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Abstract

Repeat size dependent-toxicity of dipeptide repeat proteins in C9orf72 ALS/FTD
By Emma Davis

Amyotrophic Lateral Sclerosis (ALS) and Frontotemporal Degeneration (FTD) are two
devastating neurodegenerative diseases with clinical, pathological and genetic overlaps. These
two diseases both can be caused by the same most common genetic mutation: a hexanucleotide
GGGGCC (G4C2) repeat expansion in the C9orf72 intron region. Toxicity through the
translation of certain dipeptide repeat proteins (DPRs), GR and PR, have been shown to likely
lead to disease; however, literature has focused on short repeat lengths rather than the long repeat
lengths that are seen in patients. Furthermore, the translational mechanism of the repeat
translation is relatively unknown, particularly in the antisense direction. In order to gain a better
understanding of the translational mechanism of DPRs in C9orf72 ALS/FTD, we first looked at
what role the intron plays in the translation of antisense DPRs. We found that when the intron
sequence is removed, there is a significant reduction in DPR production, indicating that the
intron region is likely involved in antisense DPR translation. Preliminary data suggests that this
translation within the intron region is driven by start codons in frame with various DPRs. Due to
this start codon driven translation, longer repeats within patients are likely to be completely
translated. Comparing the shorter repeats used in literature with longer repeats, we found a
change in the localization of repeats and a change in stress granule dynamics, a downstream
pathway. Longer GR repeats localized within the cytoplasm, as do patient samples, while shorter
GR repeats localized within the nucleolus. Furthermore, shorter PR repeats lead to stress granule
formation, while longer PR repeats do not. These discrepancies, along with the insight into the
translational mechanism of disease, indicate that researchers may need to reevaluate the
conclusions that have been made using short DPRs in their applicability to the actual disease.
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INTRODUCTION

Amyotrophic Lateral Sclerosis (ALS) and Frontotemporal Degeneration (FTD) are two

devastating neurodegenerative diseases with clinical, pathological and genetic overlaps (Ling et al.,

2013). ALS, also known as Lou Gehrig’s disease after the famous New York Yankees baseball player

who died from the disease in 1941, causes accelerating upper and lower motor neuron loss, leading

to eventual paralysis (Rowland and Shneider, 2001). FTD, caused by frontal and temporal lobe

neuron degeneration, can be characterized by an array of symptoms such as personality and

behavioral alterations, language dysfunction, and dementia (Olney et al., 2017). Though different in

their clinical presentations, these two diseases both can be caused by the same most common genetic

mutation: a hexanucleotide GGGGCC (G4C2) repeat expansion in the C9orf72 intron region (DeJesus-

Hernandez et al,, 2011).

Healthy humans have up to about 30
G4C2 repeats, however, ALS/FTD patients
with the C9orf72 mutation (referred to as
C9ALS/FTD thereafter) can harbor hundreds
to thousands of repeats (Fig. 1A). There are
three proposed disease mechanisms by which
the G4C2 repeat expansions can cause
diseases. The first is through the loss of
C9orf72 function, whose function is still
largely unknown. The expanded repeats
prevent the transcription of the C9orf72 gene,
leading to C9orf72 protein haploinsufficiency

(Fig. 1B). Supporting this mechanism, the

(GGGGCC),

in og
Ht &
Exon1a 1b 2

A TAA

-U

— g { LUTR
3 45 6 7 8 9 1011 Kb
Sequestion of

RNA-binding proteins
(RNA foci)

Repeat-associated non-ATG
dependent (RAN) translation

Transcription inhibition

No transcription

Exon1b

Loss of C9orf72 function  Altered RNA processing

; Gain of toxicity
Loss of function (main disease driver)

Figure 1. Gain of toxicity from C9orf72 GGGGCC repeat
expansions plays a central role in driving ALS/FTD. (A)
Schematic representation of the human C9orf72 gene with
expanded GGGGCC hexanucleotide repeats. Proposed
disease mechanisms include: 1) loss of C9orf72 protein
function (B), and/or 2) a gain of toxicity from the sense or
antisense repeat-containing RNAs, mediated either by
sequestration of RNA binding proteins into RNA foci (C) or
by production of at least five different aberrant dipeptide
repeat (DPR) proteins [GA, GP, GR, PR and PA] through a
novel repeat-associated non-AUG-dependent (RAN)
translation mechanism (D). Several studies, including my
own work, support gain of toxicity as a central component
of disease mechanism. Figure adopted from Jie Jiang.

Dipeptide repeat (DPR) proteins

C9orf72 mRNA is reduced by half in patients carrying the G4C2 repeat expansions. The second



potential disease mechanism is a gain of toxicity from the bi-directionally transcribed repeat-
containing RNAs via sequestration of key RNA binding proteins (RBPs) into RNA foci, a structure
thought to be formed by the repeat-containing RNAs that form complicated secondary structures and
interact with RBPs. The third potential disease mechanism is a gain of toxicity through the production
of dipeptide repeat proteins (DPRs) from the intronic repeat sequences via a non-canonical
translation mechanism called repeat-associated non-AUG dependent (RAN) translation. At least five
different DPRs proteins can be made. More specifically, GA (glycine-alanine) and GR (glycine-
arginine) DPRs are translated by the sense G4C2 repeat RNAs, whereas PR (proline-arginine) and PA
(proline-alanine) DPRs are translated by the antisense CCCCGG (C4G2) RNAs. GP (glycine-proline)
DPRs can be translated by the either strand. Supporting the gain of toxicity mechanism, both sense
and antisense RNA foci, as well as the accumulation of five DPR proteins, have been observed in
C9ALS/FTD patients.

Of these three potential disease mechanisms, studies have shown that the gain of toxicity
from the repeat-containing RNAs is likely to be the main driver of C9ALS/FTD. Expressing either
G4C2 or C4G2 repeats in cultured neuronal cells, C. elegans, Drosophila, and mice can produce RNA
foci and DPR proteins, and lead to toxicity (Jiang and Ravits, 2019). The gain of toxicity mechanism
was further supported by studies expressing individual DPR proteins (discussed below). In contrast,
reduced or even complete loss of the C9orf72 gene has been insufficient to cause any ALS/FTD-like
behavioral symptoms in mouse models (Koppers et. al, 2015; Burberry et al,, 2016; Ugolino et al,,
2016). Furthermore, the loss of C9orf72 function is likely not the sole or main disease driver because
there have been no mutations identified in ALS/FTD patients that cause a loss of function (Harms et
al,, 2013).

Whether RNA foci or DPR proteins are the main toxic species is currently debated. Isolating
RNA foci-mediated toxicity from the DPR-mediated toxicity is also highly difficult due to their

inherent biological makeup of being RNA, and thus are translated into DPRs. Many repeat expansion



disorders are characterized by the presence of RNA foci. One primary hypothesis for how RNA foci
cause toxicity is that they sequester key RBPs, thus decreasing their ability to properly function. The
RNA-foci mediated toxicity is most heavily researched in Myotonic dystrophy type 1 (DM1), a
multisystem disorder that mainly affects skeletal and smooth muscles that is caused by a CUG repeat
expansions in the DMPK1 gene (Zhang and Ashizawa, 2017). In this disease, RNA foci are formed
from the CUG repeat expanded RNAs in the nucleus (Davis et al., 1997), and sequester the RBP
Muscleblind 1-3 (MBNL1-3) (Miller etal., 2000). Both mouse models with expanded CUG repeats and
patients with DM1 have shown colocalization of MBNL1 with RNA foci. Further supporting loss of
MBNL1 function as disease mechanism, MBNL1 knockout mice recapitulated many DM1 patient
phenotypes. Finally, transgenic mice carrying with CUG repeats also exhibited myotonia and
myopathy, similarly to patients, (Kanadia et al., 2003), and overexpression of MBNL1 reduces some
disease phenotypes (Kanadia et al., 2006). These studies support that MBNL sequestration by RNA
foci containing CUG repeat expanded RNAs is a major cause of DM1, and set a foundation for
demonstrating RNA foci-mediated toxicity in other repeat expansion disorders.

For C9ALS/FTD, several RBPs have been proposed to be sequestered by either sense or
antisense RNA foci. McEachin et al., 2020 cites many RBPs, including ADARB2, Pur-alpha, ALYREF,
SRSF1, SRSF2, various hnRNPs, nucleolin, Zfp106, and several paraspeckle proteins such as SFPQ,
NONO, RBM14 and FUS (Donnelly et al., 2013; Xu et al., 2013; Cooper-Knock et al., 2014; Conlon et
al, 2016; Celonaetal,, 2017; Mori et al,, 2013; Haeusler et al., 2014; Celona et al,, 2017; Bajc Cesnik
etal, 2019). However, there has been insufficient evidence to show that loss of the proposed RBPs
can lead to ALS/FTD, nor do replenishing any RBPs rescue toxicity from the C9orf72 repeat-
containing RNAs. Thus, whether and how RNA foci observed in C9ALS/FTD patients contribute to
disease pathogenesis is not clear.

To determine the toxicity of DPRs, many studies have been carried out by overexpressing

different DPRs in varying models, including mice, zebrafish, yeast, mammalian cells and Drosophila



(Jovici¢ et al., 2015; Wen et al., 2014; Tao et al., 2015; Lee et al., 2016; Zu et al,, 2011; Kanekura et al,,
2016; Mizielinska et al., 2014; Freibaum et al,, 2015; Yang et al,, 2015; Swinnen et al., 2018; Ohki et
al, 2017; Zhang et al,, 2016; Schludi et al,, 2017; Zhang et al., 2018; Choi et al., 2019). Codon-
optimized DNA sequences that disrupt (G4C2) or (C4G2) repeats were used to ensure that only DPRs
will be made, but not RNA foci. Table 1 is a compilation of many of these studies, which provides
compelling evidence that certain DPR proteins are toxic. As illustrated in the table, polymeric GR and
PR are the most toxic. There are numerous examples in which GR and PR cause cell death and toxicity
in cellular models including U20S cells, cultured human astrocytes, Hek293T cells and iPSC-derived
neurons (Kwon etal,, 2014; Wen et al., 2014; Tao et al,, 2015; Lee et al., 2016; Jiang and Ravits, 2019).
In mice, GR and PR led to behavioral phenotypes as those found in patients with ALS or FTD (Zhang
etal, 2018; Choi et al,, 2019; Hao et al,, 2019). While GA also shows toxicity in some cases, PA and GP
are unlikely to cause diseases due to their low toxicity in model systems.

How do these repeat-containing RNAs, especially the arginine-containing RAN-translated
DPRs, cause neuronal toxicity? Several cellular dysfunctions have been proposed (Jiang and Ravits,
2019). One example of these is the altered stress granule dynamics. Under stress, cytoplasmic
ribonucleoprotein (RNP) granules form, sequestering many messenger RNAs (mRNAs), translation
initiation factors, and other RNA-binding proteins (Jiang and Ravits, 2019). In this way, only essential
proteins that are key for cell survival are translated. Once stress is alleviated, stress granules will
dissipate or be cleared by the autophagy pathways. Stress granules are thus vital for cell health and
functionality, and any disruption in a cell’s ability to make or dissipate stress granules in specific
situations can harm the cell. Alterations in stress granule dynamics have been suggested to
contribute to ALS/FTD diseases (Li et al., 2013). There has been extensive research on how the
arginine-containing DPRs affect stress granule dynamics. GR and PR have been shown to interact

with proteins that lead to the disruption of stress granule dynamics (Boeynaems et al., 2017).



Size of DPRs

Study Model constructs Measure of toxicity
Kwon 2014 U20S/Human astrocyte peptide Survival (ATP)
Zu, 2013 HEK293T ATG repeats Survival (LDH, MTT)
May 2014 HEK293T codon optimized Survival (LDH)
Lee 2017 HEK293 codon optimized Survival (PARP cleavage)
Tao 2015 HEK293/NSC34 codon optimized Survival (P1)
Tao 2015 PHEK293/NSC34 ATG repeats Survival (P1)
Zhang 2014 HEK293T codon optimized Survival (caspase 3, LDH)
Yamakawa 2014 Neuro-2a codon optimized survival (count)
Lee 2016 Neuro-2a codon optimized Survival (LDH)
Chang 2016 Neuroblastoma peptide Survival (LDH)
Callister 2016 SH-SY5Y codon optimized Electrophysiology
Kanekura 2016 NSC34 peptide Survival (LDH)
Zhang 2014 Primary neurons codon optimized Survival (caspase 3, LDH)
Wen 2014 Primary neurons codon optimized Survival (count)
Gupta 2017 Primary neurons peptide Survival (count)
May 2014 Primary neurons codon optimized Survival (TUNEL), dendritic morphology
Wen 2014 human iPSNs codon optimized Survival (count)
Lopez-Gonzalez 2016 Human iPSNs codon optimized Survival (TUNEL)
Shi 2018 Human iPSNs codon optimized Survival (count)
Jovicic 2015 yeast codon optimized | 50;100 growth
Drosophila- Eye (GMR driver); eye degeneration
Wen 2014 Motor neuron codon optimized survival
Drosophila- Eye (GMR driver); eye degeneration
Mizielinska 2014 Pan neuron codon optimized survival
Freibaum 2015 Drosophila- Eye (GMR driver); | codon optimized eye degeneration, survival
Drosophila- Eye (GMR driver); eye degeneration
Yang 2015 Pan neuron, Motor neuron codon optimized survival
Drosophila- Eye (GMR driver); eye degeneration
Boeynaems 2016 Pan neuron, Motor neuron codon optimized survival

Drosophila- Eye (GMR driver);

eye degeneration

Lee 2016 Motor neuron codon optimized survival
Drosophila-
Baldwin 2016 Motor neuron codon optimized Mitochondrial transport
Lee 2017 Chick codon optimized TUNEL
Rudich 2017 C elegan codon optimized motor phenotype
Ohki 2017 Zebrafish ATG repeats pericardial edema
Swinnen 2018 Zebrafish codon optimized motor axonopathy
Swaminathan 2018 Zebrafish codon optimized motor phenotype
Zhang 2016 Mouse (AAV) codon optimized Clinical/pathological
Schiudi 2017 Mouse (transgenic) codon optimized Clinical/pathological
Consensus
Legend

Table 1: A compilation of literature studies on the toxicity of different DPRs of varying lengths. As indicated in
the key, red is toxic to the model studied, orange is mildly toxic and green is not toxic. The length of DPR is
indicated by the number in each box. As indicated by the coloring, GR and PR are more toxic in model systems
than GA, PA or GP. Adapted and edited from (Swinnen et al., 2020).

Furthermore, overexpression of GR and PR increased stress granule formation, which sequester
multiple nuclear pore proteins, leading to disrupted nucleocytoplasmic transport (Wen et al., 2014,

Zhang, 2018).



Although current research supports that the arginine-containing DPRs, GR and PR, are toxic
in model systems by affecting multiple molecular pathways such as alteration in stress granule
dynamics, most DPRs that have been studied are “short”, and tend to be about 50 to 100 in length.
However, as stated previously, C9ALS/FTD patients can have hundreds to thousands of repeats, thus
likely producing DPRs with hundreds to thousands of di-peptides. Indeed, while aggregations of GR
and PR DPRs in patients are generally cytoplasmic and perinuclear, GR and PR with sizes of 50-100
accumulate in cell nucleolus. The molecular mechanisms of DPR production from the intronic repeat-
containing RNAs are recently emerging. Instead of a random process that is independent of the
canonical AUG start codon, Green et al. showed of DPRs translated by the sense G4C2 repeat
expanded RNAs are strongly facilitated by the intronic sequence in the 5’ region of the repeats (Green
etal,, 2017). More specially, when a near cognate start codon “CUG” was mutated in the intron region,
it would lead to a significant reduction of GA-DPRs that are in frame. This suggests that not only is
the intron sequence in front of the sense G4C2 repeats involved in DPR translation, but that it is likely
there are direct start codons or near cognate start codon beginning such translation. This insight into
the potential mechanism of the disease is significant because if this is occurring in patients, and a
start codon is initiating the production of DPRs, then it is likely that the entire hundred to thousands
of repeats in patients are being translated, rather than the translation beginning at a random point
within the sequence. This would produce much longer DPR proteins than those that have been used
in existing studies. It is thus important to determine if long DPRs have the same pathogenesis and
molecular mechanisms as short 50-100 DPRs.

In my thesis project, [ will 1) determine whether intronic sequence in front of the antisense
C4G2 repeats play a role in antisense DPR translations and 2) compare how different sizes of DPRs
affected cells in order to better understand if the longer DPRs likely produced in patients will have

the same effects as short-length DPRs commonly used in existing research.
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Figure 2. 5’ intronic region of C9orf72 antisense drives DPR
protein translation. A) A dot plot performed after transfection into
Hek293T cells. Darker dots indicate more DPR present, and different
antibodies specific to DPRs were used. A negative control with only 2
repeats, (C4G2)2, was also used to compare (C4G2)289 with
(C4G2)289 RO. (C4G2)289R0 was comparable to the control, while
(C4G2)289 had a significantly larger amount of DPRs translated. B)
gRT-PCR was used to determine the relative mRNA levels in (C4G2)2,
(C4G2)289 and (€C4G2)289 RO, showing all are relatively the same.
Similar mRNA levels indicates that transfection efficiency is similar
throughout, and differences in in DPR levels in Fig. 2A are due to
differences in translation of DPRs.

Intron sequence implicated in
antisense DPR translation.

As described, the intron sequence
plays a role in the translation of
DPRs in the sense direction.
However, it is currently unknown
whether  adjacent  nucleotide
sequences near the antisense C4G2
repeats influence the translation of
antisense DPRs. To address this
question, it is important to know
where and how the antisense
transcription starts. Using 5’-RACE,
a technique to determine the

transcription start sites, recent

literature has found that transcription of the C9orf72 antisense RNAs begins at 450 base pairs ahead

of the repeats (Zu et al., 2013). In order to understand if it plays a similar role in the translation of

antisense DPRs, two constructs were created. One containing the 450 base pairs of the intron

sequence ahead of 289 C4G2 repeats, called (C4G2)289, and a second with the intron sequence

removed, called (C4G2)289 RO (repeats only). As a control, construct containing 2 C4G2 repeats were

made. [ transfected Hek293T cells with these constructs, collected proteins and performed a dot plot

analysis using antibodies against respective DPRs. Cells expressing (C4G2)289 accumulate

significant levels of PR, PA and GP DPRs. However, little to no accumulation of PR, PA and GP DPRs

are observed in cells those expressing (C4G2)289 RO(Fig. 2A), similar to those expressing (C4G2)2.



The mRNA expression of each constructs was relatively similar (Fig. 2B), indicating that this
difference in DPR levels observed by dot plot is not due to any discrepancies in the expression at the

mRNA level.

Start codons in antisense intron sequence likely initiating translation.
We next wanted to test what specifically in the intron sequence was driving translation. We
hypothesized that start codons in frame with DPRs in the intron sequence drive translation, and

thus attempted to create constructs with these start codons mutated to compare DPR translation.
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GAGGCGAAAGCCCBACACCCABCTTCGGTCAGAGAATABAGAGGGAAAGTAAAAATGCGTCGAGCTCTOAGGABAGCCCCCGCTTCTACCCGCGCCTCTTCCCGECAGCCGAACCCCAAACAGCCACCCGCCAGGATGCCGCCTCCTCACTCACCCACTI

GAGGCGAAAGCCCGACACCCAGCTTCOGTCAGAGAAATBAGAGOGAAAGTAAAATARCGTCBAGCTCTOAGGABAGCCCCCOCTTCTACCCOCGCCTCTTCCCOBCAGCCOAACCCCAAACAGCCACCCGCCAGGATGCCOCCTCCTCACTCACCCACTI
GAGGCGAAAGCCCGACACCCAGCTTCGETCAGAGAAATGAGAGGGAAAGTAAAAATGCGTCGAGCTCTBAGBAGAGCCCCCGCTTCTACCCGCGCCTCTTCCCGGCAGCCBAACCCCAAACAGCCACCCGCCAGHTABCCECCTCCTCACTCACCCACT(

Figure 3. Start codons in C90rf72 intron region identified. A) 450 base pairs of the C9orf72 intron region
were sequenced and start codons ATG and CTG were identified. Red indicates start codons in frame with PR
frame, blue indicates start codons in frame with GP frame. B) Shows summary of different constructs made with
start codons mutated with 73 repeats inserted after intron region. C) TAG and CCC mutations were introduced
via site directed mutagenesis in different DPR frames. Orange indicates start codon mutated. D) Sequencing
results of 3 vectors in which ATG in frame with GP successfully mutated to TAG after site-directed mutagenesis.



Multiple start codons were identified within the intron region in frame with either the GP or PR

DPR reading frame (Fig. 3A), and these were mutated (Fig. 3B, 3C) to be stop codons. We

hypothesized that these start codons were likely driving translation of the DPRs, and thus that the

constructs with mutated start codons would theoretically have less DPR production. For the start

& Control

(C4G2)289

[ 4 ATG-PR
. (C4G2)289
> ¥ TAG-PR
PR PA GP

Figure 4. Mutated ATG in frame with PR shows
decreased PR-DPR formation. A dot plot performed
after transfection into Hek293T cells. Darker dots
indicate more DPR present, and different antibodies
specific to DPRs were used. A negative control with
only 2 repeats, (C4G2)2 was used. Constructs with
289 repeats and 450bp of intron sequence
((C4G2)289 ATG-PR) were compared to mutated ATG
in frame with PR ((C4G2)289 TAG-PR). In only PR
staining, (C4G2)289 TAG-PR) showed some
decreased levels of PR DPR compared to (C4G2)289
ATG-PR).

codons in frame with PR, analysis of the level of
DPRs comparing constructs with unmutated
intron ((C4G2)289 ATG-PR) were compared to
mutated ATG to TAG stop codon in frame with PR
((C4G2)289 TAG-PR) (Fig. 4). DPR levels were
consistent for GP and PA, however, there was a
decrease in PR levels of (C4G2)289 TAG-PR
compared to (C4G2)289 ATG-PR, indicating that
ATG in frame with PR is likely driving some
translation of PR-DPRs. Due to timing

restrictions resulting from COVID-19, the

constructs for the GP start codons are still in progress. However, vectors containing ATG to TAG

mutations in frame with GP were successfully created (Fig. 3D). More details on the creation of the

constructs can be found in the materials and methods section.
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Figure 5. Long repeat constructs confirmed in PR and GR reading frames. A) Graphical representation of
constructs built with 50, 200 and 800 repeats in frame with eGFP in both PR and GR reading frames. B) A gel
electrophoresis of six constructs made, each increasing in the number of repeats.

Long GR DPRs form cytoplasmic aggregates as in observed in patients.

As outlined in the introduction, C9ALS/FTD patients have hundreds to thousands of repeats and my
data and others support that translation for DPRs starts in the intronic region in front of repeats, thus
DPRs in patients might also be hundreds to thousands in size. However, existing studies generally
use DPRs with 50-100 dipeptides in size, and thus analysis of longer DPRs will likely more closely
mimic what is found in patients. This is vital to better understanding the underlying disease
mechanisms of C9ALS/FTD. To address this question, codon optimized constructs were created of
varying lengths in both the GR and PR reading frames to ensure no RNA foci will be formed.
Constructs with 50 (“short”), and 200 and 800 (“long”) repeats were successfully created for both GR
and PR (Fig. 5B). Once constructs were confirmed, they were transfected into Hek293T cells and
immunostaining was used to visualize the location of the DPRs. Fig. 6 shows the comparison of 50,
200 and 800 repeats in the GR frame. Cells transfected with (GR)50 showed a localization of proteins
within the nucleolus, which is consistent to what has been observed in literature expressing GR-DPRs

with 50-100 repeats in size. However patient samples show aggregation of DPRs within the
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cytoplasm, not within the nucleolus (Balendra and Isaacs, 2019). Interestingly, cells transfected with

(GR)200 and (GR)800, showed cytoplasmic aggregates, similarly to what is seen in patient samples.

Figure 6. Long GR repeats localize in cytoplasm. Immunostaining images of Hek293T cells transfected with
varying GR repeat length constructs. The green indicates eGFP, which is translated at the N-terminus of each
construct, indicating translation of the DPRs. A negative control was used with just eGFP. The GR50 shows
aggregation of DPRs in the nucleolus, while the GR200 and GR800 both show aggregates in the cytoplasm as well
as the nucleolus.

Long PR DPRs do not trigger stress granule formation.

After determining localization of repeats, we next wanted to analyze stress granule dynamics of cells
with longer repeats compared to shorter repeats. Immunostaining of transfected Hek293T cells was
again performed, and BG3P was used as a marker for stress granules. Similarly to literature, PR(50)
had a large number of stress granules in transfected cells. However, (PR)200 and (PR)800 had a
significant reduction in the number of stress granules, comparable to the negative control (Fig. 7).
These findings suggest that shorter PR repeats lead to stress granule formation, while longer PR

repeats do not.
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Figure 7. Long PR DPRs do not trigger stress granule formation. A) Immunostaining images of Hek293T
cells transfected with varying repeat length constructs. The green indicates EGFP, which is translated at the N-
terminus of each construct, indicating translation of the DPRs. The purple stained for B3GP, a maker for stress
granules. All repeat containing constructs had DPR localization in the nucleus. PR50 had a large number of stress
granules, while PR200 and PR800 both saw negligible stress granules, similar to the negative control. B)
Quantification of transfected cells with stress granules. PR50 had a significantly larger number of stress granules
than PR200 and PR800, which are comparable to the negative control.

DISCUSSION

In order to gain a better understanding of the translational mechanism of DPRs in C9orf72
ALS/FTD, we first looked at what role the intron plays in the translation of antisense DPRs. We found
that when 450 base pairs of the intron sequence are present, there is a significantly larger level of
DPRs that are produced when compared to when that intron sequence is removed. The removal of
the intron sequence leads to a level of DPRs that is comparable to the control. These results are
indicative that the intron sequence is involved in the translation of the antisense DPRs. Previously,
the translation of DPRs has been considered to be a somewhat random process known as repeat-
associated non-ATG (RAN) translation. However, these insights that the intron sequence is directly
involved in translation indicate that DPR translation is likely to not be random, as previously thought.
Furthermore, there is some evidence that specific start codons and near-start codons are involved in

sense translation of DPRs. Green found that mutation of specific start and near-start codons in the
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intron sequence significantly reduced DPR translation in the sense direction (Green etal., 2017). Itis
likely that the DPR translation is thus being driven by start codons within the intron sequence, and
we hypothesize that this is also occurring in the antisense direction. My data suggests that there is
similarly an ATG start codon that drives the translation of PR-DPRs. If this is the case, then the entire
insertion is likely to be translated until it reaches a stop codon. In patients, this means that the full
100 to 1000 repeats are likely being translated. Though patients have such long repeats, studying
these long DPRs is quite difficult due to the nature of only two nucleotides being repeated for such
long sequences. Literature has thus focused primarily on shorter repeats, looking at the effects of
mostly only 50 to 100 repeats. However, if patients have their full long repeats translated, an
important question is will there be differences in the downstream disease mechanisms between the
short and long DPRs?

To understand if there is a repeat-length associated DPR toxicity in C9orf72, we successfully
created constructs with GR or PR repeated from 50 to 800 in size. EGFP, a green fluorescent protein,
was placed at the N-terminus to monitor DPR expressions. Once transfected in Hek293T cells, we
found that the longer (GR)200 and (GR)800 form cytoplasmic aggregates, while the shorter (GR)50
were localized in the nucleolus. Not only does this point to a discrepancy between what is likely
occurring in patients and what literature is focusing on, but it directly mimics patient samples.
Patient samples have been shown to aggregate in the cytoplasm, a phenotype that has not been
shown with shorter repeats in vitro (Balendra and Isaacs, 2019). If research focuses primarily on the
study of shorter repeats, then the phenotypes that are exhibited by these shorter DPRs are not going
to be as applicable to what is occurring in patients, and might lead to misunderstandings about
disease mechanisms. We also found a distinct difference in stress granule dynamics between short
and long PR-DPRs. As shown in previous literature, transfection of the shorter (50 repeats) PR-DPR
led to a significant number of cells with stress granules. However, the longer (PR)200 and (PR)800

showed almost no stress granule formation. As discussed in the introduction, stress granules are
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important for cells to protect themselves from different forms of stress. If those dynamics change,
whether by preventing the granules from dissipating or by preventing them from forming at all, it
can harm the cell and lead to further downstream complications. There is a clear difference in how
short and long DPRs affect stress granule dynamics, and it seems that longer repeats prevent stress
granules from forming. Again, this discrepancy between short and long DPRs is important in our
understanding of the disease mechanism. It is likely that the longer DPRs are more closely mimicking
what is occurring in patients, and therefore it is possible that researchers will need to reevaluate the

conclusions that have been made using short DPRs in their applicability to the actual disease.

MATERIALS AND METHODS
Molecular Cloning Mutated Start Codons

To study what role the intron played in antisense DPR translation, two plasmids were
created using molecular cloning: one with the c9orf72 intron and 289 repeats, (C4G2)289 and one
with the intronic sequence removed, (C4G2)289 RO, via restriction enzymes. Stable3 competent
cells were used for transformation, and bacteria were grown at 32 degrees Celsius on kanamycin
plates. DNA gel electrophoresis was used to confirm plasmid sizes. Hek293T cells were transfected
in 12 well plates, and proteins were extracted 48 hours after transfection. 2ul of protein was used
for each dot in the dot plot, and lab made antibodies for the PR, GR and PA tags were used to stain
for DPRs.

For study of specific start codon and near-start codons’ roles in antisense DPR translation,
the intronic region of C90rf72 was sequenced via Sanger Sequencing by GeneWiz. Site directed
mutagenesis was performed to alter ATG start codons to TAG, and CUG near-start codons to CCC.
Repeats were inserted via restriction enzymes by molecular cloning.. Stable3 competent cells were
used for transformation, and bacteria were grown at 32 degrees Celsius on kanamycin plates.

Hek293T cells were transfected in 12 well plates, proteins were extracted 48 hours after
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transfection. 2ul of protein was used for each dot in the dot plot, and lab made antibodies for the

PR, GR and PA tags were used to stain for DPRs.

Molecular Cloning Long Repeats

For creation of longer repeats starting from 50 repeats, repeats were cut via restriction
enzymes and ligated seamlessly to ensure continuation of proper DPR reading frames. To create
constructs with long repeats, molecular cloning was used to insert varying repeat length inserts into
eGFP containing vectors. Stable3 competent cells were used for transformation, and bacteria were

grown at 32 degrees Celsius on ampicillin plates

Immunostaining

Hek293T cells were transfected with (GR)50, (GR)200, (GR)800, (PR)50, and (PR)800 in 12
well plates to compare differences between different lengths of DPRs. Immunostaining was
performed 48 hours after transfection. Stress granules were used to measure one of the possible
phenotypic effects of long DPRs, and the marker BG3P, a common marker of stress granules, was

used in immunostaining. EGFP was used as a marker for DPR production within the cells.
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