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SUMMARY

Neurodegenerative diseases commonly involve the disruption of circadian rhythms. Studies 

indicate that mutant Huntingtin (mHtt), the cause of Huntington’s disease (HD), disrupts circadian 

rhythms often before motor symptoms are evident. Yet little is known about the molecular 

mechanisms by which mHtt impairs circadian rhythmicity and whether circadian clocks can 

modulate HD pathogenesis. To address this question, we used a Drosophila HD model. We found 

that both environmental and genetic perturbations of the circadian clock alter mHtt-mediated 

neurodegeneration. To identify potential genetic pathways that mediate these effects, we applied a 

behavioral platform to screen for clock-regulated HD suppressors, identifying a role for Heat 
Shock Protein 70/90 Organizing Protein (Hop). Hop knockdown paradoxically reduces mHtt 

aggregation and toxicity. These studies demonstrate a role for the circadian clock in a 

neurodegenerative disease model and reveal a clock-regulated molecular and cellular pathway that 

links clock function to neurodegenerative disease.
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In Brief

Disruption of circadian rhythms is frequently observed across a range of neurodegenerative 

diseases. Here, Xu et al. demonstrate that perturbation of circadian clocks alters the toxicity of the 

mutant Huntingtin protein, the cause of Huntington’s disease (HD). Moreover, they reveal a key 

mechanistic link between the clock and HD.

INTRODUCTION

Considerable evidence suggests that disrupted clocks or sleep are associated with and 

potentially alter neurodegenerative disease processes (Musiek and Holtzman, 2016). In 

Alzheimer’s disease (Giubilei et al., 2001; Satlin et al., 1995; Stopa et al., 1999), 

Parkinson’s disease (Bordet et al., 2003; Kudo et al., 2011a), Huntington’s disease (Aziz et 

al., 2009; Kalliolia et al., 2014; Morton et al., 2005; Pallier et al., 2007; van Wamelen et al., 

2013), chronic traumatic encephalopathy (CTE; Asken et al., 2016), traumatic brain injury 

(TBI; Mathias and Alvaro, 2012; Verma et al., 2007), and frontotemporal dementia 

(Anderson et al., 2009), circadian and/or sleep disruption has been consistently observed as 

evidenced by altered phase or amplitude of sleep-wake, activity, and/or temperature 

rhythms; melatonin and cortisol hormonal rhythms; and circadian pacemaker neuron and 

clock gene rhythms. In many cases, the circadian or sleep disruption precedes the 

appearance of the diagnostic symptoms of the disease, suggesting that they are impaired 

early in the disease process. For example, reduction in melatonin levels is observed in 
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patients even in preclinical Alzheimer’s disease (AD) stages (Braak stages I–II; Wu et al., 

2003). These studies suggest that the circadian clock is both a target of and may regulate 

neurodegenerative disease. Yet definitive evidence that the circadian clock can impact 

neurodegeneration in human disease models has been lacking.

To address the mechanistic relationship between circadian clocks and neurodegenerative 

diseases, we are using Huntington’s disease models. Polyglutamine (polyQ) expansion in 

Huntingtin (mHtt) leads to dysfunction and death of medium spiny neurons in the striatum 

and the characteristic Huntington’s chorea (Milnerwood and Raymond, 2010). Both human 

and animal studies indicate that mHtt also impairs circadian rhythms. Circadian behavioral 

rhythms are disrupted in Huntington’s disease (HD) patients and mouse models (Kudo et al., 

2011b; Kuljis et al., 2012; Loh et al., 2013; Morton et al., 2005; Pallier et al., 2007). In HD 

patients, behavioral arrhythmicity is accompanied by disrupted melatonin rhythms (Aziz et 

al., 2009; Kalliolia et al., 2014) and reduced numbers of vasoactive intestinal peptide 

positive (VIP+) neurons in the master circadian pacemaker suprachiasmatic nucleus in HD 

patients (van Wamelen et al., 2013). In mouse models, suprachiasmatic nucleus (SCN) 

electrical activity can be disrupted in the presence of intact core molecular clock oscillations, 

indicating that clock output is disrupted (Kudo et al., 2011b). Molecular clocks are not only 

evident in the SCN but also in other brain regions, such as the striatum. In HD mouse 

models, disrupted molecular rhythms are observed in the SCN (Morton et al., 2005; Pallier 

et al., 2007) as well as in the striatum (Morton et al., 2005) and cortex (Fahrenkrug et al., 

2007). In transgenic R6/2 mice, treatment with a sedative drug improved sleep-wake 

rhythms and reversed the dysregulated expression of Per2 and markedly improved their 

cognitive performance (Pallier et al., 2007; Pallier and Morton, 2009). Disrupted circadian 

rhythms and motor symptoms in mouse HD models were improved by time-restricted 

feeding (Wang et al., 2018; Whittaker et al., 2018). However, it was not known if these 

rhythm-improving interventions were solely symptomatic or if they altered the 

neurodegenerative process itself. Taken together, mHtt can disrupt the core clock and/or 

clock output of clock pacemaker neurons such as those in the SCN and may therefore 

contribute to behavioral rhythm disruption in HD. In addition, mHtt also targets clocks in the 

disease-relevant striatum. How mHtt and molecular clocks interact in clock-expressing 

neurons remains unclear.

To study how circadian disruption can modulate HD, we are using the fruit fly Drosophila, a 

well-established model organism in the study of circadian rhythms and neurodegenerative 

disease. The fruit fly is an evolutionarily conserved model system to study circadian rhythms 

(Allada and Chung, 2010; Tataroglu and Emery, 2015). In flies, the CLOCK (CLK)/CYCLE 

(CYC) transcription factor (reviewed in Mohawk et al., 2012; Zheng and Sehgal, 2008) 

activates period (per) and timeless (tim). PER and TIM proteins are in turn modified by 

protein kinases, such as DOUBLETIME (DBT), and inhibit CLK-CYC function (Kim et al., 

2007; Kloss et al., 1998). The conservation extends to humans where mutations in the 

orthologs of fly per and Dbt are responsible for the circadian disorder advanced sleep phase 

syndrome (Toh et al., 2001; Xu et al., 2005), providing a compelling rationale for using the 

fly as a model for circadian rhythms and its interaction with Huntington’s pathology.
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Valid Drosophila Huntington’s models have been generated by expression of human Htt 

with varying polyQ lengths. These fly models recapitulate many features of human HD. 

These include reduced lifespan (Lee et al., 2004; Wolfgang et al., 2005), motor deficits 

(Chongtham and Agrawal, 2016; Lee et al., 2004), neurodegeneration (Agrawal et al., 2005; 

Steffan et al., 2001), cytoplasmic followed by nuclear accumulation of mHtt (Jackson et al., 

1998), and disrupted circadian rhythms (Sheeba et al., 2010). mHtt effects also depend on 

CAG repeat length (Jackson et al., 1998). In addition, the underlying molecular mechanisms 

of mHtt pathogenesis are conserved, including mTor (Ravikumar et al., 2004), histone 

acetylation (Ferrante et al., 2003; Hockly et al., 2003; Steffan et al., 2001), SUMOylation/

ubiquitination (Steffan et al., 2004), and axonal transport (Gunawardena et al., 2003; Smith 

et al., 2014). The striking similarities between human, mammalian, and fly HD, including at 

the level of genes and therapeutics, indicate that the fly can make important contributions to 

understanding HD.

While circadian clock mutations can enhance neurodegeneration, especially under challenge, 

including in a disease model (Krishnan et al., 2012; Means et al., 2015; Musiek et al., 2013), 

whether these mutations exert their effects via their role in clocks versus pleiotropic effects 

remains unclear. Moreover, a role for the clock in mHtt toxicity has not been demonstrated. 

Here we provide evidence that circadian clocks can modulate neurotoxic effects of polyQ-

containing proteins, such as those in HD, representing a potential therapeutic avenue to slow 

disease progression. In addition, we identify pathways that may mediate clock control of 

mHtt aggregation and toxicity, including a role for heat shock pathways.

RESULTS

Expression of mHtt in PDF Clock Neurons Suppresses Circadian Rhythmicity in a PolyQ-
Length-Dependent Manner

To address the clocks-HD interaction, we did not attempt to fully model all aspects of HD in 

a fruit fly. Rather, we focused specifically on the role of the molecular clock in modulating 

mHtt in clock-containing neurons. This endophenotype is potentially highly relevant to HD 

as a subset of clock neurons in the suprachiasmatic nucleus are known to be lost in HD, 

suggesting that mHtt targets these neurons. In addition, striatal neurons also contain 

molecular clocks (see Morton et al., 2005), suggesting a potential cell autonomous 

mechanism by which clocks could impact striatal neurodegeneration in the pathognomonic 

target of HD.

We expressed human Htt genes in a subgroup of fly circadian neurons, PDF+ ventral lateral 

neurons (LNvs), using pdfGAL4. We mainly used two sets of human Htt transgenes: the first 

set, HttQ128 and HttQ0 (the non-pathogenic control for HttQ128 lacking polyQ repeats), 

contains exons 1, 2, and part of 3 of the Htt gene (Romero et al., 2008), and the second set, 

HttQ103-eGFP, HttQ72-eGFP, HttQ46-eGFP, and HttQ25-eGFP (the last is the non-

pathogenic control for HttQ103/72/46) contains the first exon of the Htt gene with varying 

polyQ lengths (Zhang et al., 2010). The eGFP fusions facilitate tracking of polyQ 

aggregation (see below). PDF+ LNvs can be further divided into large LNvs (lLNvs) and 

small LNvs (sLNvs), the latter playing a crucial role in driving free-running rhythms under 

constant darkness conditions (Grima et al., 2004; Stoleru et al., 2005). Expression of 
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HttQ128 in the PDF+ LNvs induces arrhythmicity and loss of the sLNv subset, comparable 

to the loss of subsets of SCN neurons observed in humans (Sheeba et al., 2008, 2010). 

Consistent with prior studies, we observed polyQ-length-dependent impairment of circadian 

rhythmicity (power-significance [P-S] for HttQ128 and HttQ103; Table 1). These effects are 

accompanied by age-dependent loss of a subset of sLNvs (Figures 1A and B). Not all toxic 

neurodegenerative genes induce these effects. Transgenic expression of Aβ42 induces retinal 

degeneration in flies (Burr et al., 2014). To determine if this transgene can alter rhythmicity, 

we drove expression in PDF neurons. However, it failed to reduce rhythmicity when 

expressed in PDF neurons, even after aging for several weeks (Figure 1C). Thus, we 

hypothesize that clock neurons (or at least a subset) are especially sensitive to mHtt 

consistent with HD neuropathology.

In addition to cell loss, disrupted molecular clocks may also underlie poor behavioral 

rhythmicity in mHtt flies. It has been previously shown that the presence of even a single 

sLNv is sufficient for behavioral rhythms (Helfrich-Förster, 1998) and thus additional 

changes may be needed to suppress rhythms. Disruptions of circadian clock oscillations 

have been observed in mammalian HD models. Using both the HttQ128 and HttQ103 

models, we observed strong reductions in PER levels at typical peak times of day in both the 

remaining sLNvs and the lLNvs, which do not undergo apparent cell loss (Figures 1D and 

1F). These data also indicate that we are inducing functional levels of mHtt in both sets of 

neurons even though we do not observe lLNv cell loss. These potent clock-disrupting effects 

of mHtt on molecular rhythms are consistent with fly and mammalian studies (Khaskheli et 

al., 2017; Morton et al., 2005; Pallier et al., 2007). These data establish a molecular pathway, 

the core circadian clock, to assay mHtt effects on pre-degenerative neuronal function in a 

genetic model system.

Heterozygous ClkJrk Mutants Suppress mHtt Effects on sLNv Cell Number and mHtt 
Aggregate Formation

While effects of mHtt on the core clock have been previously observed, it is unclear if the 

clock can, in turn, impact HD pathogenesis. Genetic evidence suggests the clock may 

influence neuronal survival, but this has not been established in HD in flies or mammals. To 

test the role of the clock in HD pathogenesis, we tested the core clock mutant ClkJrk. ClkJrk 

contains a premature stop codon truncating the activation domain, but retaining its 

dimerization domain, resulting in a dominant-negative form of this transcriptional activator 

(Allada et al., 1998). Homozygotes are arrhythmic with low per RNA levels, while 

heterozygotes exhibit reduced levels with low-amplitude oscillations (Allada et al., 1998). 

As ClkJrk homozygotes apparently lack detectable sLNvs (Park and Hall, 1998), we tested 

heterozygotes. First, in flies expressing HttQ0, we did not observe any reduction in the 

number of sLNvs consistent with the idea that ClkJrk heterozygotes do not display 

developmental phenotypes evident in homozygotes (Figure 2A). Surprisingly, we found that 

more sLNvs were spared in HttQ128 expressing flies (Figure 2A). To further confirm that 

this is likely due to a circadian effect rather than a pleiotropic Clk function, we examined a 

second circadian clock mutant, per01, as well as per01; ClkJrk/+ double mutants. 

Interestingly, while per01 failed to suppress (or enhance) HttQ128 effects, per01 was able to 

suppress the neuroprotective effect of ClkJrk/+ (Figure 2A). The notion that per01 does not 
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show the same phenotype as ClkJrk is not surprising as they “fix” the clock at opposite points 

in the cycle. The lack of a per01 phenotype could be explained by a ceiling to how much the 

clock can enhance mHtt effects. Nonetheless, we hypothesize that abrogation of PER 

repressor activity enhances CLK activated transcription suppressing the ClkJrk/+ effect. 

Importantly, it highlights the importance of the PER negative feedback loop, a cornerstone 

of the circadian clock, in HttQ128 effects. Moreover, it indicates that low per is not 

responsible for Clk effects as per01 does not have any apparent phenotype but instead likely 

reflects other CLK-activated genes.

Misalignment between Endogenous Circadian Periodicity and Daily Light-Dark Cycles Can 
Suppress mHtt Effects on sLNv Cell Number and Aggregate Formation

One issue with the use of arrhythmic clock mutants is that one cannot easily distinguish 

between the role of a clock gene in the circadian clock from other pleiotropic effects of these 

genes. Circadian resonance experiments, where the timing of the endogenous clock is 

matched or mismatched with the cycles of daily environmental cycles (Ouyang et al., 1998), 

is the gold standard to definitively demonstrate functional roles of circadian timing. To test 

the role of circadian timing, we entrained pdfGAL4/UASHttQ128 flies under 12:12 and 

10:10 light:dark (LD) cycles from the time of egg laying, i.e., throughout development. 

Thus, the only difference between the two groups is in the daily timing of the light:dark 

cycle to which the flies entrain. Flies are capable of entraining to these altered light:dark 

cycles as evidenced by the coherence (low SD) on the first day of constant darkness for the 

evening activity offset (Figure S1). Surprisingly, we found that more sLNvs were spared 

under 10:10 than under 12:12 conditions (Figure 3A). These effects were accompanied by a 

reduction in mHtt aggregates. Aggregates are quantified by identifying spots of high 

fluorescence intensity, reflecting the high concentrations of GFP-tagged proteins. Using the 

eGFP-tagged HttQ72, we found a reduction in the percentage of sLNvs that contain 

aggregates in 10:10 versus 12:12 conditions (Figures 3B and 3C).

To determine if this effect was due to circadian clock timing, we examined perS flies with an 

endogenous period of 19 h that more closely aligns with the 10:10 cycle. We found that the 

neuroprotective effect of 10:10 is no longer evident, indicating the effect is related to 

circadian timing (Figure 3A). Thus, by first altering the timing of light:dark cycles, we can 

alter mHtt-induced cell loss, and then by altering the timing of the clock to more closely 

match these cycles, we can reverse this effect. These studies provide compelling evidence 

that altering clock timing in relation to environmental cycles can modify mHtt-induced 

effects.

As wild-type and perS flies are able to entrain to both 12:12 and 10:10 cycles, we more 

closely examined light:dark activity profiles in these flies, including in the HttQ128 models. 

Wild-type and HttQ128 flies display a robust evening anticipatory rise in locomotor activity 

in advance of lights-off under 12:12 conditions, consistent with the notion that non-PDF 

neurons are critical for evening anticipation (Figure S2). However, this peak is absent under 

10:10 conditions, likely due to the delayed phase of entrainment. perS flies, on the other 

hand, show a phase advance of the evening peak in LD but, unlike wild-type, retain robust 

evening anticipation in 10:10 cycles (Figure S2). Thus, genetic and environmental 
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conditions that retain evening anticipation exhibit normal mHtt effects, while in the case 

where evening anticipation is not evident during the light phase, we observe a reduction in 

those effects. We are not claiming a functional link between evening anticipation and mHtt 

effects. However, it is possible that clock-regulated genes may exhibit a similar pattern and 

the phase relationship between circadian gene expression and the timing of the light:dark 

cycle may be important for mHtt-induced neurodegeneration. Taken together, we have 

demonstrated through multiple lines of evidence that modulation of the circadian clock can 

alter the neurotoxic effects of mHtt, providing a molecular pathway impacting HD 

pathogenesis.

RNAi Screen of LNv Clock-Regulated Genes Identified Replicable Suppressors of mHtt-
Induced Behavioral Arrhythmicity

As both environmental (10:10 LD) and genetic (ClkJrk/+) manipulations of the circadian 

clock reduced mHtt-induced neuronal loss, we hypothesized that manipulations of clock-

controlled genes may mediate these effects. To identify these mediators, we performed RNA 

sequencing from fluorescence-activated cell sorting (FACS)-sorted PDF+ LNvs at 2 h time 

resolution across three LD cycles. We labeled PDF+ neurons with GFP, dissected and 

dissociated brains, and FACS-selected GFP+ neurons (Nagoshi et al., 2010). Libraries were 

generated (TruSeq Sample Preparation kit) and RNA sequencing (RNA-seq) was performed 

(HiSeq2000, Illumina). Sequence alignments and quantitation were performed using Kallisto 

(Bray et al., 2016). While these experiments were performed using two different 

temperatures and diets, we performed rhythmic gene detection across the 3 days of data 

using the boot empirical JTK_CYCLE with asymmetry search method with Benjamini-

Hochberg correction for false discovery (boot eJTK; gammaBH < 0.05, fold change > 1.5) 

(Hutchison et al., 2018). We reasoned that robust clock-controlled genes should be cycling 

irrespective of diet and temperature. Using this approach, we identify 1,789 cycling genes, 

including the core clock genes, validating the overall approach (Figure S3). We will more 

fully describe this dataset elsewhere.

To identify clock-controlled genes (CCGs) that modulate mHtt toxicity, we performed an 

RNAi screen to knockdown CCGs and assayed HttQ128 effects on behavioral rhythmicity. 

We prioritized robustly cycling genes as well as those that have been previously implicated 

as mHtt modifiers in prior studies (Doumanis et al., 2009; Zhang et al., 2010). As behavioral 

rhythmicity is a functional readout of intact LNvs, it is possible that modifiers could improve 

rhythmicity by suppressing HttQ effects on neuron loss as well as pre-degenerative neuron 

function. To our knowledge, a genetic screen enabling discovery of modifiers of mHtt pre-

degenerative function has not previously been performed in animals. We hypothesize that 

such “early” modifiers may highlight pathways with therapeutic potential before irreversible 

cell loss. We screened around 150 lines mainly from Bloomington TRiP collection and 

identified 16 primary hits that suppressed the effects of HttQ128 on behavioral rhythmicity 

(Figure 4A). Here we initially focus on Hsp70/90 Organizing Protein (Hop). Other modifiers 

will be described more fully elsewhere. Hop, also known as stress inducible protein STI1, 

functions as a co-chaperone for the major protein chaperones Hsp70 and 90 to facilitate 

protein folding (Baindur-Hudson et al., 2015). While the Hop transcript does not exhibit a 

rhythmic amplitude comparable to the core clock genes, it consistently peaks across all 3 
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days during the night-time (Figure 4B), a time around which CLK-activated cycling gene 

expression, such as per, is peaking (Figure S3). Using qPCR from FACS-sorted PDF+ LNvs, 

we found reductions in both Clk-activated tim transcript and Hop transcript in ClkJrk/+ 

mutants, consistent with the idea that Clk activates Hop (Figure 4C).

Impairment of the Hsp70/90 Organization Protein Suppresses mHtt Toxicity

Several studies have shown that elevated expression or activity of heat shock proteins, 

including Hop itself, reduces mHtt or polyQ toxicity and/or aggregation formation (Chan et 

al., 2000; Hay et al., 2004; Kuo et al., 2013; Wolfe et al., 2013), while reduction of heat 

shock pathway components enhances mHtt or polyQ toxicity (Brehme et al., 2014; Wolfe et 

al., 2013). Surprisingly, Hop RNAi knockdown using two independent RNAi reagents 

partially suppressed arrhythmicity caused by HttQ128 (Figure 6A). On the other hand, Hop 
RNAi in otherwise wild-type flies did not further improve their rhythms, indicating the 

phenotype is mHtt dependent (Figure S4). To determine if these effects were specific to 

mHtt, we expressed a mutant form Tar Domain Protein 43 (A315T) that causes an inherited 

form of amyotrophic lateral sclerosis (ALS; Gitcho et al., 2008). Expression in PDF neurons 

caused suppression of free-running rhythmicity (Figure 5A). Previous studies had shown 

that overexpression of the fly homolog of glycogen synthase kinase 3, shaggy (sgg), could 

partially suppress TDP43A315T effects (Sreedharan et al., 2015), and in fact we observed 

similar results (Figure 5B). However, a Hop RNAi line that was able to suppress 

arrhythmicity due to mHtt was unable to do so with TDP43A315T (Figure 6B), revealing the 

polyQ specificity of Hop effects. In addition, knockdown of Hop also partially restored 

rhythmicity in flies expressing HttQ103-eGFP expression (Figure 5C). Rescue of behavioral 

rhythmicity was accompanied by a very modest (<1 neuron per hemisphere) increase in PDF

+ sLNv cell number (Figure 5D).

We then asked if Hop could affect mHtt levels or aggregation. In Hop RNAi flies, we 

examined HttQ72-eGFP and found a significantly reduced number of HttQ72-eGFP 

aggregates per sLNvs (Figures 6A and 6B). It is possible that Hop RNAi reduces the mHtt 

toxicity through diminishing the pdfGAL4 activity. As aggregation can independently affect 

mHtt levels, we examined the levels of non-pathogenic HttQ25-eGFP as a surrogate for 

assessing pdfGAL4 activity. We found that Hop knockdown actually increases HttQ25-

eGFP levels (Figures 6C and 6D). Thus, our data suggest Hop suppression effects are not via 

Hop reduction of pdfGAL4 activity and are likely due to a direct effect on HttQ72 

aggregation. Taken together, these data suggest that clock control of the Hop-driven protein 

chaperone cycle is a link between the clock and mHtt toxicity.

The finding that Hop reduction is neuroprotective could potentially be explained by 

proteotoxic stress induced by Hop loss resulting in induction of other chaperones. To test 

this hypothesis, we assessed the transcript levels of heat shock chaperones as well as heat 
shock factor (Hsf) after pan-cellular (Act5C-Gal4 mediated) Hop RNAi knockdown. Hop 
knockdown results in an upregulation of Hsp70 transcript but not Hsp40 or Hsf (Figure S5). 

Of note, Hsp70 can suppress mHtt-induced neurodegeneration (Jana et al., 2000; Warrick et 

al., 1999; Ormsby et al., 2013; Wacker et al., 2009). Thus, Hsp70 induction could provide a 

mechanism for Hop-knockdown-mediated neuroprotection.
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DISCUSSION

Considerable evidence suggests that disrupted clocks or sleep are associated with and 

potentially alter neurodegenerative disease processes (Musiek and Holtzman, 2016). Yet it 

has been difficult to establish causal relationships between disrupted clocks and 

neurodegenerative disease. Here we provide evidence that altering clock function can impact 

the toxicity of mHtt in clock neurons. In addition, we performed a genetic screen of CCGs to 

identify candidate pathways that may mediate clock effects. These studies establish a 

functional role for the clock in a neurodegenerative disease model as well as identify 

putative molecular links between the clock and neurodegeneration.

This work demonstrated that altering clocks can modulate neurodegeneration in an animal 

model of disease, in this case, HD. We demonstrate that circadian clocks can modulate mHtt 

aggregation and cell death. First, partial abrogation of the core circadian transcription factor 

Clk is neuroprotective in mHtt models. Second, we show that that these effects are abrogated 

by loss of per, highlighting the important role of per negative feedback. Third, we found that 

alteration in the daily timing of light:dark cycles (10:10) is neuroprotective. Finally, 

speeding up the clock to closely match these cycles eliminates these effects. While clock-

dependent neuropathological changes have been described in otherwise wild-type or 

neurodegeneration-prone animals (Kim et al., 2018; Krishnan et al., 2012; Means et al., 

2015; Musiek et al., 2013), it remains unclear if these effects are via their functions in the 

clock or not. Moreover, we are unaware of clock-dependent changes in animal models of 

HD. Taken together, we have demonstrated that modulation of the circadian clock using 

multiple interventions can alter the neurotoxic effects of mHtt, providing a novel pathway 

impacting HD pathogenesis.

ClkJrk/+ effects are likely via their adult function in clocks, not via their potential pleiotropic 

non-circadian developmental role of Clk. While ClkJrk homozygotes exhibit selective 

developmental loss of the sLNvs, we actually observe an increase in sLNv cell number in 

mHtt-expressing ClkJrk/+ flies. Moreover, we find that ClkJrk/+ flies, unlike their 

homozygous mutant counterparts, exhibit a wild-type number of sLNvs and have a grossly 

normal morphology. The fact that the ClkJrk/+ effect can be partially rescued by per01, which 

itself does not display any apparent developmental abnormality, provides further support that 

ClkJrk effects on mHtt are not developmental but rather reflect the adult per feedback-loop-

related function. As loss of per alone does not alter mHtt effects on cell number, our data are 

most consistent with the hypothesis that reduction in another Clk-activated gene could 

specifically mediate these effects. As a transcript that peaks in the night, at a time when 

many Clk target genes peak, and is reduced in ClkJrk/+ mutants, Hop represents a candidate 

direct mediator of Clk effects.

While our results provide abundant evidence for a clock-HD link, our data also indicate that 

not all circadian disruptions are created equal with respect to mHtt effects. In particular, the 

absence of an effect on cell loss in the arrhythmic per01 mutant does not preclude a role for 

the circadian clock in mHtt toxicity. It is known that neither clock gene knockouts nor 

ablation of the SCN alter learning and memory (Ruby et al., 2008). These results alone may 

suggest that the SCN has no role in learning and memory. Yet SCN-dependent dysrhythmia 
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can disrupt memory processing (Ruby et al., 2008). Similarly, there are many examples of 

clock-regulated phenomena that impact a physiological or pathological output where genetic 

disruption of one limb of the clock has a robust phenotype but loss of the opposing limb has 

no detectable phenotype. For example, astrogliosis was also observed in other circadian 

clock mutants, namely double knockouts of Bmall partners Clock and Npas2 but not in Per1/

Per2 double knockout (KO) mice (Musiek et al., 2013). Mutations in the positive or negative 

limb in the clock “fix” the clock at different points of a 24 h cycle. Thus, it remains possible 

that the clock may oscillate between a transcriptional state that modifies mHtt and one that 

does not. We hypothesize that loss of per fixes the clock at the point that it does not modify 

mHtt. Consistent this hypothesis, when moved from this point in the cycle in ClkJrk/+ 

mutants, we find that loss of per can enhance the toxicity of mHtt, providing compelling 

evidence for a functional role for the per feedback loop.

One surprise is that both our genetic and environmental perturbations to disrupt or alter 

clock function appear to be neuroprotective. This is evident both at the level of cell number 

and reduced number of aggregates. How could clock disruption be damaging in other 

contexts, even ones related to neuronal viability, but be protective in this case? First, our 

manipulations are comparatively subtle. ClkJrk heterozygotes retain some rhythmicity, albeit 

with reduced amplitude (Allada et al., 1998). Similarly, flies also are still able to entrain to 

10:10 cycles although with an altered phase relative to the light:dark cycle. In the case of 

Clk/cyc homozygotes, it is not possible to assess cell loss as these flies do not have apparent 

sLNvs. One possibility is that our clock perturbations lead to Hop downregulation at the 

appropriate time of day leading to neuroprotection. Understanding the molecular 

mechanisms by which the clock can impact neurodegeneration under these conditions will 

help to test this model.

To address the molecular mechanisms by which the clock impacts HD, we applied a 

functional behavioral screen for modifiers of mHtt function that enabled the discovery of 

genes that are important for pre-degenerative mHtt-induced neuronal dysfunction. Unbiased 

genetic screens have been crucial in fly mHtt models of Huntington disease (Doumanis et 

al., 2009; Miller et al., 2010; Rincon-Limas et al., 2012; Zhang et al., 2010). Genetic screens 

in Drosophila have largely focused on those impacting the mHtt-dependent rough eye 

phenotype that may reflect developmental or cell death processes rather than earlier neural 

dysfunction. Retinal degeneration is not central for Htt-dependent motor dysfunction or HD 

progression. Thus, our model more closely approximates a known target of mHtt (clock-

expressing neurons in the SCN and striatum) and can capture molecular pathways important 

for pre-cell death neural dysfunction. While we observed canonical cell loss, we also found 

robust reductions in the core clock protein PER, providing a robust marker for pre-cell death 

mHtt toxicity. We propose that the discovery of functional modifiers may provide effective 

therapeutic targets for intervention at an early stage before irreversible cell death has 

occurred.

One pathway through which mHtt can impair clock neuron function is via effects on the core 

clock. mHtt expression using the HttQ128 and HttQ103 models strongly suppresses PER 

levels in both the sLNvs and the lLNvs, consistent with effects observed in mammalian 

models. We do not yet know whether mHtt suppresses production of PER (e.g., its 
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transcription) or enhances its degradation. Intriguingly, Clk contains a polyQ domain up to 

33 amino acids long (Allada et al., 1998), suggesting that mHtt effects may act via 

sequestering this transcriptional activator. Given that low PER se does not lead to enhanced 

mHtt effects on cell death, the simplest interpretation is that mHtt effects on PER do not 

mediate mHtt effects on cell death but may instead contribute to disrupted behavioral 

rhythms.

Another paradoxical result is the finding that impairment of a heat shock chaperone pathway 

is neuroprotective with mHtt. In contrast to our results, overexpression of heat shock 

proteins (e.g., Hsp70/40/110) rescues polyQ-induced degeneration (Chan et al., 2000; Hay et 

al., 2004; Kuo et al., 2013). Reduction of Hop in C. elegans or yeast enhances toxicity from 

polyQ proteins (Brehme et al., 2014; Wolfe et al., 2013). Hop reduction can also enhance 

Tau-induced degeneration in the eye (Ambegaokar and Jackson, 2011). Here we find that 

Hop knockdown using two independent RNAi lines partially suppresses mHtt-induced 

arrhythmicity, aggregates, and cell loss. Interestingly, Hop knockdown also can suppress 

Tau-mediated neurodegeneration in flies (Butzlaff et al., 2015) and SCA3Q78-mediated 

neurodegeneration (VoSSfeldt et al., 2012). One possibility is that Hop knockdown may 

result in compensatory upregulation of other more efficacious chaperones with respect to 

mHtt. For example, inhibition of HSP90 leads to activation of Heat shock transcription 

factor 1 (HSF1) and thus results in induction of other heat shock (HS) proteins such as 

Hsp70 (Fujikake et al., 2008; Kudryavtsev et al., 2017). Consistent with this model, we 

observed induction of Hsp70 after Hop knockdown. Alternatively, Hop knockdown may 

impact other pathways that in turn lead to effects on mHtt. For example, Hop, as well as 

other heat shock components, are involved in the loading of small RNAs to the RNA-

induced silencing complex (RISC) (Iwasaki et al., 2015).

Several features of our model suggest that the results described here will be broadly 

applicable. The underlying molecular mechanisms for both circadian clocks and HD are 

widely conserved between Drosophila and mammals. The expression of mHtt in clock-

expressing neurons can model the established neurodegeneration of clock-expressing 

neurons in the striatum and suprachiasmatic nucleus seen in HD patients. As such, this 

central clock neuron model is likely more valid than eye models that have been prominently 

used for genetic screening.

The finding that the clock can modulate mHtt toxicity also has potential pathologic and 

therapeutic implications. One implication is that the clock could modulate various features 

of mHtt aggregate formation, dissociation, and/or degradation. For example, aggregation 

formation may be upregulated at night due to the nightly upregulation of Hop. Notably, 

clock control of heat shock pathway components has also been observed in mammals 

(Reinke et al., 2008). If a similar scenario is evident in human HDs, then timed therapeutic 

interventions, termed chronotherapy, could be efficacious. Similarly, we demonstrated that 

environmental manipulations can alter mHtt toxicity. Altering the phase of molecular 

oscillations relative to the environmental cycle may also provide a promising new 

therapeutic strategy for this fatal disease. Given the prevalence of circadian disruption across 

neurodegenerative disease, it will be of great interest to see how broad the role of the clock 

is in other neurodegenerative disease models.
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STAR★METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Ravi Allada (r-allada@northwestern.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Adult male Drosophila melanogaster were used for most of the experiments (behavior, 

staining and qPCR) except for RNA-seq and the behavior for Abeta42 expressing flies. Fly 

stocks were maintained at room temperature. Crosses were set on the standard cornmeal-

yeast-agar medium (81.4g cornmeal, 19.2g yeast, 11.1g soy flour, 6.42 g agar, 42.8ml corn 

syrup, 42.8ml molasses, 5.35ml propionic acid and 13.4ml ethanol and 1.43 g 

methylparaben per 1L of food), incubated under 12:12 or 10:10 (for the misalignment 

experiment) LD cycles at 25°C. Flies were collected within 24 hours after eclosing during 

the L phase and aged on the regular food under the LD condition their parents were 

entrained until they were used for behavior or staining experiments.

Adult female Pdf > Abeta42 flies were used for behavior assays due to the UAS-Abeta42 

transgene inserted on the X chromosome. Crosses were set on regular food, and incubated 

under 12:12 LD cycles at 25°C. Females were collected within 24 hours after eclosing 

during the L phase and aged on the standard cornmeal-yeast-agar medium under 12:12 LD. 

Female control flies (Pdf-Gal4 X control strains) were acquired with the same procedure.

RNA-seq samples were prepared from adult female Pdf > mGFP flies. Flies were raised on 

standard cornmeal-yeast-agar medium at 25°C and collected within 5 days after eclosing. 

Flies were kept under 12:12LD on 1.5X Sucrose-Yeast (SY) fly food at 25°C (HC25), 0.5X 

SY fly food at 25°C (LC25) or 1.5X SY fly food at 18°C (HC18) for 5 days before sampled 

for dissection and FACS. Flies used for behavioral analysis were kept on tubes containing 

sucrose-agar food (5% sucrose and 2% agar) for 5 12:12 LD cycles (or 6 10:10 LD cycles) 

followed by 7 DD cycles.

METHOD DETAILS

Whole Mount Immunostaining—Fly crosses were set on the standard cornmeal-yeast-

agar medium under 12:12 or 10:10 (for the misalignment experiment) LD cycles at 25°C. 

Flies eclosing within 24 hours were collected and kept under the conditions they were raised 

until the ages indicated in each experiment. Adult brains were dissected in PBS (137mM 

NaCl, 2.7mM KCl, 10mM Na2HPO4and 1.8mM KH2PO4) within 10 minutes. Then brains 

were fixed in 3.7% formalin solution (diluted from 37% formalin solution, Sigma-Aldrich) 

for 30 minutes. Brains were washed with 0.3% PBSTx (PBS with 0.3% Triton-X) for 4 

times before primary antibody incubation. Primary antibodies were diluted in 0.3% PBSTx 

with 5% normal goat serum and incubation was done at 4°C overnight. Brains were washed 

for 4 times with 0.3% PBSTx after primary antibody incubation. Secondary antibodies were 

diluted in 0.3% PBSTx with 5% normal goat serum and incubation was done at 4°C 

overnight. Primary antibody dilutions were done as the followings: mouse anti-PDF (1:800, 

DSHB), rabbit anti-PER (1:8000, from Rosbash Lab). Secondary antibody dilutions were 
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done as the followings: anti-mouse Alexa594 (1:800, invitrogen), anti-mouse Alexa488 

(1:800, invitrogen), anti-rabbit Alexa594 (1:800, invitrogen), anti-rabbit Alexa488 (1:800, 

invitrogen), anti-rabbit Alexa647 (1:800, invitrogen).

Fly Stocks—RNAi lines used for screening and other overexpression lines were acquired 

from Bloomington Stock Center unless indicated separately. UAS-HttQ0/128 were kindly 

provided by Dr. Littleton. UAS-HttQ25/46/72/103-eGFP were kindly provided by Dr. 

Perrimon. UAS-TDP43-WT was kindly provided by Dr. Wu.

FACS, RNA Extraction from LNvs, RNA-seq and qPCR—LNvs were labeled with 

Pdf > mGFP. Fly brains were dissected at certain time points and processed as previously 

described (Kula-Eversole et al., 2010; Nagoshi et al., 2010). More specifically, aach brain 

was dissected in dissecting (pH7.4 9.9mM HEPES-KOH, 137mM NaCl, 5.4mM KCl, 

0.17mM NaH2PO4, 0.22mM KH2PO4, 3.3mM glucose and 43.8mM sucrose) and kept in 

SMactive media (4.18mM KH2PO4, 1.05mM CaCl2, 0.7mM MgSO4•7H2O, 116mM NaCl, 

8mM NaHCO3, 2mg/ml glucose, 2mg/ml trehalose 0.35mg/ml α-ketoglutaric acid, 

0.06mg/ml fumaric acid, 0.6mg/ml malic acid, 0.06mg/ml succinic acid, 2mg/ml yeast 

extract with 20% non heat-inactivated FBS, 2 μg/ml insulin and 5mM pH6.8 Bis-Tris) on ice 

right after dissection. Both dissecting saline and SMactive media contain 20 μM DNQX, 50 

μM APV and 0.1 μM TTX as final concentration. After finishing dissection of all the brains 

needed for one experiment, brains were washed with 500 μL dissecting saline twice (spin 

down at 2000rpm for 1min between washes). 100 μL Papain solution (50unit/ml) for each 

sample was activated at 37°C for 10min prior to use. Saline washed brains were incubated in 

at room for 30min in the Papain solution. Papain was deactivated by adding 500 μL 

SMactive media to the brain sample and the brains were washed with 500 μL SMactive 

media for 3 times. Cells were dissociated by triturating brains with self-made medium 

opening P1000 filter tip for around 30 times followed by triturating brains with self-made 

small opening P1000 filter tip for around another 30 times. Cells were filtered with nylon 

filters (SEFAR NITEX 03-100/32). GFP positive cells were isolated at Flow Cytometry 

Facility at Northwestern University. RNA from FACS sorted LNvs were extracted with 

PicoPure Knits. We synthesized 1st and 2nd strand cDNA from RNA first with Superscript 

III and DNA polymerase. Then we amplified the RNA by synthesizing more RNA from the 

cDNA template with T7 RNA polymerase. Amplified RNA was purified with RNeasy Mini 

Kit (QIAGEN). After the second round of cDNA synthesis from amplified RNA, the cDNA 

was submitted to HGAC at university of Chicago for library preparation and sequencing. 

Sequencing was done in HGAC at university of Chicago with Illumina HiSeq 2000. All 

samples are done with single end reads of 50 base pairs.

LNv cDNAs tested with qPCR were prepared in the same way described above. RNA from 

whole head samples was purified by TRIzol following the manufacturer protocol. Genomic 

DNA was digested by RQ1 DNase (Promega). First strand cDNA was synthesized using 

SuperScript III First-Strand Synthesis System (invitrogen) and applied for qPCR using 

SYBR Green supermix (BIO RAD).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Confocal Imaging and Data Quantification—Fly brains after immunostaining were 

imaged by Nikon C2 confocal. Data processing and quantification were done with Nikon 

NIS Elements. For sLNv number quantification, PDF+ sLNv number for each genotype 

undereach condition was counted blindly. Sample sizes indicated in the legends represent 

number of hemispheres used for each experiments combined from at least 2 replicates. Two 

tail t test was performed between two genotypes/conditions need to be compared.

For PER or GFP intensity measurements, the intermediate stack of each cell was chosen for 

measuring the mean intensity. Three areas for each hemisphere was randomly chosen and 

measured for background measurements. Cells in the same hemisphere used the same 

background mean intensity. The final mean intensity for PER or GFP signal from HttQ25-

eGFP or HttQ46-eGFP was calculated by mean intensity measured from the middle stack of 

a cell minus the background mean intensity and then divided by the background mean 

intensity. Sample sizes indicated in the legends represent number of LNvs used for each 

experiments. Two tail t test was performed between two genotypes/conditions need to be 

compared.

For aggregation quantification, a threshold was applied to the channel used for imaging Htt 

aggregation (threshold was usually between 2500 to 3500, and the same threshold was used 

for control and experimental groups in a certain experiment). The percentage of cells 

containing aggregates passing the threshold was calculated. Sample sizes indicated in the 

legends represent number of LNvs used for each experiments. Z-statistic, and the 

corresponding p value, was determined for statistically comparing percentages.

Locomotor Activity Recording and Circadian Data Analysis—Behavior data 

recording, processing, plotting and analysis were done mainly as previously described 

(Pfeiffenberger et al., 2010a, 2010b). Fly locomotor activity was recorded from the 

Drosophila Activity Monitoring (DAM) data collection system and then extracted with 

DAM File Scan. Rhythmicity was measured by power - significance (P-S), parameters 

calculated by ClockLab. Activity actograms were plotted with either Counting Macro or 

ClockLab. Morning and evening Index were calculated with normalized activity given by 

output from Counting Macro. Morning Index = sum of normalized activity 3hr before light 

on / sum of normalized activity 6hr before light on. Evening Index = sum of normalized 

activity 3hr before light off / sum of normalized activity 6hr before light off (Seluzicki et al., 

2014). The interval for summarizing the activities used for anticipation calculation is 

adjusted for perS under 12:12 (ZT6-8/ZT4-8) and 10:10 (ZT7.5-10/ZT5-10). The time of 

evening peak onset is calculated by finding the time when the largest increase in activity 

happens (Seluzicki et al., 2014). Data are represented as mean ± SD for onset time. Behavior 

tests for HttQ128 flies, with or without modifiers, were done with flies enclosed within 3 

days by the 1st day of behavior run. Behavior test for HttQ103 flies, with or without 

modifiers, were done with day 4-6 old flies. All flies for behavior were entrained from the 

embryonic stage (after egglaying) under 12:12 LD cycles (or 10:10 LD as indicated in the 

text). Sample sizes indicated in the legends represent number of flies used for each 

experiments combined from at least 2 independent runs. Two tail t test was performed for P-
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S, anticipation index or activity peak onset time between two genotypes/conditions need to 

be compared.

RNA-seq and qPCR Data Analysis—Reads from each time point under each food/

temperature condition were quantified against the Flybase transcript assembly, release 6.14, 

using Kallisto (Bray et al., 2016). Gene level quantification was obtained using tximport 

library, both for TPMs and counts data. Our LNv data comprise of three food/temperature 

combination conditions, with 12 time points per each condition: 1.5X Sucrose-Yeast (SY) 

fly food and 25°C),0.5X SY fly food and 25°C and 1.5X SY fly food and 18°C. Genes 

which do not pass the threshold of TPM >1 in at least 50% of samples were filtered out, 

leaving 7863 genes; conditions were concatenated to generate a 36 time points as an input 

data for Boot eJTK to determine cycling genes (Hutchison et al., 2018). We applied 

Benjamini-Hochberg (BH) correction method to Gamma p values calculated by Boot eJTK. 

BH corrected p value of less than 0.05 and fold change greater than 1.5 (between peak and 

trough) were used as a threshold for detection of cycling genes. For qPCR, relative RNA 

abundance was calculated based on delta CT values relative to the geometric average of CT 

values of Rp49 and Cam as internal controls (Vandesompele et al., 2002). The RNA 

abundance of a gene in the experimental sample is then normalized to the RNA abundance 

for the same gene in the corresponding control in each experiment for fold change 

calculations. Significance is determined by t test setting control to 1 in each experiment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Environmental and genetic clock perturbations alter mutant Huntingtin 

toxicity

• Heat Shock Protein 70/90 Organizing Protein (Hop) is under circadian clock 

control

• Knockdown of Hop reduces mutant Huntingtin toxicity
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Figure 1. HttQ128 and HttQ103 Reduce sLNv Cell Number and Strongly Suppress PER Levels
(A) sLNv cell number at different ages are shown for HttQ0 and HttQ128 expressing flies (n 

= 8–23).

(B) sLNv cell number at different ages are shown for HttQ103 expressing flies (n = 12–15). 

HttQ103 overexpression significantly decreases PDF+ sLNv number at D15 compared to 

HttQ25.
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(C) Rhythmicity (P-S) is indicated for various genotypes, including flies with (Abeta42) and 

without (ctrl) Abeta42 in PDF neurons at either the age of day 3 (D3) or day 21 (D21) (n = 

8–15).

(D and E) PER intensity at ZT0 in sLNvs and lLNvs in Pdf > HttQ0 and Pdf > HttQ128 flies 

(D; n = 6–23) and Pdf > HttQ25 and Pdf > HttQ103 flies (E; n = 7–28) at age day 15 is 

quantified and shown. (*p < 0.05, **p < 0.01, ***p < 0.005, two-tailed t test)

(F) Representative images of LNvs (sLNv, lLNv, and 5th sLNv) expressing HttQ0 or 

HttQ128 are shown. Staining of PER is indicated in green, while co-staining of PDF is 

indicated in red. Asterisks indicate sLNvs, while arrowheads indicate lLNvs. The PDF – 5th 

sLNv is labeled with “5th” if it is evident in the image. Scale bar indicates 10 μm.

Xu et al. Page 23

Cell Rep. Author manuscript; available in PMC 2020 May 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. mHtt-Induced sLNv Loss and Aggregate Formation in ClkJrk/+ Flies
(A) The number of sLNvs present per brain hemisphere is indicated for various genotypes 

where HttQ0 and HttQ128 indicate fragments of Htt with (Q128) and without (Q0) 

polyglutamines. per01 and Jrk indicate per01 and ClkJrk mutants (n = 17~29; *p < 0.05, **p 

< 0.01, ***p < 0.005).

(B) Representative images of LNvs (sLNv and lLNv) expressing HttQ25-eGFP and HttQ46-

eGFP (in green) are shown for wild-type (+/+) and ClkJrk/+ (Jrk/+). Co-staining for PDF is 

indicated in red. White arrowheads indicate lLNvs. White dot circles label sLNvs without 
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aggregates. Yellow dash circles label sLNvs with aggregates. Example aggregates are 

pointed out by orange arrows.

Scale bar indicates 10 μm.
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Figure 3. Exposure to 10 h Light, 10 h Dark Cycles Reduces mHtt-Mediated sLNv Cell Loss and 
Aggregate Formation
(A) The number of sLNvs present per brain hemisphere at age day 5 is indicated for various 

genotypes and environmental cycles, where HttQ0 and HttQ128 indicate fragments of Htt 

with (Q128) and without (Q0) polyglutamines. per+ and perS indicate wild-type and perS 

mutants (n = 36–62).

(B) Percentage of LNvs containing HttQ72-eGFP aggregates are indicated under 12 h light, 

12 h dark conditions (12-12) and 10 h light, 10 h dark conditions (10-10; n = 37–39).
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(C) Representative images of LNvs (sLNv and lLNv) expressing HttQ72-eGFP (in green) 

are shown under 12:12 and 10:10 conditions. Co-staining for PDF is indicated in red. White 

arrowheads indicate lLNvs. White dot circles label sLNvs without aggregates. Yellow dash 

circles label sLNvs with aggregates. Example aggregates are pointed out by orange arrows.

*p < 0.05, **p < 0.01, ***p < 0.005. Scale bar indicates 10 μm.
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Figure 4. Identification of Hsp70/90 Organizing Protein (Hop) in a Screen for Cycling Genes 
That Suppress HttQ128-Induced Arrhythmicity
(A) The x axis indicates ranking of screened RNAi lines based on their average rhythmicity 

(power-significance [P-S]) values in pdf > HttQ128 flies. The red line indicates the cut-off 

for RNAi to be considered modifiers, and the red circle (Ctrl) indicates the average P-S of 

the control. Two independent Hsp70/90 organizing protein (Hop) RNAi lines that are 

modifiers are indicated by black arrows.

(B) Transcript levels in transcripts per million (TPM) for Hop across three 24 h light:dark 

cycles. Light and dark periods are indicated in yellow and gray, respectively. Trend line 
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indicates a 3 h window moving average. Each profile is in the following order: standard 1.5x 

sucrose-yeast (SY) food at 25°C, 1.5x SY at 18°C, and 0.5x SY at 25°C.

(C) LNv transcript levels at ZT14 for tim and Hop from ClkJrk/+ (ZT14 Jrk/+) are 

normalized to wild-type (ZT14 WT). Average levels for replicates are shown.

*p < 0.05 by t test.
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Figure 5. Hop RNAi Suppresses mHtt-Mediated Arrhythmicity, Aggregate Formation, and Cell 
Loss
(A) Rhythmicity (P-S) is indicated for various genotypes, including flies expressing 

HttQ128 in PDF neurons in a TRiP RNAi library control background (HttQ128 TRiP Ctrl) 

and expressing two independent Hop TRiP RNAi lines (HttQ128 Hop RNAi TRiP #1 and 

#2; n = 17–19).

(B) Rhythmicity (P-S) is indicated for various genotypes, including flies expressing 

TDP43A315T in PDF neurons in a TRiP RNAi library control background (TDP43A315T 

TRiP Ctrl) and expressing Hop RNAi lines (TDP43A315T Hop TRiP #2; n = 11–22).

(C) The number of sLNvs present per brain hemisphere is indicated for various genotypes 

where either Hop RNAi (TRiP) or TRiP control and HttQ128 expression are shown (n = 18–

19).

*p < 0.05, **p < 0.01, ***p < 0.005.
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Figure 6. Hop RNAi Suppresses mHtt Aggregate Formation and Increases pdfGAL4-Driven 
HttQ25-eGFP Levels
(A) Percentage of LNvs (labeled with PDF in red; B) at age day 7 containing HttQ72-eGFP 

aggregates (in green) or in a TRiP RNAi library control background (TRiP Ctrl) and 

expressing Hop TRiP RNAi lines (RNAi TRiP #2; n = 26–29; *p < 0.05, **p < 0.01, ***p < 

0.005). White arrowheads indicate lLNvs. White dot circles label sLNvs without aggregates. 

Yellow dash circles label sLNvs with aggregates. Example aggregates are pointed out by 

orange arrows. Scale bar indicates 10 μm.
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(C) Representative images of LNvs (sLNv and lLNv) expressing HttQ25-eGFP are shown in 

TRiP RNAi library control background (TRiP Ctrl) and expressing Hop TRiP RNAi lines 

(Hop RNAi TRiP #2). Asterisks indicate sLNvs.

(D) GFP intensity in the sLNvs and lLNvs for TRiP Ctrl and Hop TRiP RNAi lines is 

quantified and shown (n = 8–20).

Scale bars indicates 10 μm. (n = 8–20; *p < 0.05, **p < 0.01, ***p < 0.005.
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Table 1.

Polyglutamine-Length-Dependent Effects of Htt on Circadian Rhythmicity

Period P-S N R%

Pdf-Gal4/U-HttQ0#10-2 24.5 ± 0.1 97 ± 10 16 94%

Pdf-Gal4/U-HttQ128#35 – 0 ± 0*** 14 0%

Pdf-Gal4/+;U-HttQ25-eGFP/+ 24.2 ± 0.1 93 ± 10 14 100%

Pdf-Gal4/+;U-HttQ46-eGFP/+ 24.2 ± 0.1 99 ± 12 17 94%

Pdf-Gal4/+;U-HttQ72-eGFP/+ 24.8 ± 0.1 84 ± 13 15 96%

Pdf-Gal4;U-HttQ103-eGFP/+ 24.0 ± 0.1 42 ± 9*** 16 75%

*
p < 0.05,

**
p < 0.01,

***
p < 0.005 compared to non-pathogenic Htt control lines, respectively.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-PDF Developmental 
Studies 
Hybridoma 
Bank (DSHB)

PDF C7

Rabbit polyclonal anti-PER Rosbash Lab N/A

Goat anti-Mouse IgG Alexa Fluor 488 Invitrogen A-11001

Goat anti-Rabbit IgG Alexa Fluor 488 Invitrogen A-11008

Donkey anti-Mouse IgG Alexa Fluor 594 Invitrogen A-21203

Donkey anti-Rabbit IgG Alexa Fluor 594 Invitrogen A-21207

Donkey anti-Rabbit IgG Alexa Fluor 647 Invitrogen A-31573

Chemicals, Peptides, and Recombinant Proteins

D(−)-APV Sigma-Aldrich A8054

Tetrodotoxin Sigma-Aldrich T8024

DNQX Sigma-Aldrich D0540

Critical Commercial Assays

PicoPure RNA Isolation Kit Applied 
Biosystems

KIT0204

RNeasy Mini Kit QIAGEN 74104

SuperScript III First-Strand Synthesis System Invitrogen 18080051

RQ1 RNase-Free DNase Promega M6101

SsoAdvanced Universal SYBR® Green Supermix BIO-RAD 1725274

Experimental Models: Organisms/Strains

D. melanogaster: RNAi control for attP2 insertion lines: y[1] v[1]; P{y[+t7.7] = CaryP}attP2 Bloomington 
Drosophila 
Stock Center

BDSC 36303

D. melanogaster: RNAi of Hop (#1): y[1] sc[*] v[1]; P{y[+t7.7] v[+t1.8] = TRiP.HMS00779}attP2 Bloomington 
Drosophila 
Stock Center

BDSC 32979

D. melanogaster: RNAi of Hop (#2): y[1] sc[*] v[1]; P{y[+t7.7] v[+t1.8] = TRiP.HMS00965}attP2 Bloomington 
Drosophila 
Stock Center

BDSC 34002

D. melanogaster: overexpression of HttQ0 and HttQ128: UAS-HttQ0/128 Lee et al., 
2004

N/A

D. melanogaster: overexpression of eGFP tagged HttQ25, HttQ46, HttQ72 and HttQ103: UAS-
HttQ25/46/72/103-eGFP

Zhang et al., 
2010

N/A

D. melanogaster: overexpression of Abeta42: P{UAS-Abeta1-42.G}1 Bloomington 
Drosophila 
Stock Center

BDSC 32038

D. melanogaster: overexpression of TDP43A315T: UAS-TDP43-A315T-RFP Guo et al., 
2011

N/A

w[1118]; P{w[+mC] = UAS-sgg.B}MB5 Bloomington 
Drosophila 
Stock Center

BDSC 5361

D. melanogaster: Gal4 transgene expressed by Pdf promoter: Pdf-Gal4 Renn et al., 
1999

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

Hop forward primer: AGCGTACAACGAGGGTCTCAAG N/A N/A

Hop reverse primer: TGCCCAGTTCCTTCTCCTTCC N/A N/A

Hsp70, Hsp40 and hsf forward and reverse primers Gonsalves et 
al., 2011

N/A

T7 oligo dT primer: 
GGCCAGTGAATTGTAATACGACTCACTATAGGGAGGCGGTTTTTTTTTTTTTTTTTTTTTTTT

Nagoshi et al., 
2010

N/A

tim forward primer: GACTTGCCAAATCCCTCATC N/A N/A

tim reverse primer: GAAGCACTGCAACTCGATCA N/A N/A

Rp49 forward primer: CCGCTTCAAGGGACAGTATCTG N/A N/A

Rp49 reverse primer: ATCTCGCCGCAGTAAACGC N/A N/A

Cam forward primer: GGCACCATCACAACAAAGG N/A N/A

Cam reverse primer: CTTCTCGGATCTCCTCTTCG N/A N/A

Software and Algorithms

DAM Data Acquisition Software Trikinetics http://
www.trikinetics.com

DAM File Scan Software Trikinetics http://
www.trikinetics.com

ClockLab Actimetrics http://
www.actimetrics.com/
products/clocklab/

Counting Macro Pfeiffenberger 
et al., 2010b

N/A

Boot eJTK Hutchison et 
al., 2018

https://github.com/
alanlhutchison/
BooteJTK

kallisto Bray et al., 
2016

https://github.com/
pachterlab/kallisto

tximport Soneson et al., 
2015

http://
bioconductor.org/
packages/release/
bioc/html/
tximport.html

Nikon NIS Elements Nikon https://
www.nikon.com/
products/microscope-
solutions/lineup/
img_soft/nis-
elements/
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