1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Ann Neurol. 2013 July ; 74(1): 39-52. doi:10.1002/ana.23870.

CDC7 inhibition blocks pathological TDP-43 phosphorylation
and neurodegeneration

Nicole F. Liachkol2, Pamela J. McMillan34, Chris R. Guthriel, Thomas D. Bird1:25, James
B. Leverenz34556 and Brian C. Kraemer1:2*

1Geriatric Research Education and Clinical Center, Veterans Affairs Puget Sound Health Care
System, Seattle, WA 98108, USA.

?Department of Medicine, University of Washington, Seattle, WA 98104, USA.

SMental lliness Research Education and Clinical Center, Veterans Affairs Puget Sound Health
Care System, Seattle, WA 98108

“Department of Psychiatry and Behavioral Sciences, University of Washington, Seattle, WA
98195

SDepartment of Neurology, University of Washington, Seattle, WA 98195

6Parkinson’s Disease Research Education and Clinical Center, Veterans Affairs Puget Sound
Health Care System, Seattle, WA 98108, USA.

Abstract

Objective—Kinase hyperactivity occurs in both neurodegenerative disease and cancer. Lesions
containing hyperphosphorylated aggregated TDP-43 characterize amyotrophic lateral sclerosis and
frontotemporal lobar degeneration with TDP-43 inclusions. Dual phosphorylation of TDP-43 at
serines 409/410 drives neurotoxicity in disease models; therefore, TDP-43 specific kinases are
candidate targets for intervention.

Methods—To find therapeutic targets for the prevention of TDP-43 phosphorylation, we
assembled and screened a comprehensive RNA interference library targeting kinases in TDP-43
transgenic C. elegans.

Results—We show CDCY7 robustly phosphorylates TDP-43 at pathological residues S409/410 in
C. elegans, in vitro, and in human cell culture. In FTLD-TDP cases, CDC7 immunostaining
overlaps with the phospho-TDP-43 pathology found in frontal cortex. Furthermore PHA767491, a
small molecule inhibitor of CDC7, reduces TDP-43 phosphorylation and prevents TDP-43
dependent neurodegeneration in TDP-43 transgenic animals.

Interpretation—Taken together these data support CDC?7 as a novel therapeutic target for
TDP-43 proteinopathies including FTLD-TDP and ALS.
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INTRODUCTION

Pathological dysregulation of kinase activity occurs in a variety of different human diseases
including most cancers and neurodegenerative disorders. Consequently, diverse kinases
implicated in cell viability or replication have been the subject of kinase inhibitor
development campaigns for the treatment of human cancers! with over a dozen FDA
approved compounds for various cancers in the clinic. At present no kinase inhibitors have
been approved by the FDA for neurodegenerative disease despite clear evidence of similar
aberrant kinase activation in both type of disorders 2. Here we describe a kinome wide
screen for kinases involved in TDP-43 mediated neurodegeneration and supply evidence for
the possible repurposing of PHA767491, a kinase inhibitor developed as an anticancer
compound, for use in preventing neurodegeneration caused by TDP-43 proteinopathy.

Proteinaceous aggregates are a ubiquitous feature of neurodegenerative diseases. Aggregates
containing ubiquitinated, hyperphosphorylated TDP-43 protein characterize nearly all cases
of amyotrophic lateral sclerosis (ALS) and most frontotemporal lobar degeneration (FTLD-
TDP) cases 3 4; mutations in TDP-43 cause heritable forms of ALS {reviewed in °}. ALS is
a progressive neurodegenerative disease distinguished by loss of motor neurons, muscle
wasting and deterioration of motor control, and early death 6. FTLD is a major cause of mid
to late life dementia and displays loss of neurons in the frontal and temporal lobes of the
brain, major behavioral and cognitive changes, and shortened lifespan . Recent studies have
highlighted an overlapping spectrum of disease with TDP-43 pathology and features of both
ALS and FTLD driven by hexanucleotide repeat expansion within COORF72 89,
Furthermore, TDP-43 positive aggregates have been identified in a growing number of other
neurodegenerative diseases, including Alzheimer’s disease, hippocampal sclerosis, dementia
with Lewy bodies, Pick’s disease, argyrophilic grain disease, and corticobasal

degeneration 10: 11, pathological TDP-43 is hyperphosphorylated at discrete sites on the
protein, mostly clustered in the C-terminus of the protein 12. Serines 409 and 410
(S409/410) are the most robust and consistent sites of pathological phosphorylation in the
TDP-43 C-terminus 13 14, Antibodies against phosphorylated S409/410 recognize abnormal
inclusions in ALS and FTLD-TDP, and are used as a diagnostic tool to confirm TDP-43
proteinopathy in human disease. We previously demonstrated that phosphorylation at
S409/410 drives neurotoxicity in a C. elegans model of TDP-43 proteinopathy 1°. Small
molecule inhibition of the kinase or kinases responsible for TDP-43 phosphorylation may be
a novel neuroprotective approach for intervention in ALS and FTLD-TDP. However,
disease relevant kinase targets have not been identified /7 vivo. Recombinant casein
kinase-1 (CK1) has been shown to phosphorylate TDP-43 at multiple sites including
S409/410 /n vitro18 and CK1 inhibitors reduce but do not eliminate TDP-43
phosphorylation in mammalian cell culture 7. Thus, other kinases besides CK1 contribute to
pathological TDP-43 phosphorylation. To this end, we have screened over 450 C. elegans
kinases by RNAIi to identify target kinases that affect TDP-43 driven behavioral phenotypes.
We have identified one kinase, CDC-7, responsible for pathological TDP-43
phosphorylation in transgenic C. elegans and human cells. Small molecule inhibition of
CDC-7 by PHAT767491 robustly reduces TDP-43 phosphorylation and prevents TDP-43
dependent neurodegeneration.
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RESULTS

Tandem phosphorylation at TDP-43 serines 409 and 410 (pS409/410) is a consistent and
robust marker of TDP-43 pathology in ALS and FTLD-TDP 1314 Qur previous work in
TDP-43 transgenic C. elegans demonstrated a causal relationship between
neurodegeneration and S409/410 phosphorylation of familial ALS mutated versions of
TDP-43. To identify potential kinase inhibitor targets for ALS and FTLD-TDP therapeutics,
we undertook a comprehensive RNAI screen of C. elegans kinases to determine which
kinases are responsible for TDP-43 phosphorylation. We assembled an RNAI library
targeting 453 predicted kinases and kinase-like genes in C. elegans (95% coverage of the
predicted kinases found in the C. elegans genome), and tested it in transgenic C. elegans
expressing ALS-mutant M337V TDP-43 (M337V) (Supplementary Table 1). M337V
animals have severe movement defects, including coiling, uncoordinated locomotion, and
paralysis 12, Therefore, we screened animals treated with RNAI targeting each kinase for
improvement in the motor phenotype of M337V. The library was screened in its entirety
twice. Potential TDP-43 kinases selected from the screen suppressed the movement defects
of M337V to an extent equivalent to animals treated with RNAI targeting TDP-43 itself. The
identity of positive RNAI clones was confirmed by direct DNA sequencing, and then tested
for behavioral effects in the absence of TDP-43 to ensure movement phenotypes are not the
result of a hyper-motile phenotype. Candidate kinases with human homologs that act on
serine and/or threonine residues (S/T) were selected for further analysis. A total of 12
candidate S/T kinases were identified that improved M337V behavior following RNAI
treatment (Table 1).

cdc-7 and C55B7.10 kinase null mutants improve M337V behavior and reduce TDP-43
phosphorylation

To confirm the potential neuroprotective effect observed by RNAI against specific kinases,
we generated TDP-43 transgenic animals with deletion mutants eliminating the kinase active
domain of the gene of interest (Table 1). While most of the kinase mutants did not visibly
improve TDP-43 behavioral phenotypes, two of the TDP-43 kinase mutants have partially
restored motor function as indicated by more coordinated, natural, and rapid movement than
the parental TDP-43 transgenic strain. To quantify these observations, we measured the
number of spontaneous head movements and the number of body movements of individual
animals. cdc-A-/-);M337V and C55B7.10(-/-);M337V demonstrated significantly more
movements than M337V alone (Fig. 1a, b). The extent of restored locomotion was also
measured by radial locomotion assay (Fig. 1¢). C55B7.10(—/-)significantly improved
TDP-43 movement defects in this assay, while cdc-7/-/-) did not. However, when we tested
the cdc-7{-/-) mutant in the absence of the M337V transgene, we noticed that while it had
grossly normal body position and movement, the animals were profoundly lethargic
(Supplementary Fig. 1), which may confound efforts to measure motor improvements in
M337V animals.

It is possible CDC7 and C55B7.10 modulate TDP-43 toxicity by controlling TDP-43
phosphorylation. To test this, we measured TDP-43 phosphorylation in the kinase mutant
animals by immunoblotting with pS409/410 TDP-43 specific antibodies. We observed that
C55B7.10(-/-) and cdc-7A—/-) robustly decreased TDP-43 phosphorylation (Fig. 2a, b).
Total levels of TDP-43 were also apparently reduced, although this reduction was not
significantly different from M337V alone (Fig. 2c). Thus, Kinase loss of function decreases
pS409/410 TDP-43 as well as improving motor function and restoring normal lifespan.

The data suggests C55B7.10 and cdc-7are C. elegans kinases acting directly or indirectly to
promote the phosphorylation of transgenically expressed human TDP-43 in neurons. The
human homologs of these genes are thus candidate TDP-43 kinases acting to phosphorylate
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pathological TDP-43 in ALS and FTLD-TDP. To identify the mammalian homologs of
C55B7.10 and cdc-7, we employed an NCBI BLAST search to compare the C. elegans
kinase domain protein sequences against the database of human proteins, and the reciprocal
BLAST results comparing the human protein kinase domain against the database of C.
elegans proteins (Supplementary Table 2). C55B7.10 has identity to the tau tubulin kinases
TTBK1 and TTBK2, which are implicated in the pathological phosphorylation of tau in
animal models 18- 19, Alzheimer’s disease 2% 21 and SCA11 22 (Table 1). cdc-7is the only
C. elegans homolog of the cell division cycle kinase 7 (CDC7)23, which has multiple roles
including promoting initiation and maintenance of DNA replication 24, chromosome
segregation during meiosis and mitosis 2% 26, and DNA damage checkpoint response 27
(Table 1).

CDCY7 but not TTBK1/2 directly phosphorylates TDP-43 and modulates TDP-43 toxicity in

Vivo

CDC7, TTBK1, and TTBK2 may directly phosphorylate TDP-43 at S409/410, or they may
act indirectly to promote TDP-43 phosphorylation by activating another kinase or kinase
cascade targeting TDP-43. To test whether these kinases directly phosphorylate TDP-43, we
incubated purified active human CDC7, TTBK1, or TTBK2 with purified recombinant GST-
tagged full-length TDP-43, and examined phosphorylation at S409/410 by immunoblot. We
found that CDC7 in complex with its kinase co-activator DBF4 phosphorylated both wild-
type and fALS mutant M337V GST-TDP-43 fusion proteins (Fig. 2d). In contrast, neither
TTBK1 nor TTBK2 phosphorylated TDP-43 under any conditions tested, indicating these
kinases may not directly phosphorylate TDP-43 but instead may be acting upstream of
CDC7 or other direct TDP-43 kinases not yet identified. Likewise, the combined incubation
of TTBK1/2 with TDP-43 failed to yield any detectable pS409/410 TDP-43 (Fig. 2d). These
data demonstrate that mammalian CDC7 directly phosphorylates TDP-43, indicating it is a
primary TDP-43 kinase. Due to its direct effect on TDP-43 phosphorylation, the remainder
of this study focuses on the relationship between CDC7 and TDP-43 phosphorylation.

It is possible an increase in CDC7 protein drives TDP-43 phosphorylation. Glutathione
depletion by treatment with ethacrynic acid (EA) induces robust TDP-43 phosphorylation 17.
We examine CDC7 protein levels in HEK 293 cells following treatment with EA, and we
observe a moderate increase in CDC7 levels and a robust increase in phosphorylated
TDP-43 (Fig. 2e). To test whether increased levels of CDC7 are sufficient to promote
TDP-43 phosphorylation /n vivo, we generated transgenic C. elegans that overexpress cdc-7
(cdc-70lex). The cdc-7olex animals appeared grossly normal in morphology, movement,
growth, and reproduction. However, animals carrying both cdc-7and any TDP-43 transgene
were profoundly affected. Double transgenic animals generated by crossing cdc-7o/ex with
M337V appeared at rates much lower than expected. The few surviving cdc-7olex;M337V
animals were paralyzed, extremely slow growing or developmentally arrested, and had very
few or no viable offspring. We compared the number of cdc-7o/ex;M337V animals
observed to the number expected based on normal Mendelian segregation, and found greater
than 80% synthetic lethality for this genotype (Fig. 3a and Supplementary Table 3). This
effect was observed with three different cdc-7o/ex lines generated (Supplementary Table 3).
cdc-7olex had less than 10% synthetic lethality in animals expressing GFP alone
(Supplementary Table 3), indicating its toxicity is not due simply to the presence of an
additional transgene or additional motor neuron protein load alone. To test whether cdc-70/
ex toxicity is specific for the M337V TDP-43 mutation or transgene, we generated cdc-7 o/
ex transgenic animals with fALS TDP-43 mutations G290A and A315T, respectively, and
saw comparable or worse synthetic lethality to that observed with M337V (Supplementary
Table 3), indicating this is not a transgene or mutation specific effect.

Ann Neurol. Author manuscript; available in PMC 2014 July 08.



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

1duasnuey Joyiny vd-HIN

Liachko et al.

Page 5

Wild-type TDP-43 expressed in C. elegans has a moderate motor dysfunction phenotype,
little if any detectable pS409/410 TDP-43, and no degeneration of GABA motor neurons 1°.
To test whether wild-type TDP-43 is sensitive to cdc-7o/ex, we repeated our synthetic
lethality analysis for cdc-7olex; WT TDP-43 animals. We observed more than 50% lethality
of cdc-70lex;WT TDP-43 (Fig. 3a, Supplementary Table 3). In addition, surviving cdc-7 o/
ex;WT TDP-43 animals were paralyzed, slow growing, and relatively infertile, indicative of
robust enhancement of the toxicity of wild-type TDP-43.

To clarify whether phosphorylation at S409/410 is important for the synthetic lethality of
cde-7olex and TDP-43, we crossed cdc-7o/ex animals to phosphorylation null mutant
TDP-43 with substitutions of serines 409 and 410 for alanine (cdc-7 olex;M337V-AA) 15,
Progeny from these animals had significantly lower lethality compared to WT or M337V
TDP-43, and cdc-70/ex;M337V-AA animals had movement and growth comparable to the
TDP-43 transgene alone. (Fig. 3a, Supplementary Table 3). Thus, CDC-7 mediated
enhancement of TDP-43 toxicity requires pS409/410 phosphorylation, suggesting the
synthetic lethality and enhanced behavioral phenotypes observed with cdc-7o/ex are due to
an increase in CDC7 driven TDP-43 phosphorylation.

To determine whether TDP-43 phosphorylation increases in cadc-7 olex transgenic animals,
we collected animals from the rare class of double homozygous cdc-7 o/ex; TDP-43
transgenics and measured phosphorylation levels by immunoblot with a S409/410
phosphorylation specific antibody. We observed an increase in phosphorylation of both
wild-type TDP-43 and mutant TDP-43, respectively (Fig. 3b). Interestingly, we also
observed an increase in the amount of total full length 45kDa and truncated 35kDa TDP-43
in both wild-type and mutant TDP-43 animals. The increase in TDP-43 levels is particularly
striking in wild-type TDP-43 transgenic animals, which normally have a very low level of
detectable TDP-43 (see Fig. 3b overexposure). This may indicate phosphorylation is
stabilizing TDP-43 and preventing normal protein turnover.

Animals expressing mutant TDP-43 exhibit age-dependent neurodegeneration of
GABAergic motor neurons 2. To test whether overexpression of cdc-7 promotes
neurodegeneration, we constructed M337V;cdc-7 o/ex animals with GABAergic motor
neurons marked by GFP. We observed earlier neuronal death in these animals compared
with M337V alone (Fig. 3c). cdc-7olex alone had no detrimental effect on the GABAergic
neurons.

Wild-type TDP-43 exhibits little or no age-dependent degeneration of its GABAergic motor
neurons 15, To test whether cac-7 overexpression would potentiate neurodegeneration in WT
TDP-43 transgenic C. elegans, we generated WT TDP-43;cdc-7 olex animals with GFP
labeled GABAergic motor neurons. These animals displayed a dramatic increase in
neurodegeneration, consistent with their exacerbated behavioral impairments (Fig. 3d, e, f).

Since phosphorylation by CDC-7 promotes TDP-43 toxicity and neurodegeneration in C.
elegans, we tested whether the cdc-7-/-) kinase null mutant will protect against
neurodegeneration in M337V animals. We observed that cdc-7(-/-)M337V animals had
significantly fewer lost neurons, indicating that preventing CDC?7 kinase activity is
protective against TDP-43 neurotoxicity (Fig. 3g).

CDC7 and phosphorylated TDP-43 are co-expressed in FLTD-TDP frontal cortex neurons

If CDCY is involved in the pathological phosphorylation of TDP-43 it should be expressed
in the human brain in regions where TDP-43 lesions occur. Immunohistochemistry for

CDC7 and phosphorylated TDP-43 was performed on frontal cortex sections from 6 FTLD
cases and 6 normal control cases to determine if there was overlap in the expression of this
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kinase and its purported target. Of the FTLD cases tested, 5 were of unknown genetic
etiology, while 1 case had a causative mutation in progranulin 28: 29, Figure 4 demonstrates
that CDC7 immunoreactivity is present in pyramidal neurons in the frontal cortex of both
normal and FTLD cases. There were no obvious differences in CDC7 immunoreactivity
observed in progranulin mutant FTLD versus sporadic FTLD. Immunoreactivity appears to
be more prominent in the deeper cortical layers and a cytoplasmic sub-cellular localization
predominates. In FTLD cases, lesions containing phosphorylated TDP-43 are also prominent
in the deeper layers of the cortex, as well as cortical layer 2 (Fig. 4c), regions well known to
display this pathology 3 4. We performed double label immunohistochemistry to determine
if CDC7 and phospho TDP-43 co-localized within the same cell. We observed a subset of
cortical neurons were immunoreactive for both proteins, while other neurons were only
immunoreactive for CDC7 or phospho TDP-43 (Fig. 4d, e).

PHA767491 decreases TDP-43 phosphorylation in vitro and in vivo

The genetic experiments described above suggest inhibiting CDC7 kinase activity reduces
phosphorylation of TDP-43 and the consequent neurodegeneration. To test whether small
molecule CDCY7 inhibitors block phosphorylation of TDP-43 /n vitro, we incubated purified
CDC7 and TDP-43 with increasing concentrations of the CDC7 ATP-competitive inhibitor
PHA767491 30. 31 We examined levels of pS409/410 TDP-43 by immunoblot, and observed
complete inhibition of TDP-43 phosphorylation with 125uM PHA767491 treatment (Fig.
5a). This is approximately 100 fold molar excess of drug relative to kinase (CDC7), 10 fold
excess relative to substrate (TDP-43), and 2 fold excess relative to ATP.

To determine whether PHA767491 will prevent TDP-43 phosphorylation in intact cells, we
incubated motor neuron enriched NSC-34 cells with PHA767491, and then treated the cells
with EA to induce phosphorylation of endogenous TDP-43. We observed that most TDP-43
phosphorylation was prevented by treatment with 10uM PHA767491 (Fig. 5b). To test
whether inhibition of CDC?7 in the context of a whole organism would be effective at
preventing TDP-43 phosphorylation, we assayed C. elegans raised on plates containing
increasing concentrations of PHA767491. We observed severe growth retardation at
concentrations beyond 90uM, consistent with PHA767491 affecting CDC7’s known role as
a cell cycle promoting kinase. When we measured treated animals for changes in TDP-43
phosphorylation by immunoblot, we observed a significant decrease in the level of TDP-43
phosphorylation at 70uM PHAT767491, a concentration of inhibitor that had mild effects on
C. elegans growth (Fig. 5¢, d).

For small molecule inhibition of the TDP-43 kinase CDC?7 to be a viable treatment for
TDP-43 proteinopathies such as FTLD-TDP and ALS, it should prevent not only
phosphorylation of TDP-43 but the consequent neurodegeneration /77 vivo. To test this, we
raised M337V TDP-43 transgenic C. elegans in the presence of 70uM PHA767491 and
scored for loss of GABAergic motor neurons. We observed significantly fewer lost neurons
in animals treated with PHA767491 relative to controls (Fig. 5e).

DISCUSSION

Phosphorylation of aggregated TDP-43 at S409/410 is a defining hallmark of TDP-43
proteinopathies including ALS and FTLD-TDP 13. 14, Elucidating the mechanisms
controlling phosphorylation of TDP-43 is important for an understanding of the biology of
TDP-43 proteinopathies, as well as a critical step toward developing therapeutics. To
identify relevant targets for small molecule inhibition, we interrogated the kinome by RNAI
in a C. elegans model of TDP-43 proteinopathy for effects on TDP-43-driven behavioral
phenotypes. C. elegans is a good model system in which to conduct such a screen because it
has representative homologs for over 80% of human kinase families, and exhibits a robust

Ann Neurol. Author manuscript; available in PMC 2014 July 08.



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

1duasnuey Joyiny vd-HIN

Liachko et al.

Page 7

RNAI response suitable for high-throughput RNAI screening 3233, Indeed such C. elegans
based RNAI screens have provided valuable insights into neurodegeneration

mechanisms 34-36, Using a similar approach, we identified twelve kinases that improve
TDP-43 model animals” movement defects by gene specific RNAI. Follow-up validation of
RNA. hits with genetic null mutations yielded two kinase mutants, cdc-7/-/-) and
C55B7.10 (-/-) that significantly improved TDP-43 behavioral phenotypes and reduced
phosphorylation of TDP-43 at S409/410.

We examined the ability of the human homologs of these kinases, CDC7, TTBK1 and
TTBK2, to phosphorylate TDP-43 in vitro. Interestingly, only CDC7 was able to directly
phosphorylate TDP-43 in an /n vitro kinase assay. While we cannot rule out the possibility
of sub-optimal /n vitro kinase assay conditions of TTBK1/2 for TDP-43, these conditions
are adequate for limited tau phosphorylation /in vitro. Thus, it seems more likely that TTBK1
and TTBK2 do not directly phosphorylate TDP-43, but rather act upstream to regulate
additional TDP-43 kinases. Developing and testing inhibitors for the kinases controlling
TDP-43 phosphorylation through CDC7 and potentially other direct kinases will be
important future work.

EA treatment causes concomitant induction of CDC7 expression and TDP-43
phosphorylation in mammalian cells, arguing for a direct, biologically relevant link between
the two. In addition, increased levels of CDC-7 robustly worsen the phenotypes of the C.
elegans model of TDP-43, with high levels of lethality. Surviving animals display much
more severe TDP-43 phenotypes including paralysis, developmental arrest, infertility,
neurodegeneration, and increased TDP-43 phosphorylation. Taken together, CDC7 is a
direct TDP-43 kinase that regulates pathological TDP-43 phosphorylation in cellular and
animal models of TDP-43 proteinopathy. Selective inhibition of TDP-43 phosphorylation
holds promise as a therapeutic strategy for TDP-43 proteinopathies such as FTLD-TDP and
ALS. As a proof of concept, we demonstrate PHA767491, an ATP competitive inhibitor of
the kinase CDC7, prevents TDP-43 phosphorylation in vitro and in vivo. Furthermore,
PHAT767491 treatment prevents neurodegeneration in intact TDP-43 transgenic animals.

The findings from the FTLD-TDP patient immunohistochemistry studies support a role for
CDCY7 in the regulation of pathological TDP-43 phosphorylation in human TDP-43
proteinopathy diseases. We demonstrate CDC7 immunoreactivity in FTLD-TDP cases in the
frontal cortex, a brain region known to exhibit high levels of pS409/410 TDP-43 pathology.
Additionally, we found many cells that were co-labeled with both CDC7 and phosphorylated
TDP-43. We observed similar staining in both sporadic FTLD-TDP and progranulin
mutation carriers. Interestingly, CDC7 was predominantly cytoplasmic in neurons, a result
somewhat surprising given that CDC7 is a nuclear protein in normal dividing cells 37: 38,
CDCT7 protein contains nuclear localization, retention, and export signals, which provide a
mechanism for regulated movement between the nucleus and cytoplasm 37, and it has been
shown to be actively imported into the nucleus during G1 phase of the cell cycle 38, It is not
known what functions CDC7 may have in the cytoplasm or in post-mitotic cells like
neurons. However, CDC7’s surprising presence in neuronal cytoplasm places it in the same
cellular compartment as pathological TDP-43. Of note, normal control patients also
exhibited neuronal cytoplasmic CDC7, suggesting as yet unknown functions for this kinase
in normal post-mitotic neurons. While many cells co-expressed the two proteins, other cells
were only immunoreactive for CDC7 or phosphorylated TDP-43. Those immunoreactive for
CDC7 alone are similar to control neurons, and may indicate neurons unaffected by
pathological TDP-43 or neurons at an earlier stage of pathology in which phosphorylated
TDP-43 has not yet accumulated to detectable levels. In contrast, neurons immunoreactive
for phosphorylated TDP-43 but not CDC7 may represent a later stage in the disease course
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where CDC7 becomes down-regulated as the cell succumbs to the accumulation of high
levels of toxic pS409/410 TDP-43, culminating in cell death.

CDC7 has been studied extensively for its roles in DNA replication and DNA damage
response 39, While CDC7’s studied role in DNA synthesis represents a relatively brief
period in the life of a cell, CDC7 protein levels remain constant after cell division, arguing
for additional functions for this kinase unrelated to DNA replication. The kinase activator
DBF4 is required for cell cycle related functions of CDC7, and our data has shown that /n
vitro, the kinase activator DBF4 is sufficient to allow CDC7 phosphorylation at the
pathological S409/410 residues of TDP-43. However, as DBF4 protein levels drop
dramatically following S-phase 4942 it is possible that unidentified CDC7 kinase activators
act in conjunction with CDC7 to promote TDP-43 phosphorylation 7 vivo. Neurons have
exited the cell cycle and exist as mitotically quiescent cells, and it is not clear what role a
cell cycle protein like CDC7 might have at this stage. Clarifying the role of neuronal CDC7
in pathological TDP-43 phosphorylation will be a critical area of future research.

Our data indicate that phosphorylation of TDP-43 at serines 409 and 410 is a key
modification that promotes TDP-43 toxicity /n vivo. Increased phosphorylation of wild type
or mutant TDP-43 driven by CDC-7 overexpression is highly neurotoxic, while decreased
phosphorylation is neuroprotective. There are several possibilities for how TDP-43
phosphorylation contributes to disease. Phosphorylation may alter TDP-43 interactions with
target mMRNAS or co-factors important for normal TDP-43 function. It may change protein
localization, driving TDP-43 from the nucleus to the cytoplasm or promote TDP-43
aggregation. Our data indicate that phosphorylation may stabilize TDP-43 and prevent or
delay protein turnover, consistent with previously published data 12 43-45, Cellular
homeostasis requires consistent TDP-43 protein levels , with negative consequences for too
little or too much protein 46. Phosphorylation may both reduce the amount of functional
RNA bound TDP-43 and increase the amount of free aggregation prone TDP-43, producing
a potentially toxic cellular environment.

We have demonstrated that TDP-43 phosphorylation is regulated by a small number of
kinases. Among these, CDC?7 directly phosphorylates TDP-43 on serines 409 and 410 both
in vitro and in vivo. Furthermore, inhibition of CDC7 activity with PHA767491 at levels
permissive of cell division and growth /7 vivois sufficient to reduce TDP-43
phosphorylation and prevent neurodegeneration. Thus, CDC7 appears to be a suitable target
kinase for therapeutic interventions in patients with primary TDP-43 proteinopathies such as
ALS and FTLD-TDP. Several independent CDC7 focused inhibitor screening campaigns
have been completed yielding distinct structural classes of CDC7 specific inhibitors, which
are under further development as potential cancer treatments 30: 47-51  Testing known CDC7
inhibitors on mammalian animal models exhibiting authentic disease-like pS409/410
positive TDP-43 pathology will be an important next step. Because CDC7 has critical roles
in the cell cycle, identifying an inhibitor capable of ameliorating CDC7 phosphorylation of
TDP-43 without completely disrupting other essential CDC7 mitotic functions could lead to
viable long-term treatment for patients suffering from TDP-43 proteinopathies. Excitingly,
recent studies have shown reduction of pathological TDP-43 could potentially allow
recovery of motor functions even after deposition of abnormal TDP-43 and onset of motor
dysfunction 52,
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METHODS

Transgenics and Strains

For a complete list of strains and transgenic C. elegans used, please see Supplemental
Methods. Strains were maintained at 16°C. Experiments involving C. elegans were
performed at room temperature unless otherwise noted.

RNAI screening

The list of predicted kinase genes in C. eleganswas derived from the C. elegans kinome
project 53, The RNAI library targeting C. elegans kinases (453 genes, about 95% coverage)
was picked from the Ahringer 4 and Vidal 5° genome-wide RNAI libraries into 96-well
plates and stored as frozen bacterial stocks. Testing individual RNAI constructs by feeding
RNAI was performed essentially as described 4. Testing was done in an eri-1(~/-),lin-15-/
-) RNAI enhancing mutant background 6. Staged embryos were plated, grown at 16°C for
8-9 days, and then a mixed population of 15t generation gravid adults with 2"d generation
L2-L.3 animals were scored semi-quantitatively for suppression or enhancement of
movement defects. Each RNAI construct was tested on duplicate populations, and each
population was scored blind on two successive days, resulting in 4 observations per
treatment. The entire library was screened in this manner twice, resulting in 8 total
observations for each RNAI treatment. RNAi treated animals that showed movement
comparable or better than animals treated with TDP-43 RNAi on multiple observations were
selected as candidates of interest. Positives candidates were confirmed by sequencing the
RNAI plasmid, followed by retesting at least twice in a low-throughput capacity on TDP-43
transgenic animals, and testing in an eri-1(-/=),/in-15(-) background alone for the absence
of hypermotile phenotypes.

Movement assays

Un-stimulated behavior of synchronized day 1 adult animals grown at 25°C was recorded on
a Hamamatsu C5810 video camera. 30 second movies of individuals were analyzed for head
movements to the left or right of the central body axis (lateral head movement) and for
attempts at forward motion (forward advancement). Animals in extensive contact with
neighbors and individuals with indistinct head movements as recorded were eliminated from
analysis. Radial locomotion assays were employed as described 1°. Statistical analysis was
performed using GraphPad Prism software.

Immunoblotting

Equivalent mixed-stage worm lysate fractions were loaded and resolved on precast 4-15%
gradient SDS-PAGE gels and transferred to PVDF membrane as recommended by the
manufacturer (Bio-Rad). On immunoblots, human TDP-43 was detected with a
commercially available monoclonal antibody ab57105 (Abcam) directed against human
TDP-43 amino acids 1-261. TDP-43 phosphorylated at S409/S410 was detected by a
monoclonal antibody called anti phospho TDP-43 (pS409/410) available from Cosmobio
(catalog # TIP-PTD-MO01). C. elegans B-tubulin levels were measured using monoclonal
antibody E7 as a loading control as previously described 57- 58, HRP labeled goat anti-mouse
1gG was the secondary antibody (GE Healthcare) and used at a dilution of 1:4000. Dilutions
were: 1:7500 for ab57105, 1:1000 for pS409/410, and 1:10000 for E7. Each immunoblot
was repeated at least three times with independent experimental samples; representative
blots are shown.
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Cell culture and siRNA

HEK 293 cells (from ATCC) were cultured under standard culture condition, Dulbecco’s
modified Eagle medium (DMEM), 10% defined fetal bovine serum (FBS), penicillin (50 1U/
ml)—streptomycin (50 mg/ml). NSC-34 cells (Cedarlane Labs) were cultured in DMEM/
HAM’s F12 (50/50), 10% FBS, penicillin (50 1U/ml)-streptomycin (50 mg/ml). HEK 293
cells were treated with 150uM ethacrynic acid (EA) for 5 hours to induce endogenous
TDP-43 phosphorylation 17. NSC-34 cells were grown in differentiation medium (DMEM/
HAM’s F12 (50/50), 1% FBS, 1% non-essential amino acids (NEAA), penicillin (50 1U/
ml)—streptomycin (50 mg/ml)) for one day prior to treatment with 50uM EA for 5 hours.
RNAI experiments were carried out as per protocol in the TriFECTa Dicer-Substrate RNAI
manual (Integrated DNA Technologies). For inhibitor assays, cells were treated with the
indicated concentration of PHA767491 (Tocris Bioscience) or DMSO (vehicle) 2 hours
prior to induction of TDP-43 phosphorylation with EA.

Kinase assays

GST-TDP-43 (WT) and GST-TDP-43 (M337V) fusion proteins were purified from
BL21(DE3) expression host cells as previously described 9. Active kinase enzymes were
obtained commercially via purification from HEK 293 cells—CDC7 and TTBK2
(Signalchem) and TTBK1 (Origene). Enzyme assays were carried out according to the
manufacturer’s instructions (Signalchem) in a kinase reaction buffer containing 25 mM
MOPS, 12.25 mM glycerol-phosphate, 25 mM MgCI, 5 mM EGTA, 2 mM EDTA, 0.25 mM
DTT and 50 yM ATP.

Viability analysis

Parent worms homozygous for wCDC?7 o/ex transgene (PFw25B3.3:: cdc-7) but
heterozygous for the other transgene of interest were generated by performing a standard
mating cross of the two strains, and scoring F2 progeny (F3 animals) for the desired
genotype. F3 animals were singled blind with regards to transgene status onto individual
plates with food, and their progeny scored for the transgene of interest. Percent lethality was
calculated based on the expected Mendelian ratios of progeny for one segregating trait
(expect 25% homozygous ++, 50% heterozygous +-, and 25% homozygous —-).

Neurodegeneration assays

A synchronized population of animals was obtained following timed egg lays at 25°C and
scored at the indicated developmental stages. Live worms were placed on a 3% agarose pad
containing 0.01% sodium azide to immobilize the worms. Worms were imaged under
fluorescence microscopy and scored for number of GABAergic neurons. Data were
analyzed using GraphPad Prism software. Fluorescent and Differential Interference Contrast
(DIC) microscopy was performed on a DeltaVision Elite imaging system. Image acquisition
and deconvolution was performed with SoftWorx 5.0. Image processing with Adobe
Photoshop consisted of adjustments of brightness and contrast to optimize visualization.

Inhibitor assays

Drug plates were prepared by spreading the desired concentration of inhibitor evenly across
the surface of a standard NGM C. elegans culture plate and drug was allowed to diffuse
throughout the plate for 18 hours. Strains used in inhibitor assays included the cuticle
defective bus-8(e1368) mutation to enhance drug entry into the animals®%. A synchronized
population was obtained following timed egg lays at 20°C, and effects on behavior, growth,
and neuronal integrity were recorded at day 1 of adulthood.
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Human Tissue and Immunohistochemistry

Post-mortem brain tissue was obtained from the University of Washington Alzheimer’s
Disease Research Center (Seattle, WA), where permission for use of tissue in scientific
experiments was obtained. FTLD cases were selected on the basis of having a clinical or
autopsy-confirmed diagnosis of FTLD and FTLD-related disorders. One case was identified
with a mutation in progranulin. Control samples were from neurologically healthy control
participants, who were of a similar age. Primary antibodies used for immunohistochemistry
were anti-CDC7 (clone DCS-342, MBL, 1:100) and anti-phospho TDP-43 409/410
(CosmoBio, 1:1000). Additional details in Supplementary Methods. For double labeling
experiments, sections were first immunostained with anti-phospho TDP-43 and reaction
product was visualized with nickel enhanced DAB (black). Sections were then
immunostained with anti-CDC?7 and visualized with DAB alone (brown).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Kinase mutants cdc-7(-/-) and C55B7.10 (—/-) improve the movement defects of
TDP-43 transgenic animals

(a) Stage synchronized day 1 adult cac-7{—/-) and C55B7.10(-/-) kinase mutants have
significantly more head movements to the left or right of the central body axis than TDP-43
M337V transgenic animals alone. All animals for movement assays were grown at 25°C.
N=50 for each genotype. *£<0.05 versus M337V. Statistical significance was determined
using one-way ANOVA with Tukey’s multiple-comparison test. (b) Kinase mutant animals
move forward significantly more times than M337V transgenic animals alone. (c) Stage
synchronized L4 kinase mutant animals move significantly greater distances than M337V
transgenic animals alone, comparable to the distances traveled by wild-type TDP-43
(TDP-43-WT) transgenic animals. N>50 for each genotype. **£<0.05 versus M337V. See
also Figure S1.
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Figure 2. cdc-7 and C55B7.10 phosphorylate TDP-43 in C. elegans

(a) cdec-A—1-);M337V and C55B7.10(=/-);M337V transgenic animals have reduced
phosphorylated S409/410 TDP-43 compared to M337V alone. Mixed populations of animals
were grown for analysis. (b) The average intensity of the immunoreactive immunoblot
bands are determined for three independent replicate Western blots comparing
phosphorylated S409/410 TDP-43 in M337V, C55B7.10(-);M337V, and cdc-7(-);M337V
animals. ***£<0.001 versus M337V. **P<0.01 versus M337V. Statistical significance was
determined using one-way ANOVA with Tukey’s multiple-comparison test. (c) The average
intensity of the immunoreactive immunaoblot bands are determined for three independent
replicate Western blots comparing total TDP-43 in M337V, C55B7.10(-);M337V, and
cde-7(-);M337V animals. Differences between strains are not statistically significant. P
>0.05. (d) Purified CDC7 phosphorylates wild-type (WT) and mutant M337V (337) GST-
tagged TDP-43 /n vitro, while TTBK1 or TTBK2 did not phosphorylate TDP-43 either
singly or when combined in one reaction. (e) Glutathione depletion with 150uM ethacrynic
acid increases levels of CDC7 and phosphorylated TDP-43 in HEK 293 cells.
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Figure 3. cdc-7 o/ex promotes TDP-43 toxicity in C. elegans

(a) Overexpression of cdc-7is synthetic lethal with mutant TDP-43. Percentage lethality
observed of the double homozygote transgenic animals with cdc-7o/ex and either GFP
(8%), wild type TDP-43 (56%), mutant M337V (84%), or non-phosphorylatable M337V
S409/410A (20%) animals. N>180 for all genotypes tested. See also Supplementary Table 3.
(b) Overexpression of wCDCY7 drives increased levels of total, phosphorylated and truncated
TDP-43 in C. elegans. The same immunoblot is shown at two different exposures to allow
visualization of WT TDP-43 levels. (c) M337V;cdc-7 o/ex animals have significant
neuronal loss compared to GABA::GFP, cdc-70/ex, and M337V animals at larval stage L4.
Animals were grown at 25°C. N>30 animals. *£<0.0001, ANOVA with Tukey’s multiple-
comparison test. (d) WT TDP-43;cdc-7 o/ex animals have significant neuronal loss
compared to GABA::GFP, cdc-7olex, and WT TDP-43 alone at day 2 of adulthood N>30
animals. ** £<0.0001. WT TDP-43 has significant neuronal loss relative to GABA::GFP
alone. *P<0.002. (e) A representative WT TDP-43 animal does not have significant
neurodegeneration at day 2 of adulthood. Worm head is left, and 18 neuron cell bodies along
the ventral nerve cord are visualized with GABA::GFP fluorescence and marked with
asterisks. Scale bar represents 40um. (f) WT-TDP-43;cdc-7 olex animals have significant
neuronal loss at day 2 of adulthood and smaller body size relative to WT-TDP-43 animals.
12 neuron cell bodies are marked with asterisks. (g) TDP-43 M337V animals have
significant neuronal loss relative to GFP alone at day 1 of adulthood. cde-A-/-);M337V
animals have significantly less neuronal loss than TDP-43 M337V; n=30; ~A<0.0001.
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Figure 4. CDC7 and phosphorylated TDP-43 are co-expressed in frontal cortex neurons of FTLD
cases

(a) Representative photomicrographs demonstrating CDC7 immunoreactivity in the
cytoplasm of cortical neurons in normal frontal cortex. Immunoreactive neurons in deeper
layers are more prevalent. (b) FTLD cases display similar CDC7 immunoreactivity to
controls. (c) Phospho TDP-43 immunoreactivity in cortical layer 2 as well as deeper layers
inan FTLD case. (d,e) Representative images demonstrating double labeling of CDC7
(brown) and phosphorylated TDP-43 (black) in an FTLD case. Arrows show cells double
labeled with both proteins. Arrowheads show cells labeled with only CDC7 or phospho
TDP-43. Scale bars: 100um, A-C and 50um D, E.
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Figure 5. Small molecule inhibition of CDC7 by PHA767491 prevents TDP-43 phosphorylation
and neurodegeneration

(a) PHA767491 prevents phosphorylation of purified M337V mutant TDP-43 in vitro. (b)
Increasing concentrations of PHA767491 prevents pathological phosphorylation of
endogenous TDP-43 in differentiated motor neuron-like NSC-34 cells treated with 50uM
ethacrynic acid. (c) Mixed populations of transgenic C. elegans grown at 20°C in the
presence of PHA767491 have significantly reduced TDP-43 phosphorylation with
increasing concentrations of inhibitor (see panel d). Total TDP-43 levels are also apparently
reduced, but this reduction is not significantly different than control treatments upon band
quantitation and statistical analysis of multiple independent experiments (data not shown, P
>0.05 by one-way ANOVA with Dunnett’s Multiple Comparison Test). (d) Graph of
phosphorylated TDP-43 relative to total TDP-43 at each concentration of inhibitor in
PHAT767491 treated C. elegans (panel c¢). Relative band intensities are graphed in arbitrary
units. The average intensities are determined for four independent replicate Western blots of
total and phosphorylated TDP-43. ** P<0.01, * £<0.05 versus vehicle control (OuM
PHAT76749). Statistical significance was determined using one-way ANOVA with Dunnett’s
Multiple Comparison Test. () M337V TDP-43 transgenic C. elegans grown in the presence
of 70 uM PHAT767491 lose significantly fewer GABAergic motor neurons than animals
grown in the presence of DMSO alone. Animals were raised at 20°C. Scoring was
performed at day 1 of adulthood. * £=0.0007, unpaired two-tailed t test, N>26.
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Table 1
Candidate TDP-43 kinases identified by RNAI screening
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C. elegans
Gene(®

Human
Homolog(b)

Kinase
Family(©)

Group(©

#1D’d/# in
Kinome(®)

Putative Function(€)

Mutant(d)

Phos.(9)

Movement(N)

pkec-1

PRKCH

PKC

AGC

(1)

Modulates ERK and JNK
signaling; associated with
infarct, arthritis, and
gastric atrophy

nj4

2y9-8

DCLK1

DCAM-
KL

CAMK

)

Regulates microtubule
polymerization;
associated with
memory and cognitive
function

b235

C55B7.10

TTBK1/2

Worm6

CK1

(2128)

TO9B4.7

TTBK1/2

Worm6

CK1

(2/28)

C05C12.1

TTBK1/2

TTBKL

CK1

(2134)

Phosphorylates tau;
mutation of TTBK2
causes
spinocerebellar ataxia
type 11; TTBK1
associated with
Alzheimer’s disease

tm4189

++

++

tm4127

tm3851

C49C3.10

MAPK9

MAPK

CMGC

(1/5)

Involved in cell
proliferation, apoptosis,
transcription

factor activation

tm3933

CO01H6.9

GSG2

Haspin

Other

(2113)

ZK177.2

GSG2

Haspin

Other

(2113)

Phosphorylates histone
H3; important for mitotic
chromosome cohesion

tm3858 ™~

NA

tm4845

cde-7

CDC7

Ccbc7

Other

(1/1)

Regulates S-phase and
chromatin assembly, acts
in DNA

replication and damage
response

tm4391

++

++

gey-17

NPR1

RGC

RGC

(2127

Guanylate cyclase that
regulates blood pressure;
associated with
hypertension and
cardiovascular disease

tm4516

gey-27

GUCY2D

RGC

RGC

(2127

Membrane guanylate
cyclase associated with
Lerber

congenital amaurosis type
1

0k3653

mik-1

MAP3K9

MLK

TKL

(112)

Activates JNK signaling
cascade; important for
axonal

regeneration and neuronal
apoptosis

ok2471

@y
o)
©
@
®)
)

Deletion mutant alleles available for C. elegans kinases.

inase suppressors of TDP-43 movement defects, identified by RNA..

Some of the known functions of the human kinase genes are highlighted.

lethal; candidate was screened using constitutive neuronal RNAI targeting CO1H6.9.
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he human homologs of C. elegans genes are the best candidates identified by BLAST protein analysis (HUGO gene nomenclature).
C. elegans kinases are assigned to a kinase family and group based on protein sequence analysis (Manning, 2005). See also Table S1.

he number of kinase family members identified as TDP-43 suppressors is compared to the total number of kinases within that family.
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(g)Kinase mutants were tested for changes in TDP-43 phosphorylation by immunblotimmunoblot. Mutants with visible decreases in TDP-43
phosphorylation are marked with ++. NA: not tested.

®) Kinase mutants were tested for changes in TDP-43-dependent movement defects by radial locomotion. Mutants with significantly improved
movement are marked with ++.
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