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Summary

Unbiased in vivo genome-wide genetic screening is a powerful approach to elucidate new 

molecular mechanisms, but such screening has not been possible to perform in the mammalian 

central nervous system (CNS). Here we report the results of the first genome-wide genetic screens 

in the CNS using both shRNA and CRISPR libraries. Our screens identify many classes of CNS 

neuronal essential genes, and demonstrate that CNS neurons are particularly sensitive not only to 

perturbations to synaptic processes, but also autophagy, proteostasis, mRNA processing, and 

mitochondrial function. These results reveal a molecular logic for the common implication of 

these pathways across multiple neurodegenerative diseases. To further identify disease-relevant 
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genetic modifiers, we applied our screening approach to two mouse models of Huntington’s 

disease (HD). Top mutant Huntingtin toxicity modifier genes included several Nme genes and 

several genes involved in methylation-dependent chromatin silencing and dopamine signaling, 

results that reveal new HD therapeutic target pathways.

Graphical Abstract

eTOC Blurb

Wertz et al. report a method for unbiased genome-wide genetic screening in the CNS to identify 

neuronal essential genes in vivo. They also apply this approach to uncover modifiers of mutant 

Huntingtin toxicity in vivo and show that Nme1 expression can modulate Huntington’s disease 

model phenotypes.
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Introduction

Neurons are among the longest-lived and highest energy consuming cells of the body. As 

such, neurons possess cell biological properties that likely impart unique vulnerabilities that 

are not possessed by other cell types in the body. Knowledge of such unique neuronal 

genetic vulnerabilities may aid in the design of new therapeutic strategies that are effective 

for the treatment of multiple neurodegenerative diseases. For example, all of the most 
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common neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s disease, 

and Huntington’s disease, are associated with mutated proteins that aggregate (Mattson and 

Magnus, 2006), implying that neurons may be especially vulnerable to proteostasis 

perturbations. Although unbiased genetic screening has identified essential genes across 

many cell types, no such screening has yet been conducted in vivo in the mammalian central 

nervous system (CNS) for any neuronal type, due to the difficulty of delivering genome-

wide manipulations to a non-dividing and anatomically protected cell population. However, 

such screening could identify unique neuronal genetic vulnerabilities.

Among neuronal cell types, spiny projection neurons (SPNs) of the caudate/putamen 

(striatum) show the most pronounced loss in Huntington’s disease (HD) (Vonsattel et al., 

1985), which is caused by CAG trinucleotide repeat expansions in the huntingtin gene 

(Group, 1993). Human genome-wide association studies have identified activity of the DNA 

mismatch repair pathway as an important modifier of HD age-of-onset (Genetic Modifiers of 

Huntington's Disease, 2015), while previous HD model studies have linked the 

polyglutamine mutant Huntingtin protein (mHTT) to dysregulation of many cellular 

processes, including gene transcription and proteostasis (Finkbeiner, 2011). However, no 

study has systematically compared, in the mammalian CNS, the HD-modifying potential of 

all genes in the genome in a controlled, isogenic genetic background. These data could point 

to genetic modifiers of and therapeutic targets for HD that are currently unrecognized.

In order to find in vivo CNS neuronal essential genes, we developed an approach to apply 

pooled shRNA or CRISPR genome-wide genetic screening to the adult CNS of wild type 

mice. We also performed genome-wide genetic screening for modifiers of mHTT toxicity in 

two extensively characterized mouse models of HD: the R6/2 transgenic exon 1 HTT model 

(Mangiarini et al., 1996) and the zQ175 knock-in full length HTT model (Heikkinen et al., 

2012; Menalled et al., 2012). These HD models display several pathological HD hallmarks, 

but only a small amount of cell death in the striatum, a characteristic that can be exploited 

for phenotypic enhancer screening. Our data reveal that CNS neurons are not only 

vulnerable to many perturbations of synaptic function, but that they also are very vulnerable 

to perturbations to autophagy, proteostasis, mRNA processing, and mitochondrial function. 

While perturbations to these same pathways also sensitized striatal SPNs to mHTT toxicity, 

our HD model studies reveal several classes of genetic modifiers of mHTT toxicity. These 

included genes involved in methylation-dependent chromatin silencing, dopamine signaling, 

and genes belonging to the Nme gene family. In particular, we were able to validate Nme1 as 

a modifier of mHTT toxicity and ameliorate HD model phenotypes by over-expression of 

Nme1 in the striatum. Our study reveals the power of unbiased genetic screening in the CNS 

to uncover genetic modifiers of neuronal viability in normal and diseased contexts, and 

points to new therapeutic targets for HD.

Results

An In Vivo Method for Unbiased Screening in the Mammalian CNS

For our genome-wide CNS screening, we employed two well-characterized high-titer VSV-

G pseudotyped lentiviral genome-wide murine pooled libraries: one for short hairpin RNA 

(shRNA), RNAi-based screening and one for single guide RNA (sgRNA) CRISPR-based 
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screening (Doench et al., 2016; Moffat et al., 2006) (STAR Methods). Both libraries were 

ultra-concentrated and introduced into adult mouse striata by means of double bilateral 

intracranial stereotaxic injections. Lentiviral transduction results in the integration of shRNA 

or sgRNA elements into the host cell DNA and thus permanently marks each infected cell. 

After 4 weeks or 7 months of injection in WT animals, the striata were dissected and 

genomic (gDNA) sequenced for library representation. shRNAs or sgRNAs that target genes 

for which knockdown or knockout leads to striatal toxicity are expected to be 

underrepresented in striatal tissue relative to the input shRNA/sgRNA library since they lead 

to cell death. Thus, the output of our pooled screening approach was differential 

representation of genome-integrated library elements upon infected cell loss, as revealed by 

high throughput DNA sequencing (Figure 1A). Since the striatal cell population is composed 

of a finite number of terminally differentiated non-dividing neurons, we first determined 

parameters needed to ensure enough cells were sampled per library element, and that the 

sequencing depth was sufficient to allow differential analysis. We utilized VSV-G coated 

lentivirus for our screening studies due to its high neuronal tropism in the striatum (Blomer 

et al., 1997) and low toxicity in the striatum (Blomer et al., 1997; Mazarakis et al., 2001). 

We employed a control GFP-encoding VSV-G lentivirus to assess viral spread (average area 

of 26.41 ± 3.78%, ~120,000 GFP-positive cells per striatal hemisphere; Figure S1A-S1E), 

and multiplicity of infection (Figure S1F-S1G) across the injection site. There is a high 

probability that very near to the injection site some cells might be transduced by more than 

one genetic perturbation, however the likelihood that the synergistic effect of two gene 

perturbations would generate synthetic lethality is very small due to the nature of the pooled 

screening approach (STAR Methods and Figure S1H) (Costanzo et al., 2016; Shearer and 

Saunders, 2015). Injection of lentivirus in the CNS could elicit a small, localized 

inflammatory response; to address this possibility, we stained viral-injected tissue with 

markers of inflammation and observed a very small increase in Iba1 and GFAP 

immunostaining directly adjacent to the needle track, but no evidence of broad inflammation 

(Figure S1I-L). Thus with our VSV-G lentivirus pooled screening experimental approach, 

we can achieve a bias to high neuronal tropism, single gene effects, as well as low 

inflammatory effects.

Our quantification of viral spread and MOI indicated that for a 1,000-element library, each 

element would be represented in ~120 cells per sample; in a more complex genome-scale 

library, each element would be represented in ~1 cell per sample, requiring multiple samples 

to be pooled to enable robust statistical analyses. To validate this for a genome-wide library, 

we injected sgRNA sub-libraries of increasing complexity into wild-type (WT) animals. We 

then analyzed the correlation of sgRNA representation between replicates with increasing 

numbers of combined samples for each of the sub-libraries (Figure 1B, Figure S2A) and 

used this to estimate the number of samples we would need for genome-scale coverage. 

Combinations of 1, 5, 20 or 74 samples per replicate of the genome-wide shRNA library 

injected into wildtype mice were examined by Receiver Operator Characteristic-Area Under 

the Curve (ROC-AUC) (Doench et al., 2016) analysis and Pearson correlation of the log2 

normalized read counts showed improved genome-wide library performance with increasing 

sample number (Figure 1C-D). For both the shRNA and sgRNA libraries, upon pooling 

samples into a single replicate, representation was highly correlated with the input at 
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genome-scale (Figure 1E-G), which would allow identification of genetic perturbations that 

lead to cell death and depletion of elements from the library. Further, the cumulative 

frequency and average log2 normalized shRNA or sgRNA representation were consistent 

across groups (Figure S2B-S2E), confirming sufficient coverage for in vivo genome-wide 

screening.

shRNA Screening in Wild Type Mice to Identify in vivo CNS Neuronal Essential Genes

We next sought to identify CNS in vivo neuronal essential genes relevant for both short-term 

and long-term neuronal survival by examining screening data for evidence of neuronal death 

at 4 weeks and 7 months after genetic manipulation. The magnitude of the relative library 

element depletion was larger and more consistent in the shRNA screens (Figure 1E-F) than 

the CRISPR screen (Figure 1G). This could be a consequence of low efficiency of CRISPR 

gene editing in non-dividing cells in the brain (Nami et al., 2018), or due to the use of a Cas9 

transgenic mouse (instead of Cas9 co-delivery in virus with gRNA). We used DrugZ, a 

sensitive algorithm optimized for identification of genetic modifiers in negative selection 

screens (Colic et al., 2019), to map differential representation of individual shRNA/sgRNAs 

onto their gene targets to identify neuronal essential genes at the per-gene level. We took the 

DrugZ normalized Z score (normZ) from the shRNA and CRISPR screens and compared 

these scores to log2 normalized gene expression data we collected from WT mouse striatum 

(Figure 2A-B, Table S1, and STAR Methods). Genes with lower normZ scores represented 

those that were most depleted in the screens, and these were expressed at high levels in the 

WT striatum, which indicated that we recovered genes relevant to striatal biology.

First focusing on the shRNA screen data, we sought to identify factors necessary for both 

short- and long-term neuronal survival and thus compared the average log2 normalized 

foldchange in shRNA element representation directly in the WT samples at 4 weeks and 7 

months vs. the input shRNA library. This comparison revealed a subset of shRNAs that were 

depleted at both timepoints (Figure 2C). The sum of the 4 week and 7 month normZ scores 

for these WT data showed a bimodal distribution and, when modeled with two Gaussian 

distributions, essential genes (green, Figure 2D) and non-essential genes (black, Figure 2D) 

intersected at a normZ score of ~0.005 and corresponded with DrugZ FDR of 0.038 (red 

dotted line, Figure 2D). DrugZ analysis identified 3,875 candidate neuronal essential genes 

with normZ scores below this empirically determined threshold (Figure 2E, and Table S2). 

Unbiased pathway analyses revealed that these candidates were enriched in genes involved 

in many basic neuronal KEGG pathways and gene ontology biological process (GO) terms, 

including synaptic vesicle function, proteasome function, mitochondrial function, and 

neurotrophin signaling (Figure 2F-2G, and Table S2).

Previous in vivo screens in D. melanogaster (Yamamoto et al., 2014) and C. elegans 
(Firnhaber and Hammarlund, 2013) have been used to identify neuronal essential genes in 

nonmammalian metazoans. We compared our neuronal essential genes (green) to orthologs 

from these screens and observed overlap of many genes, and analysis of these overlapping 

genes from D. melanogaster (blue) and C. elegans (purple) revealed broad conservation of 

GO terms and KEGG pathways (Figure 2F-G). We next hypothesized that comparison of our 

neuronal essential gene list to other essential gene sets from non-neuronal mammalian cell 
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type screens would reveal both common biology and pathways unique to mammalian 

neuronal cells. Thus, we compared our neuronal essential gene to a widely used reference 

set of core essential genes [‘CEG2’ from (Hart et al., 2017)], which was derived from 

aggregate CRISPR screen data from a panel of different dividing human cancer cell lines. 

We predicted that these cells would be, like neurons, highly metabolic and that this biology 

would be reflected in overlap of KEGG and GO terms related to basic cellular processes of 

these cells (grey dots Figure 2F-G). This overlap indeed revealed shared enrichment of genes 

related to mRNA processing, proteostasis, and oxidative phosphorylation. These finding 

suggest that several essential gene pathway members for mammalian neurons (as opposed to 

metazoan neurons) are essential because of mammalian neurons’ high-energy consumption 

and metabolism. Several of our neuronal essential genes related to neurotrophin signaling 

and synaptic function have been previously demonstrated to be essential for neuronal 

viability in mammals [e.g. (Baquet et al., 2004; Verhage et al., 2000)], confirming that our 

screen also recovered previously identified individual neuronal essential genes from mouse 

CNS studies.

We observed that several neuronal essential genes in the striatum are themselves striatal-

enriched [>1.5 log2 fold-change enrichment in striatum vs. the rest of the brain, from 

(Kasukawa et al., 2011)] (Figure S3A). Chromatin Enrichment Analysis (Lachmann et al., 

2010) and previous striatal ChIP-Seq studies (Niewiadomska-Cimicka et al., 2017) revealed 

that these striatal-enriched genes are transcriptional targets of the retinoic acid receptor beta 

(Rarb) (Figure S3B and Table S2) an important regulator of striatal development (Rataj-

Baniowska et al., 2015). This suggests that striatal-enriched genes regulated by post-

developmental retinoic acid-dependent signaling are essential for the viability of striatal 

neurons. Given previous reports of loss of striatal-enriched gene expression in response to 

mHTT (Luthi-Carter et al., 2000), we reasoned that several of these striatal-enriched genes 

may themselves be downregulated in response to mHTT. Thus, we examined their 

expression level in the striatum of the R6/2 (Table S1 and STAR Methods) and zQ175 

[previously published data: (Langfelder et al., 2016)] mouse models of HD at timepoints 

age-matched to our screen. This analysis revealed decreased expression of striatal-enriched 

candidate essential genes in the striatum of HD models (Figure S3C and Table S2), 

suggesting that mHTT toxicity is in part due to transcriptional downregulation of these 

striatal neuronal essential genes.

As there is normally not much cell turnover the adult striatum, we did not expect to find 

genes in our screen that would be enriched in library representation (i.e. that would prevent 

cell death in wild type striatum). Indeed, in contrast to our identification of several thousand 

candidate neuronal essential genes, only a single gene, RNA Guanylyltransferase and 5’-

Phosphatase (Rngtt; sumZ score = 4.02) displayed enriched in library representation in this 

wild type screen. This single gene identification also confirms that neither a local neurotoxic 

inflammatory response at the injection site nor potential glia proliferation effects exist, that 

otherwise could have a confounding effect on the DrugZ analysis and identification of 

neuronal essential genes.
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CRISPR sgRNA Screening in Wild Type Mice to Identify in vivo CNS Neuronal Essential 
Genes

While the magnitude of library element depletion was lower in the CRISPR screen, DrugZ 

analysis of the sgRNA representation for neuronal essential genes identified 668 candidate 

genes (Figure 3A-B and Figure S3D). Of these, 214 hits were common with the shRNA 

neuronal essential screen, hypergeometric p-value = 0.023 (Figure S3E). Candidate neuronal 

essential genes identified by the CRISPR screen were enriched in many of the same KEGG 

pathway and GO terms identified by the shRNA screen, including: proteostasis, 

spliceosome, endocytosis, and synaptic vesicle function (Figure 3C-F and Table S2). As 

expected, these genes also overlapped at the pathway level with the CEG2 list and the 

previously identified D. melanogaster and C. elegans neuronal essential genes (Figure 3E-F). 

These results are complementary to our primary shRNA screen results and confirm that, 

despite lower sensitivity, pooled genome-wide CRISPR libraries can be used for in vivo 
screening in CNS neurons.

Together, our genome-wide screens have uncovered genes involved in the maintenance of 

neuron viability in vivo in the adult CNS. These genes belong to many cellular pathways, 

including: core cellular pathways of highly metabolic cells; protein phosphorylation, 

endocytosis, and autophagy pathways; and many neuronal pathways, including those related 

to neurotrophin signaling and synaptic transmission (schematic Figure 3G). We have also 

identified among these essential genes a set of striatal-enriched genes, and make the 

prediction that suppression of the transcriptional dysregulation induced by mHTT of these 

particular striatal-enriched genes would help to suppress mHTT toxicity.

Identification of genetic modifiers of mHTT toxicity in two models of HD

Next, we sought to identify genes that become essential for neuronal viability in the context 

of mHTT (modifiers of mHTT toxicity). To do this we utilized two HD models, the R6/2 

(exon 1 fragment mHTT transgenic model) and zQ175 (full length mHTT knockin model), 

and we compared the shRNA representation in HD model striatum vs. age-matched isogenic 

WT control striatum dissected at phenotypically relevant time points (Figure 4A). In both 

model screens, overall shRNA representation was highly correlated at a genome-wide level 

(Figure S4A-B) and we identified a population of shRNAs with > 1 log2 fold depletion in 

the mutant as compared to WT (blue) that is distinct from the population of shRNAs that 

contribute to WT neuronal viability (green) (Figure 4B, 4D). DrugZ analysis revealed 564 

candidate mHTT protective genes (factors that promote survival and for which knockdown 

is toxic), in the R6/2 vs. isogenic control comparison (Figure 4C and Table S3), and overlap 

of these hits with the neuronal essential genes (identified in Figure 2) revealed 263 genes 

that are unique to the R6/2 model and have an effect only in the presence of mHTT (Figure 

4F). Some of these 263 genes that were essential only in the R6/2 mHTT context belonged 

to KEGG and GO terms similar to those seen as essential for neuronal cell survival in a WT 

context (i.e. different genes, but similar KEGG and GO terms), including: transcription, 

proteostasis, as well as MAPK and neurotrophin signaling terms (Figure 4C, 4G, Figure 

S4C, and Table S3). However, the majority of gene terms belonged to new KEGG and GO 

terms that included: dopaminergic synapse, integrin-mediated signaling, methylation-

dependent chromatin silencing, fatty acid degradation, and circadian rhythm terms (Figure 
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4C, 4G, Figure S4C, and Table S3). Analysis of the zQ175 vs. isogenic control comparison 

revealed 436 candidate mHTT protective genes (Figure 4E and Table S3), of which 253 are 

unique to the zQ175 model and have an effect only in the presence of mHTT. These also 

included several genes in KEGG and GO terms similar to those essential for neuronal cell 

survival in a WT context, including transcription and cell cycle associated terms (Figure 4E, 

4H, Figure S4D, and Table S3). However, in the zQ175 model screen as well, the majority of 

gene terms belonged to unique KEGG and GO terms that included mitochondrial respiratory 

chain complex I and methylation-dependent chromatin silencing terms (Figure 4E, 4H, 

Figure S4D, and Table S3). The fact that several top mHTT toxicity modifiers in both HD 

models belonged to KEGG and GO terms similar to those seen in the WT essential context 

implies that the presence of either full length or N-terminal fragment mHTT sensitizes 

neurons to make them even more highly vulnerable to perturbations in neuronal essential 

functions. In addition to these essential functions, however, our screening implicated several 

other cellular functions as uniquely modifying survival in the presence of mHTT in both HD 

models, including methylation-dependent chromatin silencing. This latter finding reinforces 

the notion that the extensive changes in DNA methylation that have been associated with 

mHTT and HD are causal in neuronal death in HD (Horvath et al., 2016; Ng et al., 2013). 

Finally, inspection of individual gene hits in both screens for those of highest magnitude 

effect revealed that genes linked to dopamine signaling (Drd2 in the zQ175 model) and that 

Nme gene family members (Nme1 and Nme4 in the R6/2 model; and Nme1 and Nme3 in 

the zQ175 model) promote survival in the context of either form of mHTT (Figure 4C and E, 

and Table S3). Although several Nme gene family members were recovered as neuronal 

essential genes with small effects, they became much more essential in the context of either 

form of mHTT (Figure 4C, 4E, Table S2, and Table S3).

Previous RNAi in vitro screens in HD models have identified modifiers of mHtt toxicity. 

Two such in vitro studies used exogenous overexpression of fluorescent protein-tagged mHtt 

exon 1 fragments with expanded CAG repeats and screened for enhanced aggregation of 

mHtt after RNAi knockdown in D. melanogaster (Doumanis et al., 2009) or mouse neuro2a 

cells (Yamanaka et al., 2014), while an in vivo screen in an htt57-128Q-CFP C. elegans 
model (Lejeune et al., 2012) relied on the enhancement of a motor behavior to uncover 

genetic mHtt modifiers. As expected, few of the HD modifiers identified in the current study 

had previously been uncovered in these types of RNAi screens (Table S4). The presence of 

these genes in previous screens validates our findings, and underscores their relevance to 

mHTT affects across cell types. However, screening directly in the CNS of HD models 

increases our sensitivity to uncover those genes that directly influence SPN cell death, and 

has enabled us to identify many modifiers previously unrecognized in other model contexts.

Recent genome-wide association (GWA) studies by the Genetic Modifiers of Huntington’s 

Disease (GeM-HD) consortium and the TRACK-HD consortium have identified a number of 

genetic variants that are associated with HD age-of-onset or progression in human patients 

(Consortium., 2019; Genetic Modifiers of Huntington's Disease, 2015; Moss et al., 2017). 

Two hits from our screen, transcription elongation regulator 1 (Tcerg1; R6/2 model data) and 

transforming acidic coiled-coil containing protein 3 (Tacc3; zQ175 model data), reached 

genome-wide significance in the GeM-HD age-of-onset modifier study. Tcerg1, which had 

also been previously implicated as an HD age-of-onset modifier by an earlier independent 
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study (Holbert et al., 2001), is a glutamine-rich protein that influences transcription and pre-

mRNA splicing, while Tacc3 encodes a motor spindle protein that has been shown to play a 

role in HD-related pathways including DNA damage. FAN1 and other members of DNA-

damage repair pathways have been implicated as strong genetic modifiers of HD onset by 

the GeM-HD study (Consortium., 2019; Genetic Modifiers of Huntington's Disease, 2015). 

A member of the DNA repair complex, Fanconi Anemia Complementation Group E 

(FANCE), has not previously been identified from these GWA studies, but was a hit in both 

our R6/2 and zQ175 screen data. Further, we identified an additional overlap of our screen 

hits to 75 genes from the GeM-HD study and 49 genes from the TRACK-HD study that did 

not reach genome-wide significance in those studies (Table S4). Finally we identified in our 

zQ175 screen as protective of mHTT toxicity the geneubiquitin carboxy-terminal hydrolase 

L1 (Uchl1), which was previously identified as an HD age-of-onset modifier by other human 

genetic studies (Naze et al., 2002). Thus even though all of these human genetic studies 

relied on clinical HD measures, while we were assessing mHTT toxicity in our screen, we 

were still able to identify direct overlaps and novel DNA-damage pathways members that 

likely play an important role in SPN loss in the caudate and putamen of human HD patients. 

Since these human genetic studies detect common variants that impart largely small effects 

from non-developmentally essential genes, our screening data provide an important resource 

of a large number of likely higher magnitude effect modifier genes that may not be 

recoverable from human GWA studies.

Finally, our screens also uncovered genes for which knockdown is protective in an HD 

model (candidate mHTT vulnerability genes). Using the DrugZ analysis as described above, 

we identified 426 genes in the R6/2 model and 494 genes in the zQ175 model with p-value < 

0.05 (Figure S4E-J and Table S3). However, since both HD models used in our screens 

display only a small amount of striatal cell loss, these candidates require additional 

validation. Of particular interest is the fact that we recovered complement component 3 

(C3), for which knockdown has previously been shown to protect against neurodegeneration 

in Alzheimer’s disease (Shi et al., 2017) as a top candidate mHTT vulnerability gene in both 

HD models.

Nme1 modulates HD model phenotypes in the R6/2 mouse striatum

As each HD mouse model has its own particular disease course and may model different 

aspects of HD biology, of most interest are those 41 protective genes identified in both the 

R6/2 and zQ175 HD model screens (Figure 4F, Table S3). Of these genes we focused on 

Nme1, nucleoside diphosphate kinase 1, as it has been shown to display decreased 

expression in the caudate (−0.46, p-value = 2.38E-07) and cerebellum (−0.31, p-value = 

0.00013) of HD patient brains (Hodges et al., 2006). Nme1 was the first metastasis 

suppressor to be identified (Rosengard et al., 1989), and numerous functions subsequently 

have been ascribed to it, including modulation of cytosolic chaperone function (Leung and 

Hightower, 1997) as well as nucleoside diphosphate and histidine kinase activity, and in the 

nervous system, synaptic vesicle recycling (Krishnan et al., 2001; Marshall et al., 2010). 

Nme1 also has links to degenerative disease and alpha-synuclein protein aggregation, as it 

was recently identified as overlapping with a deletion locus that displayed significant 

genome-wide association to dementia with Lewy bodies (DLB) (Kun-Rodrigues et al., 
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2019). Nme1 is expressed throughout the CNS, but it has lower expression in the striatum in 

both mouse and human brain tissue samples (Figure S5A-C), which may lead to increased 

intrinsic vulnerability of striatal cells to mHTT toxicity.

In order to validate Nme1 knockdown as enhancing mHTT toxicity in vivo, we tested the 

post-developmental effects of lowering Nme1 protein levels (Nme1 knockdown, KD) in 

wild-type adult and R6/2 HD model striatum by adeno-associated virus serotype 9 (AAV9)-

mediated transduction of an shRNA construct targeting Nme1 (identified in our primary 

screen) under the U6 promoter. Nme1 shRNA injections were performed into the right 

striatal hemisphere, with the left striatal hemisphere receiving a matched injection of a 

control scramble shRNA construct (Control KD) (Schematic: Figure 5A, top panel). Both 

KD viruses contained a GFP cDNA that was used as a marker of viral spread (Figure S5D). 

Striatal Nme1 mRNA levels were reduced in each case by approximately half by the Nme1 
KD virus (Figure 5B). To assess neuronal toxicity induced upon Nme1 KD, we first tested 

for the spontaneous rotational motor behavior that is observed upon unilateral striatal lesion 

(Dunnett and Iversen, 1982). We anticipated that if Nme1 KD led to a high level of striatal 

SPN death in the HD model, mice would exhibit asymmetrical turning behavior. These 

experiments revealed an HD-model specific induction of contralateral turning upon 

unilateral Nme1 KD (Figure 5C). Stereological assessment of NeuN+ neurons in Nme1 KD 

vs. Control KD striatal areas revealed loss of striatal neurons due to the Nme1 KD only in 

the mHTT background (Figure 5D), results that were confirmed with a second, independent 

shRNA Nme1 KD2 (Figure S5E-F). Together these data confirm the genome-wide screen 

result that reduction of Nme1 expression enhanced the lethality of mHTT toxicity.

To test whether Nme1 overexpression (OX) was sufficient to suppress mHTT toxicity, we 

overexpressed Nme1 under the Eif2a promoter bilaterally into the striatum of 5-week old 

R6/2 HD model or isogenic control mice by AAV9-mediated transduction (Schematic: 

Figure 5A, bottom panel). This transduction resulted in Nme1 OX that was approximately 5-

fold in the R6/2 model, and approximately 15-fold in the isogenic control mice (Figure 5E). 

Although the R6/2 HD model phenotypes progress very rapidly, even this brief OX of Nme1 
resulted in an amelioration of several HD model phenotypes, including open field 

locomotion (Figure 5F-G), stereotypic movements (Figure 5H-I), as well as body weight and 

arousability (Figure S5G-I).

To investigate the mechanistic basis for the genetic effect of Nme1 on mHTT toxicity, we 

performed single nuclear RNA-Sequencing (snRNA-Seq, n = 5 per group; STAR Methods) 

studies on the striatal tissue from the Nme1 OX study. Differential gene expression analysis 

of identified cell types (Figure S5J and STAR Methods) revealed that, in both dSPN and 

iSPNs, Nme1 OX resulted in the increased expression of several E3 ubiquitin ligases, 

including Ube3a (Table S5). As levels of Ube3a have previously been implicated as 

modulating mHTT aggregates in HD mouse model brain (Maheshwari et al., 2014), it is 

possible that the effects of Nme1 on mHTT toxicity are linked to mHTT aggregation. If this 

were correct, we expected to observe a change in mHTT aggregation upon either Nme1 KD 

or OX. We next assessed mHTT aggregation via EM48 aggregation-specific antibody 

immunoreactivity in both a Nme1 KD and Nme1 OX context. We observed an approximate 

13% increase in EM48 puncta number and a 24% increase in mHTT aggregate size in the 
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Nme1 KD vs. Control KD striata (Figure 5J-K and S5K). These results were also confirmed 

with a second, independent shRNA Nme1 KD2 (Figure S5L-M). We observed an 

approximate 20% decrease in EM48 puncta number (but no significant decrease in mHTT 

aggregate size) in Nme1 OX vs. Control OX striata (Figure 5L-M and S5N). These data 

suggest that the ability of Nme1 expression to affect mHTT toxicity is due, at least in part, to 

alterations in proteostasis and hence modulation of mHTT clearance or aggregation.

Discussion

In this study we have performed the first genome-wide knockdown screens in vivo in the 

mammalian CNS (Figure 1). These screen data afford us unique insights into the genes and 

biological processes necessary for the survival of non-dividing neurons integrated into their 

native microenvironment over long time-scales. Our WT screening data have identified 

genes that are required for neuronal cell viability (Figures 2 and 3), and reveal that neurons 

are highly dependent upon processes that support high cellular metabolic activity, including: 

proteostasis, mRNA processing, and mitochondrial function. These findings explain why all 

of the most common neurodegenerative diseases have been linked to some facet of these 

processes. Our data also reveal several other pathways that are necessary for neuronal 

viability, and that certain striatal-enriched genes are essential to maintain neuron viability in 

the normal post-developmental context. Some of these candidate neuronal essential genes in 

the striatum were transcriptionally downregulated in both HD models used in this study, 

suggesting that mHTT toxicity is in part due to the decreased expression of certain SPN-

enriched genes that occurs in these models.

Further, our screening data have identified modifiers of mHTT-induced toxicity directly in 

both the R6/2 and zQ175 models of HD (Figure 4). Many of these HD-relevant pathways 

overlap with pathways that are essential in a non-HD (WT) context, indicating that mHTT 

sensitizes neurons to dysfunction in these core neuronal essential pathways. While we 

identified a number of genes previously linked to modifying mHTT toxicity in other disease 

models as well as HD age-of-onset from human GWA studies (Table S3-S4), our study has 

also importantly revealed several novel in vivo modifiers of mHTT toxicity, including genes 

linked to methylation-dependent chromatin silencing, dopamine signaling, and Nme family 

gene function. These are genes that likely cannot be recovered from screens in simpler 

model organisms or from analysis of common genetic variants in non-essential genes in the 

human population.

We have further directly validated Nme1 as a mHTT protective factor in vivo, and 

demonstrate that it displays low basal expression in WT striatum (Figure S5). Nme1 protein 

interacts with related family member, Nme3 (protective in zQ175 model), which regulates 

mitochondrial dynamics and is important for neuronal survival (Chen et al., 2019). 

Therefore, aside from effects on mHTT aggregation (Figure 5), deficits to mitochondrial 

function upon loss of Nme1 may also contribute to cellular toxicity.

Together the data presented in this study establish that genome-wide genetic screening in the 

CNS is a robust method to identify in vivo disease modifiers, which include both neuronal 

essential genes and mHTT-specific modulators. More broadly, our screen has revealed that 
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C3 and Nme1, which affect Alzheimer’s disease and dementia with Lewy bodies (DLB) 

risk, respectively (Kun-Rodrigues et al., 2019; Seshadri et al., 2010), are among the top 

enhancers and suppressors, respectively, of mHTT toxicity in vivo. These findings further 

support the notion that there exist classes of genes that modify disease risk or disease 

progression across various neurodegenerative diseases. Future genome-wide CNS genetic 

screens in mouse models of other neurodegenerative diseases promise to reveal other such 

genes. Finally, future applications of this screening in a cell type-specific manner and around 

phenotypes related to striatal function, not only survival, hold great promise for uncovering 

new disease-relevant mechanisms.

STAR Methods

Lead Contact and Materials Availability

• Further information and requests for resources and reagents should be directed to the Lead 

Contact, Myriam Heiman (mheiman@mit.edu).

• This study did not generate new unique reagents.

Experimental Models and Subject Details

Animals: All mouse husbandry and experimental procedures were conducted with the 

approval of the Massachusetts Institute of Technology Animal Care and Use Committee. 

Mice were housed under pathogen-free conditions, with food and water provided ad libitum 
on a standard 12h light/12h dark cycle. No procedures were performed on the mice prior to 

the outlined experiments. For all studies, littermate mice were group-housed and male 

littermates were randomly assigned to experimental groups and used at ages described in the 

Method Details and figure legends. Only male mice were used given HD model differences 

in phenotype progression between male and female mice. Behavioral experiments were 

performed on mice at the time points outlined in the Method Details, and mice were naïve to 

the tests unless otherwise stipulated. Symptomatic HD model mice were provided with 

DietGel76A (ClearH2O, Portland, ME) for additional nutritional support. All mice were 

obtained from the Jackson Laboratory (Bar Harbor, ME). C57BL/6J wild-type mice 

(Jackson Laboratory stock # 000664, RRID:IMSR_JAX:000664) were used between 8-12 

weeks of age for the optimization of screening parameters. R6/2 HD model and isogenic 

control mice (B6CBA-Tg(HDexon1)62Gpb/1J, Jackson Laboratory stock #002810, 

RRID:IMSR_JAX:002810) were used between 6-10 weeks of age. zQ175 HD model and 

isogenic control mice (B6J.zQ175DN KI, Jackson Laboratory stock #029928, 

RRID:IMSR_JAX:029928) were used between 3-10 months of age. Rosa26 Cas9 knockin 

mice (Platt et al., 2014) (Jackson Laboratory stock #026179, RRID:IMSR_JAX:026179) 

were used between 6-10 weeks of age. Group samples sizes for genome-wide genetic 

screening were determined empirically, as described below in the In vivo Genetic 
Screening: Library scaling and coverage estimation Method Detail. Group samples sizes for 

Nme1 knockdown and overexpression experiments were based on results from previous 

studies that allowed for significant differences among HD R6/2 model genotypes (Hachigian 

et al., 2017) and by the maximum number allowed by surgical handling and behavioral 

testing capacity.
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Human samples: Human TissueScan cDNA arrays (Origene, Rockville, MD) composed 

of 24 different brain regions from normal, de-identified post mortem human brain tissue 

were used for quantification of relative gene expression across brain regions as described in 

the qRT-PCR Method Detail. Comparisons were made only across brain regions of the 

same TissueScan array.

Method Details:

In vivo lentiviral injection parameters:

Multiplicity of infection (MOI):  MOI was estimated by measurement of direct green 

fluorescent protein (GFP) fluorescence intensity, which correlates linearly with the number 

of viral integration events (Tsai et al., 2015). The distribution of direct GFP fluorescence 

intensity was measured in the striatal tissue of a young adult C57BL/6J animal that had been 

injected with a GFP cDNA lentivirus using the same titer and injection parameters as used 

for the shRNA lentiviral library (see below). Striatal tissue sections were washed 3 × 5 min 

in phosphate buffered saline (PBS), incubated with 4',6-diamidino-2-phenylindole (DAPI, 

0.1μg/mL, ThermoScientific, Rockford IL) for 10 min, mounted with ProLong Gold 

Antifade Mountant (ThermoScientific, Rockford IL), and imaged on an LSM 710 

microscope (Carl Zeiss AG, Oberkochen, Germany). Sections closest to the injection site 

were identified by the needle track and coordinates relative to Bregma. 40x magnification 

tiled Z-stack images were collected across the width of the striatum closest to the injection 

site and stitched with high confidence (0.9) using the Zenn Black software (Carl Zeiss AG, 

Oberkochen, Germany). Sum projections of the Z-stacks were created using the FIJI 

software (Schindelin et al., 2012), cells were identified by DAPI, and endogenous GFP 

signal intensity was measured for each transduced cell and normalized by subtracting local 

background adjacent to the cell body. The highest MOI and therefore GFP intensity would 

occur directly at the injection site, while GFP-positive cells further from the injection would 

contain only a single viral integration event. Endogenous GFP-intensity measurements were 

binned in 100μm increments from the site of the injection. The median endogenous 

fluorescence intensity at the periphery of the injection site (greater than 300μm from the 

needle) is 65.32 while at the center of the injection site the median intensity is 371, 

indicative of a highest average possible 5.68 MOI immediately around the injection site.

To model the effect of this higher MOI on our screening data, we relied on the fact that the 

likelihood of a given pair of genes being targeted in the same cell is proportional to the 

product of the relative abundance of all shRNA targeting either gene. Therefore, we took the 

shRNA-level abundance pool as measured by input plasmid read count and collapsed it to a 

gene-level relative abundance by summing the readcounts for each hairpin targeting the 

gene. We then converted this to a gene-frequency score by dividing by the total of all gene 

abundance counts. The relative likelihood of any given gene pair being targeted in the same 

cell is therefore the product of their gene frequency scores (related to Figure S1H). At our 

estimated MOI the likelihood of any given cell receiving multiple library elements is high 

near the injection site. However, since each gene-level score is aggregated across multiple 

hairpin-level observations, and each hairpin-level observation is aggregated across as many 

cells as possible, the effect of any synergistic or synthetic lethal effect of multiple reagents 

per cell would be washed out by the other cells in the population. If Gene A is synthetic 
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lethal with Gene B, and Gene A is perturbed in 100 cells, the synergistic effect of GeneA/

GeneB dual targeting in one cell is washed out by the other 99 cells. The likelihood that A/B 

dual targeting occurs in a significant fraction of cells is very small, given the abundance 

profile in Figure S1, and the likelihood that A/C or other pairs also generate synthetic 

lethality is also very small, based on extensive measurement of genetic interactions in yeast 

[background probability ~2.5%; (Costanzo et al., 2016)]. Therefore synergistic effects are 

unlikely to be present in pooled library screens.

Lentiviral spread:  Viral spread was estimated by measurement of amplified GFP signal 

(Hachigian et al., 2017) from a young adult C57BL/6J animal injected with a GFP cDNA 

lentivirus using the same titer and injection parameters as used for the shRNA lentiviral 

library (see below). Serial 20μm sections through the striatum were cut and mounted on 

slides and stained for GFP and DAPI (Hachigian et al., 2017). Tiled images of the striata 

were acquired at 20x magnification and stitched with high confidence (0.9) using the Zenn 

Black software (Carl Zeiss AG, Oberkochen, Germany), and maximum intensity projections 

were created using FIJI software (Schindelin et al., 2012). Relative total-striatal area and 

GFP-positive injection area was measured by creating a region of interest selection based on 

the greatest extent of the amplified GFP signal. Quantification demonstrated widespread 

viral infection across the injection site. GFP-positive cells were manually quantified in 

maximum intensity projections of 10μm Z-stacks for each section across the whole of the 

injection site to estimate the total number of GFP-positive cells. An adult mouse striatal 

hemisphere is estimated to contain approximately 700,000 neurons, of which, 95% are 

striatal projection neurons. The injection site covers an area of 26.41 ± 3.78% of the 

striatum. Cell counting revealed 970 ± 367 GFP positive cells per 10μm volume of the 

section, the total volume of the injection covered 60 20μm sections therefore we estimate 

~120,000 cells per striatal hemisphere were infected.

In vivo Genetic Screening:

Lentiviral library concentration:  All lentiviral libraries used in the study, including the 

VSV-G pseudotyped lentiviral murine genome-wide shRNA library (Moffat et al., 2006), 

CRISPR murine Asiago sgRNA library (Doench et al., 2016), and the GFP cDNA control 

virus, were provided as cell culture supernatants by the Broad Institute Genetic Perturbation 

Platform (GPP) (Root et al., 2006). The shRNA library is composed of 92,426 unique 

elements with an average of 4-6 shRNAs targeting each gene, while the ‘Asiago’ sgRNA 

library consists of 80,000 elements with 4 sgRNAs targeting each gene. Both libraries 

contain genetic perturbations under the control of a U6 promoter element. Libraries were 

ultra-concentrated by filtration through a 0.45μM polyethersulfone membrane (Nalgene 

Nunc, Penfield NY), 10-fold concentration using the Lenti-X concentrator precipitation 

solution (Clontech, Mountain View, CA), resuspension in PBS, and final pelleting through a 

sucrose cushion solution [20% sucrose, 100 mM NaCl, 1 mM EDTA, and 25 mM HEPES 

(pH 7.4)] by centrifugation at 46,698 X average relative centrifugal force for 2 h and 15 min 

at 4°C in a SW32 Ti rotor (Beckman Coulter, Brea CA). The final lentiviral pellet was 

gently resuspended overnight at 4°C in 1/1,000 the original starting volume in freezing 

solution [PBS, 10% sucrose, and 25 mM HEPES (pH 7.3)], frozen in single-use aliquots at a 

rate of −1°C /min in a cell freezing chamber (Nalgene Nunc, Penfield NY), and stored at 
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−80°C until use. Final viral titers were determined using the p24 ELISA kit (Clontech, 

Mountain View, CA) to be approximately 5.0 x 109 viral particles/mL for the shRNA library 

and 6.08 x 109 viral particles/mL for the sgRNA library.

Pooled lentiviral injection:  The concentrated shRNA lentiviral library was intracranially 

injected by stereotaxic surgery at 6 weeks of age (R6/2 model mice n=43 and isogenic 

controls, n= 46) or 3 months of age (zQ175 model mice and isogenic controls, n=40 per 

group). Concentrated sgRNA library was injected by stereotaxic surgery at 6 weeks of age in 

WT Cas9+/− mice (n=35). Mice were anesthetized with inhaled isofluorane, placed in a flat 

skull position in a stereotaxic frame (Stoelting, Wood Dale IL) and injected using a 

cemented needle (Hamilton Company, Reno NV). 1000 nl of virus was injected at (3nl/s) at 

each of the following 4 coordinates per mouse (in mm relative to Bregma ML = Medial-

lateral; AP = Anterior-posterior; DV=Dorsal-ventral): ML= +2.0mm, AP=0.30mm, DV= 

−3.70mm; ML= −4.0mm, AP=0.30mm, DV= −3.70mm; ML= −3.4mm, AP=0.90mm, DV= 

−3.30mm; and ML= +1.7mm, AP=0.90mm, DV= −3.30mm. The needle was left in place for 

1-minute post-injection prior to withdrawal. After injection and incubation of the sgRNA or 

shRNA libraries in the HD model animals and their relevant isogenic controls, striatal cell 

genomic DNA (gDNA) was harvested at the phenotypically appropriate time points (4 

weeks post-injection for the sgRNA and shRNA R6/2 screens and 7 months post-injection 

for the zQ175 screen) using the Gentra Puregene Genomic DNA purification kit (Qiagen, 

Hilden, Germany). For gDNA processing, sequencing, and downstream analysis, each 

striatal hemisphere was treated as an independent experimental sample. Genomic DNA 

samples were subjected to quality control analysis and samples with either low purity 

(260nm/280nm <1.6) or near 0 concentration were excluded.

Illumina Sequencing:  5-10 μg of gDNA per sample was PCR amplified, a process that 

incorporated P5/P7 sequencing adaptors and barcodes for individual samples. PCR products 

were purified using the AMPure XP-PCR kit according to the manufacture’s protocol 

(Beckman Coulter, Brea CA). Samples were then pooled and sequenced on a single flow 

lane of an Illumina HiSeq 2000 (Illumina, San Diego CA) sequencer at the MIT BioMicro 

Center as previously described (Shema et al., 2015). Reads were identified by the ACCGG 

(shRNA) or CACCG (sgRNA) sequence in the library vector preceding the shRNA or 

sgRNA insert sequence. Reads then underwent deconvolution using PoolQ (Broad Institute 

Genomics Perturbation Platform) which involved mapping of individual shRNA or sgRNA 

inserts to a file containing all possible elements in the library, and assigned to the correct 

barcoded sample. After Illumina sequencing and deconvolution of library elements, no 

samples were excluded from downstream analysis. Read counts for individual library 

elements were converted to reads per million by dividing the reads for a single shRNA by 

the total reads in a sample multiplied by 1 million. This was followed by addition of 1 and 

log2 transformation for downstream analysis. For analyses where samples were pooled into 

larger replicates, raw reads were summed prior to log2 transformation.

Library scaling and coverage estimation:  Sampling parameters needed to obtain genome-

wide screening coverage were determined empirically using CRISPR sgRNA (inert as they 

were injected into WT mouse striata) libraries of intermediate sub-genome size to infer the 
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replicate number required for sufficient in vivo integrated lentiviral recovery and coverage of 

a genome-scale 80,000 or 92,000 element library. Inert libraries of increasing complexity 

(1,000; 3,100; and 20,000 elements) were stereotaxically injected as described above into 

the dorsal striata of 20 young adult C57BL/6J animals and library representation was 

determined after 4 weeks of incubation. For sample-size estimation for the genome-scale 

screen, samples were combined semi-randomly into replicates of 1, 5, 10 or 20 samples and 

the Pearson correlation of the replicates determined. The 1,000, 3,100, and 20,000 elements 

libraries were recovered at a threshold of greater than 500 reads/element at one, one, and 

five pooled striatal samples per replicate, respectively, at a Pearson r value of > 0.80. Using 

these data, we estimated that at least 40 replicates would be required for genome-wide 

coverage of the 80,000 and 92,000-element libraries in the adult dorsal striatum of HD 

model and control animals. For the genome-scale shRNA library, 1, 5, 20, 37, and 74 

samples were semi-randomly combined into replicates and the Pearson correlation 

determined to confirm that a single pooled replicate of WT vs. Input or WT vs. Mutant 

should be used. Therefore pooling was non-random and while each screen was not 

replicated, replication of hits was seen across the 4 week and 7 month screens. Further, the 

CRISPR screen and shRNA screen in the WT context provided replication of each other’s 

results. The following number of striatal samples were harvested and pooled into a single 

replicate for final genome-wide shRNA screening after 4 weeks (R6/2 screen) or 7 months 

(zQ175 screen) of incubation: 80 R6/2 samples; 87 R6/2 non-carrier isogenic control 

samples; 74 zQ175 samples; and 74 zQ175 non-carrier isogenic control samples. For sgRNA 

screening after 4 weeks, 52 WT control samples were used. High pooled sample numbers 

gave us library coverage equivalent to the input plasmid libraries packaged to make the 

lentivirus, with ~100 million mapped reads per replicate for each screen.

Screen Analysis:  As the genome-wide library contains on average 4-6 shRNAs targeting 

each gene, and the Asiago library contains 4 sgRNAs per gene, examining the combined 

effect of more than one genetic perturbation per gene assists in assessing the possibility off-

target or seed-based effects. Relative library representation was determined as described 

above, and the DrugZ algorithm (Colic et al., 2019) was used to rank each gene’s relative 

depletion in the screen based upon the relative recovery of the shRNAs or sgRNAs. Briefly, 

DrugZ determines the fold change of each shRNA or sgRNA reagent relative to a user-

specified control sample, in this case the initial plasmid pool. The variance for each fold 

change is estimated based on the distribution of fold changes for the 1,000 reagents with 

most similar abundance in the control sample. Using this variance estimate, a Z-score is 

calculated for each reagent, and a gene-level Z-score is determined by summing the reagent-

level Z-scores and normalizing by the square root of the number of reagents, yielding the 

final normZ score. P-values are calculated based on the standard normal distribution and 

false discovery rates are estimated using the method of Benjamini & Hochberg. We used a 

log2 gene expression > −1 in WT striatum cutoff to identify genes expressed in the striatum. 

In the WT shRNA screen, sum normZ scores showed a bimodal distribution. We fit the data 

with a two-component Gaussian mixture model (using the mixtools package in R) 

approximating hits (essential genes) and non-hits (genes with no knockdown phenotype). 

False discovery rate at a given normZ score was calculated as the ratio of the areas under the 

Gaussian models for all values less than normZ. At the intersection of the Gaussian models 
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at normZ score 0.005, FDR was estimated as 0.038; this cutoff was used as the empirical 

threshold to determine neuronal essential candidate genes. In all other screens a threshold of 

normZ p-value < 0.05 was used to determine candidate ‘hits’. Data analysis revealed a 

number of targets that replicated between screen modalities (shRNA and sgRNA) and 

mutant models (R6/2 and zQ175).

EnrichR Pathway Analysis:  Analysis of gene enrichment in Gene Ontology Biological 

Process 2018, KEGG Mouse 2019, and ChEA 2016 terms were performed using Enrichr 

(using the Gsea.py package in Python) (Chen et al., 2013; Kuleshov et al., 2016). Significant 

pathways were identified by Fisher’s exact test with nominal p-value < 0.05. For HD 

modifier analyses we used a background list of the 10,306 genes in the population as 

determined by representation of the shRNA library in DrugZ analysis filtered by log2 gene 

expression > −1 in WT mouse striatal samples.

In vivo Nme1 Knockdown: Nme1 KD (shRNA sequences from the genome-wide screen 

hit) and Control KD shRNA sequences were packaged into AAV serotype 9 vectors for 

neuronal targeting (SignaGen, Rockville MD). Viral vectors all contained the following 

elements: AAV-U6-shRNA(shRNA)-EF1α-GFP, with sequences for a generic shRNA 

control (5’ – AGTACTGCTTACGATACGG-3’), Nme1 KD (TRCN0000360451, 5‘–

ACGTGCCACTGTTAGATTAAA-3’), and Nme1 KD2 (TRCN0000360522, 5‘–

TCAGGACCAGTGGTTGCTATG-3’). High titer AAV9 virus (~1x1013 viral genomes/ml) 

was stereotaxically injected in R6/2 or isogenic control mice at 6-weeks of age as described 

previously (Hachigian et al., 2017) (Nme1 KD, n = 15; Nme1 KD2, n = 10). Briefly, mice 

were anesthetized with inhaled isofluorane, placed in a flat skull position in a stereotaxic 

frame (Stoelting, Wood Dale IL), and injected with 1μl of Nme1 KD or Control KD virus at 

a rate of 3nl/s. Unilateral injections were used, with control virus in the mouse’s left 

hemisphere, and Nme1 KD virus in the mouse’s right hemisphere such that each animal 

could be used as its own control for immunostaining and behavioral analyses. Injection 

coordinates (in mm relative to Bregma) were as follows: Anterior-posterior = 0.6mm, 

Medial-lateral = +/− 1.85mm, Dorsal-ventral = −3.5mm.

In vivo Nme1 Overexpression: Nme1 OX and Control GFP sequences were packaged 

into AAV serotype 9 vectors for neuronal targeting (SignaGen, Rockville MD). The Nme1 
sequence used for overexpression was NM_008704.2. Viral vectors contained the following 

elements: AAV-Eif2a-Nme1-EF2a-GFP or AAV-Eif2a-Null-EF2a-GFP. High titer AAV9 

virus (~1x1013 viral genomes/mL) was stereotaxically injected in R6/2 or isogenic control 

mice at 5-weeks of age as described for Nme1 KD experiments. Bilateral injections were 

used, and mice were chosen at random for Nme1 OX or Control GFP injection and housed 

with mice injected with the same virus, with group sizes of n = 10. Injection coordinates (in 

mm relative to Bregma) were as follows: Anterior-posterior = 0.6mm, Medial-lateral = +/− 

1.85mm, Dorsal-ventral = −3.5mm.

Behavioral Testing: Behavioral analyses were performed on R6/2 and isogenic wild-type 

controls as previously described (Hachigian et al., 2017). Behavioral testing was conducted 

by an investigator blinded to genotype, and scored by a second blinded investigator. Mice 
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were identified as outliers and excluded from further analysis if they scored greater than two 

standard deviations from the mean on multiple behavioral tests.

Arousability:  Arousability was measured in the Nme1 OX or Control OX animals at 9 

weeks of age. Briefly, the state of responsive arousal was measured as reactivity to removal 

of the top of the home cage. Scores were recorded as the fraction of animals per cage that 

were showing arousal after 15, 20, and 45 seconds after cage opening.

Open Field Analysis:  Open field analysis was completed on Nme1 OX or Control OX 

animals at 9 weeks of age as previously described (Hachigian et al., 2017). Total horizontal 

activity, resting time, and stereotypic movements were measured over 60 min in Med 

Associates Inc. (Fairfax, VT) open field chamber equipped with infrared break-beam 

sensors.

Rotational asymmetry measurement:  Animals were placed under an overturned metal 

mesh pencil cup [diameter 4.375 inches, height 5.5 inches (Rolodex #82406)] that was 

placed in front of two mirrors, each at a 45° angle, to allow visualization of the mouse from 

all sides. Mice were allowed to freely explore the environment while video was recorded for 

a single 5-min trial. Rotational behavior was quantified during the 5-min trial to identify the 

effect of unilateral Nme1 KD. A fixed starting point was chosen based on the orientation of 

the mouse at the beginning of the video. A rotation was counted when the mouse completed 

a 180° turn from the starting point in the clockwise (CW) or counter clockwise (CCW) 

direction. As all mice were injected with the Control KD virus on the left and Nme1 KD 

virus on the right hemisphere, a CCW turn is described as contralateral to the lesion, while a 

CW turn is ipsilateral to the lesion.

Indirect Immunofluorescence: For Nme1 KD studies, tissue samples were prepared for 

immunofluorescence by transcardial perfusion followed by tissue processing and staining as 

previously described (Heiman et al., 2008). Serial 20μm-thick sections through the striatum 

covering the entire injection site were co-stained with a GFP antibody (Ab6556, 1:500, 

Abcam, Cambridge MA), and either the EM48 antibody (MAB5374, 1:100, Millipore 

Sigma, St. Louis, MO) for visualizing mHTT aggregates, or else a NeuN antibody 

(MAB377, 1:100, Millipore Sigma, St. Louis, MO) for visualizing neuronal nuclei. Every 

6th section through the striatum was sampled at 3 fields per hemisphere in the GFP-positive 

injection site using 40x Z-stacks of 6μm in depth by an investigator blinded to genotype. For 

Nme1 OX studies, fresh frozen brains were sectioned sagittally across the entire injection 

site in 10uM thick sections through the striatum and co-stained as described above. Image 

analysis was completed using FIJI (Schindelin et al., 2012).

qRT-PCR: Mouse brain tissue was dissected, flash frozen in liquid nitrogen, and disrupted 

using the TissueLyser (Qiagen, Hilden, Germany) for 2 x 2min at 25 Hz, and RNA was 

purified using the RNeasy Lipid Tissue Mini Kit (Qiagen, Hilden, Germany). cDNA was 

prepared from 20ng of RNA using the Superscript III first strand synthesis system 

(ThermoScientific, Rockford IL). TaqMan Universal Master Mix (ThermoScientific, 

Rockford IL) was used for qRT-PCR, and 20μL reactions were run on a StepOnePlus system 

(ThermoScientific, Rockford IL). The following TaqMan probes were used 
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(ThermoScientific, Rockford IL): Mm02619580_g1 for mouse Actb; Hs01060665_g1 

(Pimer Limited VIC) for human ACTB; Mm00834357_g1 for mouse Eif4a2; 

Mm01612215_m1 for mouse Nme1; Hs02621161_s1 for human NME1; and 

Hs00259967_m1 for human PPP1R1B (DARPP-32). Human TissueScan cDNA arrays 

(Origene, Rockville, MD) were used for quantification of relative NME1 expression across 

brain regions. Multiplexed qPCR with TaqMan Gene Expression Master Mix was used 

according to the manufacturer’s protocol (ThermoScientific, Rockford IL). Primer-limited 

Taqman probes for Human ACTB and Mouse Actb were used for in-well normalization. As 

a control, the striatal enriched gene PPP1R1B (DARPP-32) was used to confirm array 

specificity.

Single Nuclear (snRNA) RNA Sequencing and Analysis: Nuclei isolation protocol 

was adapted from (Mathys et al., 2019). All procedures were performed on ice. Striata were 

dissected and tissue was homogenized in 700 μL of homogenization buffer (320 mM 

sucrose, 5 mM CaCl2, 3 mM Mg(CH3COO)2, 10 mM Tris HCl [pH 7.8], 0.1 mM EDTA 

[pH 8.0], 0.1% NP-40, 1 mM β-mercaptoethanol, and 0.4 U/μL SUPERaseIn RNase 

Inhibitor (ThermoFisher Scientific, Waltham MA) with a 2 mL KIMBLE Dounce tissue 

grinder (MilliporeSigma, Burlington MA) using 10 strokes with loose pestle followed by 10 

strokes with tight pestle. Homogenized tissue was filtered through a 40 μm cell strainer and 

mixed with 450 μL of working solution (50% OptiPrep density gradient medium 

(MilliporeSigma, Burlington MA), 5 mM CaCl2, 3 mM Mg(CH3COO)2, 10 mM Tris HCl 

[pH 7.8], 0.1 mM EDTA [pH 8.0], and 1 mM β-mercaptoethanol). The mixture was then 

slowly pipetted onto the top of an OptiPrep density gradient containing 750 μL of 30% 

OptiPrep Solution (134 mM sucrose, 5 mM CaCl2, 3 mM Mg(CH3COO)2, 10 mM Tris HCl 

[pH 7.8], 0.1 mM EDTA [pH 8.0], 1 mM β-mercaptoethanol, 0.04% NP-40, and 0.17 U/μL 

SUPERase In RNase Inhibitor) on top of 300 μL of 40% OptiPrep Solution (96 mM sucrose, 

5 mM CaCl2, 3 mM Mg(CH3COO)2, 10 mM Tris HCl [pH 7.8], 0.1 mM EDTA [pH 8.0], 1 

mM β-mercaptoethanol, 0.03% NP-40, and 0.12 U/μL SUPERase In RNase Inhibitor) inside 

a Sorenson Dolphin microcentrifuge tube (MilliporeSigma, Burlington MA). Nuclei were 

pelleted at the interface of the OptiPrep density gradient by centrifugation at 10,000 x g for 5 

min at 4°C using a fixed angle rotor (FA-45-24-11-Kit). The nuclear pellet was collected by 

aspirating ~100μL from the interface and transferring to a 2.5 mL Eppendorf tube. The pellet 

was washed with 2% BSA (in 1x PBS) containing 0.12 U/μL SUPERase In RNase Inhibitor. 

The nuclei were pelleted by centrifugation at 300 x g for 3 min at 4°C using a swing-bucket 

rotor (S-24-11-AT). Nuclei were washed three times with 2% BSA and centrifuged under 

the same conditions. The nuclear pellet was re-suspended in 100 μL of 2% BSA.

Droplet-based snRNA sequencing libraries were prepared using the Chromium Single Cell 

3′ Reagent Kit v3 (10x Genomics, Pleasanton CA) according to the manufacturer’s protocol 

and sequenced on a NovaSeq 6000 at the Broad Institute Genomics Platform. FASTQ files 

were aligned to the pre-mRNA annotated Mus musculus reference genome version GRCm38 

that included EGFP. The resulting feature-barcode count matrices contained 177,874 cells 

with a median of 1,441 unique genes and 2,669 unique molecular identifiers (UMIs) per 

nucleus. The distributions of total UMIs per cell were plotted and nuclei that fell in the 
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upper tail of this distribution (> 20,000 UMIs) were removed, as these were most often 

multiple nuclei captured by a single droplet.

The batchelor package (Haghverdi et al., 2018) was used to remove the batch effect 

observed across biological replicates within each experimental group from the count matrix. 

Batch-corrected data was used as input to the archetypal analysis for cell type identification 

(ACTION) algorithm (Mohammadi et al., 2018) to identify a set of identify landmark cells 

or ‘archetypes’, each representing a potential underlying cell state. Using ACTION-

decompositions with varying numbers of archetypes, we employed our recently developed 

ACTION-based network (ACTIONet) framework (Mohammadi et al., 2019) to create a 

multi-resolution nearest neighbor graph that linked cells by their transcriptomic file. A 

modified version of the stochastic gradient descent-based layout method was used in the 

uniform manifold approximation and projection (UMAP) algorithm, to visualize the 

ACTIONet graph. A curated set of known cell type-specific markers was used to annotate 

individual cells with their expected cell type and assign a confidence score to each 

annotation. Multiple iterations of this process were performed to further sub-cluster and 

distinguish cells with similar transcriptional profiles. At each iteration, the network was 

visualized to assess clustering and annotation accuracy and a filtering step was performed to 

remove cells annotated with low-confidence, cells with ambiguous profiles resembling 

dissimilar cell types (generally corresponding to doublet nuclei), cells corresponding to 

nodes with low coreness in the network (generally corresponding to high ambient RNA 

content or doublet nuclei), and those corresponding to cell types with counts too low for 

differential expression analysis. At each iteration genes that had a total of less than 10 counts 

in any experimental group and nuclei with less than 500 unique genes were also removed.

Confidently annotated cells were extracted and gene counts were log-normalized using the R 

package scran with cell type, genotype, and transgene as normalization factors. Differential 

expression analysis of the log-normalized counts was performed using Wilcoxon rank-sum 

test on a by-cell-type basis for sufficiently abundant cell types. Genes were considered 

differentially expressed if they had an absolute log-fold change > 0.1 with FDR < 0.001 vs. 

the respective control in each statistical test.

Bulk RNA Sequencing and Analysis: Striatal RNA samples (R6/2 model, 11 weeks of 

age; 5 biological replicates each for R6/2 and non-carrier isogenic controls) were prepared 

for RNA-Seq using the Ovation RNA-Seq System v2 (NuGEN, San Carlos CA) and the 

Nextera DNA Library Preparation Kit (Illumina, San Diego CA). The quality of prepared 

bar-coded libraries was assessed using an Advanced Analytical-fragment Analyzer 

(Advanced Analytical, Ankeny IA) before mixing for sequencing at approximately 40 

million reads/sample on the Illumina HiSeq 2000 (Illumina, San Diego CA) platform at the 

MIT BioMicro Center. The raw fastq data of 50-bp single-end sequencing reads were 

aligned to the mouse mm9 reference genome using the STAR 2.4.0 RNA-Seq aligner (Dobin 

et al., 2013). The mapped reads were processed by htseq-count of HTSeq software (Anders 

et al., 2015) with mm9 gene annotation to count the number of reads mapped to each gene. 

Gene differential expression testing between the R6/2 and isogenic control experimental 

groups was performed using the TopHat-Cufflinks package (Trapnell et al., 2012). Genes 

with adjusted p-value <0.05 were chosen as differentially expressed genes. Previously 
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published striatal gene differential expression from zQ175 and isogenic control age matched 

to the cohort used for the zQ175 arm of the screen was used (Langfelder et al., 2016).

Quantification and Statistical Analysis:

Genetic Screening and Transcriptional Profiling: Use of the relevant pipelines for 

quantification, determination of normality of data, and appropriate statistical analysis of the 

genetic screening experiments (DrugZ), bulk RNA-Seq (Tophat Cufflinks) and snRNAseq 

data (ACTION) are described in the figures and figure legends as well as the Methods Detail 

sections above.

Gene overlap analysis: The significance of the overlap when comparing two gene lists 

was determined using the hypergeometric p-value test in Python. We used 10,306 as the total 

number of genes in the population as determined by representation of the shRNA library in 

DrugZ analysis filtered by log2 gene expression > −1 in WT mouse striatal samples. The 

overlap was considered significant with p-value < 0.05.

Nme1 Experiments: Analysis of NeuN-positive nuclei and EM48 positive aggregates in 

Nme1 KD and Nme1 OX injected brains was automated using a Macro in FIJI (Schindelin et 

al., 2012). Briefly, Z-stacks were flattened into SUM projections, background corrected 

(rolling ball = 50), filtered (Mean = 1.5), thresholded (DAPI = ‘Triangle’, or EM48 = 

‘Moments’), and positive puncta counted by ‘analyze particles’ built-in function (size = 

0.001-50.00, circularity = 0.00-1.00) to determine average size and number of EM48-

positive structures per image. NeuN positive cells were counted manually by an investigator 

blinded to genotype using the same imaging and sampling parameters as described above. 

We used GraphPad Prism 8 to perform the statistical analysis of the Nme1 KD and Nme1 

OX experiments. Specific information on the number (n) of values used as well as the 

statistical tests applied to the data can be found in the figures and/or figure legends. We 

considered results statistically significant with p < 0.05.

Data and Software Availability:

All sequencing datasets generated as part of this study are publicly available in NCBI GEO 

under accession #GSE109416 (R6/2 model gene expression data), #GSE141856 (snRNA-

Seq Nme1 OX expression data), and SRA project number SRP189737, Bioproject 

PRNJA529414 (screening raw reads).

Supplementary Material

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

• Unbiased genome-wide genetic screening in the mouse brain

• Identification of in vivo neuronal essential genes

• Identification of genetic modifiers of mutant Huntingtin toxicity in vivo

• Validation of Nme1 as a suppressor of mutant Huntingtin toxicity
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Figure 1. An In Vivo Method for Unbiased Screening in the Mammalian CNS.
(A) Schematic of pooled screening via stereotaxic intracranial injection into the mouse 

dorsal striatum. (B) Plot of Pearson correlation values vs. replicate numbers pooled per 

sample for libraries of increasing complexity (1K, 3.1K, 20K, and 92K). As more replicates 

are added per sample, correlation values increase. (C) Heatmap of Pearson correlation 

values as replicates were pooled per sample in the 92K library. (D) ROC-AUC analysis of 

increasing library coverage with 1 (blue), 5 (yellow), 20 (green) and 74 (red) samples per 

replicate. AUC values are indicated in parentheses. (E-G) Scatterplots of the log2 

normalized library representation in genomic DNA from WT mice vs. the input shRNA 

library after 7 months (E), 4 weeks (F), and CRISPR library (G) after 4 weeks of in vivo 
incubation. Blue points indicate library elements with > 1 log2 fold depletion in the WT 

gDNA as compared to the input library. Pearson correlation r = 0.87 (E), r = 0.82 (F), and r 

= 0.95 (G). Insets represent full library coverage; dotted red line indicates region expanded 

in panels D-F for visualization of differentially recovered elements.
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Figure 2. Identification of Neuronal Essential Genes by Pooled Genome-wide in vivo Screening.
Contour plots of normZ scores vs. log2 WT striatal gene expression for the 7-month (A) and 

4-week (B) shRNA screens. (C) Scatterplot of the log2 normalized fold-change in WT 

compared to input library at 4 weeks vs. 7 months after in vivo incubation with the genome-

wide shRNA library. Green points represent individual shRNA hairpins with an average of > 

1 log2 fold depletion in shRNA representation at 4 weeks and 7 months. Pearson correlation 

r = 0.78. (D) Density plot of the sum normZ scores for the WT shRNA screens shows a 

bimodal distribution overlaid with two Gaussians to highlight the depleted essential genes 

(green) as compared to the non-essential genes (black). Genes were identified as candidate 

neuronal essential genes below the threshold of the intersection of the two Gaussians (red 

dotted line). (E) Plot of normZ values vs. rank of candidate neuronal essential genes. Top 

candidate essential genes in relevant biological pathways are highlighted in color as marked. 

(F) Plots of top GO terms and (G) KEGG pathways significantly associated with candidate 

neuronal essential genes identified by in vivo screening from the current study (green), C. 
elegans (purple) and D. melanogaster (blue), as well as human core essential genes in the 

CEG2 list (grey) represented with Fisher’s exact test −log10 p-value.
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Figure 3. In vivo CRISPR Screening Validates Neuronal Essential Genes and Pathways.
(A) Contour plot of normZ scores vs. log2 WT striatal gene expression for the CRISPR 4-

week screen. (B) Plot of normZ values vs. rank of candidate neuronal essential genes by 

DrugZ analysis of CRISPR sgRNA representation. Top candidate essential genes in relevant 

biological pathways are highlighted in color as marked. (C-D) Venn diagrams of the overlap 

of significant KEGG pathways and GO terms from the CRISPR and shRNA screens. Top 

(E) GO terms and (F) KEGG pathways significantly associated with neuronal essential 

genes identified by the CRISPR screen (yellow), C. elegans (purple) and D. melanogaster 
(blue), as well as human core essential genes in the CEG2 list (grey) represented with 

Fisher’s exact test −log10 p-value. (G) Schematic of significant pathways and biological 

processes enriched in neuronal essential genes.
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Figure 4. Identification of in vivo Modifiers of Neuronal Cell Death in the R6/2 and zQ175 HD 
Mouse Models.
(A) Schematic of genome-wide shRNA screening in HD model and isogenic control mice at 

disease-relevant time points. (B and D) Scatterplots of the log2 normalized fold-change in 

shRNA representation in R6/2 or zQ175 mice vs. isogenic WT controls. Blue points 

represent individual hairpins with > 1 log2 fold differential depletion in mutant vs. WT. 

Green points represent individual shRNA hairpins with an average of > 1 log2 fold depletion 

in average shRNA representation in WT compared to input library (Figure 2C). Pearson 

correlation r = 0.94 (R6/2) and r = 0.81 (zQ175). (C and E) Plots of normZ scores vs. rank 

of candidate protective factors identified by DrugZ analysis in R6/2 and zQ175 models. Top 

genes in relevant biological pathways are highlighted in color as marked. (F) Venn diagram 

of neuronal essential genes vs. HD genetic modifiers. 41 (28+13) candidate protective 

factors are common to both the R6/2 and zQ175 screens, hypergeometric p-value = 1.30e-4. 

(G and H) Top GO terms significantly associated with candidate protective factors unique to 

the R6/2 (red) and zQ175 (orange) models respectively, as well as essential genes identified 

in Figure 3 (green) represented with Fisher’s exact test –log10 p-value < 0.05.
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Figure 5. Nme1 Knockdown Increases Neuronal Cell Death and mHTT Aggregation, while Nme1 
Overexpression Improves Behavioral Phenotypes and Decreases mHTT Aggregation in vivo in 
the R6/2 HD Mouse Model.
(A) Schematic of injections of injections into R6/2 and isogenic WT control animals. 

Unilateral knockdown experiments were started at 6-weeks of age [Nme1 knockdown 1 

experiment (KD), n = 15 per group; Nme1 knockdown 2 experiment (KD2), n = 10 per 

group], while bilateral overexpression (OX) experiments were started at 5-weeks of age (n = 

10 per group). (B) qPCR quantification of the relative fold-change of Nme1 mRNA levels in 

Nme1 KD as compared to Control KD striatum for R6/2 and isogenic controls (n = 4 per 

group). Nme1 levels are normalized to housekeeping gene Eif4a2. One-tailed, paired t-test 

of deltaCt values, * p-value = 0.034 WT and * p-value = 0.029 R6/2. (C) Rotational 

behavior analysis (at 9 weeks of age, 3 weeks after viral transduction) to assess the effect of 

unilateral striatal neuron loss due to injection of Nme1 KD. WT n = 14, R6/2 n = 12; 

Ordinary one-way ANOVA p-value = 0.0002 with Bonferroni’s multiple comparisons test, * 

p-value = 0.03, **** p-value < 0.0001. (D) Quantification of NeuN-positive cells in the 

Control KD vs. Nme1 KD injected striatal hemispheres of WT (n = 4) and R6/2 (n = 4) 

mice. Points are an average of three images per section from 8 or 16 sections; one-tailed, 

paired t-test, * p-value = 0.01. (E) qPCR quantification of the relative foldchange of Nme1 
mRNA levels in Nme1 OX as compared to Control striatum (n = 5 per group). Nme1 levels 

are normalized to housekeeping gene Eif4a2; one-tailed, unpaired student’s t-test of DeltaCt 

values, **** p-value <0.0001. (F) Open field distance horizontal travelled (at 9 weeks of 

age, 4 weeks after viral transduction) in a 60 min testing window, n = 9 for all groups except 

WT Nme1 OX n = 8; one-tailed, unpaired student’s t-test, ns p-value = 0.082. (G) Open 

field resting time (at 9 weeks of age, 4 weeks after viral transduction) in a 60 min testing 

window, n = 9 for all groups except WT Nme1 OX n = 8; one-tailed, unpaired student’s t-
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test, * p-value = 0.049. (H) Stereotypic counts (at 9 weeks of age, 4 weeks after viral 

transduction) in a 60 min testing window, n = 9 for all groups except WT_Nme1-OX n = 8, 

one-tailed, unpaired t-test, * p-value = 0.024. (I) Stereotypic time (at 9 weeks of age, 4 

weeks after viral transduction) in a 60 min testing window, n = 9 for all groups except WT 

Nme1 OX n = 8, one-tailed, unpaired student’s t-test, * p-value = 0.019. (J) Representative 

40x Z-stack indirect immunofluorescence images demonstrating mHTT aggregation in 

Control KD vs. Nme1 KD injected striatal hemispheres of R6/2 mice as revealed by EM48 

antibody reactivity, as well as merged signal with nuclear DAPI stain. Scale bar = 50μm. (K) 
Quantification of mHTT aggregates as EM48+ puncta per image in Control KD vs. Nme1 
KD injected hemispheres of R6/2 mice (n = 4 per group). Points are an average of three 

images per section from 16 sections, * p-value = 0.011, one-tailed paired student’s t-test. (L) 
Representative 40x Z-stack indirect immunofluorescence images demonstrating mHTT 

aggregation in Control OX vs. Nme1 OX striatum of R6/2 mice as revealed by EM48 

antibody reactivity, as well as merged signal with nuclear DAPI stain. Scale bar = 50μm. 

(M) Quantification of mHTT aggregates as EM48+ puncta per image in Control OX vs. 

Nme1 OX striatum of R6/2 mice (n = 4 per group). Points are an average of three images per 

section from 8 sections, * p-value = 0.014, one-tailed unpaired student’s t-test. EM48 

images have been modified to increase contrast for visualization purposes. All images were 

modified identically and quantification was performed on unmodified images as described in 

the methods. All error bars represent mean and SEM.
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Key Resources Table:

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

GFP Abcam ab6556, RRID:AB_305564

Nme1 Abcam ab154547, RRID:AB_2818979

Eif4a2 Abcam ab31218, RRID:AB_732123

Secondary anti-Rabbit HRP Jackson Immunoresearch 111-035-003, RRID:AB_2313567

NeuN Millipore Sigma MAB377, RRID:AB_2298772

EM48 Millipore Sigma MAB5374, RRID:AB_177645

Alexafluor Anti-rabbit 488 ThermoFisher A21206, RRID:AB_141708

Alexafluor Anti-mouse 647 ThermoFisher A31571, RRID:AB_162542

Bacterial and Virus Strains

Murine genome-wide shRNA library Broad Institute of MIT GPP CP0007

Murine genome-wide Asiago sgRNA library Broad Institute of MIT GPP CP0085

Murine 1000 sgRNA library Broad Institute of MIT GPP CP0014

Murine Asiago Pool 1 20,000 sgRNA library Broad Institute of MIT GPP CP0016

Human 3,100 sgRNA library Broad Institute of MIT GPP CP0056

U6-shRNA(shRNA)-EF1α-GFP Scramble Control 5’ – 
AGTACTGCTTACGATACGG-3’

SignaGen SL100894

U6-shRNA(shRNA)-EF1α-GFP Nme1 KD 5’–
ACGTGCCACTGTTAGATTAAA-3’

SignaGen TRCN0000360451

U6-shRNA(shRNA)-EF1α-GFP Nme1 KD2 (, 5‘–
TCAGGACCAGTGGTTGCTATG-3’

SignaGen TRCN0000360522

AAV-Eif2a-Nme1-EF2a-GFP Nme1 OX sequence NM_008704.2 SignaGen N/A

AAV-Eif2a-Null-EF2a-GFP GFP Control SignaGen N/A

Biological Samples

TissueScan cDNA - Mouse Developmental Array Origene CAT#MDRT301

TissueScan cDNA - Human Brain Array Origene CAT#HBRT501

Chemicals, Peptides, and Recombinant Proteins

 

Critical Commercial Assays

Gentra Puregene Tissue Kit (4g) Qiagen CAT#158667

Lenti-X Concentrator Solution Clontech CAT#631232

Lenti-X™ p24 Rapid Titer Kit TaKaRa CAT#632200

TaqMan® Gene Expression Master Mix ThermoFisher CAT#4369016

RNeasy Lipid Tissue Mini Kit Qiagen CAT#74804

Chromium Single Cell 3′ Library & Gel Bead Kit v3 10x Genomics, Pleasanton CA CAT#1000075

Chromium Chip B Single Cell Kit 10x Genomics, Pleasanton CA CAT#1000074

Chromium i7 Multiplex Kit 10x Genomics, Pleasanton CA CAT#120262

Deposited Data
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Raw screening data This Paper SRA project number SRP189737, 
Bioproject PRNJA529414

RNAseq Data R6/2 This Paper NCBI GEO #GSE109416

snRNAseq Data Nme1OX This Paper NCBI GEO #GSE141856

RNAseq Data zQ175 Langfelder et al., 2016 NCBI GEO #GSE65776

Experimental Models: Cell Lines

Experimental Models: Organisms/Strains

Mouse: R6/2: B6CBA-Tg(HDexon1)62Gpb/3J hemi The Jackson Laboratory JAX: 002810, 
RRID:IMSR_JAX:002810

Mouse: R6/2: B6CBA-Tg(HDexon1)62Gpb/3J non carrier controls The Jackson Laboratory JAX: 002810, 
RRID:IMSR_JAX:002810

Mouse: B6J.129(Cg)-Gt(ROSA)26Sortm1.1(CAG-cas9*,-EGFP)Fezh/J The Jackson Laboratory JAX:026179, 
RRID:IMSR_JAX:026179

Mouse: C57BL/6J WT controls The Jackson Laboratory JAX:000664, 
RRID:IMSR_JAX:000664

Mouse: B6J.zQ175DN KI Heterozygous The Jackson Laboratory JAX:029928 
RRID:IMSR_JAX:029928

Mouse: B6J.zQ175DN KI Wild type The Jackson Laboratory JAX:029928 
RRID:IMSR_JAX:029928

Oligonucleotides

Taqman gene expression Human NME1 Hs02621161_s1 ThermoFisher CAT#4331182

Taqman gene expression Mouse Nme1 Mm01612215_m1 ThermoFisher CAT#4331182

Taqman gene expression Human PPP1R1B (DARPP-32) 
Hs00259967_m1

ThermoFisher CAT#4331182

Taqman gene expression Mouse Actb Mm02619580_g1 (VIC-
MGB_PL)

ThermoFisher CAT#4448892

Taqman gene expression Mouse Eif4a2 Mm00834357_g1 (VIC-
MGB_PL)

ThermoFisher CAT#4448892

Taqman gene expression Human ACTB Hs01060665_g1 (VIC-
MGB_PL)

ThermoFisher CAT#4448892

Recombinant DNA

Software and Algorithms

FIJI Schneider et al., 2012 https://imagej.net/Fiji, 
RRID:SCR_002285

DrugZ Colic et. al. 2019 https://github.com/hart-lab/drugz

EnrichR Chen et. al. 2013 https://amp.pharm.mssm.edu/
Enrichr/, RRID:SCR_001575

Gsea.py Mootha et. al. 2003 https://github.com/zqfang/GSEApy

Batchelor Haghverdi et al., 2018 https://bioconductor.org/packages/
release/bioc/html/batchelor.html

ACTIONet Mohammadi et al., 2019 https://github.com/shmohammadi86/
ACTIONet

TopHat-Cufflinks Trapnell et al., 2012) https://github.com/cole-trapnell-lab
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