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Abstract Expanded GGGGCC repeats in the first intron of the C90rf72 gene represent the most
common cause of familial amyotrophic lateral sclerosis (ALS), but the mechanisms underlying
repeat-induced disease remain incompletely resolved. One proposed gain-of-function mechanism is
that repeat-containing RNA forms aggregates that sequester RNA binding proteins, leading to
altered RNA metabolism in motor neurons. Here, we identify the zinc finger protein Zfp106 as a
specific GGGGCC RNA repeat-binding protein, and using affinity purification-mass spectrometry,
we show that Zfp106 interacts with multiple other RNA binding proteins, including the ALS-
associated factors TDP-43 and FUS. We also show that Zfp106 knockout mice develop severe
motor neuron degeneration, which can be suppressed by transgenic restoration of Zfp106
specifically in motor neurons. Finally, we show that Zfp106 potently suppresses neurotoxicity in a
Drosophila model of C90rf72 ALS. Thus, these studies identify Zfp106 as an RNA binding protein
with important implications for ALS.

DOI: 10.7554/eLife.19032.001

Introduction

Expanded GGGGCC repeats in the first intron of the C%0orf72 gene represent the most common
cause of familial amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) (DeJesus-
Hernandez et al., 2011; Renton et al., 2011). The repeat expansion has been identified in more
than 40% of familial ALS and in at least 7% of sporadic cases (Majounie et al., 2012). Several gain-
of-function mechanisms for how the expanded hexanucleotide repeats cause disease have been pro-
posed. One idea suggests that toxic dipeptide repeat (DPR) proteins generated by repeat associ-
ated non-ATG (RAN) translation of the RNA repeats cause neurodegeneration (Kwon et al., 2014,
Mizielinska et al., 2014; Mori et al., 2013). Another major proposed gain-of-function mechanism
for C9orf72 ALS is via the formation of pathogenic repeat RNA aggregates that sequester one or
more RNA binding proteins, leading to altered RNA processing and metabolism in motor neurons
(Cooper-Knock et al., 2015; Haeusler et al., 2014; Lee et al., 2013; Prudencio et al., 2015;
Sareen et al., 2013).

Zfp106 is a CoH; zinc finger protein with four predicted zinc fingers and seven WD40 domains
(Grasberger and Bell, 2005). The mouse Zfp106 gene is located on chromosome 2 at 60.37 cM
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elLife digest Molecules of ribonucleic acid (or RNA for short) have many roles in cells, including
acting as templates to make proteins. RNA is made of building blocks called nucleotides that are
assembled to form strands. The precise order of the nucleotides in an RNA molecule can have a
dramatic effect on the role that RNA plays in the body. For example, amyotrophic lateral sclerosis
(ALS) is a deadly disease caused by the gradual loss of the nerve cells that control muscle (known as
motor neurons). The most common cause of inherited ALS is a genetic mutation that results in some
RNA molecules having many more copies of a simple six nucleotide sequence known as GGGGCC
than normal cells. RNA molecules with these “GGGGCC repeats” form clumps in motor neurons.

The clumps of RNA molecules also contain proteins, but the identities of these RNA-binding
proteins and the roles they play in ALS remain largely unknown. Celona et al. have now identified a
new RNA-binding protein called Zfp106, which binds specifically to GGGGCC repeats in mice and
fruit flies.

Removing the gene that encodes Zfp106 from mice causes the mice to develop ALS. On the
other hand, restoring Zfp106 only to the motor neurons of these mutant mice prevents the mice
from developing disease. This suggests that Zfp106’s role is specific to motor neurons. Indeed, fruit
flies that have too many copies of GGGGCC develop severe symptoms reminiscent of ALS.
Introducing a mammalian version of Zfp106 into these flies prevents them from developing the
disease.

The findings of Celona et al. suggest that Zfp106 might be a potential new drug target for
treating ALS in humans. The next step following this work will be to find out exactly how Zfp106
regulates normal cellular processes by binding to RNA and how it suppresses ALS-like disease by
binding to GGGGCC RNA-repeats.

DOI: 10.7554/eLife.19032.002

(Chr2:120,506,820-120,563,843 bp; Genome Reference Consortium, Mouse Build 38). In addition,
the human ortholog, ZNF106, is located at human chromosome 159q15.1 (Chr15: 42,412,437-
42,491,197; Genome Reference Consortium Human Build 38), a region with strong linkage to a rare
recessive familial form of ALS (Hentati et al., 1998), suggesting a possible role in human ALS. Con-
sistent with this notion, mice lacking Zfp106 function show evidence of nondevelopmental neuro-
muscular degeneration, also suggestive of a possible role for Zfp106 in ALS (Anderson et al., 2016;
Joyce et al., 2016; van der Weyden et al., 2011).

Here, we identify a previously unknown role for Zfp106 as an RNA binding protein that specifically
interacts with GGGGCC repeats and with a network of ALS-associated RNA-binding proteins, includ-
ing TDP-43. In addition, we establish that knockout of Zfp106 in mice results in an ALS-like motor
phenotype and that transgenic restoration of Zfp106 expression specifically in motor neurons sup-
presses the neurodegenerative phenotype in knockout mice. Finally, we show that Zfp106 is a potent
suppressor of neurotoxicity caused by expression of GGGGCC repeats in a Drosophila model of
C9orf72 ALS. Thus, these studies have important implications for the most common form of human
ALS.

Results and discussion

Sequestration of RNA binding proteins by rGGGGCC repeats has been implicated in the pathol-
ogy of C%orf72 ALS (Mizielinska and Isaacs, 2014). Therefore, to identify rGGGGCC-binding pro-
teins that may be sequestered by repeat-containing RNA and involved in the pathology of
C9orf72 ALS, we performed a pull-down assay using biotinylated r(GGGGCC)g RNA and identified
the zinc finger protein Zfp106 as a previously unknown rGGGGCC-binding protein. Zfp106 bound
specifically to r(GGGGCC)g but not the control sequence r(AAAACC)g (Figure 1a). RNA electro-
phoretic mobility shift assay (EMSA) using purified Zfp106 protein demonstrated that Zfp106
bound directly to the rGGGGCC repeats and that this binding was specific since it was efficiently
competed by unlabeled self oligonucleotide but not a 30x molar excess of the control oligonucle-
otide (Figure 1b). Importantly, Zfp106 binding to r(GGGGCC), was not competed by 30x molar
excess of a mutated RNA probe of equal length, nor was it competed by 30x molar excess of

Celona et al. eLife 2017;6:e19032. DOI: 10.7554/eLife.19032 2 of 17


http://dx.doi.org/10.7554/eLife.19032.002
http://dx.doi.org/10.7554/eLife.19032

LI F E Short report Neuroscience

Figure 1. Zfp106 is an —tGGGGCC binding protein. (a) Western blot analysis of Zfp106 eluted from a biotinylated-
RNA pulldown of Neuro-2a nuclear proteins. Endogenous Zfp106 was specifically pulled down by (GGGGCC)g
biotinylated RNA and not by the unrelated (AAAACC)g biotinylated RNA oligonucleotide. (b) RNA EMSA
performed with purified Zfp106 protein demonstrates that Zfp106 directly binds (GGGGCC)4 RNA in vitro. 30x
molar excess of unlabeled self competitor, but not 30x (AAAACC),, competes with Zfp106 binding to
r(GGGGCC),, establishing specificity of the interaction. (c) Immunofluorescence with an anti-Zfp106 antibody
detects Zfp106 expression in the nucleolus (arrowheads) and in other discrete nuclear puncta (arrows) in cultured
Neuro-2a cells. The three images are the same section showing the red channel in (c), the blue channel in (¢/), and
both channels in (¢”). Scale bar, 20 um. (d, d’) Immunohistochemical detection of human ZNF106 shows strong
nucleolar expression in human motor neurons in the anterior horn of spinal cord. The two images are from
different post-mortem individuals. Arrowheads mark nucleolar ZNF106 expression; arrows mark other nuclear and
perinucleolar foci of ZNF106 expression. Scale bar, 25 um.

DOI: 10.7554/¢elife.19032.003

The following figure supplement is available for figure 1:

Figure supplement 1. Zfp106 binds specifically to rtGGGGCC repeats.
DOI: 10.7554/elife.19032.004
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rCUG repeats comprising a MBNL1 binding site (Figure 1—figure supplement 1a). Likewise,
MBNL1, an unrelated RNA-binding protein involved in myotonic dystrophy (Miller et al., 2000),
bound efficiently and specifically to rCUG repeats under conditions in which Zfp106 showed no
binding to the same rCUG sequence (Figure 1—figure supplement 1b) and, as previously
described (Reddy et al., 2013), was not able to bind GGGGCC repeats (Figure 1—figure supple-
ment 1a). Together, these data demonstrate that Zfp106 binds efficiently and specifically to
GGGGCC RNA repeats.

Patients with C9orf72 ALS show evidence of post-mortem nucleolar stress (Haeusler et al.,
2014). Interestingly, in cultured Neuro-2a neuronal cells, Zfp106 was primarily present in the nucleo-
lus and in other discrete nuclear puncta (Figure 1c). Likewise, in lower motor neurons from post-
mortem human spinal cord samples, ZNF106 was primarily observed in the nucleolus (Figure 1d,d’)
and also showed occasional localization in other puncta in the nucleus outside of the nucleolus
(Figure 1d'). The localization of Zfp106 to the nucleolus is in accordance with previous studies show-
ing that Zfp106 is predominantly located in the nucleolus of C2C12 myoblast cells (Grasberger and
Bell, 2005), and taken together, the results presented in Figure 1 support a possible role for Zfp106
in the biology of C90rf72 neurodegeneration.

As noted above, previous studies have demonstrated a requirement for Zfp106 in neuromuscular
function in mice. Abnormal skeletal morphology in Zfp 106t '2€OMPIWEsih o mozygous mice was briefly
reported as part of a large-scale phenotypic screen of genetically modified mice by the Sanger
Mouse Genetics Project (van der Weyden et al., 2011). More recently, more extensive phenotypic
studies demonstrated progressive neuromuscular disease in the absence of Zfp106 gene function
(Anderson et al., 2016; Joyce et al., 2016). These studies, combined with the interaction of Zfp106
with the C%orf72 hexanucleotide repeat sequence, prompted us to examine Zfp106 knockout mice
in additional detail and to determine whether the observed defects were autonomous to motor neu-
rons. Therefore, we obtained the previously described Zfp106™'2(KOMPWsiice from the KOMP
knockout consortium (van der Weyden et al., 2011) and generated the presumptive null allele
(Zfp106'*%; also referred to herein as Zfp106-null or Zfp106~/7) using a universal germline deleter
transgenic mouse line (Ehlers et al., 2014).

Consistent with published studies, we found that loss of Zfp106 function caused a progressive
neuromuscular phenotype. Zfp106-null mice were born at normal Mendelian frequency and were
indistinguishable from control mice until approximately 4 weeks of age, when 100% of knockout
mice began to exhibit evidence of a wasting disease and loss of muscle strength (Figure 2—figure
supplement 1; Video 1). Transverse sections of the quadriceps from 4-week-old Zfp106-null mice
showed increased variation in fiber size and evidence of grouped atrophy with very few centrally
located nuclei (Figure 2a,b), consistent with neurogenic rather than myopathic disease (Baloh et al.,
2007). By three months of age, near end stage
disease, Zfp106-null mice displayed extensive
muscular atrophy and severe degeneration of
muscle fibers (Figure 2¢,d). The number of cho-
line acetyltransferase (ChAT)-positive motor neu-
rons was also profoundly and significantly
reduced in Zfp106 knockout spinal cords com-
pared to littermate control mice (Figure 2e-i),
providing further evidence that loss of Zfp106 in
mice causes a neurodegenerative phenotype.
Independently, we confirmed the knockout phe-
notype observed with the KOMP allele (van der
Weyden et al., 2011) using CRISPR-mediated Video 1. Zfp106-null mice exhibit a severe progressive
gene disruption by non-homologous end joining neurodegenerative phenotype. 'The video shows a
(NHEJ) and creation of a frameshift mutation Zfp106 knockout mouse and a ||tterm§te control at 10

. weeks of age. The Zfp106 knockout displays abnormal
leading to a premature stop codon. The CRISPR- . o ) .
. ) . gait due to hind limb paralysis, severe kyphosis,
generated mutation resulted in an essentially

: ) ) . ) wasting, and persistent hind limb clasping at tail
identical wasting and histological phenotype suspension. The wild type mouse displays normal gait
(data not shown).

and normal extension of the hind limbs away from the

To gain insight into the cell autonomous
requirements for Zfp106, we used the KOMP

abdomen during the tail suspension test.
DOI: 10.7554/eLife.19032.010
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Figure 2. Zfp106 loss-of-function causes a severe neuromuscular phenotype in mice. (a-h) Evidence of profound neuromuscular pathology in Zfp106-
null mice. H&E stained sections of quadriceps muscles (a—d) from 4-week old and 12-week old wild type (a, ¢) and Zfp106 knockout (b, d) mice are
shown. Note the presence of grouped small angular fibers in knockout mice (dashed circle), already clearly evident by 4-weeks of age (b, arrowheads)
compared to the rounder, more evenly-shaped fibers in controls (a). By 12-weeks (end stage disease), Zfp106 knockout mice have profound pathology
and the presence of atrophic and degenerated muscle fibers with numerous inclusions (d, asterisks). Scale bar, 100 um. ChAT immunohistochemical
staining (e-h) of lumbar spinal cord sections from 8-week old wild type (e, g) and Zfp106 knockout (f, h) mice show a drastic reduction in the number of
ChAT+ motor neurons. Arrowheads mark ChAT-expressing motor neurons in the ventral horn. Scale bar, 200 pm in all panels. (i) Quantification of
ChAT-positive neurons in the lumbar spinal cord of wild type and Zfp106 knockout mice at 8 weeks of age shows a ~ 47% loss of motor neurons in
Zfp106 knockout mice. n = 5 mice for each genotype. Data are expressed as percent of control + SD and were analyzed by t-test. ***p<0.001. (j)
Schematic of the HB9-3x FLAG-2x STREP-Zfp106-IRES-gfp (HB9-Zfp106) transgene. (k, I, m) Transgenic expression of Zfp106 in motor neurons
suppresses the wasting phenotype (k), the reduction in grip strength (I) and the loss of lumbar spinal cord motor neurons (m) in Zfp 106 knockout mice.
Wasting data are expressed as the mean weight = SEM. Grip strength data are expressed as the mean grip score + SD; grip score: 1, 1-10's; 2, 11-25s;
3,26-60s; 4, 61-90 s; 5, > 90 s. ChAT-positive neuron counts are expressed as percent of control + SD. n = 5 female mice at 8 weeks of age for each
genotype. Data were analyzed by one-way ANOVA and Bonferroni's Multiple Comparison Test. *p<0.05; ***p<0.001, ****p<0.0001.

DOI: 10.7554/eLife.19032.005

The following figure supplements are available for figure 2:

Figure supplement 1. Zfp 106 knockout mice exhibit progressive and severe weight and grip strength loss over time.

DOI: 10.7554/eLife.19032.006

Figure supplement 2. Zfp106 is expressed in skeletal muscle and motor neurons.

DOI: 10.7554/eLife.19032.007

Figure supplement 3. Expression of Zfp106 in wild type, knockout and HB9-Zfp 106 transgenic mice.

DOI: 10.7554/eLife.19032.008

Figure supplement 4. Rescue of ChAT+ motor neuron loss by restoration of Zfp106 to motor neurons in Zfp 106 knockout mice.

DOI: 10.7554/eLife.19032.009

lacZ knock-in allele (van der Weyden et al., 2011) to examine Zfp106 expression using B-galactosi-
dase activity as a sensitive method for detecting expression. This approach showed Zfp106 expres-
sion in both skeletal muscle and motor neurons (Figure 2—figure supplement 2a,b). Given the
multiple lines of evidence for a role of Zfp106 in neurodegeneration, and the evident denervation
observed in the knockout mice, we hypothesized that the primary requirement for Zfp106 was likely
to be in motor neurons. We confirmed a highly significant and dramatic reduction in Zfp106 expres-
sion in spinal cord (Figure 2—figure supplement 3a). The ~80% reduction in Zfp106 expression is
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Figure 3. Zfp106 interacts with a network of other ALS-associated RNA-binding proteins. (a) Network representation of the Zfp106 interactome
generated by Cytoscape. Zfp106 (yellow node) interacts with 39 proteins with top 5% MiST score (blue nodes). Curated protein-protein interactions
from the CORUM database are indicated as nodes connected by green lines. (b) Gene Ontology (GO) Biological Process analysis of the Zfp106
interactome ranked by p value. The number of interacting proteins (top 5% by MiST score) in each category is indicated inside each bar. (c) Selected
ALS-associated proteins within the top 5% MiST-scoring hits from the Zfp106 interactome are listed with putative functions associated with the

pathobiology of ALS indicated.
DOI: 10.7554/eLife.19032.011

The following figure supplement is available for figure 3:

Figure supplement 1. Zfp106 interacts with TDP43 and Nup107 in Neuro-2a cells.

DOI: 10.7554/eLife.19032.012

consistent with previous studies (Anderson et al., 2016; Joyce et al., 2016). Therefore, we used a
transgenic approach in mice to restore Zfp106 expression only in motor neurons under the control
of the Mnx1 promoter (herein called HB9, HB9-Zfp106) on a Zfp106 germline knockout background
(Figure 2j; and Figure 2—figure supplement 3b,c). Importantly, restoration of Zfp106 specifically in
motor neurons significantly suppressed the Zfp106 knockout wasting and muscle grip phenotypes
and resulted in restoration of the number of ChAT-expressing motor neurons (Figure 2j-m; Fig-
ure 2—figure supplement 4), indicating a cell autonomous requirement for Zfp106 in motor
neurons.

To gain additional insights into the molecular function of Zfp106, we used mass spectrometry to
identify all proteins co-immunoprecipitated by Zfp106 from 293T cells (Figure 3). Several controls
were included in the mass spectrometry experiments, including the DNA-binding factors Etv2 and
MEF2C and the RNA-binding proteins Vif and Tat. The interactomes for each of the controls were
compared to the Zfp106 interactome using the previously described MiST algorithm, which deter-
mines specific interactions based on enrichment, reproducibility, and specificity compared to interac-
tion with the negative controls (Jager et al., 2012). These experiments identified thirty-nine proteins
that specifically interacted with Zfp106 (Figure 3a; Supplementary file 1). Gene ontology (GO) and
protein complex analyses revealed a significant enrichment in interactors with roles in RNA process-
ing, metabolism, and splicing (Figure 3a,b; Supplementary file 2), suggesting that Zfp106 may also
play roles in these processes.

There is growing and compelling genetic and pathological evidence that dysregulated RNA proc-
essing and metabolism contribute to the development of ALS and C%orf72 ALS in particular
(Ling et al., 2013; Prudencio et al., 2015). Interestingly, several of the Zfp106-interacting proteins
identified in our affinity purification-mass spectrometry experiment are proteins directly associated
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Figure 4. Zfp106 suppresses GGGGCC-mediated neurotoxicity in Drosophila. (a) Schematics and Punnett squares
from crosses of UAS-Zfp106; UAS-30R-GFP (left) and UAS-Zfp106; UAS-3R-GFP (right) transgenic flies to OK371-
GAL4 flies. The Punnett squares show the number of flies that eclosed from the indicated crosses and show that
expression of 30R-GFP resulted in failure of ~50% of flies to eclose (25 actual versus 54.5 predicted); this defect
was completely suppressed by co-expression of Zfp106. The Chi-square test (x%) was used to determine the
significance of the differences between the observed and expected frequencies of the expected genotypes. (b)
Locomotor activity of 28-day post-eclosion flies of the indicated genotypes assessed by rapid iterative negative
geotaxis (RING) assay. Data are presented as the mean height climbed + SEM. A two-way ANOVA analysis of the
locomotor data revealed a significant effect of repeat expression (p<0.0001) and Zfp106 expression (p<0.01) on
locomotor activity, with a significant interaction between the two factors (p<0.01); i.e. Zfp106 coexpression
significantly suppresses neurotoxicity induced by expression of 30R (p<0.01) by Bonferroni's posthoc Multiple
Comparison Test. n = 25 male flies for each genotype; ****p<0.0001, **p<0.01. (c, d, e) Representative NMJs of
muscle 6/7 in abdominal segment A3 of third instar larvae of the indicated genotypes co-stained with anti-HRP
(neuronal marker, red channel) and anti-Bruchpilot (Brp) (active zone marker, green channel). Staining of the active
zone component Brp shows that expression of 30R causes a reduction in Brp-positive active zones [arrowheads in
(d) compared to control in c]. Coexpression of Zfp106 suppressed the reduction in Brp-positive active zones
caused by 30R [arrowheads in e compared to d]. (f) Quantification of active zones as total voxel occupancy by Brp
signal at each terminal shows that Zfp106 significantly suppresses the reduction in active zone caused by
expression of 30R. Data were analyzed by one-way ANOVA and Bonferroni’s Multiple Comparison Test.
***5<0.001, ****p<0.0001.

DOI: 10.7554/elife.19032.013

The following figure supplement is available for figure 4:

Figure supplement 1. GAL4-dependent expression of Zfp106 in Drosophila does not affect 30R-gfo mRNA levels.
DOI: 10.7554/elife.19032.014
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with ALS and/or C9%orf72 ALS, including splicing factors TDP-43 and FUS, the nucleolar protein
Nucleolin, and the nuclear pore component Nup107 (Freibaum et al., 2015; Haeusler et al., 2014;
Lagier-Tourenne et al., 2010; Ling et al., 2013); Figure 3c; Supplementary file 1). We further
examined the interaction of Zfp106 with TDP-43 and Nup107, as examples of interacting proteins,
by anti-Flag-Zfp106 immunoprecipitation followed by western blot for TDP43 and Nup107 in Neuro-
2a cells (Figure 3—figure supplement 1). These experiments confirmed and validated the interac-
tion with these other ALS-associated proteins and support the notion that Zfp106 is part of an RNA
metabolic pathway (or pathways) that when dysregulated leads to neurodegeneration.

Prior studies have used Drosophila as an in vivo gain-of-function model of C9orf72 neurodegener-
ation (Freibaum et al., 2015; Tran et al., 2015; Xu et al., 2013; Zhang et al., 2015). Here, we used
the GAL4-UAS system to coexpress mouse Zfp106 and GGGGCC repeats in the fly in a gain-of-func-
tion approach to determine if the interaction between Zfp106 and GGGGCC repeats had a func-
tional consequence in this model (Figure 4; Figure 4—figure supplement 1a). Expression of 30
tandem copies of the GGGGCC hexanucleotide in the 5-untranslated region of a UAS-dependent
gfp transcript (30R-GFP) in glutamatergic neurons using OK371-GAL4 (Mahr and Aberle, 2006)
caused ~50% lethality due to an apparent failure of flies to eclose from the pupal case (Figure 4a).
Furthermore, 28 day-old OK371; 30R-GFP-expressing flies that did manage to successfully eclose
exhibited profound defects in locomotor activity compared to control flies (Figure 4b). No overt
eclosion or locomotor phenotype was observed in flies expressing GFP only, 3R-GFP, or Zfp106
alone in glutamatergic neurons (Figure 4a,b). Previous studies have also shown that expression of
30R-GFP causes a reduction in the number of active zones in Drosophila larval neuromuscular junc-
tions (Zhang et al., 2015). Consistent with those studies, we found that expression of 30R-GFP
reduced active zones as measured by anti-Bruchpilot (Brp) immunofluorescence and quantification
(Figure 4c—f). Remarkably, co-expression of Zfp106 with 30R-GFP restored Brp expression at larval
active zones (Figure 4c—f) and completely suppressed the ~50% lethality caused by expression of
30R-GFP (Figure 4a). Moreover, co-expression of Zfp106 partially suppressed the adult locomotor
defect caused by expression of 30R-GFP (Figure 4b). Importantly, co-expression of Zfp106 did not
result in a reduction in the expression of 30R-GFP mRNA Figure 4—figure supplement 1b), indicat-
ing that the suppression of the neurotoxic phenotype in Drosophila was not due to dilution of GAL4
protein. Taken together, these data show that Zfp106 is a potent suppressor of neurodegeneration
in a C%orf72 ALS model, and the results from this gain-of-function model support the idea that
Zfp106 functionally interacts with C9orf72 GGGGCC RNA repeats.

The ability of Zfp106 to suppress the neurotoxic gain-of-function effect of rGGGGCC repeats has
important implications for understanding and possibly ameliorating the pathology of C9orf72 ALS.
Previous studies have suggested roles for Zfp106 in rDNA transcription and in pre-rRNA processing
(Ide and Dejardin, 2015, Tafforeau et al., 2013). Zfp106 was also identified as a polyadenylated
mRNA binding protein in an interactome capture study aimed at defining an atlas of mammalian
mRNA binding proteins (Castello et al., 2012). Interestingly, our interactome data also suggest pos-
sible roles for Zfp106 in multiple steps of RNA metabolism and processing and interaction with key
RNA binding proteins involved in various forms of neurodegeneration. Precisely how disrupting
these processes leads to neurodegeneration and exactly how this relates to C%orf72 ALS/FTD
remains to be determined. A simple model is that sequestration of Zfp106 by the expanded repeats
disrupts normal Zfp106 function in patients with C9orf72 ALS in a sponge-like mechanism (Cooper-
Knock et al., 2014; Mizielinska and Isaacs, 2014). Alternatively, one might speculate that Zfp106
plays other functions important in the biology of C%0rf72, such as influencing dipeptide repeat pro-
tein (DPR) production or affecting nucleolar function or nucleocytoplasmic transport via interactions
with Nucleolin or Nup107, which have also been implicated in the pathobiology of C%orf72 ALS
(Boeynaems et al., 2016; Freibaum et al., 2015, Haeusler et al., 2014; Jovici¢ et al., 2015;
Kwon et al., 2014; Zhang et al., 2015). Future studies will address the molecular targets and mech-
anisms of action of Zfp106 in order to gain further insights into the pathogenesis of C9orf72 ALS
and to identify new possible therapeutic targets for neuroprotection.
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Materials and methods

Plasmids

A murine Zfp106 cDNA corresponding to NCBI accession number XM_006499044.2 and a murine
Mbnl1 cDNA corresponding to NCBI accession number NM_020007.4 were cloned by PCR from an
E13.5 embryonic heart cDNA library; the amplified cDNAs were subcloned into mammalian expres-
sion plasmid pcDNA4/TO (Invitrogen, Carlsbad, CA) modified to include N-terminal 3xFLAG-
2xSTREP tags. The 3xFLAG-2xSTREP-Zfp106 cassette was subsequently subcloned into the EcoRI/
Xhol sites of pUAST (Brand and Perrimon, 1993; Flybase ID FBmc0000383) for subsequent genera-
tion of transgenic flies, and into the Agel/Spel sites of HB9-MCS-IRES-EGFP (Addgene plasmid
#16283) for generation of motor neuron-specific HB9-Zfp 106 transgenic mice.

Mice, flies, and cells

The Zfp106* allele was generated by CRISPR-mediated genome editing (Wang et al., 2013). 5'-
atattgtgccacatcgtgtatgg-3' and 5'-tttttgagccatacacgatgtgg-3' sgRNAs, which target exon 1
(ENSMUSEO00001311370) of mouse Zfp106, were transcribed in vitro using the MEGAshortscript T7
kit (Life Technologies, AM1354) and were purified using the MEGAclear kit (Life Technologies,
AM1908). Purified sgRNAs and in vitro-transcribed Cas? mRNA were co-injected into the cytoplasm
of fertilized mouse oocytes using standard transgenic technology as described previously (De Val
et al., 2004). Two independent FO founders were independently outcrossed to wild-type mice, and
F1 offspring were used for subsequent Zfp106* intercrosses.

The mouse strain Zfp106™'2(KOMPWisi (RRID:IMSR_KOMP:CSD26348-1a-Wtsi) was generated
from ES cell clone EPD0033_4_C03, obtained from the NCRR-NIH supported KOMP Repository
(www.komp.org) and generated by the CSD consortium for the NIH funded Knockout Mouse Project
(KOMP). The targeted allele contains a promoterless LacZ-Neo cassette, which also contains an En2
splicing acceptor (En2 SA) and polyadenylation signal (pA), flanked by FRT sites; the targeted allele
also has loxP sites flanking exon 2 (Testa et al., 2004; ENSMUSE00000454975). To
generate Zfp1062“/* mice, male Zfp106/<2°/* mice were crossed to female Mef2c-AHF-Cre mice
(Verzi et al., 2005); RRID:MMRRC_030262-UNC). When crossed from the female, Mef2¢c-AHF-Cre
functions as a universal deleter line due to Cre expression in the female germline, resulting in Cre-
dependent recombination in all cells in all offspring (Ehlers et al., 2014).

Transgenic HB9-3x FLAG-2x STREP-Zfp106-IRES-egfp (HB9-Zfp106) mice expressing Zfp106 in
motor neurons under the control of the promoter of the Mnx1 gene (herein called HB9), were gener-
ated by standard pronuclear injection of the HB9-3xFLAG-2x STREP-Zfp106-IRES-EGFP plasmid lin-
earized by Xhol digestion. Injected embryos were implanted into pseudo-pregnant females, and FO
founders were screened by PCR. Grip strength was measured by Kondziella inverted screen test
(Deacon, 2013; Kondziella, 1964).

Genotyping of mutant and transgenic mice was performed by PCR on genomic DNA isolated
from tail biopsies using the following primers: Zfp106*, 5'-caggaggctgtgctgtgata-3' and 5'-attctag-
gactgggaggcaga-3’; Zfp1062% and Zfp106/21°% 5'-cccectgaacctgaaacata-3' and  5'-gaaagtce-
cagctgcaagac-3' for the mutant allele and 5'-tgaatcagctcgtaaacggac-3’ and 5'-
atgaccgctcaaatcgatcaa-3' for the wild type allele; HB9-3x FLAG-2x STREP-Zfp106-IRES-egfp, 5'-
aagttcatctgcaccaccg-3’ and 5'-tccttgaagaagatggtgeg-3'.

UAS-GFP, UAS-3R-GFP and UAS-30R-GFP transgenic Drosophila melanogaster lines were a gen-
erous gift of Peng Jin (Emory University) and have been described previously (Xu et al., 2013).
GMR-GAL4 (FBst0008605) and OK371-GAL4 (FBst0026160) lines were obtained from the Blooming-
ton Stock Center. UAS-3xFLAG-2xSTREP-Zfp106 (UAS-Zfp106) transgenic D. melanogaster were
generated by standard w+ P-element-mediated transgenesis (Brand and Perrimon, 1993) on a
w8 background (BestGene, Inc.). Flies were maintained at 23°C, unless otherwise indicated. For
western blot detection of the Zfp106 transgene, flies were shifted to 30°C for 3 days prior to remov-
ing heads for protein extraction to induce higher expression of GAL4 from GMR-GALA4.

Mouse Neuro-2a (ATCC, CCL-131; RRID:CVCL_0470) and human HEK293T cells (ATCC, CRL-
3216; RRID:CVCL_0063) were obtained directly from ATCC and maintained in Dulbecco’s modified
Eagle medium supplemented with 10% fetal bovine serum (FBS, Gibco, Waltham, MA) and penicil-
lin-streptomycin (Gibco). All cell lines were routinely tested for Mycoplasma contamination with the
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MycoAlert PLUS Mycoplasma Detection Kit (Lonza, Switzerland, LT07-705) and found to be
negative.

Biotinylated-RNA pull-down of nuclear proteins

Biotinylated-RNA pull-down of nuclear proteins was performed as previously described with modifi-
cations (Marin-Bejar and Huarte, 2015). 100 pmol of ssRNA oligomer [either (GGGGCC)g or r-
(AAAACC)g] biotinylated at the 3’ end (Integrated DNA Technologies, Inc.) were incubated with
50 ul of pre-washed Nucleic Acid Compatible Streptavidin Magnetic Beads (Pierce Magnetic RNA-
Protein Pull-Down kit, cat. n. 20164) in RNA capture buffer (20 mM Tris, pH 7.5; 1 M NaCl; 1 mM
EDTA) for 30 min on a rotary shaker. The beads were washed twice in 20 mM Tris at 4°C for 5 min
each and then incubated with nuclear extract for 4 hr at 4°C. Approximately 1 x 10’ Neuro-2a cells
were detached from cell culture dishes when they were approximately 80% confluent with 10 mM
EDTA in PBS, incubated in Harvest Buffer (10 mM HEPES, pH 7.9; 50 mM NaCl; 0.5 M sucrose; 0.1
mM EDTA; 0.5% NP-40) for 10 min on ice. Nuclei were pelleted by centrifugation at 4500 x g for 10
min at 4°C, washed for 5 min in buffer A (10 mM HEPES, pH 7.9; 10 mM KCI; 0.1 mM EDTA; 0.1
mM EGTA), centrifuged again at 4500 x g for 5 min at 4°C and lysed in IP buffer (50 mM Tris,
pH7.4; 150 mM NaCl; 1 mM EDTA) plus 0.5% NP-40. Complete protease inhibitor and PhosSTOP
phosphatase inhibitor (Roche) were added to all buffers. After incubation with the nuclear extracts,
beads were washed 3x in IP buffer plus 0.05% NP-40, and then 1x in IP buffer without NP-40. Co-
precipitated proteins were eluted from bound biotinylated RNAs in 45 ul 50 mM Tris-Cl, pH7.4; 150
mM NaCl; 1 mM EDTA plus 0.05% RapiGest (Waters Corp., Milford, MA). Precipitated proteins
were then detected by mass spectrometry or western blot.

RNA EMSA

100 pmol of r(GGGGCC), or r(CUG)g single-stranded RNA (Integrated DNA Technologies, Inc.)
were 5-end labeled with [7-32P]ATP and T4 Polynucleotide Kinase (New England Biolabs) as previ-
ously described (Rio, 2014). Unincorporated radioactivity was removed using lllustra MicroSpin
G-25 Columns (GE Healthcare Life Sciences, UK). RNA EMSA was then performed as previously
described (Rio, 2014) by incubating the labeled RNA (100,000 cpm) with purified Zfp106 or MBNL1
protein for 30 min at room temperature in 1x binding buffer (40 mM Tris-Cl, pH 8.0; 30 mM KClI; 1
mM MgCly,; 0.01% NP-40; 1 mM DTT; 5% glycerol; 10 ug/ml bovine serum albumin). The RNA-pro-
tein mixtures were then electrophoresed in 6% acrylamide-TBE gels. Gels were dried and exposed
to X-ray film for analysis. For the competition experiments, the purified proteins were preincubated
for 10 min at room temperature with 30-fold molar excess of the following unlabeled single-
stranded RNAs: r(GGGGCC),;, r(AAAACC),;, r(CUG)s, or a mutated (mut) GGGGCC repeat
sequence, (GAGGCCGGGACCGAGACCGAGGCCQ).

Histology, immunohistochemistry, and immunofluorescence

Skeletal muscles were isolated from sex- and age-matched mice, mounted on cork discs with 10%
tragacanth gum (Sigma) and immediately frozen in liquid nitrogen-cooled isopentane. Frozen
muscles were then cryosectioned at a thickness of 10 um and stained with hematoxylin and eosin as
previously described (Verzi et al., 2005). For X-gal staining, cryosections were fixed in ice cold 4%
formaldehyde, 0.5% glutaraldehyde in PBS for 2 min and then stained as previously described
(Verzi et al., 2005). Spinal cords were dissected from mice perfused with 4% PFA, additionally post-
fixed with 4% PFA overnight, equilibrated with 30% sucrose in PBS and embedded in OCT. Immu-
nostaining for choline acetyltransferase (ChAT) was performed on 40 um free-floating cryostat sec-
tions as described previously (Qiu et al., 2014) with goat anti-ChAT antibody (1:300; Millipore,
AB144P; RRID:AB_2079751) and biotinylated rabbit anti-goat (1:200; Vector Laboratories, BA-5000;
RRID:AB_2336126) as secondary antibody, followed by diaminobenzidine immunoperoxidase devel-
opment using the Vectastain Elite ABC kit (Vector Laboratories, PK-6105) and the DAB substrate kit
for peroxidase (Vector Laboratories, SK-4100).

Post-mortem human spinal cord tissue was obtained from the UCSF Neurodegenerative Disease
Brain Bank (NDBB). Formalin fixed paraffin-embedded tissue blocks were cut into 10 um-thick sec-
tions. Tissue sections were subjected to antigen retrieval by autoclaving at 120°C for 5 min in 0.1M
citrate buffer, pH 6.0. Immunohistochemistry was performed with rabbit anti-Zfp106 (1:500; Bethyl,

Celona et al. eLife 2017;6:e19032. DOI: 10.7554/eLife.19032 10 of 17


https://scicrunch.org/resolver/AB_2079751
https://scicrunch.org/resolver/AB_2336126
http://dx.doi.org/10.7554/eLife.19032

LI FE Neuroscience

A301-526A; RRID:AB_999690). Following immunostaining, digital images were captured using a
high resolution digital camera (Nikon DS-U2/L2) mounted on a Nikon Eclipse80i microscope using
NIS-Elements (Version 3.22, Nikon) imaging software. Mouse spinal cords were dissected and then
fixed in 2% paraformaldehyde overnight at 4°C, embedded in paraffin and then sectioned at 20 um
for subsequent immunofluorescence analyses. Neuro-2a cells were grown on coverslips and fixed
with 4% PFA for 10 min. Immunofluorescence was performed as described previously
(Anderson et al., 2004) with the following antibodies: mouse anti-NeuN (1:500; Millipore, MAB377,
RRID:AB_177621), chicken anti-B-gal (1:500; Aves, BGL1040; RRID:AB_2313507), rabbit anti-Zfp106
(1:100; Bethyl, A301-527A; RRID:AB_999691). Alexa Fluor 594 goat anti-chicken (1:500; Molecular
Probes A11042; RRID:AB_142803), Alexa Fluor 488 donkey anti-mouse (1:500; Molecular Probes
A21202; RRID:AB_141607), and Alexa Fluor 594 donkey anti-rabbit (1:500; Molecular Probes
A21207 RRID:AB_141637) were used as secondary antibodies. The slides were counterstained and
mounted with SlowFade Gold antifade reagent with DAPI (Life Technologies, Waltham, MA). Confo-
cal images were acquired with a Leica TCS SPE laser scanning confocal system.

Coimmunoprecipitation and western blot
For coimmunoprecipitation, Neuro-2a cells were transfected with 7 ug of 3xFLAG-2xSTREP-Zfp106
or 3xFLAG-2xSTREP parental vector per 55 cm? plate by using GenJet in vitro DNA Transfection
Reagent for Neuro-2A Cells, according to the manufacturer’'s recommendations (Signagen, Rockville,
MD). Cells were lysed in Benzonase Lysis Buffer [20 mM Tris-HCI (pH 7.5), 40 mM NaCl, 2 mM
MgCly, 0.5% NP-40 and Complete EDTA-free protease inhibitor (Roche, Switzerland)] with the addi-
tion of 100 U/ml benzonase (Novagen, Germany) to digest nucleic acids. After incubation for 30 min
on ice, NaCl concentration was increased to 150 mM and the lysates were further incubated with
agitation for 30 min at 4°C. After clearing, the lysates were incubated with pre-washed anti-FLAG
(M2)-conjugated magnetic beads (Sigma, St. Louis, MO, M8823) for 4 hr at 4°C. The beads were
then washed five times with IP Buffer with 0.05% NP40, before incubation at 70°C for 10 min in 2x
NuPAGE Sample Buffer (ThermoFisher Scientific, Waltham, MA, NPO0007) supplemented with
NuPAGE Sample Reducing Agent (ThermoFisher Scientific, NPO004) to release coimmunprecipitated
proteins. Samples were then subjected to SDS-PAGE and western blot using standard procedures.
For western blot to detect Zfp106 in transgenic D. melanogaster, heads from 40 Gmr-Gal4, UAS-
3xFLAG-2xSTREP-Zfp106, and Gmr-Gal4;UAS-3x FLAG-2x STREP-Zfp106 flies were removed and
homogenized in RIPA buffer (50 mM Tris-Cl, pH 7.4; 150 mM NaCl; 2 mM EDTA; 1% NP-40; 0.2%
SDS) with a Dounce homogenizer (Wheaton, Millville, NJ). Homogenates were cleared by centrifuga-
tion, and total protein content was quantified with the Bio-Rad Protein Assay kit (Bio-Rad, 5000002).
An equivalent amount of total protein for each sample was subjected to SDS-PAGE and western
blot using standard procedures. The following antibodies were used for western blot: rabbit anti-
Zfp106 (1:1000; Bethyl, A301-527A; RRID:AB_999691); mouse anti-FLAG (1:1,000; Sigma, F3165
(clone M2); RRID:AB_439685), mouse anti-actin (1:500; Developmental Studies Hybridoma Bank,
JLA20; RRID:AB_528068), rabbit anti-TDP-43 (1:1000; Proteintech, 12892—-1-AP; RRID:AB_2200505)
and rabbit anti-Nup107 (1:1000; Proteintech, 19217-1-AP; RRID:AB_10597702).

RT-qPCR

For RT-gPCR, total RNA was extracted from lumbar spinal cord from mice or from 20 flies per geno-
type using Trizol (Invitrogen). RNA was treated for 1 hr at 37°C with DNasel, followed by cDNA syn-
thesis using the Omniscript RT kit (Qiagen). gPCR was performed using the MAXIMA SYBR Green
kit (Thermo Scientific) and a 7900HT Fast Real Time PCR System (Applied Biosystems). The SDS 2.4
software package was used to extract raw qPCR data. Data were normalized to housekeeping genes
by the 244" method. The following primers were used for qPCR in mice: primers 5'-atttggcgttgtg-
gatcact-3' and 5'-gcgttcaatatgtcctgcaa-3' for amplification of Zfp106 exon 21-22 and 5'-accacagtc-
catgccatcac-3' and 5'-tccaccaccctgttgcetgta-3' for amplification of gapdh. The following primers were
used for gPCR in flies: 5'-gcgcggttactctttcacca-3' and 5'- atgtcacggacgatttcacg-3' for actin, and 5'-
gcacgacttcttcaagtccgecatgece-3' and 5'-gcggatcttgaagttcaccttgatgece-3’ for egfp.
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Protein purification, mass spectrometry, and analysis of Zfp106-
interacting proteins

HEK293T cells were transfected with 20 ug of 3xFLAG-2xSTREP-Zfp106 or 5 ng of 3xFLAG-
2xSTREP-MBNL1 plasmid per 150 cm? plate by using PolyJet DNA In Vitro Transfection Reagent,
according to the manufacturer’s recommendations (Signagen). For RNA EMSA, Zfp106 and MBNL1
were purified from HEK293T total cellular lysates using the Strep-Tag system (Schmidt and Skerra,
2007), with Strep-Tactin Sepharose (IBA, catalog #2-1201-010), according to the manufacturer’s pro-
tocol. 0.1% Triton X-100 was added to all buffers for cell lysis and chromatography to enrich for puri-
fied proteins. Eluted fractions were analyzed by SDS-PAGE stained with Coomassie brilliant blue.
Comparable amounts of Zfp106 and MBNL1 were used in RNA EMSA. A parallel purification from
HEK293T cells transfected with the 3xFLAG-2xSTREP parental vector was performed and the corre-
sponding fractions in which Zfp106 and MBNL1 were eluted were used in RNA EMSA as a negative
control.

Affinity purification of Zfp106 for identification of interacting proteins by mass spectrometry was
performed as previously described (Jager et al., 2012). Briefly, cleared nuclear extracts from
HEK293T cells were prepared as described above (Biotinylated-RNA pull-down section) with the
introduction of a benzonase digestion step to digest nucleic acids (100 U/ml for 30 min in the pres-
ence of T mM MgCl,) and incubated with pre-washed anti-FLAG(M2)-conjugated magnetic beads
(Sigma, M8823) for 2 hr at 4°C. Following purification, complexes bound to beads were washed and
then eluted in IP buffer containing 100 ug/ml 3xFLAG peptide (Elim Biopharm) and 0.05% RapiGest
(Waters Corp.). To analyze proteins by liquid chromatography-mass spectrometry (LC-MS/MS), the
eluates were digested with trypsin, and the peptides were analyzed on a Velos Pro mass spectrome-
try system (Thermo Scientific). Peptides were matched to protein sequences by the Protein Prospec-
tor Algorithm (RRID:SCR_014558), and data were searched against a database containing SwissProt
human protein sequences (UniProt Consortium, 2015; UniProtKB, RRID:SCR_004426; http://www.
uniprot.org). Parallel FLAG-affinity purifications were performed on untransfected HEK293T cells and
HEK293T cells transfected with 3xFLAG-2xSTREP tag only, GFP-3xFLAG-2xSTREP or the following
3xFLAG-2xSTREP-tagged proteins: Vif, Tat, MEF2C, Myocardin, and Etv2. The bait-prey datasets
were analyzed with the APMS scoring algorithm MiST (Jager et al., 2012), and an in-house curated
APMS dataset used for determining machine background noise. The MiST algorithm compares peak
intensities from the mass spectrum to determine abundance, reproducibility across multiple repli-
cated experiments (n = 5 for each condition), and specificity based on the uniqueness of each inter-
action, and then these three metrics are used to determine a composite score by the algorithm
(Jager et al., 2012). The Zfp106 interactome was compiled by selecting bait-prey pairs with a top
5% MIST score. Enrichment analysis for GO biological process terms overrepresented in the interac-
tome was performed on the Gene Ontology Consortium website (Gene Ontology Consortium,
2015; RRID:SCR_002811; http://www.geneontology.org). The top 5% MiST hits were visualized as
network representation using Cytoscape (Cline et al., 2007; RRID:SCR_003032). Protein complex
analysis was performed using the manually curated CORUM protein complex database
(Ruepp et al., 2008; RRID:SCR_002254; http://mips.helmholtz-muenchen.de/corum/).

Drosophila larval immunofluorescence and quantification of active
zonhes

For analysis of neuromuscular junction (NMJ) phenotypes in Drosophila, wandering third instar larvae
were dissected as previously described (Smith and Taylor, 2011). Dissected larvae were fixed in
3.7% formaldehyde in PBS for 20 min, washed in PBT (PBS with 0.4% Triton X-100) and blocked with
10% normal goat serum for 1 hr at room temperature. The larvae were then incubated overnight at
4°C with mouse anti-Brp antibody (1:50; Developmental Studies Hybridoma Bank, nc82; RRID:AB_
2314865) to label the active zones and Cy3 goat anti-HRP (1:200; Jackson ImmunoResearch, 123-
165-021; RRID:AB_2338959) to label the NMJ membrane and axons. Next, samples were washed in
PBT and incubated with Alexa Fluor 488 goat anti-mouse (1:200; Molecular Probes, A11001; RRID:
AB_2534069) in PBT + 10% normal goat serum at room temperature for 2 hr. Multiple confocal
stacks were acquired using a point scanning confocal microscope (Leica TCS SPE) and then proc-
essed using the DeadEasy Synapse ImageJ plugin (Sutcliffe et al., 2013), which provides total voxel
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occupancy by Brp signal at each nerve terminal. Brp signal was quantified at muscle 6/7 NMJs from
abdominal segment A3.

Rapid iterative negative geotaxis (RING) assay

Locomotor activity in 28-day post-eclosion flies was assayed by the Rapid Iterative Negative Geo-
taxis (RING) assay, as previously described (Gargano et al., 2005; Nichols et al., 2012). Briefly, 25
flies for each genotype were transferred without anesthetizing in polystyrene vials assembled in a
RING apparatus. The RING apparatus was sharply tapped down three times and negative geotaxis
was recorded on video for six trials for each genotype. The average height climbed at 3 s after com-
pletion of the third tap was scored for each genotype.

Statistical analyses

Statistical analyses were performed using GraphPad Prism 5.0 (GraphPad Software; RRID:SCR_
002798). Data were analyzed by one-way or two-way ANOVA followed by Bonferroni’'s Multiple
Comparison Test or by t-test.

Acknowledgements

We thank Peng Jin, Grae Davis, Biao Wang, and Fen-Biao Gao for reagents, Prasanth Rao, Ajay
Chawla, and Rahul Deo for helpful discussions, Jianxin Hu and Reuben Thomas for assistance with
sequence analysis and Shan-Mei Xu for technical assistance.

Additional information

Funding
Funder Grant reference number  Author
American Heart Association 14POST1862005 Barbara Celona
Sandler Foundation UCSF PBBR 7027701 Barbara Celona
National Institutes of Health HL064658 Brian L Black
National Institutes of Health HL089707 Brian L Black
Amyotrophic Lateral Sclerosis  17-1IP-358 Brian L Black
Association
National Institutes of Health PO1AG019724 Bruce L Miller
William W Seeley
National Institutes of Health P50AG023501 Bruce L Miller

William W Seeley

The funders had no role in study design, data collection and interpretation, or the decision to
submit the work for publication.

Author contributions

BC, Conceptualization, Formal analysis, Validation, Funding acquisition, Investigation, Writing—origi-
nal draft, Writing—review and editing, Final approval of the manuscript; JvD, Formal analysis, Inves-
tigation, Writing—original draft, Writing—review and editing, Final approval of the manuscript; SCV,
Conceptualization, Formal analysis, Investigation, Writing—review and editing, Final approval of the
manuscript; RK, JRJ, AAT, Formal analysis, Investigation, Writing—review and editing, Final approval
of the manuscript; AH, Conceptualization, Supervision, Writing—review and editing, Final approval
of the manuscript; BLM, Conceptualization, Funding acquisition, Writing—review and editing, Final
approval of the manuscript; EJH, Conceptualization, Formal analysis, Supervision, Writing—review
and editing, Final approval of the manuscript; NJK, Conceptualization, Formal analysis, Supervision,
Methodology, Writing—original draft, Final approval of the manuscript; WWS, Conceptualization,
Funding acquisition, Investigation, Writing—review and editing, Final approval of the manuscript;
BLB, Conceptualization, Formal analysis, Supervision, Funding acquisition, Investigation, Writing—
original draft, Project administration, Writing—review and editing, Final approval of the manuscript

Celona et al. eLife 2017;6:e19032. DOI: 10.7554/eLife.19032 13 of 17


https://scicrunch.org/resolver/SCR_002798
https://scicrunch.org/resolver/SCR_002798
http://dx.doi.org/10.7554/eLife.19032

LI F E Short report Neuroscience

Author ORCIDs
Brian L Black,( http://orcid.org/0000-0002-6664-8913

Ethics

Animal experimentation: All experiments using vertebrate animals were reviewed and approved by
the University of California, San Francisco Institutional Animal Care and Use Committee (IACUC)
under protocols AN108111 and AN087046, and all animal research complied with all institutional
and federal guidelines.

Additional files

Supplementary files

« Supplementary file 1. Zfp106 interactors identified in HEK293T cells. 39 proteins (indicated by Uni-
prot accession and gene name) identified with 95% confidence based on MiST score by affinity-puri-
fication mass spectrometry of FLAG-Zfp106 in HEK293T cells.

DOI: 10.7554/elLife.19032.015

» Supplementary file 2. Protein complexes overrepresented in the Zfp106 interactome. List of pro-
tein-protein pairs in protein complexes from the CORUM database that are overrepresented in the
Zfp106 interactome. Proteins are indicated by Uniprot accession number and gene name, protein
complexes by CORUM protein complex ID and name.

DOI: 10.7554/elLife.19032.016

References

Anderson DM, Cannavino J, Li H, Anderson KM, Nelson BR, McAnally J, Bezprozvannaya S, Liu Y, Lin W, Liu N,
Bassel-Duby R, Olson EN. 2016. Severe muscle wasting and denervation in mice lacking the RNA-binding
protein ZFP106. PNAS 113:E4494-E4503. doi: 10.1073/pnas. 1608423113, PMID: 27418600

Anderson JP, Dodou E, Heidt AB, De Val SJ, Jaehnig EJ, Greene SB, Olson EN, Black BL. 2004. HRC is a direct
transcriptional target of MEF2 during cardiac, skeletal, and arterial smooth muscle development in vivo.
Molecular and Cellular Biology 24:3757-3768. doi: 10.1128/MCB.24.9.3757-3768.2004, PMID: 15082771

Baloh RH, Rakowicz W, Gardner R, Pestronk A. 2007. Frequent atrophic groups with mixed-type myofibers is
distinctive to motor neuron syndromes. Muscle & Nerve 36:107-110. doi: 10.1002/mus.20755, PMID: 17299742

Boeynaems S, Bogaert E, Michiels E, Gijselinck |, Sieben A, Jovici¢ A, De Baets G, Scheveneels W, Steyaert J,
Cuijt I, Verstrepen KJ, Callaerts P, Rousseau F, Schymkowitz J, Cruts M, Van Broeckhoven C, Van Damme P,
Gitler AD, Robberecht W, Van Den Bosch L. 2016. Drosophila screen connects nuclear transport genes to DPR
pathology in c9ALS/FTD. Scientific Reports 6:20877. doi: 10.1038/srep20877, PMID: 26869068

Brand AH, Perrimon N. 1993. Targeted gene expression as a means of altering cell fates and generating
dominant phenotypes. Development 118:401-415. PMID: 8223268

Castello A, Fischer B, Eichelbaum K, Horos R, Beckmann BM, Strein C, Davey NE, Humphreys DT, Preiss T,
Steinmetz LM, Krijgsveld J, Hentze MW. 2012. Insights into RNA biology from an atlas of mammalian mRNA-
binding proteins. Cell 149:1393-1406. doi: 10.1016/j.cell.2012.04.031, PMID: 22658674

Cline MS, Smoot M, Cerami E, Kuchinsky A, Landys N, Workman C, Christmas R, Avila-Campilo |, Creech M,
Gross B, Hanspers K, Isserlin R, Kelley R, Killcoyne S, Lotia S, Maere S, Morris J, Ono K, Pavlovic V, Pico AR,
et al. 2007. Integration of biological networks and gene expression data using cytoscape. Nature Protocols 2:
2366-2382. doi: 10.1038/nprot.2007.324, PMID: 17947979

Cooper-Knock J, Kirby J, Highley R, Shaw PJ. 2015. The spectrum of C9orf72-mediated neurodegeneration and
amyotrophic lateral sclerosis. Neurotherapeutics 12:326-339. doi: 10.1007/s13311-015-0342-1, PMID: 25731
823

Cooper-Knock J, Walsh MJ, Higginbottom A, Robin Highley J, Dickman MJ, Edbauer D, Ince PG, Wharton SB,
Wilson SA, Kirby J, Hautbergue GM, Shaw PJ. 2014. Sequestration of multiple RNA recognition motif-
containing proteins by C90orf72 repeat expansions. Brain 137:2040-2051. doi: 10.1093/brain/awu120, PMID: 24
866055

De Val S, Anderson JP, Heidt AB, Khiem D, Xu SM, Black BL. 2004. Mef2c is activated directly by Ets
transcription factors through an evolutionarily conserved endothelial cell-specific enhancer. Developmental
Biology 275:424-434. doi: 10.1016/j.ydbio.2004.08.016, PMID: 15501228

Deacon RMJ. 2013. Measuring the strength of mice. Journal of Visualized Experiments 76:€2610. doi: 10.3791/
2610

DelJesus-Hernandez M, Mackenzie IR, Boeve BF, Boxer AL, Baker M, Rutherford NJ, Nicholson AM, Finch NA,
Flynn H, Adamson J, Kouri N, Wojtas A, Sengdy P, Hsiung GY, Karydas A, Seeley WW, Josephs KA, Coppola

Celona et al. eLife 2017;6:e19032. DOI: 10.7554/eLife.19032 14 of 17


http://orcid.org/0000-0002-6664-8913
http://dx.doi.org/10.7554/eLife.19032.015
http://dx.doi.org/10.7554/eLife.19032.016
http://dx.doi.org/10.1073/pnas.1608423113
http://www.ncbi.nlm.nih.gov/pubmed/27418600
http://dx.doi.org/10.1128/MCB.24.9.3757-3768.2004
http://www.ncbi.nlm.nih.gov/pubmed/15082771
http://dx.doi.org/10.1002/mus.20755
http://www.ncbi.nlm.nih.gov/pubmed/17299742
http://dx.doi.org/10.1038/srep20877
http://www.ncbi.nlm.nih.gov/pubmed/26869068
http://www.ncbi.nlm.nih.gov/pubmed/8223268
http://dx.doi.org/10.1016/j.cell.2012.04.031
http://www.ncbi.nlm.nih.gov/pubmed/22658674
http://dx.doi.org/10.1038/nprot.2007.324
http://www.ncbi.nlm.nih.gov/pubmed/17947979
http://dx.doi.org/10.1007/s13311-015-0342-1
http://www.ncbi.nlm.nih.gov/pubmed/25731823
http://www.ncbi.nlm.nih.gov/pubmed/25731823
http://dx.doi.org/10.1093/brain/awu120
http://www.ncbi.nlm.nih.gov/pubmed/24866055
http://www.ncbi.nlm.nih.gov/pubmed/24866055
http://dx.doi.org/10.1016/j.ydbio.2004.08.016
http://www.ncbi.nlm.nih.gov/pubmed/15501228
http://dx.doi.org/10.3791/2610
http://dx.doi.org/10.3791/2610
http://dx.doi.org/10.7554/eLife.19032

LI FE Short report

Neuroscience

G, Geschwind DH, Wszolek ZK, et al. 2011. Expanded GGGGCC hexanucleotide repeat in noncoding region of
C9ORF72 causes chromosome 9p-linked FTD and ALS. Neuron 72:245-256. doi: 10.1016/j.neuron.2011.09.
011, PMID: 21944778

Ehlers ML, Celona B, Black BL. 2014. NFATc1 controls skeletal muscle fiber type and is a negative regulator of
MyoD activity. Cell Reports 8:1639-1648. doi: 10.1016/].celrep.2014.08.035, PMID: 25242327

Freibaum BD, Lu Y, Lopez-Gonzalez R, Kim NC, Almeida S, Lee KH, Badders N, Valentine M, Miller BL, Wong
PC, Petrucelli L, Kim HJ, Gao FB, Taylor JP. 2015. GGGGCC repeat expansion in C9orf72 compromises
nucleocytoplasmic transport. Nature 525:129-133. doi: 10.1038/nature 14974, PMID: 26308899

Gargano JW, Martin |, Bhandari P, Grotewiel MS. 2005. Rapid iterative negative geotaxis (RING): a new method
for assessing age-related locomotor decline in Drosophila. Experimental Gerontology 40:386-395. doi: 10.
1016/j.exger.2005.02.005, PMID: 15919590

Gene Ontology Consortium. 2015. Gene ontology consortium: going forward. Nucleic acids research 43:
D1049-D1056. doi: 10.1093/nar/gku1179, PMID: 25428369

Grasberger H, Bell Gl. 2005. Subcellular recruitment by TSG118 and TSPYL implicates a role for zinc finger
protein 106 in a novel developmental pathway. The International Journal of Biochemistry & Cell Biology 37:
1421-1437. doi: 10.1016/j.biocel.2005.01.013, PMID: 15833274

Haeusler AR, Donnelly CJ, Periz G, Simko EA, Shaw PG, Kim MS, Maragakis NJ, Troncoso JC, Pandey A, Sattler
R, Rothstein JD, Wang J. 2014. C90orf72 nucleotide repeat structures initiate molecular cascades of disease.
Nature 507:195-200. doi: 10.1038/nature13124, PMID: 24598541

Hentati A, Ouahchi K, Pericak-Vance MA, Nijhawan D, Ahmad A, Yang Y, Rimmler J, Hung W, Schlotter B,
Ahmed A, Ben Hamida M, Hentati F, Siddique T. 1998. Linkage of a commoner form of recessive amyotrophic
lateral sclerosis to chromosome 15q15-q22 markers. Neurogenetics 2:55-60. doi: 10.1007/s100480050052,
PMID: 9933301

Ide S, Dejardin J. 2015. End-targeting proteomics of isolated chromatin segments of a mammalian ribosomal
RNA gene promoter. Nature Communications 6:6674. doi: 10.1038/ncomms7674, PMID: 25812914

Jager S, Cimermancic P, Gulbahce N, Johnson JR, McGovern KE, Clarke SC, Shales M, Mercenne G, Pache L, Li
K. 2012. Global landscape of HIV-human protein complexes. Nature 481:365-370. doi: 10.1038/nature 10719

Jovicic A, Mertens J, Boeynaems S, Bogaert E, Chai N, Yamada SB, Paul JW, Sun S, Herdy JR, Bieri G, Kramer
NJ, Gage FH, Van Den Bosch L, Robberecht W, Gitler AD. 2015. Modifiers of C90rf72 dipeptide repeat toxicity
connect nucleocytoplasmic transport defects to FTD/ALS. Nature Neuroscience 18:1226-1229. doi: 10.1038/
nn.4085, PMID: 26308983

Joyce PI, Fratta P, Landman AS, Mcgoldrick P, Wackerhage H, Groves M, Busam BS, Galino J, Corrochano S,
Beskina OA, Esapa C, Ryder E, Carter S, Stewart M, Codner G, Hilton H, Teboul L, Tucker J, Lionikas A, Estabel
J, et al. 2016. Deficiency of the zinc finger protein ZFP106 causes motor and sensory neurodegeneration.
Human Molecular Genetics 25:291-307. doi: 10.1093/hmg/ddv471, PMID: 26604141

Kondziella W. 1964. [A new method for the measurement of muscle relaxation in white mice]. Archives
Internationales De Pharmacodynamie Et De Therapie 152:277-284. PMID: 14265648

Kwon |, Xiang S, Kato M, Wu L, Theodoropoulos P, Wang T, Kim J, Yun J, Xie Y, McKnight SL. 2014. Poly-
dipeptides encoded by the C90rf72 repeats bind nucleoli, impede RNA biogenesis, and kill cells. Science 345:
1139-1145. doi: 10.1126/science.1254917, PMID: 25081482

Lagier-Tourenne C, Polymenidou M, Cleveland DW. 2010. TDP-43 and FUS/TLS: emerging roles in RNA
processing and neurodegeneration. Human Molecular Genetics 19:R46-R64. doi: 10.1093/hmg/ddq137,
PMID: 20400460

Lee YB, Chen HJ, Peres JN, Gomez-Deza J, Attig J, Stalekar M, Troakes C, Nishimura AL, Scotter EL, Vance C,
Adachi Y, Sardone V, Miller JW, Smith BN, Gallo JM, Ule J, Hirth F, Rogelj B, Houart C, Shaw CE. 2013.
Hexanucleotide repeats in ALS/FTD form length-dependent RNA foci, sequester RNA binding proteins, and are
neurotoxic. Cell Reports 5:1178-1186. doi: 10.1016/j.celrep.2013.10.049, PMID: 24290757

Ling SC, Polymenidou M, Cleveland DW. 2013. Converging mechanisms in ALS and FTD: disrupted RNA and
protein homeostasis. Neuron 79:416-438. doi: 10.1016/j.neuron.2013.07.033, PMID: 23931993

Mahr A, Aberle H. 2006. The expression pattern of the Drosophila vesicular glutamate transporter: a marker
protein for motoneurons and glutamatergic centers in the brain. Gene Expression Patterns 6:299-309. doi: 10.
1016/j.modgep.2005.07.006, PMID: 16378756

Majounie E, Renton AE, Mok K, Dopper EG, Waite A, Rollinson S, Chio A, Restagno G, Nicolaou N, Simon-
Sanchez J, van Swieten JC, Abramzon Y, Johnson JO, Sendtner M, Pamphlett R, Orrell RW, Mead S, Sidle KC,
Houlden H, Rohrer JD, et al. 2012. Frequency of the C90rf72 hexanucleotide repeat expansion in patients with
amyotrophic lateral sclerosis and frontotemporal dementia: a cross-sectional study. The Lancet Neurology 11:
323-330. doi: 10.1016/51474-4422(12)70043-1, PMID: 22406228

Marin-Béjar O, Huarte M. 2015. RNA pulldown protocol for in vitro detection and identification of RNA-
associated proteins. Methods in Molecular Biology 1206:87-95. doi: 10.1007/978-1-4939-1369-5_8,
PMID: 25240889

Miller JW, Urbinati CR, Teng-Umnuay P, Stenberg MG, Byrne BJ, Thornton CA, Swanson MS. 2000. Recruitment
of human muscleblind proteins to (CUG)(n) expansions associated with myotonic dystrophy. The EMBO Journal
19:4439-4448. doi: 10.1093/emboj/19.17.4439, PMID: 10970838

Mizielinska S, Gronke S, Niccoli T, Ridler CE, Clayton EL, Devoy A, Moens T, Norona FE, Woollacott 1O, Pietrzyk
J, Cleverley K, Nicoll AJ, Pickering-Brown S, Dols J, Cabecinha M, Hendrich O, Fratta P, Fisher EM, Partridge L,
Isaacs AM. 2014. C90orf72 repeat expansions cause neurodegeneration in Drosophila through arginine-rich
proteins. Science 345:1192-1194. doi: 10.1126/science.1256800, PMID: 25103406

Celona et al. eLife 2017;6:e19032. DOI: 10.7554/eLife.19032 15 of 17


http://dx.doi.org/10.1016/j.neuron.2011.09.011
http://dx.doi.org/10.1016/j.neuron.2011.09.011
http://www.ncbi.nlm.nih.gov/pubmed/21944778
http://dx.doi.org/10.1016/j.celrep.2014.08.035
http://www.ncbi.nlm.nih.gov/pubmed/25242327
http://dx.doi.org/10.1038/nature14974
http://www.ncbi.nlm.nih.gov/pubmed/26308899
http://dx.doi.org/10.1016/j.exger.2005.02.005
http://dx.doi.org/10.1016/j.exger.2005.02.005
http://www.ncbi.nlm.nih.gov/pubmed/15919590
http://dx.doi.org/10.1093/nar/gku1179
http://www.ncbi.nlm.nih.gov/pubmed/25428369
http://dx.doi.org/10.1016/j.biocel.2005.01.013
http://www.ncbi.nlm.nih.gov/pubmed/15833274
http://dx.doi.org/10.1038/nature13124
http://www.ncbi.nlm.nih.gov/pubmed/24598541
http://dx.doi.org/10.1007/s100480050052
http://www.ncbi.nlm.nih.gov/pubmed/9933301
http://dx.doi.org/10.1038/ncomms7674
http://www.ncbi.nlm.nih.gov/pubmed/25812914
http://dx.doi.org/10.1038/nature10719
http://dx.doi.org/10.1038/nn.4085
http://dx.doi.org/10.1038/nn.4085
http://www.ncbi.nlm.nih.gov/pubmed/26308983
http://dx.doi.org/10.1093/hmg/ddv471
http://www.ncbi.nlm.nih.gov/pubmed/26604141
http://www.ncbi.nlm.nih.gov/pubmed/14265648
http://dx.doi.org/10.1126/science.1254917
http://www.ncbi.nlm.nih.gov/pubmed/25081482
http://dx.doi.org/10.1093/hmg/ddq137
http://www.ncbi.nlm.nih.gov/pubmed/20400460
http://dx.doi.org/10.1016/j.celrep.2013.10.049
http://www.ncbi.nlm.nih.gov/pubmed/24290757
http://dx.doi.org/10.1016/j.neuron.2013.07.033
http://www.ncbi.nlm.nih.gov/pubmed/23931993
http://dx.doi.org/10.1016/j.modgep.2005.07.006
http://dx.doi.org/10.1016/j.modgep.2005.07.006
http://www.ncbi.nlm.nih.gov/pubmed/16378756
http://dx.doi.org/10.1016/S1474-4422(12)70043-1
http://www.ncbi.nlm.nih.gov/pubmed/22406228
http://dx.doi.org/10.1007/978-1-4939-1369-5_8
http://www.ncbi.nlm.nih.gov/pubmed/25240889
http://dx.doi.org/10.1093/emboj/19.17.4439
http://www.ncbi.nlm.nih.gov/pubmed/10970838
http://dx.doi.org/10.1126/science.1256800
http://www.ncbi.nlm.nih.gov/pubmed/25103406
http://dx.doi.org/10.7554/eLife.19032

LI FE Short report

Neuroscience

Mizielinska S, Isaacs AM. 2014. C9orf72 amyotrophic lateral sclerosis and frontotemporal dementia: gain or loss
of function? Current Opinion in Neurology 27:515-523. doi: 10.1097/WC0.0000000000000130, PMID: 251
88012

Mori K, Weng SM, Arzberger T, May S, Rentzsch K, Kremmer E, Schmid B, Kretzschmar HA, Cruts M, Van
Broeckhoven C, Haass C, Edbauer D. 2013. The C90rf72 GGGGCC repeat is translated into aggregating
dipeptide-repeat proteins in FTLD/ALS. Science 339:1335-1338. doi: 10.1126/science.1232927, PMID: 233930
93

Nichols CD, Becnel J, Pandey UB. 2012. Methods to assay Drosophila behavior. Journal of Visualized
Experiments 61:€3795. doi: 10.3791/3795

Prudencio M, Belzil VV, Batra R, Ross CA, Gendron TF, Pregent LJ, Murray ME, Overstreet KK, Piazza-Johnston
AE, Desaro P, Bieniek KF, DeTure M, Lee WC, Biendarra SM, Davis MD, Baker MC, Perkerson RB, van
Blitterswijk M, Stetler CT, Rademakers R, et al. 2015. Distinct brain transcriptome profiles in C9orf72-associated
and sporadic ALS. Nature Neuroscience 18:1175-1182. doi: 10.1038/nn.4065, PMID: 26192745

Qiu H, Lee S, Shang Y, Wang WY, Au KF, Kamiya S, Barmada SJ, Finkbeiner S, Lui H, Carlton CE, Tang AA,
Oldham MC, Wang H, Shorter J, Filiano AJ, Roberson ED, Tourtellotte WG, Chen B, Tsai LH, Huang EJ. 2014.
ALS-associated mutation FUS-R521C causes DNA damage and RNA splicing defects. Journal of Clinical
Investigation 124:981-999. doi: 10.1172/JCI72723, PMID: 24509083

Reddy K, Zamiri B, Stanley SY, Macgregor RB, Pearson CE. 2013. The disease-associated R(IGGGGCC)n repeat
from the C9orf72 gene forms tract length-dependent uni- and multimolecular RNA G-quadruplex structures.
Journal of Biological Chemistry 288:9860-9866. doi: 10.1074/jbc.C113.452532, PMID: 23423380

Renton AE, Majounie E, Waite A, Simén-Séanchez J, Rollinson S, Gibbs JR, Schymick JC, Laaksovirta H, van
Swieten JC, Myllykangas L, Kalimo H, Paetau A, Abramzon Y, Remes AM, Kaganovich A, Scholz SW, Duckworth
J, Ding J, Harmer DW, Hernandez DG, et al. 2011. A hexanucleotide repeat expansion in C9ORF72 is the cause
of chromosome 9p21-linked ALS-FTD. Neuron 72:257-268. doi: 10.1016/j.neuron.2011.09.010, PMID: 2194477
9

Rio DC. 2014. Electrophoretic mobility shift assays for RNA-protein complexes. Cold Spring Harbor Protocols
2014:435-440. doi: 10.1101/pdb.prot080721, PMID: 24692495

Ruepp A, Brauner B, Dunger-Kaltenbach |, Frishman G, Montrone C, Stransky M, Waegele B, Schmidt T, Doudieu
ON, Stimpflen V, Mewes HW. 2008. CORUM: the comprehensive resource of mammalian protein complexes.
Nucleic Acids Research 36:D646-D650. doi: 10.1093/nar/gkm936, PMID: 17965090

Sareen D, O'Rourke JG, Meera P, Muhammad AK, Grant S, Simpkinson M, Bell S, Carmona S, Ornelas L,
Sahabian A, Gendron T, Petrucelli L, Baughn M, Ravits J, Harms MB, Rigo F, Bennett CF, Otis TS, Svendsen
CN, Baloh RH. 2013. Targeting RNA foci in iPSC-derived motor neurons from ALS patients with a CO9ORF72
repeat expansion. Science Translational Medicine 5:208ra149. doi: 10.1126/scitranslmed.3007529,

PMID: 24154603

Schmidt TG, Skerra A. 2007. The Strep-tag system for one-step purification and high-affinity detection or
capturing of proteins. Nature Protocols 2:1528-1535. doi: 10.1038/nprot.2007.209, PMID: 17571060

Smith R, Taylor JP. 2011. Dissection and imaging of active Zones in the Drosophila neuromuscular junction.
Journal of Visualized Experiments 50:e2676. doi: 10.3791/2676

Sutcliffe B, Forero MG, Zhu B, Robinson IM, Hidalgo A. 2013. Neuron-type specific functions of DNT1, DNT2
and Spz at the Drosophila neuromuscular junction. PLoS One 8:€75902. doi: 10.1371/journal.pone.0075902,
PMID: 24124519

Tafforeau L, Zorbas C, Langhendries JL, Mullineux ST, Stamatopoulou V, Mullier R, Wacheul L, Lafontaine DL.
2013. The complexity of human ribosome biogenesis revealed by systematic nucleolar screening of Pre-rRNA
processing factors. Molecular Cell 51:539-551. doi: 10.1016/j.molcel.2013.08.011, PMID: 23973377

Testa G, Schaft J, van der Hoeven F, Glaser S, Anastassiadis K, Zhang Y, Hermann T, Stremmel W, Stewart AF.
2004. A reliable lacZ expression reporter cassette for multipurpose, knockout-first alleles. Genesis 38:151-158.
doi: 10.1002/gene.20012, PMID: 15048813

Tran H, Almeida S, Moore J, Gendron TF, Chalasani U, Lu Y, Du X, Nickerson JA, Petrucelli L, Weng Z, Gao FB.
2015. Differential toxicity of nuclear RNA foci versus dipeptide repeat proteins in a Drosophila model of
C9ORF72 FTD/ALS. Neuron 87:1207-1214. doi: 10.1016/j.neuron.2015.09.015, PMID: 26402604

UniProt Consortium. 2015. UniProt: a hub for protein information. Nucleic Acids Research 43:0204-D212.
doi: 10.1093/nar/gku989, PMID: 25348405

van der Weyden L, White JK, Adams DJ, Logan DW. 2011. The mouse genetics toolkit: revealing function and
mechanism. Genome Biology 12:224. doi: 10.1186/gb-2011-12-6-224, PMID: 21722353

Verzi MP, McCulley DJ, De Val S, Dodou E, Black BL. 2005. The right ventricle, outflow tract, and ventricular
septum comprise a restricted expression domain within the secondary/anterior heart field. Developmental
Biology 287:134-145. doi: 10.1016/j.ydbio.2005.08.041, PMID: 16188249

Wang H, Yang H, Shivalila CS, Dawlaty MM, Cheng AW, Zhang F, Jaenisch R. 2013. One-step generation of mice
carrying mutations in multiple genes by CRISPR/Cas-mediated genome engineering. Cell 153:910-918. doi: 10.
1016/j.cell.2013.04.025, PMID: 23643243

Xu Z, Poidevin M, Li X, Li Y, Shu L, Nelson DL, Li H, Hales CM, Gearing M, Wingo TS, Jin P. 2013. Expanded
GGGGCC repeat RNA associated with amyotrophic lateral sclerosis and frontotemporal dementia causes
neurodegeneration. PNAS 110:7778-7783. doi: 10.1073/pnas. 1219643110, PMID: 23553836

Zhang K, Donnelly CJ, Haeusler AR, Grima JC, Machamer JB, Steinwald P, Daley EL, Miller SJ, Cunningham KM,
Vidensky S, Gupta S, Thomas MA, Hong |, Chiu SL, Huganir RL, Ostrow LW, Matunis MJ, Wang J, Sattler R,

Celona et al. eLife 2017;6:e19032. DOI: 10.7554/eLife.19032 16 of 17


http://dx.doi.org/10.1097/WCO.0000000000000130
http://www.ncbi.nlm.nih.gov/pubmed/25188012
http://www.ncbi.nlm.nih.gov/pubmed/25188012
http://dx.doi.org/10.1126/science.1232927
http://www.ncbi.nlm.nih.gov/pubmed/23393093
http://www.ncbi.nlm.nih.gov/pubmed/23393093
http://dx.doi.org/10.3791/3795
http://dx.doi.org/10.1038/nn.4065
http://www.ncbi.nlm.nih.gov/pubmed/26192745
http://dx.doi.org/10.1172/JCI72723
http://www.ncbi.nlm.nih.gov/pubmed/24509083
http://dx.doi.org/10.1074/jbc.C113.452532
http://www.ncbi.nlm.nih.gov/pubmed/23423380
http://dx.doi.org/10.1016/j.neuron.2011.09.010
http://www.ncbi.nlm.nih.gov/pubmed/21944779
http://www.ncbi.nlm.nih.gov/pubmed/21944779
http://dx.doi.org/10.1101/pdb.prot080721
http://www.ncbi.nlm.nih.gov/pubmed/24692495
http://dx.doi.org/10.1093/nar/gkm936
http://www.ncbi.nlm.nih.gov/pubmed/17965090
http://dx.doi.org/10.1126/scitranslmed.3007529
http://www.ncbi.nlm.nih.gov/pubmed/24154603
http://dx.doi.org/10.1038/nprot.2007.209
http://www.ncbi.nlm.nih.gov/pubmed/17571060
http://dx.doi.org/10.3791/2676
http://dx.doi.org/10.1371/journal.pone.0075902
http://www.ncbi.nlm.nih.gov/pubmed/24124519
http://dx.doi.org/10.1016/j.molcel.2013.08.011
http://www.ncbi.nlm.nih.gov/pubmed/23973377
http://dx.doi.org/10.1002/gene.20012
http://www.ncbi.nlm.nih.gov/pubmed/15048813
http://dx.doi.org/10.1016/j.neuron.2015.09.015
http://www.ncbi.nlm.nih.gov/pubmed/26402604
http://dx.doi.org/10.1093/nar/gku989
http://www.ncbi.nlm.nih.gov/pubmed/25348405
http://dx.doi.org/10.1186/gb-2011-12-6-224
http://www.ncbi.nlm.nih.gov/pubmed/21722353
http://dx.doi.org/10.1016/j.ydbio.2005.08.041
http://www.ncbi.nlm.nih.gov/pubmed/16188249
http://dx.doi.org/10.1016/j.cell.2013.04.025
http://dx.doi.org/10.1016/j.cell.2013.04.025
http://www.ncbi.nlm.nih.gov/pubmed/23643243
http://dx.doi.org/10.1073/pnas.1219643110
http://www.ncbi.nlm.nih.gov/pubmed/23553836
http://dx.doi.org/10.7554/eLife.19032

e LI F E Short report Neuroscience

Lloyd TE, et al. 2015. The C90rf72 repeat expansion disrupts nucleocytoplasmic transport. Nature 525:56-61.
doi: 10.1038/nature 14973, PMID: 26308891

Celona et al. eLife 2017;6:19032. DOI: 10.7554/eLife.19032 17 of 17


http://dx.doi.org/10.1038/nature14973
http://www.ncbi.nlm.nih.gov/pubmed/26308891
http://dx.doi.org/10.7554/eLife.19032

LI F E Short report Neuroscience

Figure 1—figure supplement 1. Zfp106 binds specifically to rGGGGCC repeats. (a) RNA EMSA performed with purified Zfp106 protein demonstrates
that Zfp106 binds specifically to (GGGGCC),in vitro since binding is efficiently competed by 30x molar excess of unlabeled self competitor but not
30x molar excess of (AAAACC),, r(CUG)g or a mutated (GGGGCC), sequence [mut, (GAGGCCGGGACCGAGACCGAGGCC)]. Purified MBNL1
protein was used as a negative control for (GGGGCC), binding. MBNL1 does not bind to (GGGGCC), under the same conditions in which Zfp106
shows efficient binding. (b) RNA EMSA using purified Zfp106 protein demonstrates that Zfp106 does not bind r(CUG)g repeats under conditions in
which the RNA binding protein MBNL1 efficiently binds r(CUG)s. MBNL1 binding to r(CUG)s is specific since binding is competed by 30x molar excess
of self competitor but not 30x molar excess of (GGGGCQC),.
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Figure 2—figure supplement 1. Zfp 106 knockout mice exhibit progressive and severe weight and grip strength loss over time. (a) Dorsal view of
skinned wild type and Zfp106 knockout mice at 12-weeks of age. Zfp106 knockout mice show severe muscle wasting and kyphosis compared to wild
type mice. (b) Female mice were weighed at the indicated ages, n = 5 for each group. Body weight of Zfp 106 knockout mice was significantly reduced
at 2 months of age compared to control and further reduced at 3 months of age. (¢) Zfp106-null mice exhibit profound loss of grip strength; grip score:
1,1-10s; 2, 11-25's; 3, 26-60 s; 4, 61-90's; 5, > 90 s. n = 5 age-matched female mice for each group tested at the indicated ages. Graphical data are
presented as the mean + SD. Data were analyzed by one-way ANOVA and Bonferroni's Multiple Comparison Test. ns, not significant; ***p<0.001,
***%5<0.0001.

DOI: 10.7554/elife.19032.006

Celona et al. eLife 2017;6:€19032. DOI: 10.7554/eLife.19032 50f 12


http://dx.doi.org/10.7554/eLife.19032.006
http://dx.doi.org/10.7554/eLife.19032

e LI F E Short report Neuroscience

Figure 2—figure supplement 2. Zfp106 is expressed in skeletal muscle and motor neurons. Expression of Zfp106 as detected by B-galactosidase
activity in quadriceps (a) and spinal cord (b) of 8-week-old Zfip 1062419/ mice. B-galactosidase is expressed from a lacZ knock-in at the Zfp106 locus. A
section of the quadriceps muscle from an 8-week old Zfp 106219 mouse stained with X-gal is shown in (a). Arrowheads show B-galactosidase-
expressing muscle fibers, weakly detectable by X-gal staining; scale bar, 100 um. A section through the ventral horn of the spinal cord (lumbar region)
ofa prTOélaCZHOX/* mouse is shown in (b). The same section is shown in all three panels in (b); the green channel shows expression of the neuronal
marker NeuN; the red channel shows expression of B-galactosidase expressed from the Zfp106 locus. Arrows denote co-expression of B-galactosidase
and NeuN in large motor neurons in the ventral horn of the spinal cord; scale bar, 50 um.
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Figure 2—figure supplement 3. Expression of Zfp106
in wild type, knockout and HB9-Zfp 106 transgenic mice.
(a) Evaluation of Zfp106 expression by RT-qPCR in
lumbar spinal cord of wild type, KOMP Zfp 106
knockout and CRISPR Zfp 106 knockout mice.
Expression of Zfp106 mRNA is drastically and
significantly reduced in lumbar spinal cord of both
KOMP and CRISPR knockout mice. (b) Schematic of the
transgenic construct used for generation of the motor
neuron specific Zfp106 mice. The HB? promoter drives
expression of a 3xFLAG-2xSTREP N-terminally tagged
Zfp106 and IRES-EGFP. (c) Evaluation of transgene
expression by RT-gPCR in lumbar spinal cord at P10.
Expression of Zfp106 mRNA ranged from ~1.5 to 2 fold
of wild type expression in two independent transgenic
mouse lines, as assessed by gPCR with primers
amplifying both endogenous and transgenic Zfp106.
Data in a, ¢ were analyzed by one-way ANOVA and
Bonferroni's Multiple Comparison Test. *p<0.05;
***p<0.001.
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Figure 2—figure supplement 4. Rescue of ChAT+ motor neuron loss by restoration of Zfp106 to motor neurons in Zfp106 knockout mice.
Representative images of transverse sections of lumbar spinal cord from wild type (a), motor neuron-specific Zfp 106 transgenic (b), Zfp106 knockout (c),
and Zfp106 knockout/motor neuron-specific Zfp106 transgenic mice (d), stained by anti-ChAT antibody. Arrowheads mark ChAT+ motor neurons. Scale
bar, 200 pm.
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Figure 3—figure supplement 1. Zfp106 interacts with TDP43 and Nup107 in Neuro-2a cells. Endogenous TDP43
and Nup107 coimmunoprecipitated with Zfp106 in Neuro-2a cells. Cells were transfected with 3xFLAG-2x STREP-
Zfp106 or 3xFLAG-2xSTREP parental vector and lysates were subjected to immunoprecipitation with anti-FLAG
beads, followed by anti-FLAG (top), anti-Nup107 (middle), and anti-TDP43 (bottom) western blotting. Nup107 and
TDP43 were coimmunoprecipitated by anti-FLAG IP only in lysates from cells expressing FLAG-Zfp106. The
immunoglobulin heavy chain (IgG HC) of the anti-FLAG antibody is indicated. Molecular weight markers in kD are
indicated on the left.
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Figure 4—figure supplement 1. GAL4-dependent expression of Zfp106 in Drosophila does not affect 30R-gfp
mRNA levels. (a) Anti-FLAG western blot conducted on lysates from heads dissected from transgenic flies of the
indicated genotypes. The band in lane 3 migrating below the 225 kD marker indicates that UAS-3x FLAG-

2x STREP-Zfp 106 (UAS-Zfp106) transgenic flies express Zfp106 in a GAL4-dependent manner. (b) Evaluation of
30R-gfp expression by RT-gPCR in flies expressing 30R alone or coexpressing 30R and Zfp106. Zfp106
coexpression does not cause alterations in 30R-gfp mRNA levels.
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