synthesis of 3-(5-halide thiophene-2-yl)-3-oxopropaneni-
trile

5-halide thiophene-2-carboxylate (1 equiv) was solved under
inert conditions in absolute acetonitrile, and sodium methoxide
(2 equiv, freshly prepared) was added. The reaction stirred under
reflux conditions overnight and was diluted with purified water,
afterwards. The aqueous phase was extracted with dichloro-
methane. The organic layer was dried over MgSO4, filtrated and
the solvent was evaporated under reduced pressure. The white
solid phase was used without any further purification.

5.2.4.1. 3-(5-bromothiophene-2-yl)-3-oxopropaneni-
trile. The synthesis of this compound was performed with
290 mg (1.33 mmol) methyl 5-bromothiophene-2-carboxylate,
1.5 ml abs. acetonitrile and 1.5 ml (1.78 M) sodium methoxide in
methanol and yielded in 166 mg 3-(5-bromothiophene-2-yl)-3-
oxopropanenitrile. Yield: 54%, Rf (dichloromethane/methanol 9:1
v/v): 0.84, 1H NMR (250 MHz, DMSO-d6): d [ppm] = 7.82 (d, 1H,
J = 4.3 Hz, CHAr), 7.47 (d, 1H, J = 4 Hz, CHAr), 4.66 (s, 2H, CH2), ESI-
MS (m/z): 229.92.

5.2.5. Synthesis of 3-(5-halide thiophene-2-yl)-1H-pyrazol-5-
amine/5-(5-halide thiophene-2-yl)-1H-pyrazol-3-amine

Under inert conditions, 3-(5-halogenthiophene-2-yl)-3-oxo-
propanenitrile (1 equiv) was suspended in ethanol, and hydrazine
hydrate (98%; 1.5 equiv) was added. The suspension was heated
under reflux overnight, and afterwards, the solvent was evaporated
and the residual mixture was solved in dichloromethane. The
organic phase was washed with purified water and hydrochloric
acid (2.5 M). The acidic phase was neutralized with NaHCO3 (10%
solution) and subsequently extracted with ethyl acetate. This
organic phase was dried over MgSO4, and after filtration, the sol-
vent was removed under reduced pressure.

5.2.5.1. 3-(5-Chlorothiophene-2-yl)-1H-pyrazol-5-amine. For
the synthesis of this derivative 300mg (1.62 mmol) 3-(5-chlorothio-
phene-2-yl)-3-oxopropanenitrile, 120 ll (2.42 mmol) hydrazine
hydrate and 5 ml ethanol yielded in 70 mg of 3-(5-chlorothio-
phene-2-yl)-1H-pyrazol-5-amine.

Yield: 21%, Rf (dichloromethane/methanol 9:1 v/v): 0.59, 1H
NMR (400 MHz, DMSO-d6): d [ppm] = 11.59 (bs, 1H, NH), 7.08 (d,
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1H, J = 4 Hz, CHAr), 7.02 (d, 1H, J = 3.6 Hz, CHAr), 5.57 (s, 1H, CHAr),
5.04 (s, 2H, NH2). ESI-MS (m/z): 200.05.

5.2.5.2. 3-(5-Bromothiophene-2-yl)-1H-pyrazol-5-amine. For
the synthesis of this compound 150 mg (0.66 mmol) 3-(5-bromoth-
iophene-2-yl)-3-oxopropanenitrile, 49 ll (0.99 mmol) hydrazine
hydrate and 3 ml ethanol yielded in 50 mg of 3-(5-bromothio-
phene-2-yl)-1H-pyrazol-5-amine.

Yield: 33%, Rf (dichloromethane/methanol 9:1 v/v): 0.60, 1H
NMR (400 MHz, DMSO-d6): d [ppm] = 11.73 (bs, 1H, NH), 7.12 (d,
1H, J = 3.6 Hz, CHAr), 7.05, (d, 1H, J = 3.6 Hz, CHAr), 5.57 (s, 1H,
CHAr). ESI-MS (m/z): 243.99.

5.2.6. General procedure for the synthesis of 7-(trifluoromethyl)
pyrazolo[1,5a]pyrimidine

The 1,3-diketone (1 equiv) and the 3-(5)-aminopyrazole
(1 equiv) were solved in 3 ml ethanol and heated to 90 �C via
microwave irradiation for 2.5 h. After concentration under reduced
pressure, the residue was recrystallized in ethanol. A yellow solid
was obtained.

5.2.6.1. 2-(5-Chlorothiophene-2-yl)-5-(3,4-dimethoxyphenyl)-7-
(trifluoromethyl) pyrazolo[1,5a]pyrimidine (18). For the
synthesis of this compound 30 mg (0.15 mmol) 3-(5-chlorothio-
phene-2-yl)-1H-pyrazol-5-amine, 1-(3,4-dimethoxyphenyl)-4,4,
4-trifluorobutane-1,3-dione and 3 ml ethanol yielded in 35 mg 3-
(5-chlorothiophene-2-yl)-1H-pyrazol-5-amine. Yield: 53%; Rf

(hexane/ethyl acetate 2:1 v/v): 0.79; 1H NMR (400 MHz, CDCl3): d
[ppm] = 7.79 (d, 1H, J = 1.2 Hz, CHAr), 7.62–7.59 (m, 1H, CHAr),
7.53 (s, 1H, CHAr), 7.38 (d, 1H, J = 3.6 Hz, CHAr), 6.98 (d, 1H,
J = 8.4 Hz, CHAr), 6.95 (d, 1H, J = 4 Hz, CHAr), 6.91 (s, 1H, CHAr),
4.04 (s, 3H, CH3), 3.98 (s, 3H, CH3); 13C NMR (100 MHz, CDCl3): d
[ppm] = 155.3, 152.0, 149.7, 137.0, 130.7, 128.9, 126.4, 125.2,
129.7, 114.3, 111.0, 109.7, 103.3, 93.8, 56.1, 56.1; ESI-MS (m/z):
440.03; HRMS: calculated 440.04419, measured 440.04362
(Dm = 0.00057, 1.3 ppm).

5.2.6.2. 2-(5-bromothiophene-2-yl)-5-(3,4-dimethoxyphenyl)-7-
(trifluoromethyl) pyrazolo[1,5a]pyrimidine (19). For the
synthesis of this compound 101 mg (0.41 mmol) 3-(5-bromothio-
phene-2-yl)-1H-pyrazol-5-amine, 1-(3,4-dimethoxyphenyl)-4,4,
4-trifluorobutane-1,3-dione and 3 ml ethanol yielded 28 mg 3-(5-
bromothiophene-2-yl)-1H-pyrazol-5-amine. Yield: 14%; Rf (hex-
ane/ethyl acetate 5:1 v/v): 0.46; 1H NMR (400 MHz, CDCl3): d
[ppm] = 7.99 (d, 1H, J = 1.2 Hz, CHAr), 7.62–7.59 (m, 1H, CHAr),
7.54 (s, 1H, CHAr), 7.35 (d, 1H, J = 4 Hz, CHAr), 7.09 (d, 1H,
J = 4 Hz, CHAr), 6.98 (d, 1H, J = 8.4 Hz, CHAr), 6.91 (s, 1H, CHAr),
4.04 (s, 3H, CH3), 3.98 (s, 3H, CH3); 13C NMR (125 MHz, CDCl3): d
[ppm] = 155.2, 151.9, 150.6, 149.7, 137.0, 133.8 (q, 2JCF = 37 Hz,
C7), 130.7, 128.9, 126.4, 120.6, 119.5 (q, 1JCF = 272.9 Hz, CF3),
114.3, 110.9, 109.6, 103.3 (q, 3JCF = 4 Hz, C6), 93.8, 56.1, 56.1; 19F
NMR (470 MHz, CDCl3): d [ppm] = �68.8; purity (HPLC): 96%;
ESI-MS (m/z): 486.05; HRMS: calculated 483.99367, measured
483.99338 (Dm = 0.00029, 0.6 ppm).

5.2.6.3. 5-(3-chlorophenyl)-2-(thiophene-2-yl)-7-(trifluo-
romethyl)pyrazolo[1,5-a]pyrimidine (21). For the synthesis
of this compound 160 mg (0.97 mmol) 3-(thiophene-2-yl)-1H-
pyrazol-5-amine, 1-(3-chlorophenyl)-4,4,4-trifluorobutane-1,3-
dione and 2.5 ml ethanol yielded 235 mg 5-(3-chlorophenyl)-2-
(thiophene-2-yl)-7-(trifluoromethyl)pyrazolo[1,5-a]pyrimidine.

Yield: 64%; Rf (hexane/ethylacetate 5:1 v/v): 0.73; 1H NMR
(250 MHz, DMSO-d6): d [ppm] = 8.38–8.37 (m, 1H, CHAr), 8.31–
8.27 (m, 1H, CHAr), 8.21 (s, 1H, CHAr), 7.83–7.82 (m, 1H, CHAr),
7.72–7.58 (m, 3H, CHAr), 7.45 (s, 1H, CHAr), 7.25–7.21 (m, 1H, CHAr);
13C NMR (125 MHz, CDCl3): d [ppm] = 153.8, 153.2, 150.5, 137.9,
135.4, 135.1, 134.1 (q, 2JCF = 37.6 Hz, C7), 131.0, 130.3, 127.9,
127.3, 126.7, 125.2, 120.5, 118.4 (q, 1JCF = 273 Hz, CF3), 103.1 (q,
3JCF = 4 Hz, C6), 94.8; 19F NMR (470 MHz, CDCl3): d [ppm]
= �68.8; mp = 176.9 �C; purity (HPLC): 99%; ESI-MS (m/z):
379.97; HRMS: calculated 380.02306,measured 380.02286
(Dm = 0.0002, 0.5 ppm).

5.2.6.4. 5-(4-fluorophenyl)-2-(thiophene-2-yl)-7-(trifluoro-
methyl)pyrazolo[1,5-a]pyrimidine (23). 100 mg (0.61 mmol)
GP5, 3-(thiophene-2-yl)-1H-pyrazol-5-amine, 1-(4-fluorophenyl)-
4,4,4-trifluorobutane-1,3-dione and 2.5 ml ethanol yielded in
62 mg 5-(4-fluorophenyl)-2-(thiophene-2-yl)-7-(trifluoromethyl)
pyrazolo[1,5-a]pyrimidine. Yield: 38%; Rf (hexane/ethyl acetate
3:1 v/v): 0.87; 1H NMR (400 MHz, CDCl3): d [ppm] = 8.40–8.36 (m,
2H, CHAr), 8.10 (s, 1H, CHAr), 7.81–7.79 (m, 1H, CHAr), 7.70–7.68
(m, 1H, CHAr), 7.43–7.83 (m, 3H, CHAr), 7.23–7.21 (m, 1H, CHAr);
13C NMR (125MHz, CDCl3): d [ppm] = 158.3 (q, 2JCF = 36.5 Hz),
152.6, 152.3, 150.0, 148.6, 144.8, 134.2, 133.0 (q, 2JCF = 36.5 Hz,
C7), 128.4, 127.9, 122.1, 119.4 (q, 1JCF = 272.9 Hz, CF3), 115.7 (q,
1JCF = 290 Hz, CF), 105.1 (q, 3JCF = 3.6 Hz, C6), 95.3; 19F NMR
(470MHz, CDCl3): d [ppm] = �74.7, �67.6; mp = 191.3 �C; purity
(HPLC): 98%; ESI-MS (m/z): 364.00; HRMS: calculated 364.05261,
measured 364.05275 (Dm = 0.00014, 0.4 ppm).

5.2.6.5. 5-(pyridin-4-yl)-2-(thiophene-2-yl)-7-(trifluoromethyl)
pyrazolo[1,5-a]pyrimidine (26). 100 mg (0.61 mmol) 3-
(thiophene-2-yl)-1H-pyrazol-5-amine, 4,4,4-trifluoro-1-(pyridin-
4-yl)butane-1,3-dione and 2.5 ml ethanol yielded in 63 mg of 5-
(pyridin-4-yl)-2-(thiophene-2-yl)-7-(trifluoromethyl)pyrazolo
[1,5-a]pyrimidine. Yield: 60%; Rf (hexane/ethyl acetate 1:2 v/v):
0.5; 1H NMR (400 MHz, DMSO-d6): d [ppm] = 8.93 (d, 2H,
J = 5.6 Hz, CHAr), 8.48 (d, 2H, J = 4 Hz, CHAr), 8.34 (s, 1H, CHAr),
7.87 (d, 1H, J = 2.8 Hz, CHAr), 7.73 (d, 1H, J = 4.8 Hz, CHAr), 7.59 (s,
1H, CHAr), 7.25–7.23 (m, 1H, CHAr); 13C NMR (125 MHz, DMSO-
d6): d [ppm] = 165.7, 163.7, 154.3, 153.0, 150.6, 135.2, 134.1 (q,
2JCF = 37.1 Hz, C7), 132.4, 129.3, 127.9, 127.2, 126.6, 119.4 (q,
1JCF = 273 Hz, CF3), 116.2, 103.0 (q, 3JCF = 4.1 Hz, C6), 94.6; 19F
NMR (470 MHz, DMSO-d6): d [ppm] = �68.8; purity (HPLC): 98%;
ESI-MS (m/z): 347.00; HRMS: calculated 347.05728, measured:
347.05746 (Dm = 0.00018, 0.5 ppm).

5.2.6.6. 5-(pyridin-3-yl)-2-(thiophene-2-yl)-7-(trifluoromethyl)
pyrazolo[1,5a]pyrimidine (28). 100 mg (0.61 mmol) 3-(thio-
phene-2-yl)-1H-pyrazol-5-amine, 4,4,4-trifluoro-1-(pyridin-3-yl)
butane-1,3-dione and 3 ml ethanol yielded 76 mg 5-(pyridin-4-
yl)-2-(thiophene-2-yl)-7-(trifluoromethyl)pyrazolo[1,5-a]pyrimi-
dine. Yield: 24%; Rf (hexane/ethyl acetate 1:2 v/v): 0.36; 1H NMR
(400 MHz, DMSO-d6): d [ppm] = 9.47 (s, 1H, CHAr), 8.76 (d, 1H,
J = 4.4 Hz, CHAr), 8.66 (d, 1H, J = 7.6 Hz, CHAr), 8.23 (s, 1H, CHAr)
7.83(d, 1H, J = 2.8 Hz, CHAr), 7.71 (d, 1H, J = 4.8 Hz, CHAr), 7.64–
7.60 (m, 1H, CHAr), 7.47 (s, 1H, CHAr), 7.24–7.22 (m, 1H, CHAr);
13C NMR (125 MHz, CDCl3): d [ppm] = 153.3, 152.9, 151.8, 150.6,
148.5, 135.0, 134.5, 134.3 (q, 2JCF = 37.6 Hz, C7), 131.9, 127.9,
127.4, 126.8, 123.8, 119.4 (q, 1JCF = 273 Hz, CF3), 102.9 (q,
3JCF = 3.8 Hz, C6), 95.0; 19F NMR (470 MHz, CDCl3): d [ppm]
= �68.8; purity (HPLC): 97%; ESI-MS (m/z): 346.99; HRMS: calcu-
lated 347.05728, measured 347.05812 (Dm = 0.00084, 2.4 ppm).

5.2.6.7. 5-phenyl-2-(thiophene-2-yl)-7-(trifluoromethyl)pyra-
zolo[1,5a]pyrimidine (30). 76 mg (0.46 mmol) 3-(thio-
phene-2-yl)-1H-pyrazol-5-amine, 4,4,4-trifluoro-1-phenylbutane-
1,3-dione and 3 ml ethanol yielded 80 mg 5-(pyridin-4-yl)-2-(thio-
phene-2-yl)-7-trifluoromethyl)pyrazolo[1,5-a]pyrimidine. Yield:
50%; Rf (hexane/ethylacetate 5:1 v/v): 0.75; 1H NMR (250 MHz,
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DMSO-d6): d [ppm] = 8.36–8.29 (m, 2H, CHAr), 8.12 (s, 1H, CHAr),
7.83–7.80 (m, 1H, CHAr), 7.71–7.69 (m, 1H, CHAr), 7.63–7.58 (m,
3H, CHAr), 7.42 (s, 1H, CHAr), 7.24–7.21 (m, 1H, CHAr); 13C NMR
(125 MHz, DMSO-d6): d [ppm] = 155.3, 152.0, 150.0, 135.5, 134.5,
134.1 (q, 2JCF = 36.5 Hz, C7), 131.2, 129.0, 128.2, 127.9, 127.4,
119.4 (q, 1JCF = 273 Hz, CF3), 104.6 (q, 3JCF = 3.8 Hz, C6), 94.3; 19F
NMR (470 MHz, DMSO-d6): d [ppm] = �67.5; mp = 161.9 �C; purity
(HPLC): 99%; ESI (m/z): 346.08; HRMS: calculated 346.06203, mea-
sured 346.06225 (Dm = 0.00022, 0.6 ppm).

5.2.6.8. 5-(3-methoxyphenyl)-2-(thiophene-2-yl)-7-(trifluo-
romethyl) pyrazolo[1,5a]pyrimidine (31). 100 mg
(0.61 mmol) 3-(thiophene-2-yl)-1H-pyrazol-5-amine, 4,4,4-triflu-
oro-1-(3-methoxyphenyl)butane-1,3-dione and 2.5 ml ethanol
yielded 52 mg 5-(3-methoxyphenyl)-2-(thiophene-2-yl)-7-trifluo-
romethyl)pyrazolo[1,5-a]pyrimidine.

Yield: 23%; Rf (hexane/ethyl acetate 3:1 v/v): 0.63; 1H NMR
(400 MHz, CDCl3): d [ppm] = 8.12 (s, 1H, CHAr), 7.89 (d, 1H,
J = 8 Hz, CHAr), 7.83–7.80 (m, 2H, CHAr), 7.71–7.69 (m, 1H, CHAr),
7.47 (t, 1H, J = 8 Hz, CHAr), 7.42 (s, 1H, CHAr), 7.24–7.21 (m, 1H,
CHAr) 7.17–7.15 (m, 1H, CHAr), 3.86 (s, 3H, CH3); 13C NMR
(125 MHz, DMSO-d6): d [ppm] = 159.7, 155.1, 152.0, 149.9, 136.9,
134.4, 132.6 (q, 2JCF = 37 Hz, C7), 130.1, 128.1, 127.8, 127.4,
119.8, 117.2, 112.2, 104.7 (q, 3JCF = 4.1 Hz, C6), 94.3, 55.3; 19F
NMR (470 MHz, CDCl3): d [ppm] = �67.5; ESI-MS (m/z): 376.03;
HRMS: calculated 376.07259, measured 376.07313 (Dm =
0.00054, 1.4 ppm).

5.3. Evaluation of pyrazolo(1,5a)pyrimidine derivatives in vitro
and in cell culture experiments

5.3.1. FUBP1 protein expression from Escherichia coli and
human HEK293T cells

Human full-length FUBP1 cDNA sequence (codon-optimized for
expression in E. coli; coFUBP1) was purchased from GenScript (New
Jersey, USA). The coFUBP1 sequence was cloned into the bacterial
expression vector pET28b with a C-terminal hexahistidine tag
(6xHis) under the control of a T7 promoter. Expression of coFUBP1
in the E. coli bacteria strain BL21(DE3) was induced via a published
auto-induction protocol.26 A freshly prepared overnight culture
was diluted 1:100 to inoculate the main culture in a 10 l fermenter.
Cells were grown to an optical density (OD600) of 0.8. Afterwards,
the temperature was reduced from 37 �C to 22 �C, and cells were
grown for 35 h before harvesting. To prevent excessive foam for-
mation, 2 ml anti-foam were added daily. The ventilation of the
system was ensured by a constant airflow between 4 and 12 l/min.

For cell lysis, the bacterial pellet from a 5 L auto-inducted bac-
terial cell suspension was resuspended in lysis buffer (50 mM MES
pH 6.5, 50 mM NaCl), including Complete EDTA free Protease Inhi-
bitor Cocktail (Roche, Mannheim, Germany) and DNAse I (Sigma-
Aldrich). Subsequently, the cell suspension was processed in the
Constant Cell Disruption System (Constant System Limited, North-
ants, United Kingdom) using a three-step protocol. The cell suspen-
sion was applied with a pressure of 1 kbar, followed by two runs at
2 kbar. All steps were performed at 4 �C. The soluble protein frac-
tion was separated from cell debris using a 50 min centrifugation
step (20,000�g; 4 �C).

For eukaryotic expression in HEK293T cells, the huFUBP1 cod-
ing sequence with an additional 6xHis tag was cloned into the
pcDNA3.1(+) vector (Invitrogen, Darmstadt, Germany). Cells were
transfected using polyethyleneimine (Sigma-Aldrich), harvested
after two days of protein production and lysed using the following
lysis-buffer: 50 mM Tris pH 7.4, 0.26 M sucrose, 1 mM Na-ortho-
vanadate, 1 mM EDTA, 1 mM EGTA, 10 mM Na-b-glycerolphos-
phate, 50 mM NaF, 5 mM Na-pyrophosphate and 1% Triton-X-100.
5.3.2. FUBP1 protein purification by IMAC and Heparin affinity
chromatography

The following purification steps were performed at 4 �C, using
the Äkta purifier� system (GE Healthcare, Munich, Germany). The
cell lysate prepared with the Constant Cell Disruption System
(see above) was centrifuged at 20,000�g for 1 h, before it was
loaded onto a self-packed Omnifit� Chromatography Column (Diba
Industries, Danbury, USA) with Ni-Sepharose High Performance
affinity media for high-resolution (GE Healthcare) at a ratio of
25:1 for bacterially expressed FUBP1 and 140:1 for FUBP1 protein
expressed in HEK293T cells and a flow rate of 2.5 ml/min. After
absorption of the His-tagged protein, the column was equilibrated
with 4 column volumes (CVs) of washing buffer (FUBP1 from
E. coli: 50 mM MES pH 6.5, 50 mM NaCl, 4 mM imidazole; FUBP1
from HEK293T cells: 50 mM Tris pH 7.4, 0.26 M sucrose, 0.05%
(v/v) b-mercaptoethanol, PMSF), using a flow rate of 4 ml/min. Elu-
tion of the protein was achieved with an imidazole gradient (2 ml/
min), and the protein of interest eluted at approximately 50–60% of
the final elution buffer (FUBP1 from E. coli: 50 mM MES pH 6.5,
50 mM NaCl, 404 mM imidazole; FUBP1 from HEK293T cells:
50 mM Tris pH 7.4, 0.26 M sucrose, 400 mM imidazole, 0.05% (v/
v) b-mercaptoethanol, PMSF), corresponding to an imidazole con-
centration of 220 mM. Fractions displaying an elution peak at
A280 absorption were analyzed by SDS–PAGE.

The FUBP1-containing fractions were pooled and applied to
HiTrap heparin HP columns (GE Healthcare), 5 � 5 ml for bacteri-
ally expressed FUBP1 and 1 � 5 ml for FUBP1 expressed in
HEK293T cells, with a flow rate of 2.5 ml/min for purification of
DNA-binding proteins. The column was washed with 10 CVs of
heparin washing buffer (50 mM MES pH 6.5, 50 mM NaCl, 3 mM
DTT), using a flow rate of 2 ml/min. For elution of the FUBP1 pro-
tein, a 3-step gradient of heparin elution buffer (50 mM MES pH
6.5, 2 M NaCl, 3 mM DTT) was applied: 1.: 0–17% of final heparin
elution buffer for 51 CVs, 2.: 17–21% for 15 CVs; and 3.: 21–28%
for 18 CVs. Identity of recombinant FUBP1 protein was verified
by Western Blot using the specific FUBP1 antibody (N-15) and
mass spectrometry analysis.

5.3.3. AlphaScreen
For bead-based binding assays of recombinant FUBP1 to the

FUSE of p21 (FUSE p21; 50-CTG GCT TTT TGT TTT CAT TTT GTT
TTT TTG TTT TGT TTT GTT TTT TGA GAC AA-30) or the FUSE of BIK
(FUSE BIK; 50-CTT TTG TGG GGT TTT TTT GTT TGT TTT TGT TTT
TGT TTT TTT GA-30), the AlphaScreenTM General IgG (Protein A)
Detection Kit from Perkin Elmer was used (Massachusetts, USA).
FUSE p31 was used as a negative control (50-CAG CCC TGG CTT
TTT GTT TTC ATT T-30).

To identify optimal assay conditions for a subsequent analysis
of small molecules, cross titrations of purified FUBP1 (E. coli
expression system) and different FUSE elements were performed.
The assay buffer contained 100 mM Tris pH 7.4, 50 mM NaCl,
0.1% BSA, 0.01% Surfact Amp, 4 mM DTT and 1% DMSO. Dilution
series of FUBP1 (2.5–40 nM) and FUSE p21 (0.4–3.2 nM) or FUSE
BIK (0.4–3.2 nM) were prepared, and 5 ll of each dilution step
was transferred to 384-well plates. Beforehand, 5 ll AlphaScreen
mix 1 (assay buffer and 3 lM poly dIdC; Sigma-Aldrich Chemie
GmbH) were dispensed per well. Prior to a 1 h incubation step at
room temperature, 5 ll of the acceptor bead (1:50) and anti-FUBP1
(N-15) antibody (Santa Cruz biotechnology, Heidelberg, Germany)
mixture (final concentration of 10 pM) prepared in assay buffer
were added. Afterwards, 5 ll of the AlphaScreen donor bead dilu-
tion (1:50) in assay buffer was added. The plate was shortly cen-
trifuged, and signals were detected after 20 h at room
temperature using the Envision� multiplate reader SN 1040002
(Perkin Elmer). Same conditions were used for the assessment of
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FUBP1 (expressed from HEK293T cells) binding to the potential
FUSE of BIK (FUSE BIK).

For the medium throughput screening, 50 lM final compound
concentration was aliquoted into 384-well plates. A mixture of
3 nM FUBP1 (E. coli expression system), 1.6 nM FUSE p21, 3 lM
poly dIdC, 10 pM anti-FUBP1 (N-15) antibody and acceptor beads
(1:50 dilution) were added. After an incubation time of 1 h at room
temperature, donor beads (1:50) were added. After an additional
incubation period of 20 h, light emission at 520–620 nm was mea-
sured using the Envision� multilable plate reader from Perkin
Elmer.

To determine the inhibitory potential of compound 1 deriva-
tives, appropriate FUBP1 (HEK293T expression system) and FUSE
p21 concentrations were chosen, which produced a signal in the
exponential phase. If not otherwise stated, the FUSE element of
p21 (FUSE p21) was used for inhibitor screenings. In a first step,
10 ll of the tested compound dilution (final concentration of
100 lM) was added to the 384-well plate. A master mix containing
FUBP1 (26 nM), FUSE p21 (1.2 nM), poly dIdC (3 lM), anti-
FUBP1 N-15 (10 pM), acceptor beads (1:50) and assay buffer was
prepared, and 5 ll for each assay point were added. After 1 h at
room temperature, 5 ll of a donor bead dilution (1:50) were added
and signals were detected after 20 h of incubation. A DMSO control
was used as a reference for maximal binding capacity. Positive hits
were verified in a second independent experiment, in which a
50 lM concentration point was included.

To assess the IC50 value of potential FUBP1 inhibitors, the same
set as described above was used with compound concentrations
from 0.02 to 150 lM. The log inhibitor vs. response (variable slope)
algorithm of the GraphPad Prism software was used to fit the data.

5.3.4. Surface plasmone resonance (SPR)
To determine the binding constants of recombinant FUBP1

(HEK293T expression system) to FUSE p21, SPR buffer (50 mM Tris
pH 7.4, 100 mM NaCl, 0.1% BSA, 0.01% Surfact Amp) was used, and
all experiments were performed with a chip temperature of 25 �C.
FUSE DNA was immobilized on a ProteonTM NLC sensor chip (BioRad
Laboratories, Munich, Germany) surface, which was coated with a
layer of NeutrAvidin. Chips were activated by air initialization
and the specific SPR preconditioning program for NLC chips.
2.5 nM and 5 nM FUSE p21 DNA were diluted in SPR buffer and
incubated with the chip surface at a flow rate of 30 ll/min for
120 s. This resulted in approximately 30 and 60 RUs immobilized
ligand, respectively. Additionally, a non-FUBP1 binding FUSE
sequence, FUSE p31,1 was used as a negative control, immobilized
on the same chip but another channel. This channel was used as
the background for unspecific interaction of FUBP1 with the chip
surface and served as a normalization standard.

A dilution series of FUBP1 (0.2–50 nM) was used to determine
optimal screening conditions. The dissociation constant (KD) was
calculated using the equilibration mode. For this analysis, the
response units at the end of the association phase (equal with
the amount of FUSE p21-bound FUBP1) were plotted against the
FUBP1 concentration used and fitted.

After verification of the functionality of the expressed and puri-
fied FUBP1 protein, small molecules were included in the liquid
phase of SPR experiments to investigate their effect on the binding
between FUBP1 and FUSE p21. As SPR technology measures the
binding of analyte and ligand based on surface size changes, col-
ored small molecules do not interfere with this assay. In general,
5 nM FUSE (p21 and p31) was used as a ligand and 25 nM FUBP1
as the analyte. All experiments were performed with a flow rate
of 120 ll/sec, an association phase of 120 s and a dissociation
phase of 300 s. In contrast to the binding constant determination
for FUBP1/FUSE p21, 1% DMSO was included for the small molecule
screening set up to minimize the effect of the compounds solvent.
Prior to the experiments, the chip was equilibrated with this buffer
for half an hour, until no change in response units was observed.
Furthermore, a corresponding DMSO control (including 25 nM
FUBP1) to define the maximal binding of FUBP1 to FUSE p21 was
added. This lane was set at 100% for IC50 determination of
compounds.

In a first screening approach, all tested small molecules (final
concentration of 200 lM) were preincubated with 25 nM FUBP1.
Potential inhibitors (positive hits) were subsequently tested with
a concentration of 50 lM to exclude false positives. IC50 determi-
nation was performed in two subsequent experiments, with con-
centrations ranging from 0.01 to 100 lM. After background
subtraction, response units at the end of the dissociation phase
were normalized to the corresponding DMSO control and plotted
against the logarithmic compound concentration. The resulting
curves were fitted using the log inhibitor vs. response (variable
slope) algorithm of the GraphPad Prism software. Binding graphs
were recorded using the BioRad ProteOnTM XPR 36 device (BioRad
Laboratories).

5.3.5. qRT-PCR analysis of FUBP1 target genes
1x106 Hep3B cells were seeded prior to incubation with 5–

50 lM pyrazolo[1,5a]pyrimidine derivatives. After 6 h, cells were
harvested and RNA was extracted using the RNeasy� Mini Kit from
Qiagen GmbH (Hilden, Germany). On-column DNA digestion was
performed to exclude DNA contaminations. Subsequently, 1.5 lg
RNA were transcribed into cDNA using the Omniscript� Reverse
Transcription Kit (Qiagen). qRT-PCR was performed using SYBR�

green master mix (Thermo Scientific). Analysis of mRNA expression
levels was performed using the following qPCR-primer pairs:
hu p21 for 50-TGG AGA CTC TCA GGG TCG AAA-30

hu p21 rev 50-CCG GCG TTT GGA GTG GTA-30

hu BIK for 50-CTT GAT GGA GAC CCT CCT GTA TG-
30

hu BIK rev 50-AGG GTC CAG GTC CTC TTC AGA-30

hu CCND2 for 50-CTC TGC TGA GCG GTA CTA AAC-30

hu CCND2
rev

50-CTC CCT TCA ACT ATC ATC CCA TAC-
30

hu GAPDH for 50-AAT GGA AAT CCC ATC ACC ATC T-30

hu GAPDH
rev

50-CGC CCC ACT TGA TTT TGG-30
5.3.6. Cell expansion assay
This assay was performed to evaluate the influence of com-

pound treatment on the expansion potential of HCC cell lines. For
each condition, 1 � 105 adherent cells were treated either with
DMSO (solvent control), 10 or 20 lM compound 6 or remained
untreated (untreated control). Medium and compound were
exchanged daily to ensure sufficient nutrition supply and stability
of the compound. Cells were counted at the time points 0 h, 24 h,
48 h and 72 h, respectively. For each time point, the cell count
was determined in technical duplicates using a Neubauer
improved hemocytometer (Marienfeld Superior, Darmdstadt, Ger-
many). Dead cells were excluded using trypan blue (0.4%; GIBCO,
Eggenstein, Germany) staining. All experiments were performed
in biological triplicates.

5.3.7. Nicoletti assay
For cell cycle and cell death analyses Nicoletti assays were per-

formed as described previously.27 Treated cells and the cell culture
supernatant were collected in FACS tubes. Adherent cells were har-
vested using 0.05% trypsin-EDTA. Cells were pelleted at 4 �C and
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200�g for 5 min. Immediately after aspiration of the supernatant,
cells were fixed in 70% ice-cold ethanol under constant vortexing.
Fixed cells were stored for at least 24 h and up to two weeks at
4 �C.

Prior to staining, ethanol was exchanged against 38 mM sodium
citrate (pH 7.4). Afterwards, cells were incubated with 50 ll pro-
pidium iodide (PI) staining solution (38 mM sodium citrate pH
7.4, 50 lg/ml PI and 50 lg/ml RNAse A) for 20 min in the dark. Flu-
orescence intensity in the FL2 channel at 585 nm was measured
and depicted as FL2-A against FL2-W. Recorded FACS data were
analyzed using the Sync Wizard tool of the ModFit LT software
from Verity Software House.

For the determination of dead cell ratios, Hep3B, HepG2 and
Huh7 cells were treated with DMSO control, Methanol control,
10 or 20 lM compound 6, mitomycin c (MMC; Roche, Mannheim,
Germany; dissolved in MeOH; 4 lg/ml for Hep3B cells, 1 lg/ml
and 2 lg/ml for HepG2 cells and 1 lg/ml for Huh7 cells), 2.5 lM
doxorubicin (DOX; Sigma-Aldrich; dissolved in DMSO) and combi-
nations of compound 6, MMC and DOX. 24 h after treatment, cells
were harvested and fixed.

5.3.8. Software analysis
5.3.8.1. Statistical analyses and determination of syner-
gism. The inhibitory concentrations of tested compounds
were calculated using the log inhibitor vs. response (variable slope)
fit of the GraphPad Prism software. Statistical significances of
mRNA fold changes and expansion assays were calculated using
the unpaired, two-tailed student’s t test.

Synergism of compound combinations was assigned using the
response additivity approach by Slinker,25 assuming that synergistic
effects of the double treatments exceed a theoretical additive effect
of two single concentrations. A combination index (CI) <1 indicates
synergism, =1 additivity and >1 antagonism of compound combi-
nations. All depicted CIs were calculated from three independent
experiments.

Statistical significance of single concentration combinations
was assessed using the two-way analysis of variance (ordinary
two-way ANOVA).25 p values of <0.05 (*), p <0.01 (**), p <0.001
(***) and p <0.0001 (⁄⁄⁄⁄) were considered statistically significant.

5.3.8.2. Activity cliff analysis of the SAR landscape. 2D structures
of tested SAR compounds were aligned to the lead structure
compound 1 using the Forge simulation software from Cresset
(Cambridgeshire, United Kingdom). Activity cliffs were assigned
using the Activity Atlas tool, and the in-software application Activity
Minor served for the assignment of disparity values and comparative
field analyses of the investigated compounds.
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