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Abstract

HIV-associated neurocognitive impairment (NCI) is a term established to capture a wide spectrum 

of HIV related neurocognitive deficits ranging in severity from asymptomatic to dementia. The 

genetic underpinnings of this complex phenotype are incompletely understood. Mitochondrial 

function has long been thought to play a role in neurodegeneration, along with iron metabolism 

and transport. In this work, we aimed to characterize the interplay of mitochondrial DNA 

(mtDNA) haplogroup and nuclear genetic associations to NCI phenotypes in the CHARTER 

cohort, encompassing 1025 individuals of European-descent, African-descent, or admixed 

Hispanic. We first employed a polygenic modeling approach to investigate the global effect of 

previous marginally associated nuclear SNPs, and to examine how the polygenic effect of these 

SNPs is influenced by mtDNA haplogroups. We see evidence of a significant interaction between 

nuclear SNPs en masse and mtDNA haplogroups within European-descent and African-descent 

individuals. Subsequently, we performed an analysis of each SNP by mtDNA haplogroup, and 

detected significant interactions between two nuclear SNPs (rs17160128 and rs12460243) and 
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European haplogroups. These findings, which require validation in larger cohorts, indicate a 

potential new role for nuclear-mitochondrial DNA interactions in susceptibility to NCI and shed 

light onto the pathophysiology of this neurocognitive phenotype.

Keywords

nuclear mitochondrial interactions; genomics; single nucleotide polymorphism; neurocognitive 
impairment; HIV; haplogroups

Introduction

The development of combination antiretroviral therapy (CART) has transitioned HIV to a 

chronic disease for patients able to obtain and adhere to long-term treatment; however, with 

this change in disease status have come comorbidities and complications that impact quality 

of life. Neurocognitive Impairment (NCI) is an important neurological complication of HIV 

infection (McArthur et al., 2010; Schouten et al., 2011), now commonly classified as HIV-

Associated Neurocognitive Disorder or HAND. While more severe forms of dementia are 

now less common in HIV-seropositive (HIV+) individuals in the CART era, up to 50% of 

unselected HIV+ individuals show some form of NCI (Grant et al., 2014; Heaton et al., 

2015). NCI in CART-treated populations can be asymptomatic but can also progress to 

symptomatic, functional impairment in activities of daily living, affecting quality of life, 

productivity, and adherence to treatment (Avci et al., 2017). As these populations age, 

understanding and preventing NCI becomes increasingly important.

Host genetic factors are of great interest in HIV-associated forms of NCI, though few 

findings have been replicated in subsequent studies. In the pre-CART era, genetic 

associations of variants within CCR5 (van Rij et al., 1999) and APOE (Corder et al., 1998) 

were reported for dementia and other severe phenotypes. The APOE-ε4 association has been 

examined for milder forms of NCI as well, but results are inconsistent and possibly 

modulated by age (Morgan et al., 2013; Panos et al.). Candidate-gene and genome-wide 

association studies have reported additional findings which are supported by replication 

studies, including MCP1, MIP1A/CCL3, DRD2, DRD3, and HLA:DR – see (Kallianpur and 

Levine, 2014) for a comprehensive review. Genome-wide association studies (GWAS) have 

also found associations between SNPs within the SLC8A1 and NALCN ion channel genes 

and processing speed in HIV-infected adults (Levine et al., 2012).

Mitochondrial dysfunction has long been hypothesized to play a role in neurodegenerative 

diseases through potential defects in energy metabolism and oxidative damage (Beal, 1995). 

The mitochondrial genome (mtDNA) consists of ~16,000 nucleotides; it is maternally 

inherited and encodes 13 electron transport chain proteins. Genetic variation in mtDNA is 

classified into haplogroups that reflect the ancestry of an individual’s maternal lineage, but 

mtDNA haplogroups also alter mitochondrial function through transcription and replication 

(Suissa et al., 2009), oxidative phosphorylation (Gómez-Durán et al., 2010), and a variety of 

other mechanisms (Fang et al., 2016). More recently, cytoplasmic hybrid experiments have 

shown that the expression of both nuclear and mtDNA-encoded transcripts differs between 

haplogroups H and J (Kenney et al., 2014). Haplogroups have also been associated to 
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multiple neurological phenotypes, including Alzheimer’s disease (Bi et al., 2015; van der 

Walt et al., 2004), Parkinson’s disease (Gaweda-Walerych et al., 2008; van der Walt et al., 

2003) and schizophrenia (Zhang et al., 2014).

In an observational study of HIV+ individuals within the CHARTER cohort, we previously 

described a protective association between the B haplogroup and NCI (as defined by the 

Global Deficit Score) in admixed Hispanic individuals (Hulgan et al., 2015), which was 

robust to adjustments for comorbidity severity, CART, plasma viral load, an estimate of 

reading ability at baseline, and the CD4+ T-cell nadir. A recently published GWAS in the 

CHARTER study also revealed SNPs near the SH3RF3 and TRAα genes with p-values 

below 1x10−7 (Jia et al., 2017). Based on these prior findings in CHARTER, along with 

prior literature supporting iron-mitochondrial interplay (Delsite et al., 2002; Dong et al., 

2017; Singh et al., 2005) -- some with specific implications for human aging (Tranah, 2011) 

-- we hypothesized that mtDNA haplogroups may modify the effect of nuclear SNPs on NCI 

through interactions. In this study, we used mitochondrial haplogroup information, genome-

wide genotype data, and clinical data from CHARTER study participants to test the 

hypothesis that significant interaction effects on NCI exist between mitochondrial 

haplogroups and either nuclear genomic variants en masse, or key nuclear SNPs that we 

identified in the prior CHARTER GWAS.

Materials and Methods

Study Design and Participants

CHARTER is a prospective, observational study conducted at six U.S. medical centers: 

Johns Hopkins University, Baltimore, MD; Mt. Sinai School of Medicine, New York, NY; 

University of San Diego, San Diego, CA; University of Texas Medical Branch, Galveston, 

TX; University of Washington, Seattle, WA; and Washington University, St Louis, MO. The 

Institutional Review Boards at each site approved this research, and each participant 

provided written informed consent. Data were collected between 2003 and 2007 using a 

protocol of comprehensive clinical, neuropsychiatric, and laboratory assessments that were 

standardized across study sites. For this study, we utilized data from 1025 CHARTER 

participants with available quality-controlled (QC) nuclear and mitochondrial genome-wide 

genotyping. No other exclusion criteria were used at this stage. The same subjects were used 

as in the original GWAS (Jia, et al., 2017)

Assessments of Neurocognitive Impairment

Participants were English-speaking and underwent a comprehensive test battery that 

included seven neurocognitive domains known to be affected by HIV-associated central 

nervous system (CNS) dysfunction (Heaton et al., 2010). A composite global deficit score 

(GDS) was derived from standard T-scores using the best available normative standards to 

correct for learning effects, age, education, sex, and ethnicity in accordance with prior 

studies. The resulting GDS is a continuous variable reflecting the number and severity of 

neurocognitive deficits across the test battery, details of which are described elsewhere 

(Hulgan et al., 2015; Jia et al., 2017). An established cutoff of GDS ≥ 0.50 categorically 

defines NCI (Blackstone et al., 2012). Detailed review by two senior CHARTER 
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neurologists using published guidelines (Antinori et al., 2007) provided categorization of 

comorbid conditions for all CHARTER participants as incidental or contributing to NCI, or 

confounding a diagnosis of NCI. Several conditions (e.g, brain trauma with loss of 

consciousness, epilepsy or other seizure history, CNS opportunistic diseases) informed this 

categorization; detailed information on their frequencies are presented elsewhere (Heaton et 

al., 2010). Individuals with potentially confounding neurocognitive comorbidities (15% of 

the total CHARTER cohort), which precluded an assessment of the contribution of HIV to 

their NCI, were excluded from genetic studies.

Mitochondrial DNA Sequencing, Haplogroup Determination, and SNP Selection

Isolation of DNA from whole blood samples was performed using PUREGENE (Gentra 

Systems Inc, Minneapolis, Minnesota). Full mtDNA sequencing was performed using the 

GeneChip Human Mitochondrial Resequencing Array v2.0 (Affymetrix, Inc, Santa Clara, 

California). Array intensity data were processed using the MitoChip Filtering Protocol (Xie 

et al., 2011), and variants were called relative to the Revised Cambridge Reference Sequence 

(Andrews et al., 1999), with haplogroups assigned using HaploGrep (http://

haplogrep.uibk.ac.at/) (Kloss-Brandstätter et al., 2011), consistent with other published 

CHARTER studies (Hulgan et al., 2015). European-descent individuals were grouped into 

H, J, T, UK, and European Other categories; African-descent individuals were grouped into 

L1, L2, L3, and African Other categories, and Admixed Hispanic individuals were grouped 

into A, B, C, and American Other categories.

Participants also underwent nuclear DNA genotyping using the Affymetrix Genome-Wide 

Human SNP Array 6.0 (Affymetrix, Inc, Santa Clara, California). Ancestry-informative 

markers were analyzed using EIGENSTRAT software (Price et al., 2006) to generate 

principal components (PC). Model-based clustering on the top 3 PCs, using the mclust R 

package, was used to assign individuals to genetic ancestry clusters using an ellipsoidal 

model (Hall et al., 2014). Genetic ancestry clusters showed 97.4% agreement with self-

reported race and ethnicity. All analyses used PC-ancestry-based stratifications (European-

descent, African-descent, or admixed Hispanic).

Statistical Analyses

Due to the increased statistical power when analyzing continuous traits, our primary 

outcome of interest was continuous GDS. Primary analyses were stratified by PC-derived 

genetic ancestry. We performed a hierarchical set of analyses. We first performed a global 

analysis to test the interaction between all mitochondrial haplogroups (dummy-encoded) and 

the aggregate effect of all twenty selected SNPs using mixed linear models. Using Genome-

wide Complex Trait Analysis (GCTA) (Yang et al., 2011), we generated a genetic 

relationship matrix (GRM) based on the twenty selected SNPs. We then fit a linear mixed-

effects model according to equation 1, containing a random effect from this GRM (the 

aggregate effect of the twenty SNPs denoted as α), fixed effects for the j dummy-encoded 

mitochondrial haplogroups (T, J, H, and UK within European-descent, L1, L2, and L3 

within African-descent, and A, B, and C within the admixed Hispanics, denoted as β), and 

interaction terms between each haplogroup and the random effect over each of the k 
individuals. Using the –gxe option, we estimate the variance explained for each genotype-

Smieszek et al. Page 4

Mitochondrion. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://haplogrep.uibk.ac.at/
http://haplogrep.uibk.ac.at/


haplogroup interaction, and test the significance of including the interaction terms by 

likelihood ratio test (LRT). Each analysis was conducted within ancestry group to account 

for population stratification, and models were adjusted for the following fixed-effect 

covariates (covars): comorbidity status (contributing vs. incidental to NCI); current CART 

use (yes vs. no); plasma viral load; reading ability (by Wide-Range Achievement Test-III 

[WRAT] Reading subtest score); nadir CD4+ T-cell count; and the first 3 PCs, consistent 

with prior CHARTER studies (Jia et al., 2017).

Equation 1. Reduced model

GDS jk = μ + α + β j + covars + ε jk

Equation 2. Full model

GDS jk = μ + α + β j + (αβ)i j + covars + ε jk

For ancestry groups showing significant global genotype-haplogroup interactions, we then 

performed linear regression analysis on each of the twenty SNPs. This model contains an 

additive effect of the minor allele for the selected SNP, a main effect for each haplogroup, 

and SNP x haplogroup interaction terms (along with the covariate adjustments outlined 

above). Statistical significance was assessed by performing a likelihood ratio test between 

this full model and a reduced model containing no interaction terms. In this analysis, a 

Bonferroni adjustment for multiple comparisons (20) was conducted.

Analyses of gene expression were conducted by accessing two datasets. Harmonized 

microarray data from lymphoblastoid cell lines were accessed from the GEUVEDIS project 

(Lappalainen et al., 2013), encompassing 98 European-descent samples (haplo H,J,T,U) with 

expression and genotype. Haplogroup assignments were obtained from http://

www.mitotool.org/1000GmtDNAs.xls. For consistency with our previous analyses of data 

from CHARTER participants, we called haplogroups using the HaploGrep algorithm, and 

we performed linear regression analyses on normalized gene expression outcomes with the 

same modeling strategy outlined above.

Results

Evidence of broad interaction between NCI-Associated SNPs and mitochondrial 
haplogroups

Using GWAS and MitoChip/HaploGrep-derived mitochondrial haplogroups from 1025 

individuals enrolled in the CHARTER study, we performed mixed-model analysis to assess 

the cumulative significance and variance in GDS explained for 20 SNPs with marginal 

associations to NCI outcomes in the prior GWAS analysis of this CHARTER dataset. We fit 

each model separately within each of the three genomically-defined ancestry groups 

(European-descent, African-descent, and admixed Hispanic). Results from this analysis are 
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shown in Table 1 (model 1). As expected, SNPs nearing significance in the GWAS of NCI in 

CHARTER showed highly significant effects on continuous GDS across all ethnicities.

We next examined the potential for statistical interactions between these GWAS-associated 

SNPs and mitochondrial haplogroups. To conserve statistical power, we first examined the 

distribution of genotypes across the mitochondrial haplogroup backgrounds within each 

ethnicity. For each of the 20 SNPs, we ensured that the SNP was polymorphic (MAF > 0.05) 

across all haplogroups (stratified by ethnicity). We next performed mixed-model analysis of 

the GDS to explicitly test the interaction between the cumulative effect of GWAS-associated 

SNPs (a random effect) and mitochondrial haplogroups (which were dummy-encoded fixed 

effects) within each ancestry. Results from this analysis are also shown in Table 1 (model 2).

From these results, we see no evidence of haplogroup interactions within the admixed 

Hispanic samples, and either significant (p < 0.05) or marginally significant (p ~ 0.05) 

interactions in the African and European-descent samples, respectively. We thus excluded 

admixed Hispanic individuals from the remainder of our analyses.

Specific SNPs interact with mitochondrial haplogroups in European-descent individuals

For European-descent and African-descent individuals, we further analyzed individual SNP-

haplogroup interactions on GDS using linear regression. Models were fit using an additive 

effect of each minor allele of the SNP, an effect for the dummy-encoded mitochondrial 

haplogroups, and interaction terms between the haplogroup variables and the SNP. A 

likelihood ratio test was conducted comparing a full model (with interaction terms) to a 

reduced model (without interaction terms), with a Bonferroni correction for 20 tests (p < 

0.0025). Within the African-descent samples, no individual SNP showed a significant 

interaction with haplogroup. In European-descent samples, however, six SNPs passed 

Bonferroni correction via the LRT (shown in table 3). We then performed analyses for each 

haplogroup to further characterize the nature of the haplogroup interaction using a binary (0 

or 1) encoding each haplogroup by additive SNP term (shown in table 3). Three SNPs 

(rs17160128, rs1240243, and rs978490) have one or more haplogroup interactions 

significant (p < 0.0025) and are thus considered the most interpretable. Of the three 

remaining SNPs, rs11157436 is driven by weak interactions across the non-H haplogroups, 

rs17038463 is driven by H and J interactions, and rs2293731 is based largely on an 

interaction with the “other” haplogroup category.

rs17160128 and rs12460243 are two SNPs are in strong linkage disequilibrium within the 

CHARTER dataset (r-squared =~.9917), and very-likely represent a single association signal 

within this region of chromosome 19. Box-plots of the GDS by genotype-haplogroup 

combination are shown in Figure 1. This significant interaction is driven by a difference in 

effect between haplogroup H and the J, T, and UK haplogroups. Within H haplogroup 

individuals, heterozygotes for rs17160128 and rs12460243 have significantly lower median 

GDS values (reduced impairment), but within J, T and UK haplogroup individuals, 

heterozygotes have increased median GDS values (increased impairment). For T and UK 

haplogroups, there is only a single individual with the homozygous GG genotype, but the 

strong increase in GDS values of individuals with the AG genotype makes an additive effect 

of the G allele the most likely fit (rs12460243).
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rs978490, located on chromosome 18, shows a significant interaction with haplogroup T, 

and a more moderate interaction with haplogroup UK. Box-plots of GDS by genotype-

haplogroup combination for this SNP are shown in figure 2. An increase in GDS among 

heterozygotes within the T haplogroup is visible, along with a slight dominant protective 

effect of the C allele within UK haplogroup individuals.

After observing statistical interactions between SNPs and the H haplogroup, and given 

evidence of H sub-haplogroup effects in Alzheimer’s disease (Ridge et al., 2012; Santoro et 

al., 2010), we further evaluated interactions among SNPs and true H, H1, H2, H3, H5, and 

HV subgroups. No interaction models met our significance criteria of p < 0.0025 (a 

Bonferroni adjustment for 20 tests), however it is notable that two SNPs approach 

significance – rs17160128 (p=0.0173) and rs2915495 (p=0.0034).

Effects of SNP-Haplogroup interactions on local gene expression

We accessed HaploReg V4.1 (Ward and Kellis, 2012) to explore the regulatory potential of 

rs12460243, and noted that this SNP falls within predicted enhancer sites for hematopoietic 

stem cells, neurospheres, and CD14+ monocytes. The SNP also alters a Nuclear 

transcription factor Y (NF-Y) binding site at position 4 of the motif – two base-pairs 

upstream of the CCAAT box (Ly et al., 2013) – and thus potentially increases the NF-Y 

DNA binding affinity. Given the potential regulatory influence of this SNP, we examined the 

impact of rs12460243 on the expression of nine genes located within the cis-regulatory 

region (250 Kb upstream and downstream) in 98 lymphoblastoid cell lines from the 

Geuvadis project, which is based on 1000 Genomes samples and has full mitochondrial 

sequence available. Of these, one gene showed a significant SNP-haplogroup interaction via 

likelihood ratio test, ELAVL1 (p = 0.0302), and box-plots of ELAVL1 expression are shown 

in Figure 3. To further examine the biological mechanisms that may be affected from the 

rs12460243-Haplogroup interaction, we considered all genes (both within the cis-regulatory 

and across the genome) that showed nominally significant changes in gene expression (p < 

0.05). Using this set of genes, we performed gene-set enrichment analyses to identify gene 

ontology terms using WebGestalt (Zhang et al., 2005). These analyses revealed multiple 

mechanisms influenced by this SNP-Haplogroup interaction, notably “mRNA splicing via 

spliceosome” (GO:0000398) and “regulation of mRNA stability” (GO:0043488) terms, 

which involve the ELAVL1 gene and thus may be mediated by changes in ELAVL1 
expression..

Similarly, rs978490 alters a E26 transformation specific transcription factor binding site, and 

falls within predicted enhancer sties for astrocytes and primary B-cells, and significantly 

alters the expression of multiple genes including POLG2 in peripheral blood monoctyes 

(Zeller et al., 2010). POLG2 is the processivity subunit of the mitochondrial DNA 

polymerase gamma, which plays a role in mtDNA replication and may mediate changes to 

mitochondrial DNA accumulation and copy number (Chen et al., 2014; Mahrous et al., 

2012). Given the previous relationship between this SNP and POLG2 and the relevance to 

mitochondrial function, we evaluated SNP-Haplogroup interactions for this gene in the 

Geuvadis dataset (Figure 4). Via likelihood ratio test, we observe a significant SNP-
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haplogroup interaction (p=0.038), and an interesting reversal of expression by genotype 

within the T haplogroup.

Discussion

Nuclear-mitochondrial interactions are increasingly recognized to play an important role in 

complex human diseases, but few studies have directly investigated them. This study is the 

first to address the potential impact of such interaction effects for NCI in HIV-infected 

individuals. Given the potential influence of mitochondrial genetic variation on aging and 

neurological phenotypes (Tranah, 2011), we hypothesized that mitochondrial haplogroups 

interact with selected SNPs to influence NCI, as defined by the GDS. To test our hypothesis, 

we first employed a polygenic modeling approach to investigate the global effect of 

previously implicated SNPs and haplogroups, and to explicitly model the interaction 

between haplogroups and SNPs en masse. Our approach is similar to the random effects 

models employed by Paliwal et al. used to assess nuclear-“mitotype” interactions in yeast 

(Paliwal et al., 2014), and could easily be applied to examine other collections of SNPs for 

haplogroup intereactions, such as biological pathways or other gene groupings. In our 

models, fixed effects reflecting specific haplogroup associations to GDS are consistent with 

prior results, most notably the protective effect of the B haplogroup in Hispanics. We 

estimate that the variance in GDS explained by the 20 selected SNPs was 22.6%, however 

this is an overestimate as we chose these SNPs specifically based on a previous analysis of 

this dataset. Our analysis of nuclear-mitochondrial interactions however is unbiased as the 

haplogroup interactions fit in these models are orthogonal, independent effects. The 

estimated variance in GDS explained due to SNP-haplogroup interactions was highest for 

the UK and H haplogroups in European-descent individuals at 2.7% and 4.1% respectively. 

Haplogroup interactions within the African-descent individuals were more diffuse across the 

L1, L2, and L3 haplogroups (relative to the Other category), all at approximately 1.2% 

variance explained. Analyses of the Admixed Hispanic group were non-significant, likely 

due to limited statistical power is this smaller group (N = 101). Given the significance 

(p=0.025) and marginal significance (p=0.052) of the African-descent and European-descent 

groups, we next performed an analysis of each SNP by mtDNA haplogroup within these 

groups. This analysis detected significant interaction signals between European haplogroups 

and two nuclear regions, rs12460243 and rs17160128 in strong LD on chromosome 19 and 

rs978490 on chromosome 18.

These two SNPs (rs12460243 and rs17160128) are generally found at low frequency (0.06 

and 0.04) in African-descent individuals but are highly polymorphic within other global 

populations, with frequencies ranging from 0.15 to 0.49 (Abecasis et al., 2012). The low 

frequency of these variants in African-descent individuals and significantly smaller sample 

size of the admixed Hispanic subgroup of the dataset reduced our statistical power to 

observe an effect outside the European-descent subset.

The SNP-haplogroup interaction effect we detected implicates a binding site of NF-Y, a 

transcription factor, which is widely expressed in the central nervous system and linked to 

neurodegeneration of adult neurons (Yamanaka et al., 2014) The NF-Y homolog in yeast, 

HAP2/3/5, has been shown to be a stress-induced transcriptional activator of the 
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mitochondrial electron transport chain (Benatti et al., 2016), and due to the similarity of 

electron transport chain gene promoters across organisms, it is hypothesized that NF-Y 

serves an equivalent regulatory role in humans. Oxidative stress is thought to play an 

important role in the development of HIV-Associated Neurocognitive Disorders, and anti-

oxidant therapies in animal models are neuroprotective (see (Louboutin and Strayer, 2014; 

Mollace et al., 2001) for an extensive reviews).

The ELAVL1 gene encodes an RNA-binding protein, called HuR, which is thought to play a 

critical role in post-transcriptional regulation and splicing. HuR has previously been 

suggested to interact with HIV-1 reverse transcriptase (Lemay et al., 2008), but this 

interaction was subsequently shown not to influence reverse transcription in vivo, and HuR 

does not appear to bind to HIV-1 reverse transcriptase directly (Ahn et al., 2010). 

Interestingly, HIV protease inhibitors, which are frequent components of CART, are known 

to influence production of the pro-inflammatory cytokine TNF-α and interleUKin-6 in 

macrophages via a process that is mediated in part by nuclear-cytoplasmic translocation of 

HuR (Zhou et al., 2007).

Furthermore, rs17160128 (which is in strong linkage disequilibrium with rs12460243) 

shows moderate association to serum fibrinogen levels (p = 6.324 x 10−5) within the 

Framingham Heart Study, accessed from PheGenI (Ramos et al., 2014). Fibrinogen levels 

have been previously implicated in neuronal toxicity and degeneration (Cortes-Canteli et al., 

2015; Sonkar et al., 2016), and an interplay between fibrinogen levels and mitochondrial 

function under inflammatory conditions has been recently proposed (Ueki et al., 2016). 

Fibrinogen, a marker of a procoagulant state, is elevated in the plasma of HIV+ persons, and 

these levels decline but do not normalize on CART (Funderburg, 2014). Procoagulant 

factors, including fibrinogen, have also been inked to poorer neurocognitive functioning 

(Montoya et al., 2017).

The A allele at rs978490 is at extremely low frequency in African and East Asian 

populations, but has approximately 10% frequency in other ancestry groups. This SNP 

influences a differentiating transcription factor (ETS) binding site in both neuronal and 

immune cell types, and influences expression of POLG2, a subunit of the mitochondrial 

DNA polymerase. The effect of this SNP on POLG2 trans-acting through an unknown 

mechanism, as rs978490 is located on chromosome 18 and POLG2 is found on chromosome 

17. Interestingly, this nuclear-mitochondrial interaction potentially implicates mtDNA levels, 

which have been shown to be different between H and UK cybrid lines (Gómez-Durán et al., 

2010), and may drive differences in oxidative phosphorylation capacity between these 

haplogroups.

While these findings are compelling, this study has notable limitations. The CHARTER 

cohort is a tremendous resource, however the total study sample size (N=1025) and the 

ethnic stratification of the dataset makes statistical power for interaction analyses a key 

limitation. Within the European-descent subset (N=440), while some genotype-Haplogroup 

combinations are at low frequency, our assumption of an additive effect by genotype allows 

us to estimate differences in slope between haplogroups. Nonetheless, a larger sample of 

European-descent individuals is ideal to more accurately estimate effects within each 
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haplogroup. We have attempted to limit the scope of our exploratory analysis to nuclear 

SNPs that already evidence of association from a prior analysis of this dataset, and by first 

performing an overall test of SNP-Haplogroup interactions within each ethnicity. Our 

analyses of gene expression within lymphoblastoid cell lines provides additional support for 

our nuclear-mitochondrial interaction hypotheses, but these do not replace a statistical 

replication of these effects in an independent sample. Unfortunately, due to the difficulty in 

ascertainment of this unique phenotype, and the need for both GWAS and full mitochondrial 

sequence data, we could not identify a suitable replication cohort, which limits our ability to 

generalize this effect.

Despite its limitations, our work highlights potential new mechanisms through which 

nuclear and mitochondrial genomic variation may influence cellular pathways of 

neuroinflammation to influence susceptibility to NCI in HIV+ individuals, and deserve 

further study.
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Highlights

• Nuclear-mitochondrial interactions are increasingly recognized to play an 

important role in complex human diseases, but few studies have directly 

investigated them. This study is the first to address the potential impact of 

such interaction effects for NCI in HIV-infected individuals.

• We employed a polygenic modeling approach to investigate the global effect 

of previously associated nuclear SNPs, and to examine how the polygenic 

effect of these SNPs is influenced by mtDNA haplogroups.

• We see evidence of a significant interaction between nuclear SNPs en masse 
and mtDNA haplogroups within European-descent and African-descent 

individuals.

• Our findings indicate a new role for nuclear-mitochondrial DNA interactions 

in susceptibility to NCI, which requires further study in larger cohorts and 

potentially sheds light into the pathophysiology of this neurocognitive 

phenotype.

• Our work highlights potential new mechanisms through which nuclear and 

mitochondrial genomic variation may influence cellular pathways of 

neuroinflammation to influence susceptibility to NCI in HIV+ individuals
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Figure 1. 
Interaction of rs12460243 and Haplogroups. GDS (y-axis) is plotted by genotype/

haplogroup combination in European-descent populations. Across all haplogroups, there is a 

recessive effect of SNP, with increased GDS in the GG genotype. Across all genotypes, all 

haplogroups have approximately the same median GDS. However, within the H haplogroup, 

heterozygotes (GA) have lower (better) GDS, compared to J, T, and UK haplogroups where 

heterozygotes show higher GDS (> 0.5) indicating greater impairment.
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Figure 2. 
Interaction of rs978490 and Haplogroups. GDS (y-axis) is plotted by genotype/haplogroup 

combination in European-descent populations. There is increased GDS in the CT genotype 

within T haplogroup individuals relative to other haplogroups.
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Figure 3. 
Interaction Box-Plots for expression of ELAVL1 (Geuvadis). Normalized gene expression 

(y-axis) is plotted by genotype/haplogroup combination in European-descent populations for 

rs12460243. We observe a significant interaction between genotype and haplogroup, and 

similar to GDS in figure 1, we osbserve higher expression in H homozygous (AA) 

individuals.
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Figure 4. 
Interaction Box-Plots for expression of POLG2 (Geuvadis). Normalized gene expression (y-

axis) is plotted by genotype/haplogroup combination in European-descent populations for 

rs978490. We observe a significant interaction between genotype and haplogroup, driven by 

a change in slope in the T haplogroup; for other groups, POLG2 expression is either equal to 

or slightly increasing with the number of copies of the C allele.
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