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Abbreviations 
ALS, amyotrophic lateral sclerosis 
CDC-7, cell division cell cycle kinase-7 
CDK6, cyclin-dependent kinase-8 
CNS, central nervous system 
C90rf72, chromosome 9 open reading frame 72 
EBV, Epstein Barr virus 
FTD, frontotemporal dementia 
FTLD, frontotemporal lobar degeneration 
GRN, granulin gene 
LCLs, Lymphoblastoid cell lines 
MAPT, microtubule-associated protein tau gene 
PAMPA, parallel artificial membranes permeability assay 
RRM, RNA-recognition motif 
SOD1, superoxide dismutase 1 
sALS, sporadic amyotrophic lateral sclerosis 
TBK1, TANK-binding kinase 1 
TDP-43, trans-activating response region DNA binding protein of 43 D  
VCP, Valosin-Containing Protein 
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ABSTRACT 

TDP-43 has been identified as the major component of protein aggregates found in 

affected neurons in FTLD-TDP and ALS patients. TDP-43 is hyperphosphorylated, 

ubiquitinated and cleaved in the C-terminus.  CDC-7 was reported to phosphorylate 

TDP-43. There are not effective treatments for either FTLD-TDP or ALS, being a 

pressing need the search of new therapies. We hypothesized that modulating CDC-7 

activity with small molecules able to interfere with TDP-43 phosphorylation could be a 

good therapeutic strategy for these diseases. Here, we have studied the effects of novel 

brain penetrant, thiopurine-based, CDC-7 inhibitors in TDP-43 homeostasis in 

immortalized lymphocytes from FTLD-TDP patients, carriers of a loss-of-function GRN 

mutation, as well as in cells derived from sporadic ALS patients. We found that 

selective CDC-7 inhibitors, ERP1.14a and ERP1.28a are able to decrease the enhanced 

TDP-43 phosphorylation in cells derived from FTLD-TDP and ALS patients and to 

prevent cytosolic accumulation of TDP-43. Moreover, treatment of FTLD-TDP 

lymphoblasts with CDC-7 inhibitors leads to recovering the nuclear function of TDP-

43-inducing CDK6 repression. We suggest that CDC-7 inhibitors, mainly the 

heterocyclic compounds here shown, may be considered as promising drugs candidates 

for the ALS/FTD spectrum. 
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INTRODUCTION 

Frontotemporal dementia (FTD) and Amyotrophic Lateral Sclerosis (ALS) are 

considered as extreme points of a disease spectrum on the basis of common genetic and 

neuropathological features (Couratieret al., 2017; Ling et al., 2013; Neumann, 2013). 

Among them, the presence of TDP-43 inclusions within the CNS is consistently found 

in both disorders (Lattante et al., 2015; Liscic, 2015). 

ALS is a multisystem degenerative disorder characterized by the progressive loss of 

motoneurons, weakness of innervated muscles, and death by respiratory failure (Brooks, 

et al., 2000). On the other hand, FTD refers to a number of disorders with distinctive 

clinical phenotype caused by the loss of cortical neurons and basal ganglia, inducing 

changes in personality and language deficit (Hodges et al., 2004).  

Although the clinical presentation of these diseases is different, there is a partial 

symptom overlap (Devenneyet al., 2015). It has been estimated that about 10-15% of 

FTD patients develop some motor neuron impairment, and are then diagnosed with 

ALS, while about 15% of ALS patients develop cognitive and behavior problems 

similar to those observed in FTD patients (Lule et al., 2018; Phukan et al., 2012). 

The identification of TDP-43 as the main component in protein deposits in ALS and 

FTD (Neumann et al., 2006) was followed by the discovery that mutations in the TAR 

DNA binding protein gene (TARDBP) (coding for TDP-43) is causative for both ALS 

and FTD (Sreedharan et al., 2008); (Kabashi et al., 2008) and later on by the 

identification of mutations in other genes such as C9orf72, VCP or TBK1 could also 

cause ALS and FTD. Together these findings reinforce the idea of ALS and FTD are 

part of a disease spectrum (Burrell et al., 2016). However, genetic causes of isolated 

FTD or ALS might not cause ALS-FTD (Nguyen et al., 2018). For example, mutations 

in the MAPT gene (coding for tau protein) do not produce the characteristic TDP-43 
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pathology of ALS or ALS-FTD. Neither mutations in SOD1 gene are associated with 

ALS-FTD cases (Canosa et al., 2014). Mutations in the GRN gene (coding for 

progranulin) are the second most common cause of familial FTD (Rohrer et al., 2009) 

but these rarely cause FTD-motor neuron disease, and TARDBP mutations are 

uncommon in FTD patients (Benajiba et al., 2009). 

 The characteristic pathological features in both ALS and FTD are selective neuronal 

loss, gliosis and cellular inclusions of TDP-43. TDP-43 is a 414-amino acid 

ubiquitously expressed nuclear protein, which contains two highly conserved RNA-

recognition motifs (RRM1 and RRM2), a nuclear localization signal at the N-terminus, 

and a glycine-rich region mediating protein-protein interactions at the C-terminus 

(Lagier-Tourenne & Cleveland, 2009). Pathological C-terminal TDP-43 fragments of 

25-35 KDa are ubiquitinated, hyperphosphorylated and accumulated as cellular 

inclusions in neurons and glial cells (Neumann et al., 2006). It is believed that abnormal 

phosphorylation of TDP-43 is a key event in the formation of toxic cellular aggregates 

(Nonaka et al., 2016). Several kinases appear to be involved in TDP-43 phosphorylation 

in vitro and in vivo (Hasegawa et al., 2008); (Liachko et al., 2013; Liachko et al., 2013, 

2014; Moujalled et al., 2013), although it is unclear if they also contribute to 

mislocalization of the protein. Among these kinases Cell Division Cycle Kinase-7 

(CDC-7) was shown to directly phosphorylate TDP-43 in cellular and animal models of 

TDP-43 proteinopathy (Liachko, et al., 2013). Therefore, the development of selective 

modulators of this kinase could be an interesting approach for therapeutic intervention 

in patients with ALS or FTD, particularly those patients with frontotemporal lobar 

degeneration (FTLD-TDP). 
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 We have recently synthetized a focused chemical library of heterocyclic small 

molecules with inhibition of CDC-7 in the range of submicromolar and nanomolar 

range (Martínez et al., WO2018/172587, 2017). All of them are predicted to cross the 

human brain-blood barrier using a parallel artificial membranes permeability assay 

(PAMPA) methodology. The compounds are able to protect the cell line SH-SY5Y 

from the death caused by the increase of TDP-43 pathology (Rojas-Prats et al., 

Submitted). Here we report the effects of some of these compounds in rescuing TDP-43 

homeostasis in immortalized lymphocytes from FTLD-TDP (Alquezar et al., 2016) or 

ALS patients (Posa et al., 2019). 
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METHODS 

Materials. 

RPMI 1640 culture medium Cat#: Lo500 was obtained from Biowest/Labclinics 

(Barcelona, Spain), Fetal Bovine Serum (FBS) Cat#: F7524 was purchased in (Merck, 

Madrid Spain). The CDC-7 inhibitors, ERPs were synthesized as previously described 

(WO2018/172587). The chemical structure, IC50 values regarding CDC-7 inhibition 

together with effective permeability values, that predict their ability to cross the blood 

brain barrier (BBB) assessed by PAMPA (Di et al., 2003) are provided in Table 1. 

Antibodies against human TDP-43 (Cat#: 10782-2-AP) and phospho (409/410)-TDP-43 

(Cat#: 22309-1AP) were obtained from Proteintech (Mancheser, UK).  Antibodies 

against pRb (sc-50), CDK6 (sc-177), CDC-7(sc-56275), b-actin (sc-81178) and α-

tubulin (sc-23948) were obtained from Santa Cruz Biotechnologies (Santa Cruz, CA, 

USA) and anti-LaminB1 was purchased from Calbiochem (Billerica, MA, USA). 

Study samples and cell lines 

All participants in this study (listed in Table 2) were white caucasian. Five female 

patients, of Basque descent, were diagnosed in the Donostia hospital (San Sebastián, 

Spain) as FTLD-TDP, carrying a loss of function GRN mutation c.709 1-G>A. Five 

patients (two M/three F) were diagnosed as sporadic ALS in the Doce de Octubre 

hospital (Madrid, Spain) according to El Escorial criteria (Agosta et al., 2015). 

Mutations related to ALS and/or FTLD, including SOD1, C9ORF72, TARDBP and 

FUS, were excluded. Control healthy individuals were recruited separately and did not 

have any known neurological disorder.  
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All study protocols were approved by Donostia and Doce de Octubre (Approval number 

CEI 18/004) hospitals and the Spanish Council of Higher Research Institutional Review 

Board (date of approval Feb 1, 2018) and are in accordance with National and European 

Union Guidelines. The study was not pre-registered. Arrive guidelines were not 

applicable. 

Peripheral blood samples were obtained after written informed consent of the patients or 

healthy individuals. Peripheral blood mononuclear cells (PBMCs) were isolated on 

Lymphoprep™ (Cat#: 11508545) density-gradient centrifugation according to the 

instructions of the manufacturer (Axix-Shield Po CAS, Oslo, Norway). Cells were 

washed twice with phosphate-buffered saline, counted, and resuspended at the desired 

concentration. Establishment of lymphoblastoid cell lines (LCLs) was performed in our 

laboratory by infecting peripheral blood lymphocytes with the Epstein–Barr virus from 

the cell line B95.8 using cyclosporin A (Cat#: 59865-13-3), Sigma-Aldrich, (Madrid, 

Spain) to reduce the innate immune response and rejection of the virus essentially as 

described previously (Ibarreta et al., 1997). Cells were grown in suspension in T flasks 

in an upright position, in approximately 8 mL of RPMI-1640 medium that contained 2 

mM L-glutamine, 100 µg/mL penicillin/streptomycin and, unless otherwise stated, 10% 

(v/v) FBS, and maintained in a humidified 5% CO2 incubator at 37 ºC. Fluid was 

routinely changed every two days by removing the medium above the settled cells and 

replacing it with an equal volume of fresh medium. In all experiments the different 

LCLs were used individually. Experiments were not blindingly performed. The 

experimental outline is summarized in Fig. 1 
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Determination of cell proliferation. 

Cell proliferation was determined by total cell counting, using a TC10™ Automated 

Cell Counter, Bio-Rad Laboratories, S.A. (Madrid, Spain). EBV-immortalized 

lymphocytes from control and GRN mutation carriers or sALS were seeded at an initial 

cell concentration of 1 x 106 cells x mL-1 and enumerated 72 h later. Cells failing to 

exclude the dye were considered nonviable.   

Immunoblotting analysis. 

Cells were collected by centrifugation, washed with PBS and total protein extracts were 

obtained by lysing them as previously described (Alquezar et al., 2016). Nuclear and 

cytosolic fractions were obtained using the Subcellular Protein Fractionation Kit, (Cat#: 

78840, Thermo Fisher Scientific, Madrid, Spain) following the manufacturer's 

instructions. Lamin B and α-Tubulin were used as markers for nuclear and cytosolic 

fractions respectively. The protein content of the extracts was determined by the Pierce 

BCA Protein Assay kit (Cat#: 23225, ThermoFisher, Madrid Spain). Equal amounts of 

proteins were resolved by SDS–polyacrylamide gel electrophoresis. The proteins were 

then transferred to polyvinylidene fluoride (PVDF) membranes and immunodetected, as 

previously described (Alquezar et al., 2014). The following primary antibodies were 

used, TDP-43 (1:1000); phospho-(S409/410)-TDP-43 (1:500); β-actin (1:500); α-

tubulin (1:1000) and Lamin B1 (1:1000), pRb (1:500), CDK6 (1:1000), and CDC-7 

(1:500) Signals from the primary antibodies were amplified using species-specific 

antisera conjugated with horseradish peroxidase (Cat#: 1662408EDU, Bio-Rad, 

Alcobendas, Madrid, Spain) and detected with a chemiluminiscent substrate detection 

system ECL (Cat#: W1001, Promega Biotech Ibérica, SL, Alcobendas, Madrid, Spain). 
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Relative band intensities were quantified using Image Studio Lite software (LI-COR 

Biotechnology, NE, USA). 

Immunofluorescence 

Subcellular localization of TDP-43 was assessed in human lymphoblasts by 

immunofluorescence. Cells (1x106 ml-1) were incubated in RPMI medium containing 

10% FBS for 24 h and then fixed for 30 min in 4%paraformaldehyde in PBS and 

blocked and permeabilized with 0.5%TritonX-100 in PBS-0.5% BSA for 60 min at 

room temperature. Cells were attached to poly-L-lysine coated coverslips using the 

Cytospin centrifuge at 700 rpm for 10 minutes and then incubated overnight with the 

anti-TDP43 polyclonal antibody. After removing the primary antibody, cells were 

washed with PBS and were incubated with Alexa Fluor 488-conjugated anti-rabbit 

antibody (Cat#: A0545, Sigma -Aldrich, Madrid, Spain). Preparations were mounted on 

ProLong® Gold Antifade Reagent with DAPI (Cat#: P36931, Thermo Fisher) allowing 

nuclear visualization. High-resolution images were acquired for ∼30 cells per group in 

two independent experiments using a confocal microscope Zeiss 510 equipped with a 

META detection system and a 63× oil immersion objective. 

Quantitative real-time PCR 

Total RNA was extracted from cell cultures using Trizol reagent (Cat: AM9738 Thermo 

Fisher, Alcobendas, Madrid, Spain). RNA yields were quantified 

spectrophotometrically and RNA quality was checked by the A260/A280 ratio and on a 

1.2% agarose gel to determine the integrity of 18S and 28S ribosomal RNA. RNA was 

then treated with DNase I Amplification Grade (Cat#: 1806815, Invitrogen, 

Alcobendas, Madrid, Spain). One microgram was reverse transcribed with the 

Superscript III Reverse Transcriptase kit (Cat#: 10432122, Invitrogen, Alcobendas, 
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Madrid, Spain). Quantitative real-time polymerase chain reaction (PCR) was performed 

in triplicates using TaqMan Universal PCR MasterMix No Amperase UNG (Cat#: 

10167154, Applied Biosystems, Alcobendas, Madrid, Spain) reagent according to the 

manufacturer’s protocol. Primers were designed using the Universal ProbeLibrary for 

Human (Roche Applied Science, Madrid, Spain) and used at a final concentration of 20 

μM. The sequences of the forward and reverse primers used are the following: for 

CDK6 5′-tgatcaactaggaaaaatcttggac-3′ and 5′-ggcaacatctctaggccagt-3′; for β-actin, 5’-

ccaaccgcgagaagatga-3’ and 5’-ccagaggcgtacagggatag-3’. Real time quantitative PCR 

was performed in the Bio-Rad iQ5 system using a thermal profile of an initial 5-minute 

melting step at 95 ºC followed by 40 cycles at 95 ºC for 10 seconds and 60 ºC for 60 

seconds. Relative messenger RNA (mRNA) levels of the genes of interest, (RNA 

sequences can be found, in http://www.ncbi.nlm.nih.gov/GenBank/index.html), were 

normalized to β -actin expression using the simplified comparative threshold cycle 

delta-delta CT method (2-[ΔCT CDK6 -ΔCT Actin]). 

Statistical analysis 

Statistical analyses were performed with Graph Pad Prism 8 (La Jolla, CA, USA). All 

the statistical data are presented as mean ± standard error of the mean (SEM). Since a a 

Shapiro-Wilk test showed normal distribution of all data sets in this study, a parametric 

analysis of variance (ANOVA) followed by the Fisher test for multiple comparisons 

was applied to test for statistical differences of the means. A value of p < 0.05 was 

considered significant. No statistical test for outliers was conducted and no data point 

were excluded. No official randomization method was used 
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RESULTS 

Common and distinct features of lymphoblasts from FTLD-TDP and ALS 

patients. 

We recently reported that immortalized lymphocytes from FTLD-TDP (Alquezar et al., 

2016) and ALS patients (Posa et al., 2019) recapitulate the main pathological changes in 

TDP-43 homeostasis observed in the affected neurons, such as increased levels of 

phosphorylation and accumulation of TDP-43 in the cytosolic compartment. A 

comparative analysis of postransductional changes in TDP-43 (phosphorylation and 

truncation), as well as subcellular distribution of TDP-43, in lymphoblasts derived from 

control and individuals diagnosed with FTLD-TDP, carriers of a loss-of-function GRN 

mutation, and sporadic ALS patients shows, in agreement with previous reports, an 

increase in the levels of phosphorylated full length and truncated TDP-43 protein in cell 

derived from ALS or FTLD-TDP patients (Fig. 2A). Moreover, cytosolic TDP-43 

accumulation is appreciated in both FTLD-TDP and ALS lymphoblasts (Fig. 2B). 

These alterations in TDP-43 homeostasis were accompanied by increased proliferative 

activity as well as higher levels of CDK6 (mRNA and protein), and phosphorylated pRb 

in lymphoblasts derived from FTLD-TDP patients, while no change in proliferation and 

CDK6/pRB content were observed in ALS lymphoblasts when compared with control 

cells (Fig. 2C).  

CDC-7 is located in cellular cytoplasm. 

CDC-7 is known to phosphorylate TDP-43 in vitro. However, since main CDC-7 

function is to promote initiation and maintenance of DNA replication within the nucleus 

(Kim et al., 2003), we wonder if there is a significant nucleo-cytoplasmic shuttling of 



 13 

this kinase that could explain cytosolic TDP-43 phosphorylation in ALS or FTLD-TDP 

lymphoblasts. For these reasons, we determined the total protein levels as well as 

performed cell extracts fractionation experiments to study subcellular CDC-7 

localization in lymphoblasts from control individuals and patients. As shown in Fig. 3A 

a significant increase in total CDC-7 levels is apparent in FTLD-TDP and ALS patients. 

Interestingly, we found significant cytosolic levels of CDC-7 levels, where presumably 

TDP-43 pathology occurs, in human lymphoblasts (Fig. 3B). 

CDC-7 inhibitors decrease TDP-43 phosphorylation in lymphoblasts from patients 

from FTLD-TDP and ALS patients. 

Next, we evaluated the effects of several in-house CDC-7 inhibitors on the levels and 

phosphorylation status of TDP-43 in control and FTD and ALS patients. TDP-43 

phosphorylation was assessed by Western blotting using a phospho-specific (Ser 

409/410) anti-TDP-43 antibody, while cellular levels of TDP-43 were detected with an 

anti N-terminal TDP-43 antibody. As expected, lymphoblasts from either FTLD-TDP or 

ALS patients showed higher levels of phosphorylated TDP-43 compared with control 

cells (Fig. 4A,B). Treatment of patients cells with several selective inhibitors of CDC-7 

for 24 h, diminished levels of p-TDP-43, reaching values close to those observed in 

control cells (Fig. 4A,B). These compounds did not affect control levels of p-TDP-43, 

neither affect the non-phosphorylated TDP-43 content in control and ALS or FTLD-

TDP patients (Fig. 4A,B). We selected two of these compounds, named ERP1.14a and 

ERP1.28a, to further characterize their cellular effects in control, FLTD-TDP and ALS 

lymphoblasts.   

 Effects of CDC-7 inhibitors on subcellular localization of TDP-43 in lymphoblasts from 

FTLD-TDP and ALS patients. 
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Next, we evaluated the effects of ERP1.14a and ERP1.28a, in subcellular localization of 

TDP-43 in control or FTLD-TDP lymphoblasts. Fig. 5A,B shows the results of nuclear 

and cytoplasmic fractionation experiments. It is shown that TDP-43 accumulated in the 

cytosolic compartment of FTLD-TDP lymphoblasts (Fig. 5A), while levels of nuclear 

TDP-43 decreased in comparison with control cells (Fig. 5B). CDC-7 inhibitors had no 

appreciable effects on control cells, but were able to significantly decrease the 

accumulation of cytosolic TDP-43 in FTLD-TDP lymphoblasts, observing a trend to 

restore normal nuclear levels of this protein, although changes did not reach statistical 

significance (Fig. 5A,B). Similar results were obtained after treating ALS lymphoblasts 

with ERP1.14a and ERP1.28 a (Fig. 6A,B). 

  
Effects of CDC-7 inhibitors on TDP-43 functionality 

It is known that TDP-43 repress CDK6 gene expression (Ayala et al. 2008). Indeed, we 

previously demonstrated in GRN mutated lymphoblast, upregulation of CDK6 

secondary to decreased TDP-43 nuclear content (Alquezar et al., 2012a). For these 

reasons, we have evaluated the effects of ERP1.14a and ERP1.28a on both CDK6 

mRNA and protein levels of CDK6. Real-time PCR analyses confirmed the previously 

reported increased levels of CDK6 levels in lymphoblasts from FTLD-TDP patients 

(Alquezar et al., 2012b; Alquezar et al., 2016) (Fig. 7A) and demonstrated that 

inhibiting TDP-43 phosphorylation by targeting CDC-7 kinase is sufficient to restore 

the levels of mRNA CDK6 and protein to control values (Fig. 7A,B). In contrast, we 

did not find significant changes in CDK6 levels in lymphoblasts from ALS patients 

(Fig. 7A,B). Together these results may explain the differences in proliferative activity 

between progranulin-deficient lymphoblasts and ALS cells (Fig. 7C). Treatment of 

FTLD-TDP lymphoblasts with ERP1.14a or ERP1.28a restored normal rates of cell 

proliferation.  
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DISCUSSION 

FTLD-TDP and ALS are two neurodegenerative disorders that overlap in their clinical 

presentation, genetics and pathology. To date there are not effective disease-modifying 

treatment for FTD and/or ALS, which remain incurable. 

TDP-43 proteinopathy is a hallmark for the ALS/FTD spectrum. Increasing knowledge 

of pathological processing of TDP-43 opened new avenues for the identification of 

novel targets and the discovery of effective drugs (Palomo et al., 2019). Efforts had 

been towards the modulation of pathological posttranslational modifications of TDP-43, 

rather than in the control of protein expression levels (Buratti, 2018). Prominent 

modifications of TDP-43 associated with neurodegeneration are hyperphosphorylation 

of the molecule in Ser 409/410 residues, formation of C-terminal fragments and 

mislocalization and cytoplasmic accumulation of TDP-43 (Neumann et al., 2006); 

(Heyburn & Moussa, 2017).  

We present here evidences for the role of CDC-7 kinase in pathological 

hyperphosphorylation of TDP-43 in cells derived from FTLD-TDP patients, carriers of 

a GRN mutation, as well as in sporadic ALS patients. Recently we have developed a 

serie of potent CDC-7 inhibitors able to cross the BBB barrier (Rojas-Prats et al., 

submitted). Here we show the efficacy of some of these of CDC-7 inhibitors in restoring 

the pathological TDP-43 modifications in lymphoblasts from FTLD-TDP and ALS 

patients.  

We have used lymphoblastoid cell lines from FTLD-TDP and ALS patients, based in 

previous reports from this laboratory indicating that these cell lines recapitulate main 

pathological hallmarks of both FTLD-TDP and ALS, showing increased TDP-43 

phosphorylation and cytoplasmic accumulation of the protein (Alquezar et al., 2016; 
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Posa et al., 2019). Therefore, we considered these cell lines a useful human-based 

platform for preclinical studies with new pharmacological agents. 

Our results indicated an apparent increase in both cytosolic and nuclear levels of CDC-7 

kinase in lymphoblasts from FTLD-TDP and ALS patients as compared with protein 

levels in control cells, which may point to the involvement of CDC-7 in ALS and 

FTLD-TDP pathology. Moreover, the abundance of CDC-7 in the cytoplasm suggests 

non-nuclear functions for this kinase. Therefore, it is possible that increased CDC-7 

activity in FTD/ALS could lead to the enhanced TDP-43 phosphorylation in disease-

affected cells. The observation that CDC-7 colocalize with phosphorylated TDP-43 in 

the frontal cortex of cases of FTLD-TDP supports a role of this kinase in pathological 

TDP-43 phosphorylation in vivo (Liachko et al., 2013). 

TDP-43 phosphorylation and protein mislocalization are equally affected in progranulin 

deficient-FTLD-TDP and ALS patients derived cells. The novel CDC-7 inhibitors were 

able to prevent the enhanced TDP-43 phosphorylation in either FTLD-TDP or ALS 

lymphoblasts. Moreover, the compounds ERP1-14a and ERP1.28a were able not only to 

correct increased TDP-43 phosphorylation, but also to recover the nuclear localization  

of TDP-43, providing additional support to the idea that these two events are 

interconnected (Choksi et al., 2014; Alquezar et al., 2016; Prasad et al., 2019). It is 

worth mentioning, that although the effect of CDC-7 inhibitors on TDP-43 homeostasis 

in LCLs lines from non GRN-linked FTLD-TDP patients had not been tested, most 

likely, ERP1.14a and ERP1.28a could also be effective in modulating TDP-43 

phosphorylation in a progranulin levels-independent manner, in those patients, taking 

into account the probed efficacy of these compounds in cellular and murine models of 

TDP-43 proteinopathy in which the levels of progranulin remain constant (Rojas-Prats 

et al., submitted). 
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TDP-43 is known to play a diverse array of functions, most of them related to RNA 

metabolism. The fundamental question of whether TDP-43 dysfunction mediates 

neurodegeneration through loos of normal nuclear functions or by a gain of toxic action 

in the cytoplasm is not solved yet.  

We and others suggested that decreased nuclear TDP-43 levels in a number of cell types 

resulted in enhanced CDK6/pRb pathway (Ayala et al., 2008; Alquezar et al., 2012b). 

TDP-43 binds UG repeats within CDK6 sequence to repress mRNA CDK6 expression 

(Ayala et al., 2008). We had previously reported that increased phosphorylation and 

mislocalization of TDP-43 in immortalized lymphobalsts from FTLD-TDP patients 

results in increased proliferative activity when compared with cells from healthy donors 

(Alquezar et al., 2012b; Alquezar et al., 2016). Our results indicated that modulation of 

TDP-43 phosphorylation by targeting CDC-7 kinase is sufficient, not only to rescue 

nuclear TDP-43 localization and to decrease mRNA CDK6 and protein levels in 

lymphoblasts from FTLD-TDP patients, but also to normalize rates of cell proliferation. 

In contrast, no change in both mRNA CDK6 and protein levels were observed in ALS 

lymphoblasts when compared to control cells, despite the decrease in nuclear TDP-43 

levels. These finding may explain the differences in proliferative activity of 

lymphoblasts from FTLD-TDP or ALS patients. Considering that the functional 

consequences of TDP-43 hyperphosphorylation and nuclear depletion may affect 

different cellular pathways, it is important to obtain a full understanding of the precise 

TDP-43-controlled pathways responsible for specific disease onset and progression. 

In summary, the present results suggest the involvement of CDC-7 kinase in 

pathological phosphorylation and mislocalization of TDP-43 in cells derived from ALS 

and FTLD patients. We show here the ability of the novel thiopurine-based CDC-7 

inhibitors, to recover TDP-43 homeostasis in either ALS or FTLD-TDP lymphoblast. 
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We, therefore suggest that CDC-7 inhibitors, mainly the heterocyclic compounds here 

shown may be considered as promising drugs candidates for the ALS/FTD spectrum. 

 

CONCLUSIONS 

Targeting CDC-7 kinase with small molecules could be potentially useful in treatment 

of FTLD-TDP and ALS pathologies. The novel brain permeable selective CDC-7 

inhibitors, ERP1.14a and ERP1.28a are able to reduce TDP-43 phosphorylation, and 

even more important, to rescue aberrant cytoplasmic TDP-43 accumulation in both 

FTLD-TDP and ALS lymphoblasts. Moreover, treatment of FTLD-TDP lymphoblasts 

with ERP1.14a or ERP1.28a leads to recovering the nuclear function of TDP-43 on 

promoting CDK6 repression. Therefore, these compounds can be considering promising 

drug candidates for the future pharmacotherapy of TDP-43 proteinopathies. 
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Table 1. Overview of the compounds used in this study 
 

Compound 
Name 

Chemical structure CDC-7 
IC50 µM 

Pe  
10-6 cm.s-1 

BBB 
prediction 

 
ERP1.14a 

 

 
0.125 

 
6.2 ± 1.1 

 
CNS+ 

 
 

ERP1.17a 
 

 

 
 

0.340 

 
 
13.2 ± 2.0 

 
 

CNS+ 

 
ERP1.28a 

 

 
0.140 

 
15.1 ± 0.6 

 
CNS+ 

 
 

ERP2.37 

 

 
 

0.270 

 
 
13.1 ± 0.1 

 
 

CNS+ 

IC50: compound concentration able to inhibit the 50% of human recombinant CDC-7 
activity in vitro. Pe: apparent permeability by PAMPA assay. Compounds were 
classified as CNS+ (brain penetrant) when permeability is > 3.74 10-6 cm.s-1. Values 
shown are the mean ±SD 
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Table 2. Clinical features of healthy controls, and FLTD-TDP and ALS patients 

Patient ID Sex Age Diagnosis Mutation Cognitive 
impairment 

C1 F 57    
C2 M 55    
C3 F 67    
C4 F 58    
C5 M 75    
FTLD-TDP-1 F 70 FTLD-TDP GRN c.709-1G>A yes 
FTLD-TDP-2 F 70 FTLD-TDP GRN c.709-1G>A yes 
FTLD-TDP-3 F 68 FTLD-TDP GRN c.709-1G>A yes 
FTLD-TDP-4 F 60 FTLD-TDP GRN c.709-1G>A yes 
FTLD-TDP-5 F 54 FTLD-TDP GRN c.709-1G>A yes 
ALS-1 F 76 sALS ND* no 
ALS-2 F 54 sALS ND no 
ALS-3 M 54 sALS ND no 
ALS-4 M 79 sALS ND no 
ALS-5 M 68 sALS ND no 

                *negative for SOD-1, TARBP, and C9orf72 
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Legends to the Figures 

Figure 1.- Experimental design flow-chart. 

Type (FTLD, control, ALS) and number (n) of lymphoblasts human samples are 

depicted. Full description of each individual sample is collected in Table 1. Number of 

different CDC-7 inhibitors used in the study is also noted 

 

Figure 2.- TDP-43 homeostasis, CDK6/pRb pathway, and proliferative activity of 

control, FTLD-TDP, and ALS lymphoblasts.  

Immortalized lymphocytes from control (n=5), and c.709-1G>A GRN mutation carriers 

(n=5), and ALS patients (n=5), were seeded at an initial density of 1 x 106 x ml-1 and 

cultured in RPMI medium containing 10% FBS for 72 h. A) Cells were harvested and 

processed for Western blotting analysis 24 h of cell seeding, to evaluate the 

phosphorylation status of TDP-43. A representative immunoblot is shown. B) TDP-43 

protein localization was assessed by confocal laser scanning microscopy. Cells were 

stained with anti-TDP-43 antibody followed by secondary antibody labeled with Alexa 

Fluor 488. DAPI was included in the mounting media to stain the nucleus. Merged 

images show that FTLD-TDP and ALS cells present higher cytosolic localization of 

TPD-43 protein. C) Cells were harvested, 24 h after seeding, to isolate RNA and to 

prepare cell lysates. CDK6 mRNA expression levels were analyzed by quantitative RT-

PCR (left panel). Representative immunoblots showing increased pRb phosphorylation 

in FTLD-TDP lymphoblasts compared with control or ALS cells are shown (central 

panel). Proliferation activity was determined by cell counting 72 h after serum 

stimulation. Horizontal bars represent the mean of the proliferative activity of five LCLs 

on each group (right panel) 
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Figure 3.- CDC-7 is expressed in both cytosol and nucleus in human lymphoblast. 

Control, FTLD-TDP, and ALS lymphoblasts were seeded as described in the legend to 

Fig.2. 24 h latter, cells were collected and lysed to obtain either total protein extracts 

(A), or fractionated cytosolic and nuclear extracts (B), that were analyzed by Western 

blotting. Densitometric analyses represent the mean ± SEM of different observations 

carried out in different cell lines (n=5) from each group (*p<0.05 significantly different 

from control cells. B) A representative experiment shows that CDC-7 is located in 

cytosol and nucleus. α-tubulin and LaminB1 antibodies were used as loading and purity 

control of the cytosolic and nuclear fractions respectively. 

 

Figure 4.- Effects of novel CDC-7 inhibitors on phosphorylation of TDP-43 in 

control, FTLD-TDP and ALS lymphoblasts. Control, FTLD-TDP, and ALS 

lymphoblasts were seeded as described in the legend to Fig.1 in the absence and in the 

presence of ERP1.14a, ERP1.17a, ERP1.28a and ERP2.37 (10 μM). 24 hours after 

drugs addition, cells were harvested and processed for Western blotting analysis. The 

image represents an immunoblot showing the effect of CDC7 inhibitors decreasing the 

phosphorylation status of TDP-43 in FTLD-TDP lymphoblasts (A) or ALS 

lymphoblasts (B). The plots bellows represent the quantifications of the 43 KD pTDP-

43 band normalized by Total-TDP-43. The densitometric analyses represent the mean ± 

SEM of different observations carried out in cell lines (n=5) from each group 

(***p<0.001 significantly different from control cells. †p<0.05, ††p<0.01, and 

†††p<0.001 significantly different from untreated cells).  

 

Figure 5.- Effects of ERP1.14a and ERP1.28a on subcellular localization of TDP-43 

in FTLD-TDP lymphoblasts. Control and GRN mutation carrier lymphoblasts were 
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seeded at an initial density of 1 x 106 cells x ml-1 and incubated in presence or absence 

of ERP1.14a and ERP-1.28a (10 μM) for 24 hours. After treatment, lymphoblasts were 

collected and lysed to obtain the cytosolic (A) and nuclear (B) fragments that were 

analyzed by Western blotting. α-tubulin and LaminB1 antibodies were used as loading 

and purity control of the cytosolic and nuclear fractions respectively. A representative 

experiment is shown. Densitometric analyses represent the mean ± SEM of different 

observations carried out in cell lines (n=5) from each group (*p<0.05 and***p<0.001 

significantly different from control cells.  ††p<0.01, significantly different from 

untreated cells) 

 

Figure 6.- Effects of ERP1.14a and ERP1.28a on subcellular localization of TDP-43 

in ALS lymphoblasts. Control and ALS lymphoblasts were seeded at an initial density 

of 1 x 106 cells x ml-1 and incubated in presence or absence of ERP1.14a and ERP1.28a 

(10 μM) for 24 hours. After treatment, lymphoblasts were collected and lysed to obtain 

the cytosolic (A) and nuclear (B) fragments that were analyzed by Western blotting. α-

tubulin and LaminB1 antibodies were used as loading and purity control of the cytosolic 

and nuclear fractions respectively. A representative experiment is shown. Densitometric 

analyses represent the mean ± SEM of different observations carried out in cell lines 

(n=5) from each group (*p<0.05 significantly different from control cells. †p<0.05 

significantly different from untreated cells) 

 

Figure 7.- Effects of ERP1.14a and ERP1.28a on CDK6 expression levels, and 

proliferative activity in control, FTLD-TDP and ALS lymphoblasts. Immortalized 

lymphocytes from control and c.709-1G>A GRN mutation carriers, and ALS patients 

were seeded at an initial density of 1 x 106 x ml-1 and cultured in RPMI medium 
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containing 10% FBS in the absence or in the presence of ERP1.14a and ERP1.28a 

(10μM). 24 hours later cells were harvested to isolate RNA and to prepare cell lysates. 

A) CDK6 mRNA expression levels were analyzed by quantitative RT-PCR. Data shown 

are the mean ± SEM of different observations using cell lines derived from  control 

individuals (n=5), FTLD-TDP patients (n=5), and ALS patients (n=5). B) 

Representative immunoblot showing CDK6 protein content after drugs treatment. 

Densitometric measurements were performed on individual immunoblots and values 

indicate the mean of CDK6 levels normalized with the corresponding β-actin levels ± 

SEM for experiments carried out with different cell lines  (n=5) for each group. C) Cells 

were harvested after 72 of seeding for cell counting. **p<0.01 significantly different 

from control cells; †p<0.05, ††p<0.01 significantly different from untreated cells. 

 

 

 
















