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Summary 
Nucleoside diphosphate kinase 7, non-metastatic cells 7 (NME7) 
is an acknowledged member of ciliome and is involved in the 
biogenesis or function of cilia. As obesity and diabetes are 
common in several ciliopathies, we aimed to analyze changes of 
gene expression within Nme7 interactome in genetically designed 
rat models of metabolic syndrome. We assessed the liver 
transcriptome by Affymetrix microarrays in adult males of 14 PXO 
recombinant inbred rat strains and their two progenitor strains, 
SHR-Lx and BXH2. In the strains with the lowest expression of 
Nme7, we have identified significant enrichment of transcripts 
belonging to Nme7 interactome. In the subsequent network 
analysis, we have identified three major upstream regulators – 
Hnf4a, Ppara and Nr1h4 and liver steatosis (p=0.0001) and liver 
necrosis/cell death (apoptosis of liver cells, p=0.0003) among the 
most enriched Tox categories. The mechanistic network reaching 
the top score showed substantial overlap with Assembly of  
non-motile cilium and Glucose metabolism disorder gene lists. In 
summary, we show in a genetic model of metabolic syndrome 
that rat strains with the lowest expression of Nme7 present gene 
expression shifts of Nme7 interactome that are perturbing 
networks relevant for carbohydrate and lipid metabolism as well 
as ciliogenesis. 
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Introduction 
 

NME7 (nucleoside diphosphate kinase 7,  
non-metastatic cells 7) is a member of the conserved 
NME/NDK family of multifunctional enzymes that 
mostly act as nucleoside-diphosphate kinases and protein 
histidine kinases. Although the NME7 gene contains two 
putative kinase domains, it does not seem to possess 
a nucleoside-diphosphate kinase activity (Liu et al. 2014). 

The NME7 transcript and protein are detected in 
majority of tissues. At the subcellular level, the NME7 
shows mainly centrosomal localization. The centrosomal 
content of NME7 is dependent on the phase of the cell 
cycle: the NME 7 level at the centrosome was lowest in 
early G1 phase and highest in metaphase, and during 
mitosis, NME7 was also detected at mitotic spindles and 
in the midbody during cytokinesis (Liu et al. 2014).  

NME7 is implicated in the regulation of the 
microtubule-nucleating activity of the γTuRC in 
centrosomes. At centrosomes, γ-tubulin participates in 
centriole duplication and primary cilium assembly, in 
addition to performing microtubule-nucleating and  
microtubule-organizing functions (Mikule et al. 2007, 
Liu et al. 2014).  
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The effect of NME7 depletion on cilia number, 
length, function and ciliary cargo transport (Lai et al. 
2011) has been studied as NME7 is an acknowledged 
member of ciliome (Ostrowski et al. 2002). The study 
results suggest that by being localized at the centrosome, 
the NME7 is suitably positioned to possibly regulate 
specific ciliary cargoes either at the ciliary gate or from 
the Golgi (Lai et al. 2011). 

Possible role of NME7 in the development of 
ciliopathies was tested in the Nme7–/– mice knockout 
model. Nme7–/– mice were viable and fertile and did not 
differ in gross appearance from wild-type littermates.  
As all Nme7–/– mice exhibited mild to moderate 
hydrocephalus and 50 % of Nme7–/– mice had situs 
inversus, the NME7 protein is very likely involved in the 
biogenesis or function of motile cilia (Vogel et al. 2010). 
Obesity and diabetes are common features of several 
ciliopathies including Alstrom and Bardet-Biedl 
syndromes. The potential connection between glucose 
metabolism and proper cilia function was recently 
reviewed in detail by Lodh et al. (2014). They concluded 
that “the emerging evidence suggests that disruption of 
glucose regulation in ciliopathies — and potentially in 
more common diseases — may be directly linked to the 
regulation of signaling that is highly dependent on cilia 
and is critical to proper pancreatic morphogenesis” (Lodh 
et al. 2014). While the causal mechanistic relation 
between NME7 and metabolic disturbances through cilia 
dysfunction remains to be established, it represents 
a preliminary plausible link. Furthermore, the recently 
revealed functional connection between (pro)renin 
receptor PRR (ATP6AP2) and NME7 may extend 
beyond the cell cycle control (Wanka et al. 2017) as it 
was previously shown that PRR is involved in regulation 
of body weight, fat mass and insulin resistance 
(Shamansurova et al. 2016, Ahmed et al. 2011).  

As the analysis of multifaceted relationships 
underlying complex traits is complicated by numerous 
factors inherent to general human population studies, 
genetically designed models are frequently used. In 
particular, mouse and rat models have been seminal for 
genetic and pathophysiological studies of metabolic 
syndrome and its ecogenomic (nutrigenomic, 
pharmacogenomic, epigenomic, metagenomic etc.) 
aspects (Civelek and Lusis 2014, Poledne and Jurcikova-
Novotna 2017, Kunes et al. 2015). Derived from the 
reference rat panel for genetic dissection of 
cardiovascular complex traits, the HXB BXH 
recombinant inbred strain panel (Pravenec et al. 1989), 

the set of PXO recombinant inbred rat strains (Kemlink et 
al. 2003, Hodulova et al. 2014) is a genetically fixed 
system with segregating alleles of two highly inbred 
models of metabolic syndrome, the spontaneously 
hypertensive rat (SHR) (Coan et al. 2017) and the 
polydactylous rat PD/Cub (Sedova et al. 2000, Seda et al. 
2002), together with normotensive and normolipidemic 
Brown Norway (BN/Cub) strain. Also, while single gene 
mutants often provide important insights into the gene 
function and involvement in particular signaling or 
metabolic pathway, the genomic architecture of most 
complex traits involves modular networks of genes 
(Civelek and Lusis 2014, Seda et al. 2017b), where both 
more subtle genetic variation and even effects of genomic 
background may lead to substantial disruptions of crucial 
mechanisms and shift the balance between the health and 
disease. In our study, we aimed to test the expression 
profile of Nme7 and its interactome in the genetically 
defined model set of metabolic syndrome. 

 
Methods 
 

All experiments were performed in agreement 
with the Animal Protection Law of the Czech Republic 
(311/1997) which follows the European Community 
Council recommendations for the use of laboratory 
animals 86/609/ECC and were approved by the Ethical 
Committee of the First Faculty of Medicine of the 
Charles University. 

 
Liver tissue samples  

The samples of livers obtained in a previous 
study of PXO strains (Hodulova et al. 2014) were utilized 
in the current study. Used rat strains are cataloged in Rat 
Genome Database (RGD) (Shimoyama et al. 2016). Four 
samples per strain were analyzed from adult (4-months 
old) male rats of 14 PXO strains (PXO1/Cub, RGD ID 
2307138; PXO2/Cub, RGD ID 2307356; PXO3-1/Cub, 
RGD ID 2307355; PXO3-2/Cub, RGD ID 2307116; 
PXO4/Cub, RGD ID 2307135; PXO5-1/Cub, RGD ID 
2307128; PXO5-2/Cub, RGD ID 2307117; PXO6-1/Cub, 
RGD ID 2307137; PXO6-2/Cub, RGD ID 2307125; 
PXO6-3/Cub, RGD ID 2307130; PXO7/Cub, RGD ID 
2307119; PXO8-1/Cub, RGD ID 2307122; PXO8-2/Cub, 
RGD ID 2307131; PXO10/Cub, RGD ID 2307132) as 
well as the progenitor strains SHR-Lx (RGD ID 61106) 
and BXH2/Cub (BXH2 hereafter, RGD ID 2307121). All 
abovementioned strains were originally derived and kept 
since at the animal facility of Institute of Biology and 
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Medical Genetics, Fist Faculty of Medicine, Charles 
University in Prague. 

 
Genotype comparison 

The genotype comparison of PXO strains was 
performed in silico using previously ascertained >1,000 
microsatellite markers (Kemlink et al. 2003) (Hodulova et 
al. 2014) and >20,000 single nucleotide polymorphisms 
made available by STAR Consortium (2008). 

 
Liver transcriptome assessment 

Total RNA was isolated from liver tissue 
(RNeasy Mini Kit, Qiagen, Hilden, Germany). The 
quality and integrity of the total RNA was evaluated on 
Agilent 2100 Bioanalyzer system (Agilent, Palo Alto, 
CA, USA). Only samples with RNA Integrity Number 
(RIN) >8.0 were utilized in further steps of the protocol. 
Microarray experiments were performed using the Rat 
Gene 2.1 ST Array Strip in quadruplicate per strain. The 
hybridization procedure was performed using the 
Affymetrix GeneAtlas® system according to 
manufacturer’s instructions. The quality control of the 
chips was performed using Transcriptome Analysis 
Console 4.0 (Life Technologies, Carlsbad, CA, USA). 
Partek Genomics Suite 6.6 (Partek, St. Louis, Missouri, 
USA) was used for subsequent data analysis. After 
applying quality filters and data normalization by Robust 
Multichip Average (RMA) algorithm, the set of obtained 
differentially expressed probesets was filtered by false 
discovery rate (FDR<0.05) method implemented in 
Partek Genomics Suite 6.6 (Partek, St. Louis, Missouri, 
USA). 

  
Network analyses 

Transcriptomic data were then processed by 
standardized sequence of analyses (hierarchical clustering 
and principal component analysis, gene ontology, gene 
set enrichment, 'Upstream Regulator Analysis', 
'Mechanistic Networks', 'Causal Network Analysis' and 
'Downstream Effects Analysis') using Ingenuity Pathway 
Analysis as described previously (Seda et al. 2017a). 

 
Statistics 

To compare the expression of Nme7 among the 
PXO and progenitor strains, one-way ANOVA with 
Strain as a major factor followed by Tukey-Kramer HSD 
post hoc test was used. Fisher’s exact test was employed 
to test the hypothesis of enrichment of focus molecules in 
the overlap of gene sets. 

Results 
 
Nme7 expression in PXO recombinant inbred set 

The expression of Nme7 in the PXO strains 
showed a pattern of transgressive variation in relation to 
their progenitors as shown in Figure 1. The overall 
difference in expression among tested strains was 
statistically significant (ANOVA p=3.12E-05) but when 
we performed series of pairwise comparisons of 
progenitor strains with the individual PXO strains, only 
PXO6-2 strain showed decreased expression of Nme7 
compared both to BXH2 (p=0.047) and SHR-Lx 
(p=0.037) after adjustment for multiple comparisons. All 
three PXO6 strains clustered in the left-hand side of the 
distribution and showed lower expression when 
compared to PXO3-2 strain (p=0.046, 0.0006 and 0.01 
for PXO6-1, PXO6-2 and PXO6-3, respectively).  
PXO6-2 showed also lower expression compared to 
PXO10 (p=0.006), PXO4 (p=0.007) and PXO3-1 
(p=0.028) strains. 

 
 

 
 
Fig. 1. Expression profile of Nme7 in livers of PXO recombinant 
inbred strains and their progenitors. The expression is shown in 
arbitrary units relative to expression of SHR-Lx, which is set to 
100. Only significant differences between progenitors (BXH2 – 
striped bar, SHR-Lx – white bar) and individual PXO strains are 
shown. The p-values reflect Tukey-Kramer HSD post hoc test of 
one-way ANOVA with Strain as a major factor: *p<0.05. 

 
 

Genomic comparison of PXO6 strains 
Given their co-occurrence at the low extreme of 

Nme7 expression distribution, we compared the genomic 
profiles of PXO6-1, PXO6-2 and PXO6-3 strains. Based 
on the data from over 21,000 SNP and microsatellite 
markers, we have established that PXO6-2 and PXO6-3 
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display the highest genetic similarity with only 0.703 % 
differing markers while PXO6-1 showed 3.540 % and 
4.132 % difference from PXO6-2 and PXO6-3, 
respectively. The segments distinguishing PXO6-1 from 
the other two strains are located on chromosomes 3, 5, 9, 
12 and 16, while PXO6-3 differs from PXO6-2 and 
PXO6-1 in a segment of chromosome 4. As all three 
strains are close on both genomic level and with regard to 
Nme7 expression, we performed further transcriptome 
analyses using these three strains in comparison to  
SHR-Lx, the source of Nme7 variant in PXO strain set. 

 
 

 
 
Fig. 2. Overlap between Nme7 interactome and significant 
differences between liver transcriptomes of male rats of SHR-Lx 
progenitor and PXO6 strains. The shades of green and red depict 
the level of significantly lower or higher expression in the PXO6 
strains compared to SHR-Lx, respectively. Btrc – beta-transducin 
repeat containing E3 ubiquitin protein ligase, C1orf189 – 
chromosome 1 open reading frame 189, Cep104 – centrosomal 
protein 104, Cep162 – centrosomal protein 162, Cep170 – 
centrosomal protein 170, Cep290 centrosomal protein 290,  
Cspp1 – centrosome and spindle pole associated protein 1, Gramd4 
– GRAM domain containing 4, Lgals3bp – galectin 3 binding 
protein, Mzt1 – mitotic spindle organizing protein 1, Nedd1 – neural 
precursor cell expressed, developmentally down-regulated 1, Ofd1 
– centriole and centriolar satellite protein, Pced1b – PC-esterase 
domain containing 1B, Pcm1 – pericentriolar material 1, Plppr2 – 
phospholipid phosphatase related 2, Prrc2b – proline rich coiled-
coil 2B, Scaf1 – SR-related CTD associated factor 1, Shtn1 – 
shootin 1, Syce1 – synaptonemal complex central element 
protein 1, Tnip1 – TNFAIP3 interacting protein 1, Trim27 – 
tripartite motif containing 27, Tubg1 – tubulin gamma 1, Tubgcp4 
– tubulin gamma complex associated protein 4, Wnt2 – Wnt family 
member 2, Ywhaq – tyrosine 3-monooxygenase/tryptophan  
5-monooxygenase activation protein theta. 

 
 

Nme7 interactome vs. PXO6 liver transcriptome 
Utilizing Ingenuity Knowledge Base and 

literature search, we ascertained a set of 109 entities 

(protein-coding genes, microRNAs) that were shown to 
interact with Nme7 on a molecular level. Then, we 
performed liver transcriptome comparison of SHR-Lx 
with PXO6-1, PXO6-2 and PXO6-3 strains. After 
multiple-testing correction by false discovery rate 
(FDR<0.05), 1,544 transcripts showed significantly 
different expression in all three PXO6 strains compared 
to SHR-Lx. An overlap between Nme7 interactome 
revealed 26 genes that were differentially expressed 
corresponding to significant (p<0.00001, Fisher’s exact 
test) enrichment of Nme7 interactome member entities in 
the differentially expressed transcripts between PXO6 
and SHR-Lx (Fig. 2). Except for Pced1b, which is of 
SHR origin in PXO6-1 and of BXH2 origin in PXO6-2 
and PXO6-3, the 25 other genes are of the same origin in 
all three strains (C1orf189, Cep104, Cep170, Cep290, 
Gramd4, Nedd1, Pcm1 and Wnt2 from SHR-Lx and the 
remaining 16 genes from BXH2). 

 
Enrichment analysis and mechanistic network construction 

We combined the directional information 
comprising the 1,544 transcripts differentially expressed 
in PXO6-1, PXO6-2 and PXO6-3 strains compared to 
SHR-Lx with available data on experimentally observed 
cause-effect relationships that relate to expression, 
transcription, activation, molecular modification and 
transport utilizing causal analytics algorithms including 
Upstream Regulator Analysis, Causal Networks Analysis 
and Mechanistic Networks as implemented in Ingenuity 
Pathway Analysis software (Kramer et al. 2014). The top 
upstream regulators, i.e. molecules upstream of the 
differentially expressed genes that potentially explain the 
observed expression changes, were hepatocyte nuclear 
factor 4, alpha (Hnf4a, p=1.15E-11), peroxisome 
proliferator activated receptor alpha (Ppara, p=1.28E-07) 
and nuclear receptor subfamily 1, group H, member 4 
(Nr1h4, p=2.34E-06). The significantly enriched 
“Tox”categories after Benjamini-Hochberg correction for 
multiple comparisons were liver steatosis (p=0.0001) and 
liver necrosis/cell death (apoptosis of liver cells, 
p=0.0003). The mechanistic network reaching the highest 
score (reflecting the network’s degree of relevance to the 
network eligible set of 1,544 transcripts based on 
hypergeometric distribution and right-tailed Fisher's exact 
test) is shown in Figure 3. Next, we have assessed the 
enrichment of disease and functional categories within 
this mechanistic network, revealing two most enriched 
terms, Assembly of non-motile cilium and Glucose 
metabolism disorder. 
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Fig. 3. Mechanistic network derived from set of differentially expressed genes in PXO6-1, PXO6-2 and PXO6-3 strains compared with 
SHR-Lx progenitor. Mechanistic network with highest score derived from the set of genes that were significantly differentially expressed 
in all three PXO6 strains when compared to SHR-Lx progenitor strain. The network reaching the highest score based on Ingenuity 
Pathway Analysis is shown with disease and function terms showing highest overlap score (Assembly of non-motile cilium, glucose 
metabolic disorder). The shades of green and red depict the level of significantly lower or higher expression in the PXO6-2 (PXO strain 
with the lowest Nme7 expression) vs. SHR-Lx. Entities with white symbols form part of the network but their expression did not differ 
between PXO6-2 and SHR-Lx. The scheme was generated using Ingenuity Pathway Analysis (Qiagen, Hilden, Germany). The 
abbreviations of gene names are used according to HUGO Gene Nomenclature Committee guidelines (https://www.genenames.org/). 

 
 

Discussion 
 

In this study, we show in a genetically designed 
model set of metabolic syndrome that rat strains with the 
lowest expression of Nme7 present gene expression shifts 
of Nme7 interactome that are perturbing networks 
relevant for carbohydrate and lipid metabolism as well as 
ciliogenesis. This observation is consistent with our 
previous findings that PXO6 strains display lower body 
weight and relative weight of retroperitoneal fat as well 

as lower cholesterol concentrations in chylomicron, very 
low-density lipoprotein (VLDL), low-density lipoprotein 
(LDL-C) fractions and higher high-density lipoprotein 
(HDL) cholesterol compared to SHR-Lx progenitor 
(Hodulova et al. 2014). All the identified upstream 
regulators (Hnf4a, Ppara and Nr1h4) belong to richly 
evidenced major nodes orchestrating lipid and 
carbohydrate metabolism (Hayhurst et al. 2001, Seda and 
Sedova 2007, Han 2018). Interestingly, the involvement 
of PPARA and NR1H4 in autophagy-ciliogenesis axis 
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was recently demonstrated, providing a potential 
mechanistic link between the two seemingly unrelated 
processes (Liu et al. 2018). While the crucial role of 
NME7 in primary cilium assembly and function is well 
known, the connection to metabolic syndrome-related 
disturbances was not reported so far. Mouse models with 
genetically engineered Nme7 deficiency (Vogel et al. 
2010, Vogel et al. 2012) and the human cases of sporadic 
mutations leading to severe damage to the protein product 
(Reish et al. 2016) all develop substantial morphological 
and functional consequences including situs inversus 
totalis and hydrocephalus. Compared to these loss-of-
function mutations, a subtler variation in NME7/Nme7 
gene present in general human population or specific 
experimental models may produce distinct effects, either 
directly through primary cilium dysfunction (as the 
majority of differentially expressed Nme7 interactome 
genes in our study are connected to centrosome 
assembly) or through more likely mechanism of 
perturbed signaling pathways and networks. In genome-
wide association studies, association of SNPs within 
Nme7 gene to venous thromboembolism (consisting of 
deep vein thrombosis and its complication, pulmonary 
embolism) (Heit et al. 2012) and D-dimer levels (Smith 
et al. 2011) were reported. Also, the T allele of 
rs1138486 was associated to QT interval length in almost 
16,000 people of Hispanic/Latino descent (Mendez-
Giraldez et al. 2017). Most recently, rs12753816 was 
shown to be associated to coronary artery disease  

(van der Harst and Verweij 2018). However, in some of 
the mentioned studies strong linkage disequilibrium with 
Factor V Leiden mutation is mentioned as a potential 
confounder. 

There are several inherent limitations of our 
study. First, the observations are made only at the level of 
transcriptome and need to be confirmed at protein and 
functional levels in further studies to provide true 
mechanistic links underlying the observed shifts in 
perturbed networks. Second, despite consistence of 
physiological measures and the expression and network-
level data, all were acquired in a single model system 
restricted to male animals with specific genomic makeup. 
Validation in other models and particularly in human 
studies is necessary to corroborate the potential clinical 
impact of the Nme7 variation. In conclusion, results 
presented in this study suggest a role of Nme7 beyond 
ciliogenesis with potential impact on metabolic syndrome 
features. 
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