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Abstract

Hereditary spastic paraplegias (HSPs) are neurodegenerative motor neuron diseases characterized

by progressive age-dependent loss of corticospinal motor tract function. Although the genetic

basis is partly understood, only a fraction of cases can receive a genetic diagnosis, and a global

view of HSP is lacking. By using whole-exome sequencing in combination with network analysis,

we identified 18 previously unknown putative HSP genes and validated nearly all of these genes

functionally or genetically. The pathways highlighted by these mutations link HSP to cellular

transport, nucleotide metabolism, and synapse and axon development. Network analysis revealed

a host of further candidate genes, of which three were mutated in our cohort. Our analysis links

HSP to other neurodegenerative disorders and can facilitate gene discovery and mechanistic

understanding of disease.

Hereditary spastic paraplegias (HSPs) are a group of genetically heterogeneous

neurodegenerative disorders with prevalence between 3 and 10 per 100,000 individuals (1).

Hallmark features are axonal degeneration and progressive lower limb spasticity resulting

from a loss of corticospinal tract (CST) function. HSP is classified into two broad

categories, uncomplicated and complicated, on the basis of the presence of additional

clinical features such as intellectual disability, seizures, ataxia, peripheral neuropathy, skin

abnormalities, and visual defects. The condition displays several distinct modes of

inheritance, including autosomal dominant, autosomal recessive, and X-linked. Several loci

have been linked to autosomal recessive HSP (AR-HSP), from which 22 genes with

mutations have been cloned. However, most of the underlying causes of HSP remain

unidentified.

We analyzed 55 families displaying AR-HSP by whole-exome sequencing (WES). We

identified the genetic basis in about 75% of the cases, greatly increasing the number of
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mutated genes in HSP; functionally validated many of these genes in zebrafish; defined new

biological processes underlying HSP; and created an “HSPome” interaction map to help

guide future studies.

Multiple Genes Are Implicated in HSP

We used WES to identify the genetic causes of AR-HSP in families with documented

consanguinity. Selecting from these families without congenital malformations referred for

features of either complicated or uncomplicated HSP (table S1), we performed WES on 93

individuals typically from two affected siblings or cousins where possible, for multiplex

families, or one affected and one unaffected sibling or both parents, for simplex families.

We prioritized predicted protein frame shift, stop codon, splice defects, and conserved

nonsynonymous amino acid substitution mutations [Genomic Evolutionary Rate Profile

(GERP) score > 4 or phastCons (genome conservation) score > 0.9]. We excluded variants

with an allele frequency of greater than 0.2% in our internal exome database of over 2000

individuals. We genotyped each informative member from the majority of families with a

5000 single-nucleotide polymorphism (SNP) panel and generated genome-wide parametric

multipoint linkage plots or used WES data to generate homozygosity plots (2). We excluded

variants falling outside of homozygous intervals <2.0 Mb threshold (fig. S1).

We tested segregation of every variant meeting these criteria (table S2). We report a

candidate HSP gene only if there was a single deleterious variant that segregated in the

family or if the gene was identified as mutated in multiple families (3). For 15 families, a

single genetic cause could not be identified. We identified mutations in 13 genes known to

be mutated in HSP (33% of the cases in our cohort) (table S3 and fig. S2), supporting the

methodology. These include EIF2B5, associated with vanishing white-matter disease

[Online Mendelian Inheritance in Man (OMIM) no. 603896]; CLN8, associated with ceroid

lipofuscinosis (OMIM 600143); and ARG1, which causes arginase deficiency (OMIM

207800). The diversity of genes identified speaks to the heterogeneity of HSP presentations.

ALS2 (OMIM 205100) was mutated in four different families presenting with uncomplicated

HSP, and ATL1 (OMIM 182600) was mutated in three different families, some displaying

partial penetrance (4).

We identified 14 candidate genes not previously implicated in disease (Table 1), accounting

for 42% of the cases in our cohort. We also evaluated five non-consanguineous families by

WES, implicating one additional candidate gene. We estimated, on the basis of our false

discovery rate (FDR), that fewer than 0.1 alleles per family should pass this threshold

randomly, dependent on the number of informative meiosis, suggesting that fewer than 1:10

genes identified with this method should prove false positive (i.e., identify by chance) (3).

The mutations in the 15 novel genes were identified in patients presenting with a spectrum

of HSP phenotypes. Three of these genes, ERLIN1, KIF1C, and NT5C2, were found

independently mutated in more than one family, and all mutations were predicted to be

highly deleterious. All but one was homozygous, whereas the non-consanguineous family

787, with four affected and six healthy children, displayed a compound heterozygous

Novarino et al. Page 2

Science. Author manuscript; available in PMC 2014 September 08.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



mutation. This approach thus identified a host of novel candidate genes for further

investigation.

Extending Results to Larger HSP Cohort

An additional cohort of 200 patients diagnosed with HSP (5) were screened for mutations in

these genes with exome sequencing or microfluidic polymerase chain reaction (PCR)

followed by sequencing (3). Additional mutations in ERLIN1, ENTPD1, KIF1C, NT5C2,

and DDHD2 were identified (Table 1), thus validating these in the pathogenesis of HSP.

Microfluidic PCR provided threshold coverage of only 68% of the targeted exons,

suggesting that improved methods will be required to fully evaluate this second cohort.

While this paper was in preparation, DDHD2 was published as mutated in complicated HSP,

cross-validating results (6).

Functional Testing Candidates with Expression and Zebrafish

To understand the potential role of these disease genes in HSP, we profiled their expression

across multiple human tissues with reverse transcription PCR. Expression was specific to

neural tissue for the genes FLRT1 and ZFR, suggesting a neuronal function (fig. S3). For

most, however, we noted broadly distributed expression patterns, suggesting functions in

other tissues but that neurons show increased susceptibility to genetic mutations.

To functionally validate the private genes (i.e., those mutated in a single family), we

performed knockdown modeling in zebrafish. Phylogenetic analysis indicated a single

zebrafish ortholog for the private genes ARL6IP1, MARS, PGAP1, and USP8. Morphants

were phenotyped for lethality and defects in body axis (Fig. 1 and fig. S4), motor neuron

morphology (fig. S5), and evoked and spontaneous swimming behavior, all relevant to HSP.

Except for mars morphants, which were too severe to be analyzed completely, we identified

phenotypes for all morphants in both touch-induced and spontaneous locomotion behavior,

as previously reported for other HSP candidate genes (7). Although more work is warranted

to conclusively uncover the role of the tested genes in CST degeneration, our in vivo

functional validation supports the genetic data.

HSP-Related Proteins Interact Within a Network

To generate an HSPome containing all known and candidate genes as well as proximal

interactors, we first created a protein network of all known human genes and/or proteins. We

then extracted the subnetwork containing all previously published HSP mutated genes

(seeds, table S4) to derive the HSP seeds network and then extracted the subnetwork

containing all seed genes plus candidate HSP genes (from Table 1) to derive the HSP seed +

candidates network (Fig. 2A).

We tested whether the HSP seeds network was more highly connected than expected by

chance. We compared the connectivity of the network comparing the 43 seeds to a

background network generated by 10,000 permutations of randomly selected sets of 43

seeds from the global network using three different measures of connectivity: (i) the number

of edges within the query set (within group edge count), (ii) the mean overlap in interaction
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neighborhoods between pairs of proteins in the query set (Jaccard similarity), and (iii) the

mean random walk similarity (i.e., the expected “time” it takes to get from one protein to

another when performing a random walk on the network) (8). By all three measures, we

found the HSP seed proteins were more cohesive than expected at random (P = 2.0 × 10−04,

P = 1.3 × 10−03, and P = 1.5 × 10−05) (Fig. 2B and supplementary data 1).

We also examined whether the HSP seed + candidates network, containing 43 seeds plus 15

candidates, was more highly connected than expected in a background of 10,000 random

permutations (Fig. 2C). The addition of the candidates to the HSP seeds network resulted in

a set significantly more highly connected than expected by chance (P = 3.1 × 10−02, P = 1.2

× 10−03, P = 4.8 × 10−04, respectively). We conclude that these newly identified genes are

more cohesive than would be expected with candidates selected at random.

To identify proximal interactors, we expanded the global network by including HumanNet

protein interaction database (9) and literature-curated interactions from STRING (10) to

derive an expanded global network (fig. S6). This network propagation method assigns a

priority score to each protein within the network (11). From this expanded network, we

extracted the expanded HSP seeds network and found that 7 of the 15 newly identified

candidates have significant support in the network (ARS1, DDHD2, ERLIN1, FLRT1,

KIF1C, PGAP1, and RAB3GAP2, FDR < 0.1). Genes involved in biochemical pathways,

such as NT5C2, AMPD2, and ENTPD1, did not emerge from this analysis, probably because

of a lack of metabolic network edges in the input networks. Proteins that were not well

characterized or represented in public databases also did not show enrichment.

We next expanded the HSP seed + candidate network to derive the HSPome (i.e., HSP seeds

+ candidates + proximal interactors network), allowing a global view of HSP and flagging

other potential genes that may be mutated in HSP patients. The HSPome contains 589

proteins (i.e., potential HSP candidates) (supplementary data 2 and table S5).

Implicated Causal Genes Suggest Modules of HSP Pathology

Studies in HSP consistently report an ascending axonal CST degeneration (12), but the

processes modulating this degeneration are not well defined. Supporting the hypothesis that

individual rare mutations in distinct genes may converge on specific biological pathways,

we identified major modules involved in the pathophysiology of HSP. Several HSP genes

have previously implicated endoplasmic reticulum (ER) biology (i.e., ATL1, REEP1, RTN2,

and SPAST) and the ER-associated degradation (ERAD) pathway (i.e., ERLIN2) (13-15).

From the HSPome, we focused on this ER subnetwork containing the newly identified genes

ARL6IP1 and ERLIN1 (fig. S7). ARL6IP1 encodes a tetraspan membrane protein localized

to the ER, composed of highly conserved hydrophobic hairpin domains implicated in the

formation of ER tubules (16). We overexpressed ARL6IP1 in cells and noted dramatically

altered ER shape (fig. S7). The ERAD system controls protein quality control, critical for

cellular adaptation to stress and survival. ERLIN1 encodes a prohibin-domain-containing

protein localized to the ER that forms a ring-shaped complex with ERLIN2, further

implicating defective ERAD in HSP etiology.
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We identified an endosomal and membrane-trafficking subnetwork composed of seeds and

candidates KIF1C, USP8, and WDR48, implicating the endosomal sorting complexes

required for transport (ESCRT) pathway (fig. S8). USP8 encodes a deubiquitinating enzyme

(DUB) in the ESCRT pathway (17). The WDR48-encoded protein forms stable complexes

with multiple DUBs, such as USP1, USP12, and USP46, and is required for enzymatic

activity and linked to lysosomal trafficking (18, 19). KIF1C encodes a motor protein

localized to the ER/Golgi complex, suggesting a role in trafficking (20). To validate the

effect of the putative splicing mutation in family 789, we obtained fibroblasts and confirmed

skipping of exon 4 (fig. S9). Defects in ESCRTare linked to neurodegenerative disorders

such as frontotemporal dementia, Charcot Marie Tooth disease, and recently AR-HSP

(21-23). Additionally, the HSP gene products SPG20, SPAST, and ZYFVE26 interact with

components of this complex (24-26). Taken together, this suggests that disruptions in

ESCRT and endosomal function can lead to HSP and other forms of neurodegeneration.

AMPD2, ENTPD1, and NT5C2 are involved in purine nucleotide metabolism (fig. S10).

Nucleotide metabolism is linked to the neurological disorder Lesch-Nyhan disease, among

others (27), but was not previously implicated in HSP. AMPD2 encodes one of three

adenosine monophosophate (AMP) deaminase enzymes involved in balancing purine levels

(28). Mutations in AMPD2 have been recently linked to a neurodegenerative brainstem

disorder (28). In addition, the deletion we have identified in this study affects just the

longest of the three AMPD2 isoforms, indicating that the most N-terminal domain of

AMPD2 is important to prevent motor neuron degeneration. ENTPD1 encodes an

extracellular ectonuclease hydrolyzing adenosine nucleotides in the synaptic cleft (29).

NT5C2 encodes a downstream cytosolic purine nucleotide 5′ phosphatase. Purine

nucleotides are neuroprotective and play a critical role in the ischemic and developing brain

(29); thus, alterations in their levels could sensitize neurons to stress and insult. ENTPD1

was recently identified as a candidate gene in a family with nonsyndromic intellectual

disability, but HSP was not evaluated (30).

Candidate HSP Genes Identified by Network Analysis

For families that were not included in our initial analysis, we interrogated our exome

database for variants in genes emerging from the extended HSPome network. By using this

method, we identified potentially pathogenic variants in MAG, BICD2, and REEP2, found in

homozygous intervals in three families (Fig. 3), validating the usefulness of the HSPome to

identify new HSP genes. Interacting with KIF1C in the HSPome is CCDC64, encoding a

member of the Bicaudal family (31), a paralog of the BIC2 gene that emerged in the

HSPome (FDR < 0.05, table S5). Family 1370 displays a homozygous Ser608→Leu608

missense change in the BIC2 gene within a homozygous haplotype. The Drosophila

bicaudal-D protein is associated with Golgi-to-ER transport and potentially regulates the rate

of synaptic vesicle recycling (32). Coimmunoprecipitation confirmed that BICD2 physically

interacts with KIF1C (fig. S11). Recently, a mutation in BICD2 was implicated in a

dominant form of HSP (33).

MAG was identified as a significant potential HSP candidate (FDR < 0.05) from the

HSPome, interacting with PLP1, the gene product mutated in SPG2. MAG is a membrane-
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bound adhesion protein implicated in myelin function, and knockout mice display defects of

the periaxonal cytoplasmic collar in the spinal cord with later oligodendrocyte degeneration

(34). MAG was found mutated in family 1226, displaying a homozygous Cys430→Gly430

missense mutation.

REEP2 encodes the receptor expression-enhancing protein 2, a paralog of REEP1, mutated

in SPG31 (35). Family 1967 displays a homozygous Met1→Thr1 mutation in REEP2

removing the canonical start codon and is mutated in a second recessive HSP family in an

independent cohort (36). All of these gene mutations segregated with the phenotype in the

family according to recessive inheritance and were not encountered in our exome database,

consistent with pathogenicity. Although further validation of these three candidates is

necessary in larger cohorts, the data suggest the HSPome can be useful to identify HSP-

relevant pathways and genes.

Link Between HSP and Neurodegenerative Disease Genes

Some of the genes we identified in this cohort have been previously associated with other

neurodegenerative disorders (e.g., CLN8, EIF2B5, and AMPD2) primarily affecting areas of

the nervous system other than the corticospinal tract. Prompted by this observation, we used

the network to examine the similarity of HSP genes (seed + candidates) to other common

neurological disorders. By using the random walk distance, we found that the set of HSP

seeds plus candidates is significantly overlapping with sets of genes previously implicated in

three neurodegenerative disorders, amyotrophic lateral sclerosis (ALS), Alzheimer’s disease,

and Parkinson’s disease (P = 1.1 × 10−02, P = 7.6 × 10−03, P = 1.6 × 10−02, respectively)

(Fig. 4). In contrast, we did not find a similar association with sets for representative

neurodevelopmental disorders such as autism spectrum disorders and epilepsy (P = 0.49 and

P = 0.51, respectively; fig. S12), nor with nonneurological disorders represented by heart

and pulmonary disorders.

Discussion

By using WES, we identified 18 previously unknown candidates for AR-HSP (fig. S13),

three of which (ERLIN1, KIF1C, and NT5C2) alone explain almost 20% of this cohort.

These new candidates are predicted to display near 100% risk of HSP when mutated (37).

All mutations were predicted as damaging to protein function, probably resulting in null or

severely reduced function, consistent with the recessive mode of inheritance. In about 25%

of the families a single candidate gene mutation could not be identified, probably a result of

two factors: (i) Some mutations are in noncoding regions. (ii) Some causative mutations

within the exome do not stand out more than other variants.

Four of our candidate HSP genes are located within previously identified loci for AR-HSP

for which genes were not known: ENTPD1, NT5C2, ERLIN1, and MARS. Both ERLIN1 and

NT5C2 are in the SPG45 locus (38) and ENTPD1 resides in SPG27 (39). Recently, the

MARS2 gene, encoding a methionyl-tRNA synthetase, was implicated in the spastic ataxia 3

(SPAX3) phenotype (40). KIF1C is within the spastic ataxia 2 (SAX2) locus (41). On the
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basis of our findings, we returned to the original SPAX2 family and identified a homozygous

deletion of exons 14 to 18, confirming KIF1C as the SPAX2 gene (fig. S14).

Our data support the idea that rare genetic mutations may converge on a few key biological

processes, and our HSP interactome demonstrates that many of the known and candidate

HSP genes are highly connected. This highlights important biological processes, such as

cellular transport, nucleotide metabolism, and synapse and axon development. Some of the

HSP gene modules suggest potential points of treatment; for example, the nucleotide

metabolism module or the lipid metabolism module could be targeted by bypassing specific

metabolic blocks. Our HSPome ranked list of genes also provides candidates for unsolved

cases of HSP. In addition to our analysis, we were able to link HSP with more common

neurodegenerative disorders, indicating that the study of one disorder might advance the

understanding of other neurodegenerative disorders as well.

Our study supports the principle that integrating family-based gene discovery together with

prior knowledge (represented here as known causative genes and pathways) can facilitate

the identification of biological pathways and processes disrupted in disease. Furthermore,

this mode of analysis should be highly useful in the future to aid in the validation of private

mutations in genes found in single families, to identify novel candidate genes and pathways,

and for the discovery of potential therapeutic targets.
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Fig. 1. Functional validation of private HSP genes in zebrafish
(A) Quantification of 24-hours-post-fertilization (hpf) embryos mortality (black) and curly-

tail (gray) phenotypes for noninjected (NI), scrambled, and morphants (MO) at stated

nanogram concentrations. Overt phenotypes were observed for all MOs except MOpgap1. (B)

Average touch-response distance (in arbitrary units, A.U.) in 72-hpf larvae, showing blunted

response for all MOs. (C) Immediate touch-response trajectory of example larvae, each

shaded uniquely. Mars2 MO was too severe to be tested, whereas others showed reduced

response. (D to F) Spontaneous locomotion at 6 days post fertilization. (D) Average percent

of time spent moving over a 30-min window showed a reduction for all for at least one dose.

(E) Average active period duration, showing reduction for all. (F) Representative

kymographs recording fish position (black dot) over 30-min recording. MOs showed either

short distance traveled (MOarl6ip1) or reduced movements per recording (MOpgap1 and

MOusp8). *P < 0.01 (t test). N > 2 experiments with n > 20 animals per experiment. Error

bars indicate standard error.
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Fig. 2. Hereditary spastic paraplegia interactome
(A) HSP seeds + candidate network (edge-weighted force-directed layout), demonstrating

many of the genes known to be mutated in HSP (seeds, blue) and new HSP candidates (red),

along with others (circles) constituting the network. (B and C) Comparison of statistical

strength of HSP subnetworks with 10,000 permutations of randomly selected proteins. Dots

denote the value of the metric on the true set (i.e., seeds or seeds + candidates). Box and

whisker plots denote matched null distributions (i.e., 10,000 permutations). (B) Seed (known

mutated in HSP) versus random proteins drawn with the same degree distribution. (C) Seed

plus candidate HSP versus a matching set of proteins. (Left) Within group edge count (i.e.,

number of edges between members of the query set). (Middle) Interaction neighborhood

overlap (i.e., Jaccard similarity). (Right) Network random walk similarity.
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Fig. 3. Genes from HSP networks found mutated in HSP
(A) HSP candidate genes predicted from the HSPome found mutated in the HSP cohort.

BICD2, MAP, and REEP2 were subsequently found mutated in HSP families 1370 (B), 1226

(D), and 1967 (F), respectively. (C) Homozygosity plot from family 1370. Red bars, regions

of homozygosity; arrow, homozygous block containing BICD2. (E) Linkage plot of family

1226; arrow, MAG locus. (G) Homozygosity plot; arrow, REEP2 locus. (H to J) Zoom in

from HSPome for specific interaction identifying candidates CCDC64 (a paralog of

BIC2D), MAG, and REEP2 (yellow) with previously published (blue) and newly identified

(red) genes mutated in HSP. Blue lines denote manually curated interactions.
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Fig. 4. Functional link between HSP genes and genes of other neurodegenerative conditions
(A) Density distribution representing random walk distances of OMIM-derived

neurodegeneration gene networks along with 10,000 permutations of randomly selected

protein pools compared with the HSP seeds plus candidates pool. The top 5%ile distance is

shaded. Only for Parkinson’s, Alzheimer’s, and ALS do the HSP seeds plus candidates fall

within this 5%, whereas epilepsy and autism spectrum disorder show no statistical overlap.

(B) Bipartite network showing the top links between the set of HSP and ALS proteins. Clear

circles, HSP seeds; yellow circles, HSP candidates; boxes, ALS genes (VCP and ALS2 are

implicated as causative of both HSP and ALS); line thickness, diffusion similarity between

the two proteins.
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