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Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease with no known cure. Aggregates
of the nuclear protein TDP-43 have been recognized as a hallmark of proteinopathy in both familial and
sporadic cases of ALS. Post-translational modifications of this protein, include hyperphosphorylation,
cause disruption of TDP-43 homeostasis and as a consequence, promotion of its neurotoxicity. Among the
kinases involved in these changes, cell division cycle kinase 7 (CDC7) plays an important role by directly
phosphorylating TDP-43. In the present manuscript the discovery, synthesis, and optimization of a new
family of selective and ATP-competitive CDC7 inhibitors based on 6-mercaptopurine scaffold are
described. Moreover, we demonstrate the ability of these inhibitors to reduce TDP-43 phosphorylation in
both cell cultures and transgenic animal models such as C. elegans and Prp-hTDP43 (A315T) mice.
Altogether, the compounds described here may be useful as versatile tools to explore the role of CDC7 in
TDP-43 phosphorylation and also as new drug candidates for the future development of ALS therapies.

© 2020 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal and devastating
neurodegenerative disease that features the progressive loss of
cortical and spinal motor neurons, leading to muscle weakness and
spasticity as main clinical symptoms [1]. Classified as an orphan
disease, ALS affects more than 800,000 patients worldwide with an
estimated incidence of 1.5e2.7 per 100,000 people in Europe and
North America. Despite important advances in the understanding
of ALS molecular pathobiology, the etiology remains unknown.
Today, ALS is considered a complex disease where a multifactorial
combination of environmental and genetic factors may be involved
o-Consuegra et al., Targeting nuclear protein TDP-43 by cell division
lateral sclerosis, European Journal of Medicinal Chemistry, https://
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Fig. 1. Chemical structure of the new CDC7 inhibitor identified, benzoylmercapto-
purine 1, and chemical modifications proposed.
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in its origin [2]. There is no cure for ALS and only riluzole and more
recently edaravone are approved for their palliative treatment with
limited results for the patients; thus, there is an urgent need to find
an effective treatment [3].

Pathologically, several distinct aggregating proteinopathies
have been described in patients with ALS. Aggregates of superoxide
dismutase 1 (SOD1) were first identified in patients with mutations
in this detoxifying enzyme [4]. In fact, the discovery that the SOD1
G93A mutation causes ALS in the beginning of the 90’s allowed the
development of the first transgenic mouse used in drug discovery
for ALS [5]. However, only between the 5e10% of the ALS cases are
familiar (genetically inherited) and the SOD1mutations account for
only about 10e20% of these cases. Unfortunately, drugs effective in
the SOD1 G93A mice have failed in clinical trials, which may be
attributed to differences in pathology between SOD1-driven and
other types of ALS [6]. More recently, the nuclear RNA-binding
proteins, called fused in sarcoma (FUS) and transactive response
DNA binding protein of 43 kDa (TDP-43) have been identified in
aggregates present in motor neurons of some cases of ALS [7]. In
fact, TDP-43 pathology is present in nearly 95% of all cases of ALS,
and has been recognized as the most common proteinopathy in
both familial and sporadic cases of ALS. TDP-43 aggregates are also
the hallmark of frontotemporal lobular dementia (FTLD) patients
with TDP-43 inclusions (FTLD-TDP), another neurodegenerative
proteinopathy [8].

In healthy neurons, TDP-43 resides mainly in the nucleus where
it regulates the splicing patterns of transcripts and the expression
of several important genes. In disease-affected neurons, the dy-
namic equilibrium of TDP-43 between nucleus and cytoplasm is
altered. As a result, TDP-43 concentration increases in the cyto-
plasm, possibly as a mixed consequence of genetic susceptibility,
aging, prolonged stress, chronic inflammation, etc. [9] The loss of
TDP-43 from the nucleus prevents its normal functions, such as the
regulation of RNA metabolism. While in the cytoplasm, TDP-43
experiences different post-translational modifications including
truncation, ubiquitination, phosphorylation, acetylation, etc. that
leads to the formation of toxic aggregates within the motor neu-
rons, and prevents TDP-43 gene regulation activity [10]. Of these
modifications, phosphorylation is the most consistent marker of
pathological TDP-43 and has been implicated in its neurotoxicity. In
the search for new therapeutic agents for ALS and others neuro-
degenerative diseases, TDP-43 emerges as a promising drug target.
Restoration of TDP-43 homeostasis by using small molecules may
be one of the potential approaches [11].

Protein kinases are well established drug targets, with more
than forty kinase inhibitors on the market as drugs for the treat-
ment of oncological diseases [12], and other pathologies such as
rheumatoid arthritis, pulmonary fibrosis, myelofibrosis and quite
recently, glaucoma [13]. Kinases, which are responsible for protein
phosphorylation, are involved in many different cellular signaling
events and also play crucial roles in post-translational modifica-
tions of numerous proteins. In its pathological state, TDP-43 can be
phosphorylated by several kinases. These include casein kinase 1
(CK-1) delta and epsilon [14]. In fact, benzothiazole-based CK-1
inhibitors are able to decrease TDP-43 phosphorylation both in
cellular and animal models [15,16]. More recently, they have been
demonstrated to promote recovery of TDP-43 homeostasis, i.e.
protein phosphorylation decrease and nuclear localization recov-
ery, in human based cell models from FTLD and ALS patients [17,18].
These data indicate the promise of kinase inhibitors broadly, and
CK-1 inhibitors specifically, as compounds of interest for further
development as potential ALS and FTLD therapies.

Recent research has identified three additional kinases con-
trolling TDP-43 phosphorylation in vivo. These are cell division
cycle kinase 7 (CDC7) and tau tubulin kinase 1 and 2 (TTBK1 and
2

TTBK2) [19,20]. Thus, inhibitors of these kinases may be innovative
drug candidates for the future effective treatment of ALS and FTLD.
In fact, CDC7, a serine/threonine kinase that is essential for regu-
lating DNA replication in all eukaryotes, has been an attractive
target for cancer therapy [21]. Several inhibitors have been syn-
thetized [22,23] and used as versatile chemical tools to decipher
the role of pharmacological CDC7 inhibition in different cancer
types, some of them reaching clinical trials [24]. Among them, the
CDC7 inhibitor PHA-767491, that failed in clinical trial phase 1 for
solid tumors, has recently shown to decrease TDP-43 phosphory-
lation in C. elegans [19] but it is not able to cross the blood brain
barrier in vertebrates, and thus it is not possible to use it to study
central nervous system pathologies [19]. Moreover, PHA-767491
also inhibits CDK9 [25], making it difficult to decipher the main
kinase involved in its therapeutic potential over TDP-43 alteration.

Considering this back-ground, a medicinal chemistry program
focused on finding selective and brain permeable small molecules
CDC7 inhibitors able to modulate TDP-43 pathology was started. In
the present manuscript, we describe the discovery, synthesis and
optimization of a new family of selective and ATP-competitive
CDC7 inhibitors based on 6-mercaptopurine scaffold. Moreover,
we test their ability to reduce TDP-43 phosphorylation both in
cultured cells and in two transgenic animal models of ALS. Alto-
gether, compounds here described could be considered as new
drug candidates for the future therapy of ALS and/or FTLD or as
versatile tools to explore the role of CDC7 in different neurological
disorders where TDP-43 is involved.

2. Results and discussion

2.1. Hit identification

A forward chemical genetic approach was used to identify new
CDC7 inhibitors. This methodology has two main steps: first,
identifyingmolecules able to interact with the target of interest and
second, confirming target engagement activity in a phenotypic
assay. Therefore, we first selected an in vitro biological assay to
evaluate CDC7 activity [26]. A set of chemically diverse compounds
were chosen from our in-house MBC chemical library, which has
been recognized as a valuable tool to provide drug-like hit mole-
cules for screening [27]. We initially assayed the potential inhibi-
tion of CDC7 by each of these molecules at a fixed concentration of
10 mM. For compounds where the percentage of kinase inhibition
was greater than the 50%, a dose-response curvewas calculated and
the IC50 value determined. Following this approach, the benzoyl-
mercaptopurine derivative 1 was identified with an IC50 value of
2.12 mM emerging as a new chemical prototype for CDC7 inhibition
(Fig. 1).

2.2. Hit optimization. Chemical synthesis

A medicinal chemistry programwas then designed to produce a
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focused set of compounds with different structural modifications
around the central heterocyclic scaffold, allowing us to study the
influence of different substituents in CDC7 inhibition (Fig. 1). Using
different synthetic strategies previously described, a set of more
than 30 compounds was synthetized, purified and characterized.
Changes in the nature of heteroatoms, the nature and length of the
linker joined to themercaptopurine core, the nature and position of
substituents in the phenyl ring have been made to optimize the
biological potency of the hit compound building a consistent
structure-activity relationship.

Initially, substituents in the phenyl ring of the benzoyl-
mercaptopurine derivative 1 were varied using 6-mercaptopurine
and different bromoacetophenones as reagents. In that case,
nucleophilic substitution in basic aprotic medium yielded de-
rivatives 1e3. The same reaction conditions were applied to obtain
6-benzylmercaptopurines (4e25), where the carbonyl group is
eliminated from the linker, and 6-phenethylmercaptopurines
(compounds 26e29) where the carbonyl group is substituted by a
methylene group. Many diverse benzylhalides were used as re-
agents in basic medium and in some cases a mixture of two com-
pounds was obtained that after isolation provided the 6-
benzylmercaptopurines substituted at N-9 as minority compound
(7b, 15b, 23b-25b). When phenethylhalides were used, disubsti-
tuted derivatives (26b-29b) were isolated every time (Scheme 1).

Derivatives without any spacer between the sulfur atom of the
mercaptopurine-central core and the phenyl substituent were ob-
tained by aromatic nucleophilic substitution of 6-chloropurinewith
different thiophenols under basic catalysis in n-butanol. Com-
pounds 30 and 31 were isolated in good yields. The aromatic
nucleophilic substitution using different benzyl alcohols or ben-
zylamines in basic medium or under microwave irradiation
respectively was also used to yield substituted oxo- and amino-
purines, derivatives 32e35, where the sulfur atom of the hit 1 is
replaced by its bioisosters such as nitrogen or oxygen ones (Scheme
2).

Finally, modifications of the heterocyclic core were proposed
and 7H-pyrrolo[2,3-d]pyrimidines and thieno[2,3-d]pyrimidines
(compounds 36e39) were synthesized by nucleophilic substitution
of the chlorine atom of 4-chloro-7H-pyrrolo[2,3-d]pyrimidine or 4-
Scheme 1. I) K2C
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chlorothieno[2,3-d]pyrimidine with the appropriate benzyl mer-
captane derivative in basic polar aprotic medium (Scheme 2).

Although some of the compounds were previously described,
we fully characterized here the structures of all the synthetized
compounds unequivocally based on their spectroscopical (1H and
13C NMR) and analytical data. They are collected in the experi-
mental part and supporting information.
2.3. Biological evaluation of CDC7 inhibition

The purine-based prepared heterocyclic derivatives (2e39)
were evaluated in a commercially available CDC7 activity assay to
determine their potential inhibition. CDC7 is only active when it is
associatedwith its activation unit Dbf4, and interactionwith Dbf4 is
necessary for CDC7 ATP recognition and substrate binding [28].
Thus, the methodology utilizes a fluorescein-labeled substrate of
CDC7/Dbf4 and an associated specific antibody, which results in an
increased TR-FRET value when this substrate and ATP are allowed
to react. The amount of antibody that is bound to the tracer is
directly proportional to the amount of phosphorylated substrate
present and in this manner, kinase activity can be detected and
measured by an increase in the TR-FRET value. All the compounds
were initially tested at a fixed concentration of 10 mM and the IC50
was calculated when the percentage of inhibition was greater than
50%. Results are collected in Table 1 showing a large collection of
CDC7 inhibitors with IC50 values in the submicromolar range, more
potent that the initial hit 1. For comparative purposes, the well-
known CDC7 inhibitor calledPHA-767491 is also included in
Table 1 as standard reference.

In view of the results collected in Table 1, some preliminary
structure-activity relationships could be established. Firstly, the
presence of the heterocyclic NH in the imidazole-fused ring is
crucial for activity and totally inactive compounds are obtained
when any substituent is attached to this nitrogen atom such is the
case of compounds 7b, 15b, and 23b-29b or when this NH is
replaced by a sulfur atom (thieno[2,3-d]pyrimidines 36 and 37).

The length and the nature of the linker attached to the exocyclic
sulfur atom also influence the potency of CDC7 inhibition. While
kinase inhibition is similar in mercaptopurines 1e3, in the
O3, DMF, r. t.



Scheme 2. i) Et3N, K2CO3, n-BuOH, reflux; ii) MW, 100 �C, 5 min; iii) NaOH, reflux; iv) NaH, DMF, r. t.
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micromolar range, it increases one order of magnitude when the
carbonyl group is eliminated from the spacer between both of the
aromatic fragments (derivatives 4e6). However, CDC7 inhibition
decreases when the linker disappears and the phenyl moiety is
directly attached to the sulfur atom of mercaptopurine scaffold
(compounds 30 and 31). It is important to note that inhibitory
potency also increases when the carbonyl group present in the
linker of the hit compound 1 is changed to a methylene group
(purines derivatives 26e29).

Finally, it is worthwhile to mention that the exocyclic sulfur
atom may be replaced by its bioisostere, the oxygen atom (com-
pounds 15 and 7 versus 33 and 34, respectively) without affecting
the kinase inhibition, but the inhibitory potency significantly de-
creases when the sulfur is substituted by an NH group (derivative
32).

In general, the nature and the substitution position of different
groups in the phenyl ring do not seriously affect the inhibition of
CDC7 by this family of mercaptorpurines, having a great number of
compounds (derivatives 4e25) with IC50 values in the sub-
micromolar range, between 0.1 and 0.9 mM.

To study the binding mode of these new CDC7 inhibitors, the
kinetic mechanism of CDC7 inhibition was investigated by varying
the concentrations of both ATP and the tested inhibitors in the ki-
nase reaction. Three of the most potent compounds and firstly
available, derivatives 7, 15 and 22 were selected for this assay with
the goal of extrapolating the result to all the purine-based CDC7
inhibitors here described. For this goal, we chose a substrate
phosphorylating assay based on ADP-Glo™ technology checking
the previous inhibitory activity found. The Lineweaver-Burk or
double-reciprocal plots of 1/v versus 1/[ATP] at fixed concentrations
of these selected inhibitors showed an intersecting pattern
consistent with an ATP-competitive inhibition as all lines converge
at or near the y axis (Fig. 2). These results show that
mercaptopurine-based derivatives, and specifically compounds 7,
15 and 22, are ATP competitive CDC7 inhibitors.

As there is conservation between ATP binding sites among the
kinome, kinase inhibitors targeting the ATP binding site may have a
lack of selectivity and potential undesirable side effects precluding
further drug development. To start the assessment of kinase
selectivity in this new family of compounds, the three previous
4

selected compounds were tested against a limited set of kinases
based on structural assessment. In all cases, compounds were
tested at 10 mM in forty-three CDC7 structurally related kinases
such as cyclin dependent kinases (CDKs), proto-oncogene serine/
threonine-protein kinases (PIMs), casein kinases (CSNKs) and dual
specificity tyrosine-phosphorylation-regulated kinases (DYRKs).
The three compounds tested were very selective in the kinase panel
evaluated, as no special potent inhibition was observed for the
evaluated kinases besides CDC7 (Fig. 3). The final selectivity score
or “S” score, a quantitative measure of compound selectivity
calculated by dividing the number of kinases that compounds bind
to by the total number of distinct kinases tested [29], is 0.023 for
the three compounds as they only interacts with 1 out of 43 kinases
evaluated with a percentage of activity below 5%. These data point
to a selective new family of CDC7 inhibitors despite being ATP-
competitive.

2.4. In silico binding mode studies

The high degree of kinase selectivity of our purine-based in-
hibitor for CDC7 compared to structurally similar kinases such as
casein kinase family members, led us to explore their potential
binding mode by computational techniques. In fact, CDC7 has
unique features in its structure with respect to other kinases [30].
To gain insights into the interaction between CDC7 and the purine
derivatives here described, a molecular modeling study was per-
formed using the published crystal structure of the CDC7 kinase in
complex with PHA-767491 (PHA) (PDB entry: 4F9B) [31]. All purine
derivatives with an IC50 below 10 mM were docked into the ATP-
binding site of the protein using Glide software (see Experimental
Section) based in our experimental ATP competition results. To
assess the reliability of the results, the same docking protocol was
applied to adenosine diphosphate (ADP) and PHA, the known CDC7
inhibitor, both crystallized into the protein. No differences with the
X-ray experimental complex (Fig. S1) were shown, validating the
docking procedure. Then, MM-GBSA calculations were performed
to postprocess and re-score the ligand docking solutions and to
correlate their structural binding mode with the experimental ac-
tivity against CDC7. The predicted binding free energies values
(DGbind) against the experimental activities (pIC50) reveal a



Table 1
CDC-7 inhibition and BBB permeability prediction of synthetized mercaptopurine derivatives (1e35) and heterocyclic analogues (36e39).

Comp. No. A X Z Y R1 B CDC-7 IC50 (mM)a,b BBB Prediction

1 N S CH2 C¼O p-Br NH 2.12 ± 1.50 n.t.
2 N S CH2 C¼O p-Cl NH 4.15 ± 2.64 n.t.
3 N S CH2 C¼O p-NO2 NH 3.11 ± 1.68 n.t.
4 N S CH2 e p-Br NH 0.44 ± 0.11 CNS þ
5 N S CH2 e p-Cl NH 0.18 ± 0.08 CNS þ
6 N S CH2 e p-NO2 NH 0.13 ± 0.01 CNS þ
7 N S CH2 e H NH 0.20 ± 0.04 CNS þ
7b N S CH2 e H NCH2Ph 0%c n.t.
8 N S CH2 e p-I NH 0.30 ± 0.03 CNS þ
9 N S CH2 e p-CF3 NH 0.36 ± 0.07 CNS þ
10 N S CH2 e p-CN NH 0.29 ± 0.07 CNSþ/CNS-
11 N S CH2 e p-SMe NH 0.14 ± 0.01 CNS þ
12 N S CH2 e p-NHAc NH 0.47 ± 0.06 CNS -
13 N S CH2 e p-CH2OH NH 0.30 ± 0.02 CNSþ/CNS-
14 N S CH2 e m-Br NH 0.13 ± 0.03 CNS -
15 N S CH2 e m-Cl NH 0.14 ± 0.03 CNS þ
15b N S CH2 e m-Cl NCH2(3ClPh) 30%c n.t.
16 N S CH2 e m-NO2 NH 0.19 ± 0.03 CNSþ/CNS-
17 N S CH2 e m-I NH 0.08 ± 0.02 CNS þ
18 N S CH2 e m-CF3 NH 0.32 ± 0.06 CNS þ
19 N S CH2 e m-CN NH 0.34 ± 0.06 CNSþ/CNS-
20 N S CH2 e m-OMe NH 0.24 ± 0.06 CNS þ
21 N S CH2 e m-F NH 0.36 ± 0.05 CNS þ
22 N S CH2 e o-Br NH 0.27 ± 0.06 CNS þ
23 N S CH2 e o-Cl NH 0.09 ± 0.02 CNS þ
23b N S CH2 e o-Cl NCH2(2ClPh) 7% c n.t.
24 N S CH2 e o-I NH 0.58 ± 0.10 CNS þ
24b N S CH2 e o-I NCH2(2 IPh) 4% a n.t.
25 N S CH2 e o-CF3 NH 0.25 ± 0.07 CNS þ
25b N S CH2 e o-CF3 NCH2(2CF3Ph) 9% c n.t.
26 N S CH2 CH2 p-Cl NH 0.14 ± 0.03 CNS þ
26b N S CH2 CH2 p-Cl N(CH2)2(4ClPh) 3% c n.t.
27 N S CH2 CH2 p-F NH 0.39 ± 0.05 CNS þ
27b N S CH2 CH2 p-F N(CH2)2(4FPh) 12% c n.t.
28 N S CH2 CH2 m-Cl NH 0.30 ± 0.04 CNS þ
28b N S CH2 CH2 m-Cl N(CH2)2(3ClPh) 8% c n.t.
29 N S CH2 CH2 o-Cl NH 0.19 ± 0.03 CNS þ
29b N S CH2 CH2 o-Cl N(CH2)2(2ClPh) 4% c n.t.
30 N S e e p-Br NH 1.38 ± 0.43 n.t.
31 N S e e p-OMe NH 1.72 ± 0.26 n.t.
32 N NH CH2 e m-Cl NH 3.06 ± 1.00 n.t.
33 N O CH2 e m-Cl NH 0.19 ± 0.05 CNS þ
34 N O CH2 e H NH 0.17 ± 0.04 CNSþ/CNS-
35 N O CH2 e p-Br NH 0.91 ± 0.24 CNS þ
36 CH S CH2 e H S 18%c n.t.
37 CH S CH2 e m-Br S 11% c n.t.
38 CH S CH2 e H NH 0.23 ± 0.04 CNS þ
39 CH S CH2 e m-Br NH 0.39 ± 0.11 n.d.

n.t. ¼ not tested; n.d.: not possible to determine in the experimental conditions.
a Reference compound PHA-767491: IC50 ¼ 0.01 mM.
b IC50Values ± Standard deviation (ten different concentrations per compound, in two independent experiments) Origin 9.0 software used.
c This value represents the % of CDC7 inhibition at a fix compound concentration of 10 mM.
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moderate relationship between these two variables (correlation
coefficient R2¼ 0.72) (Fig. S2). TheDGbind values for CDC7 inhibitors
vary between �49.57 and �41.41 kcal/mol. This computational
protocol (dockingþMM-GBSA) has been successfully used to study
correlations between theoretical affinities and experimental ac-
tivities [32,33], and here we used it to further study the structure-
activity relationship of thirty four different purine derivatives
against CDC7. In this way, compounds 2, 15, 26, 30, 32, and 33were
5

selected in order to explore the effect of the nature and the length
of the linker in CDC7 inhibition.

Computational analysis suggests that there are two key in-
teractions for the activity of the new CDC7 inhibitors: two hydrogen
bonds between the purine central core and Pro135 and Leu 137
(Fig. 4). The lack of one of these two interactions is translated in a
loss of the activity confirming the experimental results obtained for
purines N-substituted such as 7b, 15b, and 23b-29b or thieno[2,3-



Fig. 2. Kinetic data determined for derivatives 7, 15 and 22. ATP concentrations in the reaction mixture varied from 1 to 100 mM. Compound concentrations used are depicted in the
plot and the concentration of the substrate was kept constant at 12.5 mM. Each point is the mean of two different experiments, each one analyzed in duplicate.

Fig. 3. Kinase profiling for CDC7 inhibitors 7, 15 and 22.
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d]pyrimidines 36 and 37, all of them inactive compounds.
Among active compounds, the computational study has allowed

us to rationalize the relationship between the chemical structure
and biological activity. Regarding the length of the linker between
the purine moiety and the phenyl ring, the activity increases when
the carbonyl group is suppressed (i.e. compound 15). In contrast,
the activity of the inhibitors decreases when linker disappears and
the phenyl moiety is directly bonded to the sulfur atom (i.e. com-
pound 30). The reason could be that the phenyl moiety in 15 make
more extensive van der Waals contacts with the catalytic residues
Lys90, Asp196, Ser 181 and Asn 182 [30]. In fact, a clear p-cation
interaction between compound 15 and Lys90 stabilizes the binding
of this compound. In contrast, the less potent compound 30 in-
teracts with His139 through a p-p stacking interaction, being less
exposed to other important residues as mentioned above.

Considering the linker nature, the activity of purine-based CDC7
inhibitors increases when a methylene moiety substitutes the
carbonyl group (i.e. compound 26 vs 2). This difference in the
biological activity can be explained by analyzing the components of
the DGbind energy calculated byMM-GBSA (Table 2). Compounds 15
and 26 have similar binding energies, with relative DGbind
6

between �48 and �49 kcal/mol. However, compound 2 has a
relative DGbind ¼ �42 kcal/mol. The major difference in the binding
energies of these compounds lies in the polar contribution of the
solvation energy (DGGB) where compound 2 presents a difference
of 6.5 kcal/mol in comparisonwith compounds 15 and 26. Although
this difference is not so significant, it makes the molecule 2 more
difficult to be desolvated prior to enter in the binding site. In this
way, the carbonyl group of the molecule 2 locates in the outer part
of the cavity, being more exposed to the solvent (Fig. 4).

Regarding the heteroatom of the linker, when the sulfur (com-
pound 15) is replaced by an oxygen (compound 33), the activity as
well as the DGbind does not change. However, when it is replaced by
an amine group (compound 32), both CDC7 inhibition activity and
relative DGbind decreases. This variation may be also explained by
analyzing the components of theDGbind energy. Compound 15 has a
relative DGbind of �48 kcal/mol, while compound 32 has a relative
DGbind ¼ �41 kcal/mol. The major difference between these two
compounds lies in the van der Waals interaction energy, 8 kcal/mol
between them (Table 2).

Finally, it is worth mentioning that the main deviation in the
binding mode of purine-based CDC7 inhibitors compared to the



Fig. 4. Binding modes of compound 15 vs. 2, 26, and 30 in the catalytic site of CDC7.

Table 2
Binding energies (kcal/mol) calculated by MM-GBSA of compounds 2, 15, 26, 30, 32 and 33.

Comp. IC50 DGbind DEMM DGsol

(mM) DEinternala Hbondcor
a Packingcora SelfContcora DECoulomb

a DEvdWa DGGB
a DGSA

a

2 4.15 �42.27 4.332 �0.334 �0.172 0.003 �24.424 �41.48 29.83 �10.03
15 0.14 �48.04 1.369 0.102 �0.810 0.299 �24.221 �37.62 23.39 �10.55

26 0.14 �49.57 3.030 �0.703 �0.703 0.012 �24.942 �39.09 23.32 �10.58
30 1.38 �45.01 �0.044 �0.613 �0.613 0.008 �25.036 �31.76 21.94 �8.82
32 3.06 �41.65 1.249 �0.499 �0.499 0.116 �26.940 �29.71 23.99 �9.67
33 0.19 �48.71 0.185 �0.607 �0.607 0.055 �24.844 �33.13 19.05 �9.17

a Contribution to the total energy from different components: DEinternal ¼ Covalent binding energy; Hbondcor. ¼ Hydrogen-bonding correction; Packingcor. p� p packing
correction; SelfContcor ¼ Self-contact correction; DECoulomb ¼ Coulomb energy; DEvdW ¼ van der Waals energy; DGGB ¼ Generalized Born electrostatic solvation energy;
DGSA ¼ Lipophilic energy.

E. Rojas-Prats, L. Martinez-Gonzalez, C. Gonzalo-Consuegra et al. European Journal of Medicinal Chemistry xxx (xxxx) xxx
well-characterized PHA is the presence of a hydrogen-bond inter-
action in the hinge region between the backbone carbonyl group of
Pro135 and the heterocyclic NH and, the lack of H-bonding with
catalytic residues such as Lys90 or Asp196 (Fig. 4 and S1). Therefore,
PHA binds not only to CDC7 but also to different structural related
kinases such as CDK1 and CDK2 [34], being a dual inhibitor of CDK9
[35]. Somehow, the new described purine-based compounds, less
potent but much more selective than PHA inhibitor, point to a new
well-conserved binding mode that gives new hints for further po-
tency improvements. One of the main reasons that can explain this
selectivity may be that purine-based compounds here described
form van der Waals contacts with Ser70, Met 118 and His139 which
are some of the most variable residues among protein kinases. Even
more, compounds 15 and 26 present halogen bond interactions
with Ser70 (Fig. 4).
2.5. Blood brain barrier (BBB) permeability

Brain penetrant chemical probes and/or drug candidates are
needed when a central nervous system disease, such as ALS, is
going to be studied in animal models. Here, we have used a parallel
artificial membrane permeability assay (PAMPA) using porcine lipid
to emulate the human blood brain barrier (BBB) in order to deter-
mine this essential drug-like characteristic for our compounds of
interest. We calculated the predicted brain permeability for all the
compounds with an IC50 value for CDC7 inhibition below 1 mM. In
7

this assay, ten reference commercial drugs used clinically with
known brain permeability are included as controls. A good corre-
lation between experimental-described values was obtained Pe
(exptl) ¼ 0.849 (bibl) - 0.1282 (R2 ¼ 0.9828) (Fig. S3). From this
equation and following the pattern established in the literature for
BBB permeation prediction [36] we could classify compounds as
CNS þ when they present a permeability > 3.26 � 10�6 cm s�1.
Based on these results we can consider that a large number of
compounds, specifically 4e9, 11, 15, 17, 18, 20e29, 33, 35, and 38,
are predicted to be able to cross the BBB by passive permeation
(Fig. 5, Table 1 and Table S3) and thus they can be considered for
further pharmacological studies in neurological diseases. Com-
pounds 10, 13, 16,19, and 34 are borderline for PAMPA permeability
(CNSþ/CNS-), and finally compounds 12 and 14 are predicted to not
be able to cross the BBB (CNS-). Compound 39 precipitates under
the experimental conditions employed; therefore, there was not a
clear UV spectrum after filtration making it impossible to deter-
mine the BBB permeability.
2.6. TDP-43 modulation by CDC7 inhibitors in cellular and in vivo
models

2.6.1. Neuroprotective effect of CDC7 inhibitors in a neuronal cell
model of induced TDP-43 phosphorylation by ethacrynic acid
treatment

The next step was to determine if small molecule inhibition of



Fig. 5. PAMPA in vitro permeability (Pe) plot of CDC7 inhibitors (green squares) and control drugs (black diamonds). CNS þ (green) for compounds with Pe > 3.26 � 10�6 cm s�1,
CNS- (red) for Pe < 1.56 � 10�6 cm s�1 and CNSþ/CNS- (orange) for 1.56 � 10�6 < Pe < 3.26 � 10�6 cm s�1. Data represent the mean ± SD from two independent experiments. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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CDC7 kinase activity, by the new purine-based inhibitors may
prevent TDP-43 phosphorylation in vitro. In order to be sure that
results of interest are produced by CDC7 inhibition, we tested a
large set of 23 compounds with brain permeability values
compatiblewith the ability to cross the BBB. The selected cell model
was a neuronal cell-based model of induced TDP-43 phosphoryla-
tion driven by glutathione depletion. Human neuroblastoma cell
line SH-SY5Y cells were pre-treated with CDC7 inhibitors for 1 h
and phosphorylation of endogenous cellular TDP-43 was then
induced with exposure to ethacrynic acid (EA) for 24 h [37]. Com-
pound dose was selected as 10 mM after evaluating cell viability in
the presence or absence of CDC7 inhibitors at 5 and 10 mM in SH-
SY5Y (Fig. S4). As seen in Fig. 6, the addition of EA to the SH-SY5Y
cells resulted in significant cell death, which is partially pre-
vented by several of the CDC7 inhibitors treatment. As reference
control, we used tideglusib, a GSK-3 inhibitor with neuroprotective
activity by decreasing TDP-43 phosphorylation.

To check if the neuroprotective effect of CDC7 inhibitors is
produced by a decrease in TDP-43 phosphorylation state, Western-
blot analysis was done using a phospho-specific (S409/410) anti-
TDP-43 antibody. In Fig. 7 the increase of TDP-43 phosphorylation
caused by EA is shown together with the reduction of this aberrant
phosphorylation produced with the CDC7 inhibitors treatment.
CDC7 inhibitors had no effect on total cellular levels of TDP-43.

Furthermore, to fully check whether the inhibition of TDP-43
phosphorylation here reported in SH-SY5Y by CDC7 inhibitors
treatment reduces the amount of TDP-43 cytoplasmic localization,
an immunofluorescence analysis was performedwith derivative 15.
Results depicted in Fig. 8 showed the decreased of cytosolic TDP-43
after the treatment with the CDC7 inhibitor 15, which is in agree-
ment with previous results [17]. Moreover, two of the compounds
described here, derivatives 7 and 15, have been proved to be
capable to restore the normal nuclear TDP-43 levels in immortal-
ized lymphocytes derived from either sporadic ALS or FTLD-TDP
8

patients [38].
Taken together, these results may point to CDC7 inhibition as a

potential viable strategy to reduce neurotoxic TDP-43 phosphory-
lation and cellular localization.
2.7. CDC7 inhibitor testing in transgenic C. elegans

In order to determinewhether inhibition of CDC7 kinase activity
by novel CDC7 inhibitors will prevent TDP-43 phosphorylation
in vivo, we utilized as a starting point transgenic Caenorhabditis
elegans expressing human familial ALS mutant TDP-43 pan-neu-
ronally (TDP-43 tg) [39]. C. elegans are a tractable invertebrate
animal for studying neurodegenerative disease, as they have awell-
characterized differentiated nervous system that includes the ma-
jor neuronal types found in humans [40]. TDP-43 tg C. elegans
exhibit age-dependent motor dysfunction, progressive neuro-
degeneration, and accumulate robust amounts of phosphorylated
TDP-43 [39]. The C. elegans cuticle is a highly impervious barrier
that prevents many small molecules from entering [41]; therefore,
the concentration of small molecule required to see an effect in
C. elegans is typically high and may not reflect the effective dose
that penetrates into the body of the animals [42]. However, despite
these limitations, C. elegans have been successfully used to
demonstrate in vivo activity of small molecules including kinase
inhibitors [19,43]. To assay CDC7 inhibitors in C. elegans, TDP-43 tg
animals were raised on solid media in the presence of the CDC7
inhibitors, grown for 6 days, and harvested for immunoblot anal-
ysis.We tested thewell characterized purine-based CDC7 inhibitors
7, 15 and 22 and found that levels of phosphorylated TDP-43 were
significantly reduced following treatment with inhibitor 7, with no
apparent effect on total levels of TDP-43 (Fig. 9). Compounds 15 and
22 had more variable effects on TDP-43 phosphorylation, which
may be a consequence of a differential ability to effectively cross
through the cuticle of C. elegans. Nevertheless, we show that



Fig. 6. Neuroprotective effect of CDC7 inhibitors at a fixed concentration of 10 mM in neuroblastoma SH-SY5Y cells after being exposed to 20 mM of EA for 24 h. Commercial GSK-3b
inhibitor (Tideglusib 5 mM) was used as internal control. Cell viability was measured by MTT assay. Data represent the mean ± SEM of 5 different experiments (*p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001 significantly different from SH-SY5Y EA-treated cells, þþþþp < 0.0001 significantly different from Control).

Fig. 7. Effects of CDC7 inhibitors on TDP-43 phosphorylation in neuroblastoma SH-SY5Y cells after being exposed to EA. Representative immunoblots showing pTDP-43 protein
levels. Cells were exposed to EA (20 mM) for 24 h in the presence or absence of CDC7 inhibitors (10 mM). Data represent the mean ± SEM of 3 different experiments. (***p < 0.001,
****p < 0.0001 significantly different from SH-SY5Y EA-treated cells, þþp < 0.01 significantly different from Control).
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compound 7 is able to reduce TDP-43 phosphorylation in vivo.

2.7.1. Treatment of TDP-43 (A315T) transgenic mice model with a
CDC7 inhibitor

The encouraging obtained results prompted us to test the
mercaptopurine-based CDC7 inhibitor 22 to a mouse model of ALS,
following our working hypothesis that in vivo modulation of TDP-
43 proteinopathy by CDC7 inhibitors may be a new therapeutic
approach for ALS. Selection of compound 22 was done based in
efficacy shown decreasing TDP-43 phosphorylation in human cell
line (Fig. 7).

We have used the TDP-43 (A315T) transgenic mice, which is one
of the first experimental models of ALS based on mutations in TDP-
43 protein [44]. The transgene, driven by mouse prion promoter, is
expressed in all neurons and glia in the spinal cord. Due to TDP-43
overexpression, transgenic mice developmotor neuron disease. We
designed a chronic treatment in which compound 22 was admin-
istered intraperitonially once a day for 30 days. Four groups each
with 8 animals were studied: wild type þ vehicle, wild
type þ compound 22, transgenic þ vehicle and
transgenic þ compound 22. The trial was started with males of 65
days old. Weight was daily logged and no toxicity was observed
9

across the experiment (Fig. S5). Behavioral tests such as rotarod and
hindlimb clasping test were weekly performed to evaluate motor
coordination and muscle strength in the animals. An amelioration
in the disease progression and muscle impairment was observed in
the treated group in both tests (Fig. 10). Both tests measure path-
ological symptoms, such as muscle weakness, balance disturbance
and spasticity, that resemble those present during the human dis-
ease. The treatment with the CDC7 inhibitor was highly effective in
attenuating clasping behavior present in TDP-43 (A315T) mice from
the third week of treatment onwards (Fig. 10B). Additionally, the
treatment with compound 22 produced a recovery in rotarod
performance after five weeks of treatment (Fig. 10C). CDC7 inhibi-
tion had no effects in wild type animals, as measured during
rotarod and hindlimb clasping tests (Fig. 10B and C).

Moreover, afterWestern-blot analysis in the spinal cord tissue of
TDP-43 (A315T) mice, we observed a decrease in p-TDP-43 (Fig. 11).
These results show that compound 22 is able to in vivo penetrate in
the central nervous system confirming previous PAMPA predictions
and, thus, it is able to delay the muscle strength deterioration
produced in these TDP-43 (A315T) transgenic mice when it is
measured by rotarod and hindlimb clasping test. Finally, all these
data correlate with in vivo decrease of TDP-43 phosphorylation in



Fig. 8. Subcellular localization of TDP-43 detected by immunofluorescence after compound 15 treatment in ethacrynic acid treated SH-SY5Y cells. (A) Cells were exposed to EA
(20 mM) in the presence or absence of compound 15 (10 mM) for 24 h. TDP-43 localization was assessed by confocal laser scanning microscopy. (B) Quantification of fluorescence
intensity of TDP-43 inside and outside the nucleus was determine in at least 30 different cells from 3 separate fields. Data represent the mean ± SEM (magnification 63�). (*p < 0.5
significantly different from SH-SY5Y EA-treated cells, þp < 0.05 significantly different from Control).
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spinal cord after the treatment with the CDC7 inhibitor.

3. Conclusions

CDC7, a kinase involved in different oncologic processes, has
emerged as a new target for different neurological conditions
where the nuclear protein TDP-43 is involved including ALS, FTLD
and other rare diseases such as Alexander’s or Pick’s diseases [9].
Recently, a new Alzheimer’s-like dementia disorder has been
10
described characterized by pathological TDP-43 and termed LATE
(Limbic-predominant age-related TDP-43 encephalopathy) [45]. In
this context, prevention of TDP-43 phosphorylation through the
design and development of brain-permeable selective CDC7 in-
hibitors emerges as a potential therapeutic strategy for these severe
and unmet diseases. In this manuscript we have discovered, using a
chemical genetic approach, a new compound able to target CDC7.
After a hit-to-lead optimization process, a family of small molecules
with a central purine core was obtained as completely new CDC7



Fig. 9. Effects of CDC7 inhibitors on TDP-43 phosphorylation in C. elegans. Stage-matched populations of transgenic C. elegans expressing human TDP-43 (M337V) were grown in the
presence of control (DMSO) or the indicated concentration of inhibitor for 6 days. (A) C. elegans treated with compound 7 had significantly decreased levels of TDP-43 phos-
phorylation at 75 mM. Data represent the mean ± SEM of 4 different experiments. p-values, one-way ANOVAwith Dunnett’s multiple comparisons test versus Control: 10 mM, 0.867;
25 mM, 0.896; 50 mM, 0.490; 75 mM, 0.024. (B) C. elegans treated with compound 15 had no significant changes to the levels of TDP-43 phosphorylation. p-values, one-way ANOVA
with Dunnett’s multiple comparisons test versus Control: 10 mM, 0.985; 25 mM, 0.988; 50 mM, 0.999; 75 mM, 0.977. (C) compound 22 had no significant changes to the levels of TDP-
43 phosphorylation. p-values, one-way ANOVA with Dunnett’s multiple comparisons test versus Control: 10 mM, 0.387; 25 mM, 0.922; 50 mM, 0.999; 75 mM, 0.913.
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inhibitors. These compounds have shown an ATP competitive
binding mode but with a wide selectivity over more than 40
structurally related kinases. Furthermore, these CDC7 inhibitors are
predicted to cross the BBB using a PAMPA methodology and are
able to reduce TDP-43 phosphorylation both in human cell lines
and in vivo C. elegans model with overexpression of hTDP-43.
Finally, all these data have been confirmed in a TDP-43 (A315T)
transgenic mice model, where chronic administration of one of
mercaptopurine-based CDC7 inhibitors here described, compound
22, produced a decrease in the severity of the clinical symptoms of
the disease and an in vivo reduction of TDP-43 phosphorylation in
the spinal cord of the animals.

Altogether, purine-based CDC7 inhibitors here reported are
valuable pharmacological tools for the study of the role of CDC7 in
11
neurological conditions and promising candidates to be developed
as innovative drugs for the pharmacotherapy of ALS and others
TDP-43-pathies.

3.1. Experimental part

3.1.1. Chemistry
All reagents and solvents were used as commercially available.

Melting points were determined with a Büchi Melting Point
M � 560 apparatus. Flash column chromatography was performed
at medium pressure using silica gel (Merck, grade 60, particle size
0.040e0.063 mm, 230e400 mesh ASTM) with the indicated sol-
vent as eluent. For TLC analyses, silica plates (Merck, silica gel 60
F254) were used. Spots were visualized under UV light (254 nm). 1H



Fig. 10. Experimental design (A) and behavioral studies (B, C). (B) Hindlimb clasping and (C) rotarod test results of wild-type and transgenic TDP-43 (A315T) mice treated with
compound 22 or vehicle. Values are expressed as means ± SEM; N � 6 animals in each group. Two-way ANOVA test was used for statistical analysis followed by the Tukey’s multiple
comparisons test (*p < 0.05, **p < 0.01, ***p < 0.001 vs. WT-Veh group; &p < 0.05, &&p < 0.01, &&&p < 0.001 vs. TDP-43-Veh group)

Fig. 11. Phosphorylated TDP-43 levels in the spinal cord of wild-type and transgenic TDP-43 (A315T) mice treated with compound 22 or vehicle. Representative immunoblots are
shown. Data represent the mean ± SEM of 8 observations per group. Data were assessed by one-way ANOVA followed by the Bonferroni test ($p < 0.05 vs. WT-Veh group, *p < 0.05
vs. TDP43-Veh group).
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NMR spectra were obtained on a Bruker AVIII 300 MHz BACS-60
spectrometer working at 300 MHz or on a Bruker AV 500 MHz
spectrometer working at 500 MHz. 13C NMR experiments were
carried out on a Bruker AVIII 300 MHz BACS-60 spectrometer
working at 75 MHz or on a Bruker AV 500 MHz spectrometer
working at 125MHz. Chemical shifts are reported in ppm relative to
TMS as internal standard and J values are reported in Hertz. Mass
spectra were obtained by electrospray ionization (ESI) with a
Thermo Mod. FinniganTM LXQ TM spectrometer with on line HPLC
Surveyor. HPLC analyses were performed on the same equipment,
with a Photo Diode Array detector (Surveyor PDA Plus), using a
12
Sunfire column C18, 3.5 mM (50mm� 4.6 mm) and acetonitrile and
Milli-Q water as a mobile phase. Both solvents contain 1% of formic
acid. The standard gradient consisted of a 15 min run from 10% to
90% of acetonitrile at a flow rate of 1 mL/min. Microwave assisted
reactions were performed on a Biotage Initiatiorþ instrument from
Biotage. Purity of the tested compounds was evaluated by
elemental analyses performed at the Centre of Elemental Micro-
analysis, Complutense University of Madrid (Spain). The results
obtained were within ±0.4% of the theoretical values.

Synthesis and structural elucidation of compounds 1e7, 7b,
9e10, 12, 14, 20, 30e32, 34 and 36 are collected in the supporting



E. Rojas-Prats, L. Martinez-Gonzalez, C. Gonzalo-Consuegra et al. European Journal of Medicinal Chemistry xxx (xxxx) xxx
information.

3.1.2. General procedure B
A solution of 6-mercaptopurine monohydrate (1 eq.) and K2CO3

(1 eq.) in DMF (25 mL) is stirred for 1 h at room temperature. Then,
the appropriate benzyl derivative (1 eq.) is added and themixture is
stirred for 2e16 h at room temperature. The solvent is evaporated
under low pressure and EtOAc (100mL) is added. The organic phase
is washed with distilled water (3 � 100 mL), adding NaCl and dried
over Mg2SO4 anhydrous, filtered and concentrated to dryness.
Finally, the crude is purified by column chromatography using
CH2Cl2/MeOH (10:1) as eluent.

3.1.3. 6-[(4-Iodobenzyl)thio]-9H-purine (8)
The compound was prepared from 6-mercaptopurine mono-

hydrate (0.30 g, 1.8 mmol) and 4-iodobenzyl bromide (0.52 g,
1.8 mmol) according to general procedure B to yield 8 (572 mg;
88%). White solid. Mp 216e218 �C. 1H NMR (DMSO‑d6): d 4.60 (s,
2H, CH2), 7.27 (d, J¼ 8.0 Hz, 2H, Ph), 7.66 (d, J¼ 8.0 Hz, 2H, Ph), 8.45
(s, 1H), 8.72 (s, 1H), 13.54 (s, 1H, NH). 13C NMR (DMSO~d6): d 31.0,
93.0, 129.0, 131.3, 137.2, 138.0, 143.5, 150.3, 151.4, 157.1. Anal.
(C12H9IN4S) Calculated: C, 39.14; H, 2.46; N, 15.22; S, 8.71. Found: C,
38.99; H, 2.57; N, 15.02; S, 8.79.

3.1.4. 6-[(4-(Methylthio)benzyl)thio]-9H-purine (11)
The compound was prepared from 6-mercaptopurine mono-

hydrate (0.30 g, 1.8 mmol) and 4-(methylthio)benzyl bromide
(0.38 g, 1.8 mmol) according to general procedure B to yield 11
(158 mg; 31%). White solid. Mp 203e205 �C. 1H NMR (DMSO‑d6):
d 2.44 (s, 3H, CH3), 4.61 (s, 2H, CH2), 7.20 (d, J ¼ 8.0 Hz, 2H, Ph), 7.40
(d, J ¼ 8.0 Hz, 2H, Ph), 8.44 (s, 1H), 8.73 (s, 1H), 13.53 (s, 1H, NH). 13C
NMR (DMSO~d6): d 14.7, 31.2, 126.0, 129.6, 130.1, 134.5, 136.9, 143.0,
149.3, 151.4, 158.2. MS (ES): m/z 289 (Mþ1). Anal. (C13H12N4S2)
Calculated: C, 54.14; H, 4.19; N, 19.43; S, 22.24. Found: C, 53.96; H,
4.15; N, 19.34; S, 22.19.

3.1.5. 4-[(9H-Purin-6-ylthio)methyl]-benzenemethanol (13)
The compound was prepared from 6-mercaptopurine mono-

hydrate (0.30 g, 1.8 mmol) and (4-(bromomethyl) phenyl)methanol
(0.35 g, 1.8 mmol) according to general procedure B to yield 13
(160 mg; 33%). Beige solid. Mp 226e228 �C. 1H NMR (DMSO~d6):
d 4.45 (s, 2H, CH2), 4.46 (s, 2H, CH2OH), 5.13 (s, 1H, OH), 7.25 (d,
J ¼ 8.0 Hz, 2H, Ph), 7.41 (d, J ¼ 8.0 Hz, 2H, Ph), 8.44 (s, 1H), 8.73 (s,
1H), 13.52 (s, 1H, NH). 13C NMR (DMSO~d6): d 34.5, 62.6, 126.6,
128.7, 129.0, 136.0, 141.5, 143.4, 150.2, 151.4, 157.5. Anal.
(C13H12N4OS) Calculated: C, 57.34; H, 4.44; N, 20.57; S, 11.77. Found:
C, 57.17; H, 4.62; N, 20.14; S, 11.45.

3.1.6. 6-[(3-Chlorobenzyl)thio]-9H-purine (15) and 9-(3-
chlorobenzyl)-6-[(3-chlorobenzyl)thio]-9H-purine (15b)

The compounds were prepared from 6-mercaptopurine mono-
hydrate (0.30 g, 1.8 mmol) and 3-chlorobenzyl bromide (0.36 g,
1.8 mmol) according to general procedure B. Purification: first
fraction, disubstituted derivative 15b (33 mg; 9%). White solid. Mp
98e100 �C. 1H NMR (DMSO~d6): d 4.63 (s, 2H, CH2), 5.39 (s, 2H,
CH2), 7.15 (dd, J ¼ 6.0, 3.0, 2.0 Hz, 1H, Ph), 7.17e7.26 (m, 2H, Ph),
7.22e7.34 (m, 3H, Ph), 7.36 (dd, J ¼ 6.0, 3.0, 2.0 Hz, 1H, Ph), 7.48 (s,
1H, Ph), 7.95 (s, 1H), 8.77 (s, 1H). 13C NMR (DMSO~d6): d 32.2, 46.9,
125.9, 127.5, 127.6, 128.0, 129.0, 129.4, 129.9, 130.6, 131.1, 134.4,
135.2, 137.2, 139.9, 142.5, 148.8, 152.3, 160.4. MS (ES): m/z 405
(Mþ5), 403 (Mþ3), 401 (Mþ1). Anal. (C19H14Cl2N4S) Calculated: C,
56.86; H, 3.52; N,13.96; S, 7.99. Found: C, 56.87; H, 3.53; N, 13.86; S,
7.95.

Purification: second fraction, monosubstituted derivative 15
(233 mg; 48%). White solid. Mp 167e169 �C (lit [46]. 168 �C). 1H
13
NMR (DMSO~d6): d 4.66 (s, 2H, CH2), 7.30 (dt, J¼ 8.0, 2.0 Hz,1H, Ph),
7.40e7.25 (m, 1H, Ph), 7.44 (dt, J ¼ 7.0, 2.0 Hz, 1H, Ph), 7.54 (s, 1H,
Ph), 8.46 (s, 1H), 8.74 (s, 1H), 13.56 (s, 1H, NH). 13C NMR (DMSO~d6):
d 30.9, 127.1, 127.7, 128.8, 130.3, 132.9, 140.8, 143.4, 149.5, 151.4,
157.3. MS (ES): m/z 279 (Mþ3), 277 (Mþ1). Anal. (C12H9ClN4S)
Calculated: C, 52.08; H, 3.28; N, 20.24; S, 11.59. Found: C, 51.98; H,
3.28; N, 20.21; S, 11.68.

3.1.7. 6-[(3-Nitrobenzyl)thio]-9H-purine (16)
The compound was prepared from 6-mercaptopurine mono-

hydrate (0.30 g, 1.8 mmol) and 3-nitrobenzyl bromide (0.38 g,
1.8 mmol) according to general procedure B to yield 16 (461 mg;
91%). Pale yellow solid. Mp 193e195 �C. 1H NMR (DMSO~d6): d 4.79
(s, 2H, CH2), 7.60 (t, J ¼ 8.0 Hz, 1H, Ph), 7.94 (dt, J ¼ 8.0, 1.0 Hz, 1H,
Ph), 8.09 (dd, J ¼ 8.0, 2.0, 1.0 Hz, 1H, Ph), 8.36 (t, J ¼ 2.0 Hz, 1H, Ph),
8.47 (s, 1H, Ph), 8.74 (s, 1H), 13.58 (s, 1H, NH). 13C NMR (DMSO~d6):
d 30.6, 122.0, 123.6, 129.9 (2C), 135.7, 140.9, 143.6, 147.7, 150.2, 151.4,
156.8. Anal. (C12H9N5O2S) Calculated: C, 50.17; H, 3.16; N, 24.38; S,
11.16. Found: C, 50.07; H, 2.76; N, 24.15; S, 11.05.

3.1.8. 6-[(3-Iodobenzyl)thio]-9H-purine (17)
The compound was prepared from 6-mercaptopurine mono-

hydrate (0.30 g, 1.8 mmol) and 3-iodobenzyl bromide (0.52 g,
1.8 mmol) according to general procedure B to yield 17 (380 mg;
58%). Pale yellow solid. Mp 185e187 �C. 1H NMR (DMSO~d6): d 4.61
(s, 2H, CH2), 7.11 (t, J ¼ 8.0 Hz, 1H, Ph), 7.48 (dt, J ¼ 8.0, 2.0 Hz, 1H,
Ph), 7.60 (dt, J ¼ 8.0, 2.0 Hz, 1H, Ph), 7.85 (t, J ¼ 2.0 Hz, 1H, Ph), 8.46
(s, 1H, Ph), 8.74 (s, 1H), 13.56 (s, 1H, NH). 13C NMR (DMSO~d6):
d 30.7, 94.7, 128.4,129.8,130.6,135.8,137.5, 140.9, 143.4,149.8,151.4,
157.3. Anal. (C12H9IN4S) Calculated: C, 39.14; H, 2.46; N, 15.22; S,
8.71. Found: C, 39.26; H, 2.53; N, 15.05; S, 8.58.

3.1.9. 6-[(3-(Trifluoromethyl)benzyl)thio]-9H-purine (18)
The compound was prepared from 6-mercaptopurine mono-

hydrate (0.30 g, 1.8 mmol) and 3-(trifluoromethyl)benzyl bromide
(0.42 g, 1.8 mmol) according to general procedure B to yield 18
(283 mg; 52%). White solid. Mp 180e182 �C. 1H NMR (DMSO~d6):
d 4.74 (s, 2H, CH2), 7.54 (t, J ¼ 8.0 Hz, 1H, Ph), 7.61 (d, J ¼ 8.0 Hz, 1H,
Ph), 7.79 (d, J ¼ 8.0 Hz, 1H, Ph), 7.86 (s, 1H, Ph), 8.46 (s, 1H), 8.74 (s,
1H), 13.57 (s, 1H, NH). 13C NMR (DMSO~d6): d 30.9, 123.8 (q,
J ¼ 4.0 Hz), 118.6e129.8 (m), 125.5 (q, J ¼ 4.0 Hz), 129.1 (q,
J¼ 32.0 Hz), 129.5, 133.1, 139.9, 143.5, 150.3, 151.4, 157.2. MS (ES):m/
z 311 (Mþ1). Anal. (C13H9F3N4S) Calculated: C, 50.32; H, 2.92; N,
18.06; S, 10.33. Found: C, 50.49; H, 3.03; N, 18.03; S, 10.32.

3.1.10. 3-[(9H-Purin-6-ylthio)methyl]-benzonitrile (19)
The compound was prepared from 6-mercaptopurine mono-

hydrate (0.30 g, 1.8 mmol) and 3-cyanobenzyl bromide (0.35 g,
1.8 mmol) according to general procedure B to yield 19 (439 mg;
93%). White solid. Mp 189e191 �C. 1H NMR (DMSO~d6): d 4.70 (s,
2H, CH2), 7.52 (t, J ¼ 8.0 Hz, 1H, Ph), 7.71 (dt, J ¼ 8.0, 2.0 Hz, 1H, Ph),
7.82 (dt, J ¼ 8.0, 2.0 Hz, 1H, Ph), 7.93 (t, J ¼ 2.0 Hz, 1H, Ph), 8.46 (s,
1H), 8.74 (s, 1H),13.57 (s,1H, NH). 13C NMR (DMSO~d6): d 30.7, 111.3,
118.6, 129.7 (2C), 130.9, 132.4, 133.9, 140.1, 143.5, 150.2, 151.4, 156.9.
MS (ES): m/z 268 (Mþ1). Anal. (C13H9N5S) Calculated: C, 58.41; H,
3.39; N, 26.20; S, 12.00. Found: C, 58.46; H, 3.47; N, 26.03; S, 11.84.

3.1.11. 6-[3-(Fluorobenzyl)thio]-9H-purine (21)
The compound was prepared from 6-mercaptopurine mono-

hydrate (0.30 g, 1.8 mmol) and 3-fluorobenzyl bromide (0.33 g,
1.8 mmol) according to general procedure B to yield 21 (286 mg;
62%). White solid. Mp 147e148 �C. 1H NMR (DMSO~d6): d 4.67 (s,
2H, CH2), 7.07 (tt, J ¼ 8.0, 2.0 Hz, 1H, Ph), 7.32 (s, 1H, Ph), 7.24e7.43
(m, 2H, Ph), 8.46 (s, 1H), 8.74 (s, 1H), 13.56 (s, 1H, NH). 13C NMR
(DMSO~d6): d 30.9, 114.0 (d, J¼ 21.0 Hz), 115.7 (d, J¼ 22.0 Hz), 125.1
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(d, J ¼ 3.0 Hz), 130.1, 130.4 (d, J ¼ 8.0 Hz), 141.1 (d, J ¼ 8.0 Hz), 143.1,
149.4, 151.4, 157.8, 162.0 (d, J ¼ 244.0 Hz). HPLC: purity 99%, r. t.
9.56 min. MS (ES):m/z 261 (Mþ1). Anal. (C12H9FN4S) Calculated: C,
55.37; H, 3.49; N, 21.53; S, 12.32. Found: 54.98; H, 3.72; N, 21.16; S,
11.92.

3.1.12. 6-[(2-Bromobenzyl)thio]-9H-purine (22)
The compound was prepared from 6-mercaptopurine mono-

hydrate (0.30 g, 1.8 mmol) and 2-bromobenzyl bromide (0.44 g,
1.8 mmol) according to general procedure B to yield 22 (462 mg;
82%). White solid. Mp 209e211 �C. 1H NMR (DMSO~d6): d 4.74 (s
2H, CH2), 7.22 (td, J¼ 8.0, 2.0 Hz,1H, Ph), 7.33 (td, J¼ 8.0, 2.0 Hz,1H,
Ph), 7.66 (dt, J ¼ 8.0, 2.0 Hz, 2H, Ph), 8.45 (s, 1H), 8.76 (s, 1H), 13.58
(s, 1H, NH). 13C NMR (DMSO~d6): d 32.4, 124.2, 128.0, 129.6, 130.1,
131.5, 132.8, 136.8, 143.2, 149.4, 151.5, 157.7. Anal. (C12H9BrN4S)
Calculated: C, 44.87; H, 2.82; N, 17.44; S, 9.98. Found: C, 44.96; H,
2.83; N, 17.43; S, 9.97.

3.1.13. 6-[(2-Chlorobenzyl)thio]-9H-purine (23) and 9-(2-
chlorobenzyl)-6-[(2-chlorobenzyl)thio]-9H-purine (23b)

The compounds were prepared from 6-mercaptopurine mono-
hydrate (0.30 g, 1.8 mmol) and 2-chlorobenzyl bromide (0.36 g,
1.8 mmol) according to general procedure B. Purification: first
fraction, disubstituted derivative 23b (119 mg; 34%). White solid.
Mp 135e137 �C. 1H NMR (DMSO~d6): d 4.75 (s, 2H, CH2), 5.58 (s, 2H,
CH2), 7.08 (dd, J ¼ 8.0, 2.0 Hz, 1H, Ph), 7.27 (dd, J ¼ 8.0, 2.0 Hz, 1H,
Ph), 7.23e7.36 (m, 2H, Ph), 7.37 (dd, J ¼ 8.0, 2.0 Hz, 1H, Ph),
7.46e7.50 (m,1H, Ph), 7.51 (dd, J¼ 6.0, 2.0 Hz,1H, Ph), 7.60e7.72 (m,
1H, Ph), 8.55 (s, 1H), 8.77 (s, 1H). 13C NMR (DMSO~d6): d 29.7, 44.7,
127.4, 127.6, 129.3, 129.5, 129.5, 129.6, 129.8, 130.3, 131.4, 132.1,
133.3, 133.4, 135.0, 145.1, 148.7, 151.6, 158.4. MS (ES): m/z 405
(Mþ5), 403 (Mþ3), 401 (Mþ1). Anal. (C19H14Cl2N4S) Calculated: C,
56.86; H, 3.52; N, 13.96; S, 7.99. Found: C, 57.08; H, 3.56; N, 14.01; S,
7.94.

Purification: second fraction, monosubstituted derivative 23
(236 mg; 48%). White solid. Mp 200e202 �C. 1H NMR (DMSO~d6):
d 4.75 (s 2H, CH2), 7.26e7.35 (m, 2H, Ph), 7.49 (dd, J¼ 7.0, 3.0 Hz,1H,
Ph), 7.66 (dd, J ¼ 6.0, 3.0 Hz, 1H, Ph), 8.46 (s, 1H), 8.76 (s, 1H), 13.56
(s, 1H, NH). 13C NMR (DMSO~d6): d 29.7, 127.4, 129.3, 129.5, 130.5,
131.4, 133.4, 135.1, 143.3, 149.4, 151.4, 157.6. MS (ES):m/z 279 (Mþ3),
277 (Mþ1). Elem. (C12H9ClN4S) Calculated: C, 52.08; H, 3.28; N,
20.24; S, 11.59. Found: C, 52.12; H, 3.33; N, 20.08; S, 11.38.

3.1.14. 6-[(2-Iodobenzyl)thio]-9H-purine (24) and 9-(2-
iodobenzyl)-6-[(2-iodobenzyl)thio]-9H-purine (24b)

The compounds were prepared from 6-mercaptopurine mono-
hydrate (0.30 g, 1.8 mmol) and 2-iodobenzyl bromide (0.52 g,
1.8 mmol) according to general procedure B. Purification: first
fraction, disubstituted derivative 24b (22 mg; 4%). Beige solid. Mp
150e152 �C. 1H NMR (DMSO~d6): d 4.74 (s, 2H, CH2), 5.46 (s, 2H,
CH2), 6.82 (dd, J ¼ 8.0, 2.0 Hz, 1H, Ph), 6.98e7.15 (m, 2H, Ph), 7.32
(td, J ¼ 8.0, 2.0 Hz, 1H, Ph), 7.36 (td, J ¼ 8.0, 2.0 Hz, 1H, Ph), 7.66 (dd,
J ¼ 8.0, 2.0 Hz, 1H, Ph), 7.90 (dd, J ¼ 8.0, 2.0 Hz, 1H, Ph), 7.94 (dd,
J ¼ 8.0, 2.0 Hz, 1H, Ph), 8.50 (s, 1H), 8.78 (s, 1H). 13C NMR
(DMSO~d6): d 37.2, 51.6, 98.2, 101.4, 128.4, 128.6, 128.8, 129.5, 129.9,
130.3, 130.8, 137.8, 139.3, 139.4, 139.8, 145.1, 148.7, 151.7, 158.5.
HPLC: purity 99%, r. t. 10.60 min. MS (ES): m/z 585 (Mþ1). Anal.
(C19H14I2N4S) Calculated: C, 39.06; H, 2.42; N, 9.59; S, 5.49. Found:
C, 39.46; H, 2.75; N, 9.54; S, 5.30.

Purification: second fraction, monosubstituted derivative 24
(541 mg; 83%). White solid. Mp 215e217 �C. 1H NMR (DMSO~d6):
d 4.72 (s 2H, CH2), 7.03 (td, J ¼ 8.0, 2.0 Hz, 1H, Ph), 7.35 (td, J ¼ 8.0,
1.0 Hz, 1H, Ph), 7.64 (dd, J ¼ 8.0, 2.0 Hz, 1H, Ph), 7.89 (dd, J ¼ 8.0,
1.0 Hz, 1H, Ph), 8.44 (s, 1H), 8.75 (s, 1H), 13.55 (s, 1H, NH). 13C NMR
(DMSO~d6): d 37.1, 101.3, 128.6, 129.4, 130.0, 130.6, 139.3, 139.9,
14
143.1, 149.4, 151.4, 157.7. Anal. (C12H9ClN4S) Calculated: C, 39.15; H,
2.46; N, 15.22; S, 8.71. Found: C, 38.95; H, 2.55; N, 15.43; S, 8.53.

3.1.15. 6-[(2-(Trifluoromethyl)benzyl)thio]-9H-purine (25) and 9-
[2-(trifluoromethyl) benzyl]-6-[(2-(trifluoromethyl)benzyl)thio]-
9H-purine (25b)

The compounds were prepared from 6-mercaptopurine mono-
hydrate (0.30 g, 1.8 mmol) and 2-(trifluoromethyl)benzyl bromide
(0.42 g, 1.8 mmol) according to general procedure B. Purification:
first fraction, disubstituted derivative 25b (410 mg; 99%). White
solid. Mp 106e108 �C. 1H NMR (DMSO~d6): d 4.85 (s, 2H, CH2), 5.71
(s, 2H, CH2), 6.93 (d, J ¼ 7.0 Hz, 1H, Ph), 7.46e7.63 (m, 3H, Ph), 7.64
(t, J¼ 8.0 Hz, 1H, Ph), 7.72e7.87 (m, 3H Ph), 8.57 (s, 1H), 8.78 (s, 1H).
13C NMR (DMSO~d6): d 28.0e28.5 (m), 43.5 (q, J ¼ 2.0 Hz),
118.7e130.0 (m), 118.8e130.0 (m), 125.3e126.8 (m) 125.9e126.5
(m), 127.2 (q, J ¼ 30.0 Hz), 128.2, 128.4, 128.4, 130.3, 131.9, 133.0,
133.2, 133.8e134.5 (m), 135.5e135.9 (m), 145.4, 148.8, 151.7, 158.2.
MS (ES): m/z 469 (Mþ1). Anal. (C21H14F6N4S) Calculated: C, 53.85;
H, 3.01; N, 11.96; S, 6.85. Found: C, 53,87; H, 2.98; N, 11.94; S, 6.85.

Purification: second fraction, monosubstituted derivative 25
(499 mg; 91%). White solid. Mp 197e199 �C. 1H NMR (DMSO~d6):
d 4.83 (s, 2H, CH2), 7.50 (t, J¼ 8.0 Hz,1H, Ph), 7.63 (td, J¼ 8.0, 2.0 Hz,
1H, Ph), 7.77 (t, J ¼ 8.0 Hz, 2H, Ph), 8.47 (s, 1H), 8.77 (s, 1H), 13.59 (s,
1H, NH). 13C NMR (DMSO~d6): d 28.2, 124.4 (q, J ¼ 274.0 Hz), 126.1
(q, J ¼ 6.0 Hz), 127.2 (q, J ¼ 30.0 Hz), 128.1, 129.8, 131.9, 133.0,
133.2e138.6 (m), 143.6, 150.5, 151.4, 156.7. Anal. (C13H9F3N4S)
Calculated: C, 50.32; H, 2.92; N, 18.06; S, 10.33. Found: C, 50.35; H,
2.90; N, 18.05; S, 10.40.

3.1.16. General procedure C
A solution of 6-mercaptopurine monohydrate (1 eq.) and K2CO3

(1 eq.) in DMF is stirred for 1 h at room temperature. Then, the
suitable phenethyl derivative (1 eq.) is added and the mixture is
stirred for 2e5 h at room temperature. The solvent is evaporated
under low pressure and EtOAc is added. The organic phase is
washed with distilled water, adding NaCl and dried over Mg2SO4
anhydrous, filtered and concentrated to dryness. Finally, the crude
is purified by column chromatography using CH2Cl2/MeOH (10:1)
as eluent.

3.1.17. 6-[(4-Chlorophenethyl)thio]-9H-purine (26) and 9-(4-
chlorophenethyl)-6-[(4-chlorophenethyl)thio]-9H-purine (26b)

The compounds were prepared from 6-mercaptopurine mono-
hydrate (0.30 g, 1.8 mmol) and 4-chlorophenethyl bromide (0.39 g,
1.8 mmol) according to general procedure C. Purification: first
fraction, disubstituted derivative 26b (96 mg; 25%). Beige solid. Mp
93e95 �C. 1H NMR (DMSO~d6): d 3.01 (dd, J ¼ 8.0, 7.0 Hz, 2H, CH2),
3.18 (t, J¼ 7.0 Hz, 2H, CH2), 3.58 (dd, J¼ 8.0, 7.0 Hz, 2H, CH2), 4.49 (t,
J¼ 7.0 Hz, 2H, CH2), 7.15 (d, J¼ 8.0 Hz, 2H, Ph), 7.29 (d, J¼ 8.0 Hz, 2H,
Ph), 7.30e7.41 (m, 4H, Ph), 8.29 (s, 1H), 8.73 (s, 1H). 13C NMR
(DMSO~d6): d 29.0, 34.2, 34.4, 44.3, 128.3, 128.4, 130.5, 130.5, 130.6,
131.0, 131.2, 136.8, 139.1, 144.5, 148.4, 151.4, 159.0. Anal.
(C21H18Cl2N4S) Calculated: C, 58.75; H, 4.23; N,13.05; S, 7.47. Found:
C, 58.89; H, 4.43; N, 12.96; S, 7.35.

Purification: second fraction, monosubstituted derivative 26
(315 mg; 62%). White solid. Mp 190e192 �C. 1H NMR (DMSO~d6):
d 3.02 (t, J ¼ 8.0 Hz, 2H, CH2), 3.59 (t, J ¼ 8.0 Hz, 2H, CH2), 7.18e7.55
(m, 4H, Ph), 8.44 (s, 1H), 8.71 (s, 1H), 13.51 (s, 1H, NH). 13C NMR
(DMSO~d6): d 29.0, 34.4, 128.3, 130.0, 130.5, 131.0, 139.1, 143.3,
149.6, 151.5, 158.2. Anal. (C13H11ClN4S) Calculated: C, 53.70; H, 3.81;
N, 19.27; S, 11.03. Found: C, 53.37; H, 3.79; N, 19.03; S. 10.85.

3.1.18. 6-[(4-Fluorophenethyl)thio]-9H-purine (27) and 9-(4-
fluorophenethyl)-6-[(4-fluorophenethyl)thio]-9H-purine (27b)

The compounds were prepared from 6-mercaptopurine
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monohydrate (0.30 g, 1.8 mmol) and 4-fluorophenethyl bromide
(0.36 g, 1.8 mmol) according to general procedure C. Purification:
first fraction, disubstituted derivative 27b (47 mg; 17%). White
solid. Mp 112e113 �C. 1H NMR (DMSO~d6): d 3.00 (t, J ¼ 8.0 Hz, 2H,
CH2), 3.17 (t, J ¼ 7.0 Hz, 2H, CH2), 3.58 (dd, J ¼ 8.0, 7.0 Hz, 2H, CH2),
4.48 (t, J ¼ 7.0 Hz, 2H, CH2), 7.01e7.10 (m, 2H, Ph), 7.11e7.20 (m, 4H,
Ph), 7.27e7.41 (m, 2H, Ph), 8.28 (s, 1H), 8.73 (s, 1H). 13C NMR
(DMSO~d6): d 29.3, 34.1, 34.3, 44.5, 115.0 (d, J ¼ 9.0 Hz), 115.3 (d,
J ¼ 9.0 Hz), 130.4 (d, J ¼ 8.0 Hz), 130.5 (d, J ¼ 8.0 Hz), 130.6, 133.9 (d,
J ¼ 3.0 Hz), 136.2 (d, J ¼ 3.0 Hz), 144.5, 148.4, 151.4, 159.0, 160.9 (d,
J¼ 242.0 Hz), 161.0 (d, J¼ 242.0 Hz). HPLC: purity 99%, r. t. 9.53 min.
MS (ES): m/z 397 (Mþ1). Anal. (C21H18F2N4S) Calculated: C, 63.62;
H, 4.58; N, 14.13; S, 8.09. Found: C, 62.83; H, 4.48; N, 13.81; S, 7.94.

Purification: second fraction, monosubstituted derivative 27
(285 mg; 59%). White solid. Mp 184e186 �C. 1H NMR (DMSO~d6):
d 3.02 (t, J ¼ 8.0 Hz, 2H, CH2), 3.59 (t, J ¼ 8.0 Hz, 2H, CH2), 6.94e7.22
(m, 2H, Ph), 7.26e7.45 (m, 2H, Ph), 8.42 (s, 1H), 8.70 (s, 1H), 13.51 (s,
1H, NH). 13C NMR (DMSO~d6): d 29.2, 34.3, 115.0 (d, J ¼ 21.0 Hz),
130.4, 130.4 (d, J ¼ 8.0 Hz), 136.3 (d, J ¼ 3.0 Hz), 142.9, 149.2, 151.5,
158.6, 160.9 (d, J ¼ 242.0 Hz). HPLC: purity 99%, r. t. 6.99 min. MS
(ES): m/z 275 (Mþ1). Anal. (C13H11FN4S) Calculated: C, 56.92; H,
4.04; N, 20.42; S, 11.69. Found: C, 56.58; H, 4.01; N, 20.04; S, 11.43.

3.1.19. 6-[(3-Chlorophenethyl)thio]-9H-purine (28) and 9-(3-
chlorophenethyl)-6-[(3-chlorophenethyl)thio]-9H-purine (28b)

The compounds were prepared from 6-mercaptopurine mono-
hydrate (0.30 g, 1.8 mmol) and 3-chlorophenethyl bromide (0.39 g,
1.8 mmol) according to general procedure C. Purification: first
fraction, disubstituted derivative 28b (22 mg; 6%). White solid. Mp
137e139 �C. 1H NMR (DMSO~d6): d 3.03 (t, J¼ 8.0 Hz, 2H, CH2), 3.19
(t, J ¼ 7.0 Hz, 2H, CH2), 3.61 (dd, J ¼ 8.0, 7.0 Hz, 2H, CH2), 4.51 (t,
J ¼ 7.0 Hz, 2H, CH2), 7.05e7.09 (m, 1H, Ph), 7.22e7.26 (m, 2H, Ph),
7.27 (t, J ¼ 2.0 Hz, 1H, Ph), 7.28 (dt, J ¼ 8.0, 2.0 Hz, 2H, Ph), 7.33 (t,
J ¼ 8.0 Hz, 1H, Ph), 7.39 (t, J ¼ 2.0 Hz, 1H, Ph), 8.32 (s, 1H), 8.73 (s,
1H). 13C NMR (DMSO~d6): d 28.9, 34.5, 34.6, 44.1, 126.4, 126.6, 127.4,
127.4, 128.5, 128.6, 130.2, 130.2, 130.6, 133.0, 133.0, 140.3, 142.6,
144.5, 148.4, 151.4, 158.9. HPLC: purity 99%, r. t. 10.52 min. MS (ES):
m/z 433 (Mþ5), 431 (Mþ3), 429 (Mþ1). Anal. (C21H18Cl2N4S)
Calculated: C, 58.75; H, 4.23; N, 13.05; S, 7.47. Found: C, 58.51; H,
4.18; N, 12.89; S, 7.33.

Purification: second fraction, monosubstituted derivative 28
(402 mg; 78%). White solid. Mp 143e145 �C. 1H NMR (DMSO~d6):
d 3.04 (t, J ¼ 8.0 Hz, 2H, CH2), 3.62 (t, J ¼ 8.0 Hz, 2H, CH2), 7.24e7.37
(m, 3H, Ph), 7.39 (t, J¼ 2.0 Hz,1H, Ph), 8.42 (s, 1H), 8.71 (s, 1H), 13.51
(s, 1H, NH). 13C NMR (DMSO~d6): d 28.8, 34.7, 126.4, 127.4, 128.5,
130.2, 130.4, 133.0, 142.6, 142.9, 149.2, 151.5, 158.5. Anal.
(C13H11ClN4S) Calculated: C, 53.70; H, 3.81; N,19.27; S,11.03. Found:
C, 53.34; H, 3.80; N, 19.09; S, 11.00.

3.1.20. 6-[(2-Chlorophenethyl)thio]-9H-purine (29) and 9-(2-
chlorophenethyl)-6-[(2-chlorophenethyl)thio]-9H-purine (29b)

The compounds were prepared from 6-mercaptopurine mono-
hydrate (0.30 g, 1.8 mmol) and 2-chlorophenethyl bromide (0.39 g,
1.8 mmol) according to general procedure C. Purification: first
fraction, disubstituted derivative 29b (210 mg; 55%). White solid.
Mp 140e142 �C. 1H NMR (DMSO~d6): d 3.16 (dd, J ¼ 8.0, 7.0 Hz, 2H,
CH2), 3.30 (t, J ¼ 7.0 Hz, 2H, CH2), 3.61 (dd, J ¼ 8.0, 7.0 Hz, 2H, CH2),
4.53 (t, J¼ 7.0 Hz, 2H, CH2), 7.13e7.22 (m, 2H, Ph), 7.22e7.34 (m, 3H,
Ph), 7.39 (dd, J¼ 7.0, 2.0 Hz,1H, Ph), 7.43 (dd, J¼ 7.0, 2.0 Hz, 2H, Ph),
8.28 (s, 1H), 8.69 (s, 1H). 13C NMR (DMSO~d6): d 27.6, 32.6, 32.9,
42.9, 127.2, 127.3, 128.4, 128.7, 129.2, 129.3, 130.6, 131.1 (2C), 133.1,
133.2, 135.2, 137.3, 144.5, 148.5, 151.3, 158.7. Anal. (C21H18Cl2N4S)
Calculated: C, 58.75; H, 4.23; N, 13.05; S, 7.47. Found: C, 58.58; H,
4.28; N, 12.79; S, 7.29.

Purification: second fraction, monosubstituted derivative 29
15
(250 mg; 49%). White solid. Mp 154e156 �C. 1H NMR (DMSO~d6):
d 3.17 (dd, J¼ 8.0, 7.0 Hz, 2H, CH2), 3.62 (dd, J¼ 8.0, 7.0 Hz, 2H, CH2),
7.22e7.33 (m, 2H, Ph), 7.43 (dd, J ¼ 7.0, 2.0 Hz, 1H, Ph), 7.44 (dd,
J¼ 7.0, 2.0 Hz, 1H, Ph), 8.43 (s, 1H), 8.70 (s, 1H), 13.49 (s, 1H, NH). 13C
NMR (DMSO~d6): d 27.6, 32.7, 127.2, 128.4, 129.2, 131.1, 133.1, 137.3,
143.3,150.3,151.4,157.6. Anal. (C13H11ClN4S) Calculated: C, 53.70; H,
3.81; N, 19.27; S, 11.03. Found: C, 53.60; H, 3.86; N, 19.14; S, 10.85.
3.1.21. General procedure D
A solution of an excess of the suitable benzyl alcohol derivative

(5e10 eq.) in NaOH (2 eq.) is stirred at room temperature to NaOH
solution. Then, 6-cloropurine (1 eq.) is added and the mixture is
heated to reflux (100 �C) for 2e16 h. The solvent is evaporated
under low pressure and EtOAc is added. The organic phase is
washed with distilled water, adding NaCl and dried over Mg2SO4
anhydrous, filtered and concentrated to dryness. Finally, the crude
is purified by column chromatography using CH2Cl2/MeOH (10:1)
as eluent.
3.1.22. 6-[(3-Chlorobenzyl)oxy]-9H-purine (33)
The compound was prepared from 6-chloropurine (0.30 g,

1.9 mmol) and 3-chlorobenzyl alcohol (2.8 g, 19.0 mmol) according
to general procedure D to yield 33 (154 mg; 30%). White solid. Mp
197e199 �C. 1H NMR (DMSO~d6): d 5.62 (s, 2H, CH2), 7.37e7.45 (m,
2H, Ph), 7.45e7.51 (m, 1H, Ph), 7.60 (s, 1H, Ph), 8.41 (s, 1H), 8.52 (s,
1H), 13.48 (s, 1H, NH). 13C NMR (DMSO~d6): d 66.7, 118.0, 126.7,
127.9, 128.0, 130.4, 133.1, 139.0, 143.0, 151.2, 155.3, 158.4. Anal.
(C12H9ClN4O) Calculated: C, 55.29; H, 3.48; N, 21.49. Found: C,
55.12; H, 3.51; N, 21.34.
3.1.23. 6-[(4-Bromobenzyl)oxy]-9H-purine (35)
The compound was prepared from 6-chloropurine (0.30 g,

1.9 mmol) and 4-bromobenzyl alcohol (1.8 g, 9.7 mmol) according
to general procedure D to yield 35 (107 mg; 18%). Beige solid. Mp
211e213 �C. 1H NMR (DMSO~d6): d 5.59 (s, 2H, CH2), 7.48 (d,
J ¼ 8.0 Hz, 2H, Ph), 7.61 (d, J ¼ 8.0 Hz, 2H, Ph), 8.40 (s, 1H), 8.51 (s,
1H), 13.48 (s, 1H, NH). 13C NMR (DMSO~d6): d 66.8, 118.1, 121.3,
130.4, 131.4, 135.9, 143.0, 151.2, 155.3, 158.5. Anal. (C12H9BrN4O)
Calculated: C, 47.24; H, 2.97; N, 18.36. Found: C, 47.06; H, 2.98; N,
18.31.
3.1.24. General procedure E
Under argon atmosphere, at 0 �C, an excess of the suitable

benzyl mercaptan derivative (4 eq.) and NaH (2 eq.) are added over
a solution of the suitable heterocyclic derivative (1 eq.) in DMF.
Then, the mixture is stirred for one night at room temperature and
neutralized with MeOH. The solvent is evaporated under low
pressure and EtOAc is added. The organic phase is washed with
distilled water, dried over Mg2SO4 anhydrous, filtered and
concentrated to dryness. Finally, the crude is purified by column
chromatography using Hexane/EtOAc (10:1) as eluent.
3.1.25. 4-[(3-Bromobenzyl)thio]thieno[2,3-d]pyrimidine (37)
The compound was prepared from 4-chlorothieno[2,3-d]py-

rimidine (0.15 g, 0.9 mmol) and 3-bromobenzyl mercaptan (0.71 g,
3.5 mmol) according to general procedure E to yield 37 (98 mg;
33%). White solid. Mp 82e83 �C. 1H NMR (CDCl3): d 4.52 (s, 2H,
CH2), 7.10 (t, J ¼ 7.0 Hz, 1H, Ph), 7.20 (d, J ¼ 8.0 Hz, 1H), 7.30 (d,
J¼ 7.0 Hz,1H, Ph), 7.33 (d, J¼ 7.0 Hz, 1H, Ph), 7.40 (d, J¼ 6.0 Hz,1H),
7.54 (s, 1H, Ph), 8.78 (s, 1H). 13C NMR (CDCl3): d 31.5, 117.8, 121.5,
125.4, 126.5, 126.7, 129.0, 129.5, 131.1, 138.6, 151.3, 162.2, 164.8. Anal.
(C13H9BrN2S2) Calculated: C, 46.30; H, 2.69; N, 8.31; S, 19.01. Found:
C, 46.65; H, 2.88; N, 8.14; S, 18.62.
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3.1.26. 4-(Benzylthio)-7H-pyrrolo[2,3-d]pyrimidine (38)
The compound was prepared from 4-chloro-7H-pyrrolo[2,3-d]

pyrimidine (0.15 g, 1.0 mmol) and benzyl mercaptan (0.49 g,
3.9 mmol) according to general procedure E to yield 38 (164 mg;
70%). White solid. Mp 167e168 �C. 1H NMR (DMSO~d6): d 4.68 (s,
2H, CH2), 6.52 (dd, J ¼ 4.0, 2.0 Hz, 1H), 7.26e7.50 (m, 6H), 8.69 (s,
1H), 12.25 (s, 1H, NH). 13C NMR (DMSO~d6): d 31.6, 98.2, 114.7, 125.8,
127.0, 128.4, 128.9, 138.0, 149.0, 150.2, 158.7. Anal. (C13H11N3S)
Calculated: C, 64.71; H, 4.59; N, 17.41; S, 13.29. Found: C, 64.59; H,
4.64; N, 17.28; S, 13.22.

3.1.27. 4-[(3-Bromobenzyl)thio]-7H-pyrrolo[2,3-d]pyrimidine (39)
The compound was prepared from 4-chloro-7H-pyrrolo[2,3-d]

pyrimidine (0.15 g, 1.0 mmol) and 3-bromobenzyl mercaptan
(0.79 g, 3.9 mmol) according to general procedure E to yield 39
(166 mg; 53%). White solid. Mp 188e189 �C. 1H NMR (DMSO~d6):
d 4.68 (s, 2H, CH2), 6.52 (dd, J ¼ 4.0, 2.0 Hz, 1H), 7.32 (t, J ¼ 8.0 Hz,
1H, Ph), 7.46e7.56 (m, 3H), 7.73 (s, 1H, Ph), 8.69 (s, 1H), 12.26 (s, 1H,
NH). 13C NMR (DMSO~d6): d 30.8, 98.2, 114.8, 121.4, 125.9, 128.0,
129.9, 130.5, 131.5, 141.2, 149.0, 150.2, 158.2. Anal. (C13H10BrN3S)
Calculated: C, 48.76; H, 3.15; N, 13.12; S, 10.01. Found: C, 48.69; H,
3.20; N, 13.11; S, 10.12.

3.1.28. Molecular docking
The protein-ligand docking was performed using Glide [47,48]

and related Schr€odinger packages. The reliability of Glide was
assessed by docking the ADP and PHA-767491, a known CDC7 in-
hibitor, taking advantage of the X-ray crystallographic structures of
their complexes with the enzyme (PDB entries: 4F99, 4F9A, and
4F9B) [33]. The docking of the novel CDC7 inhibitors was per-
formed using the X-ray structure of the protein in complex with
PHA-767491 (PDB entry: 4F9B). Before docking calculations, the
protein was prepared using Maestro Protein Preparation Wizard
[49,50], removing ligands, metals and water molecules, adding
hydrogens, ionizing residues at pH 7.5 and filling in missing side
chains using Prime. Minimization of the protein structure was done
with OPLS3 force field. CDC7 inhibitors were also prepared using
OPLS force field to minimize energy. The docking volume was
defined as the space within 10 Å of the ligand PHA-767491 found in
the CDC7 crystal. The docking was performed with Glide standard
precision (SP) function [51], and the top-10 poses per docked ligand
were selected for further analysis. The output docking modes were
analyzed by visual inspection in conjunction with the docking
scores.

3.1.29. Rescore of docking poses using MM-GBSA
Molecular mechanics generalized Born surface area (MM-GBSA)

calculations of the different poses per ligand obtained with the
molecular docking were performed using Prime. This computa-
tional method combines molecular mechanics energy and implicit
solvation models that enables to rescore the docking results and
correlate the experimental activities (IC50) with the predicted
binding energies (DGbind) [51]. The binding free energies between
the ligands and the receptor were calculated as the following:

DGbind ¼ DH e TDS z DEMM þ DGsol e TDS

where DEMM includes internal (bond, angle, and dihedral energies),
electrostatic and van der Waals energies changes. DGsol is the sol-
vation free energy expressed as the sum of electrostatic and non-
electrostatic solvation energies (DGPB/GB þ DGSA). Finally, DS is
the change of conformational entropy at a specific temperature and
corrections for these changes were not applied because here we
used the predicted DGbind to rescore docking solutions.
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3.2. Biology

3.2.1. In vitro inhibition of CDC7 human recombinant kinase
The inhibition experiments were performed by Life Technolo-

gies (Thermo Fisher Scientific) using the LanthaScreen Eu Kinase
Binding Assay [52]. The test compounds were screened in 1% DMSO
(final) in the well. For 10 points titrations, 3-fold serial dilutions
were conducted from the starting concentration (10 mM). The Ki-
nase (CDC7/DBF4)/Antibody (Eu-anti-GST) mixture was diluted to a
2X working concentration (0.5 nM/2 nM) in the appropriate Kinase
Buffer (50 mM HEPES pH 7.5, 0.01% BRIJ-35, 10 mM MgCl2, 1 mM
EGTA). The 4X AlexaFluor labeled Tracer (Tracer 236, 1 nM) was
prepared in Kinase Buffer. The 100X test compound in 100% DMSO
(160 nL) was incubated with Kinase Buffer (3.84 mL) and the 2X
Kinase/Antibody Mixture (8.0 mL). Then, the 4X Tracer was added
(4.0 mL) and the plate (Greiner Cat. #784207, bar coded, low vol-
ume, white 384-well plate) was shacked for 30 s and incubated for
60 min at room temperature. The plate was read on fluorescence
plate reader and analyzed. A known inhibitor (staurosporine) was
used as a control.

3.2.2. CDC7 inhibition (ATP-competitive assays)
The ADP-Glo™ Kinase Assay þ CDC7/DBF4 Kinase Enzyme

System (no. catalog V5089) from Promega was used to determine
the activity of selected compounds against CDC7. ATP and other
reagents were purchased from Sigma-Aldrich (St. Louis, MO). The
assays were performed in a buffer solution using 96-well plates.
The compound to be tested (5 mL, 40 mMdissolved in 4% DMSO)was
added to each well followed by the enzyme (5 mL, 25 ng/well), ATP
(5 mL, final concentration in thewell 10 mM) and PDKtidE (5 mL, 4 mg/
well). Then it was allowed to incubate for 60 min at room tem-
perature and ADP-Glo™ reagent (20 mL) was added allowing to
incubate again for 40 min at room temperature. Behind the incu-
bation, the kinase detection agent (40 mL) was added and allowed to
incubate for 30 min at room temperature. Finally, the luminescence
was recorded using a FLUOstar Optima (BMG Labtechnologies
GmbH, Offenburg, Germany) multimode reader. The inhibition
activities were calculated based on the maximum activity,
measured in the absence of inhibitor. To evaluate the mechanism of
CDC7 inhibition of the compounds, ATP-dependent kinetic exper-
iments were performed. CDC7 activity was measured at four
different concentrations of ATP (1�100 mM) in the absence or
presence of the inhibitors, at two concentrations. The results are
presented as double reciprocal Lineweaver�Burk plots (1/V vs 1/
[S]).

3.2.3. Kinase profiling
The kinase profiling studies were carried out by Life Technolo-

gies (Thermo Fisher Scientific) using the appropriate protocol in
any case: LRRK2, DAPK1, PIK3C2A (Adapta Assay) [53]; MAPK
(LanthaScreen Eu Kinase Binding Assay) [52]; other kinases (Z0-
LYTE Assay) [54].

3.2.4. Parallel Artificial Membrane Permeability Assay (PAMPA)
Blood-Brain Barrier (BBB)

Prediction of the blood brain barrier penetration was evaluated
using a parallel artificial membrane permeability assay (PAMPA)
[55]. Ten commercial drugs were used as controls in order to vali-
date the analysis set; Caffeine, Enoxacine, Hydrocortisone, Desi-
pramine, Ofloxacine, Piroxicam, Testosterone, Promazine,
Verapamile and Atenolol. Controls and CDC7 inhibitors were dis-
solved in 1.5 mL of experimental buffer (phosphate buffer saline
solution at pH 7.4 (PBS): EtOH (70:30 respectively)). The donor 96-
well platewas filled with 180 mL of each filtered compound solution
after being coated with 4 mL of porcine brain lipid in dodecane
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(20 mg mL�1). The acceptor 96-well plate was filled with 180 mL of
experimental buffer. Then the donor plate was carefully placed on
the acceptor plate to form a “sandwich” for 2 h and 30 min at 25 �C.
During this time, compounds diffused from the donor plate
through the brain lipid membrane into the acceptor plate. After
incubation, the donor plate was removed. The concentration of
compounds and commercial drugs in the acceptor and the donor
wells was determined by UV. Every samplewas analyzed at three to
five wavelengths, in 3 wells and in two independent runs. Results
are given as the mean ± standard deviation (SD) of the two runs.

Commercial drugs, phosphate buffer saline solution at pH 7.4
(PBS), Ethanol and dodecane were purchased from Sigma, Acros
organics, Merck, Aldrich and Fluka. The porcine polar brain lipid
(PBL) (catalog no. 141101) was from Avanti Polar Lipids. The donor
platewas a 96-well filtrate plate (Multiscreen® IP Sterile Plate PDVF
membrane, pore size is 0.45 mM, catalog no. MAIPS4510) and the
acceptor plate was an indented 96-well plate (Multiscreen®, cata-
log no. MAMCS9610) both from Millipore. To filter the samples
Filter PDVF membrane units (diameter 30 mm, pore size 0.45 mm)
from Symta were used. A 96-well plate UV reader (Thermo-
scientific, Multiskan spectrum) was used for the UVmeasurements.

3.2.5. Neuronal cell culture
The human neuroblastoma SH-SY5Y cell line was cultured in

Dulbecco’s Modified EagleMedium (DMEN) containing L-glutamine
(2 mM), 1% non-essential amino acids and supplemented with 10%
fetal bovine serum (FBS) and 1% of penicillin/streptomycin in a
humidified 5% CO2 incubator at 37 �C. All components for cell cul-
ture were obtained from Invitrogen (Carlsbad, CA, USA).

Cell viability was analyzed in the presence or absence of CDC7
inhibitors in a 96-well plate (60.000 cells/well). Cells were treated
at different concentrations of the compounds (5 mM and 10 mM).
24 h after treatment cell survival was measured by the MTT assay
(Sigma Aldrich) as previously described [56].

Neuroprotective assay was carried out in a 96-well plate
(60.000 cells/well). On attaining semi-confluence cells were
exposed to 20 mM of ethacrynic acid (EA) (Sigma Aldrich) for 24 h.
Some cultures were pre-treated for 1 h with CDC7 inhibitors
(10 mM) or the commercial GSK-3b inhibitor (Tideglusib, 5 mM). Cell
viability was determined by the MTT assay. Cell survival was
normalized to untreated control cells and represented as a
percentage.

3.2.6. Immunoblotting analysis
SH-SY5Y cells (2 � 106 cells/well) were incubated in 6. well-

plates, harvested, washed with cold PBS and resuspended in cold
lysis buffer (50 mM Tris pH 7.4, 1% Nonidet-40 and 150 mM NaCl).
Spinal cord samples were lysed in RIPA buffer supplemented with a
protease and phosphatase inhibitor cocktail. Protein content of
samples was measured with Pierce BCA Protein Assay Kit (Thermo
Scientific). 20e50 mg of protein were fractioned on a 10% SDS poly-
acrylamide gel (Bio-Rad) and transferred to poly-vinylidene fluo-
ride (PVDF) membranes (Millipore, Billerica, MA, USA) at 4 �C. The
membranes were then blocked with 5% of Bovine Serum Albumin
(BSA, Sigma Aldrich) in spinal cord and SH-SY5Y cells samples, for
1 h. Membranes were incubated overnight at 4 �C with the
following primary antibodies: phospho-(S403-404)-TDP-43
monoclonal (1:500, Proteintech); anti-TDP-43 (1:800 Prooteintech)
and a-tubulin (1:1000, Santa Cruz Biotechnology). Primary anti-
bodies signal was amplified with species-specific antisera anti-
bodies conjugated with horseradish peroxidase (Bio-Rad) and
detected with a chemiluminescent substrate detection system ECL
(Thermo Scientific). Relative band intensities were quantified using
a ChemiDoc station with Quantity One 1D analysis software (Bio-
Rad).
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3.2.7. Immunofluorescence analysis
Cells were permeabilized with 0.25% Triton X-100 10% (Sigma

Aldrich) for 10 min at RT and blocked with 0.1% of casein and 2% of
BSA (Sigma Aldrich) for 30 min at RT. Then cells were incubated
with TDP-43 antibody (1:800, Proteintech) in 6% BSA for 1 h at
37 �C. After removing the primary antibody, cells were incubated
with Alexa Fluor 488 conjugate secondary antibody (1:600, Jackson
Immuno Research) for 1 h. Cell nuclei were stained using HCS
NuclearMask Deeo Red (1:250, Thermo Fisher) for 30 min and then
washed twice with 1% BSA and 0.1% casein and rinsed with PBS
three times. Finally, preparations were mounted onto Fluoromount
Mounting Medium (Sigma Aldrich). Images were obtained using a
Confocal Laser Scanning Microscopy (CLMS) Leica TCS SP8 with 63x
oil immersion objective. TDP43 levels were quantified using ImageJ
software. Data is expressed at the ratio of the fluorescence intensity
of cytosolic TDP43 vs nuclear TDP-43.
3.2.8. CDC7 inhibitor assays in C. elegans
C. elegans strain CK423 bus-8(e2698); bkIs423[Psnb-1:hTDP-43þ

myo-2::dsRED] was used for screening [19]. The cuticle-defective
bus-8(e2692) mutation is included to enhance small molecule en-
try into the animals [57]. To conduct the screen, 6 mL of nematode
growth medium (NGM) were added into 60 mm culture dishes.
Each well was seeded with 200 mL of 10x concentrated OP-50 E. coli.
After the bacterial lawn dried, bacteriawere killed by UV irradiation
to minimize metabolism of test compounds by live bacteria. Serial
dilutions in DMSO of each drug in 40 mL total volumes were added
to each plate, to the indicated final concentrations. Approximately
100 C. elegans eggs were plated and grown for 6 days at 20 �C, then
harvested. C. elegans protein immunoblotting was performed as
previously described [58]. Samples were loaded and resolved on
precast 4e15% gradient SDS-PAGE gels and transferred to PVDF
membrane as recommended by the manufacturer (Bio-Rad). On
immunoblots, TDP-43 phosphorylated at S409/S410 was detected
by a monoclonal antibody anti-phospho TDP-43 (pS409/410)
(Cosmobio TIP-PTD-M01). C. elegans b-tubulin levels were
measured using monoclonal antibody E7 (Developmental Studies
Hybridoma Bank) as a loading control. Dilutions for all primary
antibodies were: 1:5000. HRP labeled goat anti-mouse IgG was the
secondary antibody (Jackson ImmunoResearch) and used at a
dilution of 1:5000.
3.2.9. Animal procedures, treatment and sampling
All experimental procedures were conducted according to pro-

tocols approved by the ethical committees of the Complutense
University and the regulatory institution (ref. PROEX 059/16) in
accordance with the European Commission regulations (2010/63/
EU). Wild-type and Prp-hTDP-43(A315T) transgenic littermate
sibling mice were bred in house from initial breeders purchased
from Jackson Laboratories (Bar Harbor, ME, USA). Mice were
maintained on a 12 h light/dark cycle in a temperature-controlled
atmosphere (22 ± 1 �C) with food and water ad libitum. Offspring
were genotyped as previously described [44], and male mice
randomly divided into four groups (n ¼ 8). Compound 22 was
dissolved in 2,9% DMSO and Tween 80-saline buffer (1:16) and
administered intraperitoneally, starting at the age of 65 days old, at
a dose of 5 mg/kg daily until sacrifice at the age of 95 days old.
Vehicle injections were administered to control animals. During all
the treatment, we also recorded the physical appearance and the
animal weight gain. After 30 days of chronic treatment wild-type
and Prp-hTDP-43 (A315T) transgenic mice were sacrificed 24 h
after the last injection. Spinal cords were rapidly collected and
flash-frozen in 2-methylbutane cooled in dry ice and stored
at �80 �C.
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3.2.10. Behavioral evaluation
Mice were subjected to different behavioral test for determining

their neurological status. All behavioral test were conducted prior
to drug injection to avoid acute effects of the compound adminis-
trated. We evaluated motor function in Prp-hTDP-43 (A315T)
transgenic and wild-type mice using the rotarod test, a LE8200
device (Panlab, Barcelona, Spain). After a period of acclimation and
training (first session: 0 r.p.m. for 30 s; second and third sessions:
4 r.p.m. for 60 s, with periods of 10 min between sessions) con-
ducted 30 min before, animals were tested with an acceleration
from 4 to 40 r.p.m. over a period of 300 s. Micewere tested for three
consecutive trials with a rest period of approximately 15 min be-
tween trials and the mean of the three trials was calculated.

To analyze animals for the hindlimb clasping reflex, mice were
lifted on the base of their tail and animals were scored according to
the following scale: (i) score ¼ 0 if the hindlimbs are consistently
splayed outward, away from the abdomen; (ii) score ¼ 1 if one
hindlimb is retracted toward the abdomen; (iii) score ¼ 2 if both
hindlimbs are partially retracted toward the abdomen; and (iv)
score ¼ 3 if both hindlimbs are entirely retracted and touching the
abdomen. The data for each experimental group corresponds to the
average of three tests.

3.2.11. Statistical analysis
Graph Pad Prism 6 (La Jolla, CA, USA) was used for statistical

analysis. All quantitative data are presented as the mean ± SEM
from independent experiments. One-way ANOVA followed by the
Newman-Keuls or Dunnett’s multiple comparisons tests were used
in order to estimate the statistical significance. A P value lower than
0.05 was set as the limit for statistical significance.
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