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Abstract 

Encoded by the NBPF gene family, Olduvai (formerly DUF1220) protein domains have undergone the 
largest human lineage-specific copy number expansion of any coding region in the genome. Olduvai 
copy number shows a linear relationship with several brain size-related measures and cortical neuron 
number among primates and with normal and disease-associated (micro- and macrocephaly) variation 
in brain size in human populations. While Olduvai domains have been shown to promote proliferation of 
neural stem cells, the mechanism underlying such effects has remained unclear. Here, we investigate 
the function of Olduvai by transcriptome and proteome analyses of cells overexpressing NBPF1, a gene 
encoding 7 Olduvai domains. Our results from both RNAseq and mass spectrometry approaches suggest 
a potential downregulation of mitochondria. In our proteomics study, a Gene Ontology (GO) enrichment 
analysis for the downregulated proteins revealed a striking overrepresentation of the biological process 
related to the mitochondrial electron transport chain (p value: 1.81e−11) and identified deregulation of 
the NADH dehydrogenase activity (p value: 2.43e−11) as the primary molecular function. We verify the 
reduction of apparent mitochondria via live-cell imaging experiments. Given these and previous Olduvai 
findings, we suggest that the Olduvai-mediated, dosage-dependent reduction in available energy via 
mitochondrial downregulation may have resulted in a developmental slowdown such that the 
neurogenic window among primates, and most extremely in humans, was expanded over a greater time 
interval, allowing for production of greater numbers of neurons and a larger brain. We further suggest 
that such a slowdown may extend to other developmental processes that also exhibit neotenic features. 

 

Introduction 

Olduvai protein domains (formerly DUF1220 [Sikela and van Roy, 2017]) show a major increase in copy 
number in monkeys, apes, and especially humans, where they have undergone the single greatest 
human-specific increase in copy number of any protein coding sequence in the genome (Fortna et al., 
2004; Popesco et al., 2006). Olduvai domains are encoded almost exclusively by the NBPF gene family 
(Vandepoele et al., 2005) and can be divided into six clades, three conserved domains (CON1–3), and 
three human lineage-specific domains (HLS1–3)(O’Bleness et al., 2012), all of which are intrinsically 
disordered (Issaian et al., 2019; Paukovich et al., 2022). In addition, Olduvai copy number shows a strong 
linear association with several brain size-related measures and with estimated numbers of cortical 
neurons in the primate lineage (Dumas et al., 2012; Keeney et al., 2015a; Zimmer and Montgomery, 
2015). Within the human lineage, Olduvai copy number variations have been implicated in several 
neurodevelopmental disorders (macrocephaly, microcephaly, autism, and schizophrenia) and cognitive 
performance (Dumas et al., 2012; Davis et al., 2015a, 2015b, 2019; Searles Quick et al., 2015). 
Interestingly, the proproteins encoded by all expanded NBPF genes (that is, featuring more than one HLS 
Olduvai triplet) are post-translationally cleaved such that the primary functional units in humans are 
independent Olduvai triplet proteins (Pacheco et al., 2022), suggesting that the target of selection was a 
dosage increase of Olduvai protein. In addition to showing an association of Olduvai dosage with 
increased neurogenesis in the primate lineage, we have also shown that these domains can stimulate 
proliferation in human neural stem cells in vitro (Keeney et al., 2015a).  
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Although these previous findings give us insight into the genomic relevance and large-scale effects of 
Olduvai expression, investigating its role at the molecular level is imperative for understanding its 
implications for human health and development. In this study, we use transcriptomics and proteomics 
to identify pathways in which Olduvai domains may be functioning. Using a colon cancer cell line with 
low endogenous Olduvai expression (DLD1Tr21) (Vandepoele et al., 2008), we evaluated the effects of 
inducible forced overexpression of NBPF1, a gene encoding 7 Olduvai domains. The results are 
considered in terms of the relationship between mitochondrial output and neurogenesis and are 
discussed regarding their potential relevance to (1) primate-specific scaling rules regarding the size and 
number of brain neurons within the primate order, (2) the extended window of neurogenesis that is 
found during primate brain development, and (3) the potential impact on neoteny in primate and 
human evolution. 
 

Methods 

Cell culture and live-cell imaging 

Doxycyclin hydrochloride (Dox; Sigma, Grand Island, New York) was used at a final concentration of 2 
μg/ml to induce expression of either NBPF1-IRES-EGFP or EGFP in DLD1Tr21/NBPF1 and DLD1Tr21/Mock 
cells, respectively. DLD1Tr21/Mock and DLD1Tr21/NBPF1 cells were described previously (Vandepoele 
et al., 2008). Briefly, in the colon cancer cell line DLD1Tr21 Tet-On originally obtained from Van de 
Wetering et al., 2002, a Tet-On system activates transcription of the gene of interest in the presence of 
Dox. The cDNA for NBPF1-IRES-EGFP, fused to an amino-terminal flag tag, was cloned in the pcDNA4/TO 
vector (Invitrogen). This construct was stably transfected in DLD1Tr21 cells and subcloned after 
fluorescence-activated cell sorting. A final clone was more than 90% positive for flag-tagged NBPF1 
expression upon induction with Dox for 48 h. For mitochondrial analysis, media was removed at 24 h 
after plating and replaced with media including 200 nM MitoTracker CMSROX (Gibco) and either 2 µg/ml 
Dox or no Dox. Cells were then cultured at 37oC in 5% CO2 in an IncuCyte kinetic life cell imaging system 
(Essen Bioscience, Ann Arbor, MI). Red (MitoTracker), green (from IRES-EGFP on the construct, 
indicating successful Dox induction), and phase contrast images were collected every 4 h. 

Library preparation and Illumina sequencing  

For both DLD1Tr21/NBPF1 and DLD1Tr21/Mock cells, eight T-175 flasks (Falcon) were cultured at 37oC in 
5% CO2. After 24 h, media was changed. Four flasks of each cell line were refreshed with medium 
containing Dox, whereas the medium of the remaining four flasks was refreshed with medium only. 
After 24 h, cells were trypsinized (Gibco) and collected in complete medium. cDNA libraries were 
constructed starting from 1 μg total RNA. PolyA-plus mRNAs were selected for by using oligo dT beads 
according to the manufacturer’s instructions, then reverse transcribed to cDNA and prepared for next-
generation sequencing according to the manufacturer’s protocol (Illumina TruSeq RNA Sample 
Preparation v2 Guide). The cDNA libraries were validated on the Agilent 2100 Bioanalyzer using DNA-
1000 chip. Cluster generation was done on the Illumina cBot using a Single Read Flow Cell with a Single 
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Read cBot reagent plate (TruSeq SR Cluster Kit). Sequencing of the clustered flow cell was performed on 
the Illumina HiSeq 2000 using TruSeq SBS v3 reagents. The sequencer was programmed with a single 
read at 100 cycles. Sequencing images were generated through the sequencing platform (Illumina HiSeq, 
2000). The raw data were analyzed in four steps: image analysis, base calling, sequence alignment, and 
variant analysis and counting. An additional step was required to convert the base call files (.bcl) into 
*_qseq.txt files. For multiplexed lanes/samples, a de-multiplexing step was performed before the 
alignment step. 

RNAseq data analysis 

On average, we obtained 20 million (range = 12–30 million) single-end 100 bp sequencing reads per 
sample. Reads were mapped against the human genome using Tophat (version 2.0.9) (Kim et al., 2013) 
and the NCBI reference annotation (build 37.2) as a guide. We allowed 3 mismatches for the initial 
alignment and 2 mismatches per segment with 25-bp segments. On average, 90% (85%–94%) of the 
reads aligned to the human genome. Next, we employed Cufflinks (version 2.1.1) (Trapnell et al., 2010) 
to assemble the transcripts using the RefSeq annotations as the guide but allowing for novel isoform 
discovery in each sample. Isoforms were ignored if the number of supporting reads was less than 30 and 
if the isoform fraction was less than 10% for the gene. The data were fragment bias corrected, multi-
read corrected, and normalized by the total number of reads. The transcript assemblies for each sample 
were merged using Cuffmerge (Trapnell et al., 2010). We next computed the transcripts' FPKM values 
(Fragments Per Kilobase of exon per Million fragments mapped) by rerunning Cufflinks using the merged 
assembly as the guide. Gene expression was estimated by summing the FPKM values of multiple 
transcripts that represent the same gene. All other analyses were performed in R/Bioconductor (R 
version 3.0.1; R Development Core, 2011). 

Significantly changed genes were identified using the R package LIMMA (Smyth, 2005). Significant genes 
were identified using the lmFit, eBayes, and decideTests functions (FDR < 0.05 and fold change > 1.5) 
from the LIMMA package. The statistics were moderated by LIMMA using empirical Bayes shrinkage (via 
the eBayes function), global multiple testing strategy, and Benjamini & Hochberg adjustment. Gene set 
enrichment analysis (GSEA) was conducted using the Kyoto Encyclopedia of Genes and Genomes (KEGG) 
and Gene Ontology (GO) gene set definitions obtained from the Molecular Signatures Database v.3.1. 
Enriched pathways were identified by running GSEA using 1,000 permutations as a standalone Java app 
(version 2.0.13; Subramanian et al., 2007). 

Proteomics 

Stable isotope labeling by amino acids in cell culture (SILAC) with heavy arginine and lysine was used for 
mass spectrometry-based quantitative proteomic analysis (Colaert et al., 2010). However, its accuracy is 
compromised by the metabolic conversion of arginine to proline in eukaryotes. As a result, 13C6-Arg gets 
partly converted into 13C5-Pro, which results in the generation of multiple satellite peaks for Pro-
containing tryptic peptides in the labeled state. This hampers accurate quantitation. We therefore 
optimized the 13C6-Arg concentration of the DLD1Tr21 medium and determined that 30 mg 13C6-Arg per l 
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medium was optimal to minimize 13C6-Arg conversion and that the cells had to be grown for 2 weeks in 
SILAC medium to obtain full labeling of the cells. 

Medium for light labeled cells (− Dox) was RPMI-1640 medium (without Arg and Lys), supplemented 
with GlutaMax (Gibco), 10% dialyzed fetal calf serum, 0.03 mg/ml 12C6-Arg and 0.03 mg/ml 12C6-Lys.  

Medium for heavy labeled cells (+ Dox) was RPMI-1640 medium (without Arg and Lys), supplemented 
with GlutaMax, 10% dialyzed fetal calf serum, 0.03 mg/ml 13C6-Arg and 0.03 mg/ml 13C6-Lys. Dox for the 
induction of NBPF1 expression was added to the medium at a final concentration of 2 μg/ml. 

Cells were grown for two weeks in the appropriate SILAC medium, and cell pellets were then 
resuspended in 0.5 ml of cell lysis buffer containing 50 mM sodium phosphate pH 7.5, 100 mM NaCl, 
0.8% CHAPS (w/v), and Complete Protease Inhibitor cocktail (Roche). Cells were lysed on ice for 30 min, 
and the insoluble fraction was removed by centrifugation (15 min at 16,000 g at 4°C). Protein 
measurements of the supernatant occurred by use of the DC Protein Assay kit (Bio-Rad). 

The light and heavy labeled samples were mixed in a 1:1 ratio (1.7 mg of protein each). 380 mg 
guanidinium hydrochloride was added, and the sample volume was adjusted to 1 ml by adding lysis 
buffer to obtain a final guanidinium hydrochloride concentration of about 4 M. 

S-reduction and S-alkylation were performed by adding 26 µl of freshly prepared and pH-adjusted 570-
mM TCEP.HCl solution and 40 µl of freshly prepared 750 mM iodoacetamide solution, obtaining a final 
concentration of 15 mM TCEP.HCl and 30 mM iodoacetamide. The reaction proceeded for 15 min while 
mixing at 30°C in the dark. The sample was then desalted on a NAP-10 column in 20 mM ammonium 
bicarbonate pH 7.6. The protein concentration in the NAP-10 eluate was measured using the Bio-Rad DC 
Protein Assay Kit, and 750 µl (0.868 mg protein) was taken to carry out the next steps. The sample was 
boiled for 5 min and directly transferred to ice for 10 min. Trypsin was added in a trypsin/protein ratio of 
1/50 (w/w), and the sample was incubated overnight at 37°C. 

The peptide mixture was dried in a Speedvac and then redissolved in 1% acetic acid. After checking the 
pH, the sample was loaded on a HPLC column and 1 min fractions were collected between 20 and 80 
min. Fractions with a retention time difference of 20 min were pooled, dried down, and analyzed with 
the LTQ-Orbitrap mass spectrometer. GO analysis was performed with WebGestalt V2 (Zhang et al., 
2005) comparing the obtained results to the complete human proteome. The distribution of ratio values 
(light/heavy) was analyzed using a base 2 logarithmic scale, which is a common practice for protein 
expression data (MacCoss et al., 2003). 

Results 

Identification of mitochondria-related pathways by RNAseq of NBPF1-expressing cells 

To identify possible pathways in which Olduvai may be functioning, DLD1Tr/21 cells artificially induced 
to overexpress NBPF1 or a mock construct were evaluated by RNAseq and compared to uninduced cells 
from the same lineages. GSEA of downregulated genes upon NBPF1 overexpression identified an 
abundance of pathways related to mitochondrial function with high normalized enrichment score (NES) 
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and low false discovery rate (FDR) scores, wherein all but one (“proteasome complex”) of the pathways 
identified are related to metabolic function (Table 1). In contrast, none of the pathways in the mock cell 
line were found to be significantly enriched using an FDR cutoff of 0.05 (Supplemental Table 1). Although 
several GO terms identified in the list of upregulated pathways found in the DLD1Tr21/NBPF1 line 
showed relatively low FDR values, no clearly discernible pattern was evident among these 
(Supplemental Table 2). In the mock cell line, no significant changes were detected (Supplemental Table 
3). A GSEA profile also indicates an enrichment of mitochondrially related genes for DLD1Tr21/NBPF1 
when compared to DLD1Tr21/Mock, which is more randomly distributed (Figure 1). 

Identification of mitochondria-related pathways by proteomics of NBPF1-expressing cells 

We hypothesized that investigating proteome differences between DLD1Tr21/NBPF1 cells in the 
absence of Dox (no NBPF1 expression) compared to the presence of Dox (NBPF1 expression) could 
provide valuable complementary information to our RNAseq results and could further scrutinize the role 
of NBPF1. To this end, cells were subjected to stable isotope labeling by amino acids in cell culture 
(SILAC) for quantitative proteomics (Ong et al., 2002). In the present case, DLD1Tr21/NBPF1 –Dox cell 
cultures were labeled with light 12C6-Lys/Arg amino acids, and the DLD1Tr21/NBPF1 +Dox cell cultures 
were labeled with heavy 13C6-Lys/Arg amino acids. Note that there is hardly any biochemical difference 
between the heavy and the natural amino acid isotopes, and cells incubated in heavy amino acids are 
expected to behave exactly like the control cell population grown in the presence of natural amino 
acids. SILAC labeling is efficient and reproducible as the incorporation of the isotope label is complete 
(Ong et al., 2002). LC-MS/MS analysis of the mixture of light and heavy peptides allows quantitative 
assessment of the identified proteins in control versus induced DLD1Tr21/NBPF1 cell cultures. 

After growing DLD1Tr21/NBPF1 cell cultures in the appropriate SILAC medium for 2 weeks, we checked 
NBPF1 expression by immunofluorescence and observed that the DLD1Tr21/NBPF1 cells were indeed 
expressing NBPF1 and only when Dox was added to the medium (Supplemental Figure 1).  

Mass spectrometry resulted in the acquisition of 104,523 MS/MS spectra, which yielded 21,176 unique 
peptide identifications (Swiss-Prot database, restriction Homo sapiens) and 4,008 distinct proteins 
(Mascot software, 99% confidence). The log2 light/heavy ratios were tightly distributed around zero, 
indicating that global protein abundance was not affected by NBPF1 expression. However, a total of 79 
proteins showing differential expression were identified at the 99% confidence interval. Of these, 52 
proteins were downregulated upon NBPF1 expression (light/heavy ratio > 1) (Supplemental Table 4), 
whereas 27 proteins were upregulated upon NBPF1 expression (light/heavy ratio < 1) (Supplemental 
Table 5).  

Gene Ontology (GO) enrichment analysis (Zhang et al., 2005) for the upregulated proteins revealed an 
overrepresentation in amino acid biosynthesis as biological process (adjusted [adj.] p value: 7.78e−05) 
and ribonucleotide binding as molecular function (adj. p value: 5.36e−01), although with lower statistical 
significance. However, GO enrichment analysis for the downregulated proteins revealed a statistically 
significant overrepresentation in the biological process related to the mitochondrial electron transport 
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chain (ETC) (adj. p value: 1.81e−11) and identified deregulation of the NADH dehydrogenase activity 
(adj. p value: 2.43e−11) as molecular function. 

Confirmation of mitochondrial downregulation by live-cell imaging 

Red fluorescence measured in vivo in both DLD1Tr21/NBPF1 and DLD1Tr21/Mock cell lines stained with 
MitoTracker CMSROX indicated strong downregulation of genes related to mitochondrial function, in 
line with our RNAseq and proteomic data. Because the MitoTracker reagent binds directly to the 
mitochondrial membrane based on the proton gradient, this may indicate either fewer mitochondria or 
an attenuated proton gradient or changes in the mitochondrial membrane affecting protein content or 
conformation. Three metrics found to be strongly different are percentage of red coverage (amount of 
red signal in the viewable area), red intensity (mean red signal intensity across the entire image), and 
red object count (number of objects meeting the minimum threshold to be called “red”) (Figure 2). Red 
object confluence starts near 60% in all wells and shows at least a gradual decrease in all wells, but only 
in the well with NBPF1-overexpressing cells does it show an immediate and permanent drop to near 
zero, while no other condition approaches zero. For average red intensity, most wells plateau near 24 h 
around 1.5 x 108 relative units, while the NBPF1-overexpressing cells drop to near zero. Similarly, the 
number of red objects stays relatively constant in the DLD1Tr21/NBPF1 uninduced cell line and even 
increases in the DLD1Tr21/Mock cell line (induced and uninduced), while the DLD1Tr21/NBPF1 induced 
cell line immediately drops to very low numbers. When the threshold of detection is set to only detect 
very bright signals that may be indicative of dividing cells, there is no change between wells (data not 
shown). When cell density is varied, the drop in MitoTracker signal observed in Figure 1 is not detected 
at lower cell densities (Supplemental Figures 3–6). 

Discussion 

Olduvai-mediated mitochondrial downregulation 

Here we used a series of experimental approaches to investigate the effects of overexpression of 
Olduvai protein domains. One of our primary findings is that both RNAseq and proteomic studies of 
Olduvai/NBPF overexpression identified genes/proteins associated with mitochondria. Specifically, both 
approaches found Olduvai/NBPF overexpression to be associated with a downregulation of transcripts 
related to mitochondrial function. For example, 8 of the top 24 downregulated proteins in the 
proteomic dataset were found in common in the RNAseq data (UQCRC1, PHB, PHB2, IMMT, NDUFS2, 
NDUFS8, NDUFS1, and UQCRB). All were identified as downregulated upon Olduvai/NBPF 
overexpression, and all play a role in mitochondrial function. It should be noted that one RNAseq sample 
showed a particularly strong downregulation of these genes, while the others were more modest, 
though still significant (Supplemental Figure 2). Why the mass spectrometry data showed a strong 
downregulation of mitochondria and why it was corroborated by the RNAseq data, but not by all 
samples, was further investigated. Analysis of EGFP expression level indicated that RNAseq sample 3 
also showed a much higher EGFP expression level, indicating stronger output of the exogenous 
construct, which may explain the result (Supplemental Table 6). It is also known that brain architecture 
in the primate lineage is unique in that it maintains a near-constant neuronal cell density (Herculano-
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Houzel, 2009). Therefore, we explored whether the downregulation of mitochondria was cell-density 
dependent and found evidence that the effect only occurs at high densities. 

These results indicate that overexpression of Olduvai domains leads to a decrease in mitochondrial 
activity, though whether this result is due to a reduction in total mitochondria or a reduction in the 
proton gradient is unclear. Interestingly, the functional output of mitochondria in cells with upregulated 
Olduvai is unexpectedly modest (data not shown), given the striking decrease in MitoTracker signal, 
which may be consistent with the findings of Diaz-Cuadros et al., (2023). The apparent drop in functional 
output is particularly weak in light of recent work demonstrating that doxycycline inhibits mitochondrial 
biogenesis (Scatena et al., 2018) (though we note that it does not affect the apparent red signal as 
demonstrated by the mock + doxycycline experimental condition). This is in stark contrast to the 
substantial drop in MitoTracker signal observed in Figure 2. As discussed below, it is conceivable that 
this incongruence is due to a difference in cell density, as this was the primary difference in 
methodological setup between these two experiments. When conditions used for Figure 2 were 
repeated but cell density was varied, the large drop in MitoTracker signal was observed at high cell 
density (near confluency) but was not observed at lower cell densities (Supplemental Figures 3–6). The 
reduction in apparent mitochondria may therefore indicate an Olduvai-mediated shift in cellular 
energetics toward a more restricted mode. 

Neuronal cell density 

Alternatively, our results may be indicative of an Olduvai-mediated cessation of oxidative 
phosphorylation, restricting energy availability. This is consistent with the finding in Keeney et al., 
2015b, that mice in which the ancestral form of Olduvai was knocked out show hyperactivity. It may also 
be consistent with a separate investigation of knockin mice, which found embryonic lethality in 
homozygous mutants and what may be a developmental slowing in gross morphology in these embryos 
(Keeney, 2014). Such a shift to restrict energy availability may contribute to the primate tendency to 
maintain neurons at a constant density (Herculano-Houzel, 2009) (implying a relatively small size), 
rather than decreasing density (implying a scaling up of neuron size), with increasing brain and body 
mass, as occurs in many other mammals. Indeed, the maintenance of a relatively constant neuron size 
has been shown to be a hallmark of primate brains and is a phenomenon generally absent among non-
primate mammalian brains (Herculano-Houzel, 2009). Olduvai copy number parallels this trend, with 
primate brain expansion being primarily the result of increasing neuron number while keeping neuron 
size constant, and may therefore be involved in maintaining cell density.  

As Olduvai has previously been associated with increasing numbers of neurons in primates (Dumas et 
al., 2012), a role for Olduvai in restricting available energy may explain the model of primate brain 
evolution in which neuronal density is held constant throughout the primate order: by restricting the 
amount of energy available to each cell—and therefore restricting cell size—more metabolic energy is 
available to the developing organism. In theory, the effect could be greater numbers of neurons all held 
at the same size. Brain size and neuron size would in this scenario be fundamentally metabolically 
driven, with Olduvai domains acting like a molecular switch to divert the metabolic energy one way or 
the other. This would be consistent with the observation that primates tend to have much slower 
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metabolisms than would be expected for their body size (Pontzer et al., 2014). It is therefore 
conceivable that restraining mitochondrial output is having a proliferative effect of its own. It is also 
possible, however, that this effect is not applicable to the brain, since a non-neural DLD1 cell line was 
used in our experiments. The comparatively low Olduvai expression in the background colon cancer 
DLD1 cell line was experimentally important in emphasizing the difference between low Olduvai 
expression and high Olduvai expression but should be kept in consideration when trying to generalize. It 
is worth noting, however, that Olduvai is expressed in many tissues (Popesco et al., 2006) and may 
indeed therefore have a more general function in addition to its involvement in neural function. Still, 
future work should investigate potential differences in neural cell lines and whether Olduvai is related to 
the maintenance of cell density and, if so, what the nature of the relationship is. 

Brain evolution and neoteny 

Perhaps the most intriguing possibility is that the Olduvai-meditated reduction in energy available to 
cells may be related to neoteny, a specific form of heterochrony in which there is a delay in the timing of 
a developmental event in one species relative to another. Neoteny can therefore appear as the 
prolonged retention of infantile or juvenile characteristics in the adult. This differential timing during 
development can substantially change the size and shape of an organ or organism. More specifically, it is 
thought to be capable of greatly increasing the size of structures, including the brain (Gould, 1977). 
Indeed, several recent reports have begun to implicate mitochondria function in the timing of 
development and the neotenic events that characterize human-specific brain evolution (Namba et al., 
2020; Diaz-Cuadros et al., 2023; Iwata et al., 2023; Casimir et al., 2024; Lindhout et al., 2024). For 
example, it was shown that increasing mitochondrial metabolism accelerates neuronal maturation while 
decreasing metabolism had the opposite effect. These studies suggest that mitochondria may serve as a 
species-specific pacemaker of development (Liu and Auwerx, 2023), and the findings we report here fit 
with this trend. In this regard, it is worth pointing out that our proteomics analysis found that the most 
significantly altered functional class of genes that were downregulated by Olduvai expression was 
mitochondrial genes involved in the electron transport chain (ETC) and NADH processes. These are the 
same two mitochondrial mechanisms that have been implicated in driving species-specific 
developmental rates (Diaz-Cuadros et al., 2023). Specifically, inhibiting the ETC slowed developmental 
timing by impacting the NAD/NADH redox balance while, conversely, increasing NADH action 
accelerated developmental timing.  

Given these and previous Olduvai studies, we suggest that the Olduvai-mediated, dosage-dependent 
reduction in available energy via mitochondrial downregulation may have resulted in a developmental 
slowdown such that the neurogenic window among primates, and especially in humans, was expanded 
over a greater time interval, allowing for production of greater numbers of neurons. This prolongation of 
neural development, and general neoteny, are thought to have increased as one moves from rodent 
(mouse) to primates and among primates from monkey to ape to human (Kornack and Rakic, 1998; 
Thiessen, 1997), patterns that are mirrored by Olduvai copy number among these species (O’Bleness et 
al., 2012). Such a link between Olduvai dosage and a metabolic slowdown is also consistent with the 
previously mentioned finding that mice lacking Olduvai domains show a pronounced hyperactivity 
phenotype (Keeney et al., 2015b). In addition to extending the window of progenitor proliferation, an 
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extended developmental window could give neurons enough time to migrate to their appropriate 
location in the cortical plate and send out processes before being surpassed by the next wave of post 
mitotic neurons and thus provide enough time for primate brains to generate many more neurons and 
neural connections without sacrificing neural structure. Given the pattern of expression reported by 
Keeney et al., 2015a, one such developmental event that may be impacted is the transition from the 
first phase of neurodevelopment to the second, as this appears to occur at gestational week (GW) 16 in 
humans (Nowakowski et al., 2016). A prolonged phase I would be consistent with the pattern of lateral 
expansion in the neocortex observed in primates and particularly in humans. If Olduvai domains are 
indeed driving a neoteny phenotype, and given the fact that Olduvai is expressed in many, but not all, 
tissues, this might help to explain why some, but not all, features of human development appear to be 
neotenic when compared to other primates.  

Pairing of Olduvai and NOTCH2NL 

The Olduvai findings reported here also have potential relevance to human-specific NOTCH2NL genes 
that have been shown to promote neurogenesis (Fiddes et al., 2018, Suzuki et al., 2018, Florio et al., 
2018). The majority of human-specific copies of Olduvai are encoded by three NBPF genes that are 
adjacent to, and tightly co-regulated with, three NOTCH2NL genes (Fiddes et al., 2019). These 
NBPF/NOTCH2NL gene pairs evolved jointly, as two-gene units, having recently undergone multiple 
duplications that added >100 Olduvai copies to the human genome. If the NOTCH2NL genes are 
primarily promoting neural progenitor cell divisions while the Olduvai dosage increase holds the 
developmental window open longer, it could provide an efficient mechanism for producing more 
neurons and would provide a compelling explanation for why the Olduvai NOTCH2NL pairing has been 
strongly selected for in recent human evolution.  

Finally, it will be interesting to identify the specific molecular agents through which Olduvai is acting to 
downregulate mitochondrial function and how such a phenomenon is related to the evolutionarily rapid 
and extreme increase in Olduvai copy number in humans. 
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Top 20 GO terms downregulated in DLD1Tr21/NBPF upon RNAseq analysis 
 
 

Pathway Size NES FDR 
1 MITOCHONDRIAL_INNER_MEMBRANE 54 2.60 0.000 
2 MITOCHONDRIAL_MEMBRANE_PART 46 2.57 0.000 
3 MITOCHONDRION 245 2.47 0.000 
4 ORGANELLE_INNER_MEMBRANE 60 2.46 0.000 
5 MITOCHONDRIAL_MEMBRANE 69 2.46 0.000 
6 MITOCHONDRIAL_ENVELOPE 75 2.45 0.000 
7 MITOCHONDRIAL_PART 94 2.35 0.000 
8 PROTON_TRANSPORTING_TWO_SECTOR_ATPAS

E_COMPLEX 
14 2.06 0.007 

9 MITOCHONDRIAL_RESPIRATORY_CHAIN 22 2.00 0.012 
10 RESPIRATORY_CHAIN_COMPLEX_I 13 1.99 0.013 
11 NADH_DEHYDROGENASE_COMPLEX 13 1.98 0.015 
12 MITOCHONDRIAL_RESPIRATORY_CHAIN_COMP

LEX_I 
13 1.96 0.017 

13 FATTY_ACID_METABOLIC_PROCESS 31 1.94 0.019 
14 MITOCHONDRION_ORGANIZATION_AND_BIOGE

NESIS 
36 1.93 0.020 

15 MONOCARBOXYLIC_ACID_METABOLIC_PROCES
S 

41 1.93 0.019 

16 PROTEASOME_COMPLEX 23 1.90 0.026 
17 COENZYME_METABOLIC_PROCESS 29 1.88 0.032 
18 OXIDOREDUCTASE_ACTIVITY 170 1.85 0.040 
19 OXIDOREDUCTASE_ACTIVITY_GO_0016616 34 1.81 0.058 
20 HYDROGEN_ION_TRANSMEMBRANE_TRANSPOR

TER_ACTIVITY 
20 1.80 0.062 

 
 
Table 1. Top-scoring pathways associated with the genes that showed a reduction in expression after 
exogenous NBPF1 expression 

Size: number of genes in the pathway. NES: normalized enrichment score shown as log2 values; the 
number of genes detected in our dataset, normalized to the size of the pathway. FDR: false discovery 
rate. 
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Figure 1. GSEA enrichment profiles of the mitochondrial inner membrane GO gene set 

(A) DLD1Tr21/NBPF (B) DLD1Tr21/Mock. The top portion of the plot is the running enrichment score (ES) 
versus the rank in the ordered gene list. The maximum value at the peak is the ES of the gene set. Note 
that the ES for the mock cell line is about half that of the NBPF1-induced cells. The middle portion of the 
plot indicates the position of the members of the gene list within the full rank-ordered gene list. Note 
that, in (A), the ranking of the genes is weighted more toward the left portion of the plot, whereas in (B), 
the genes appear more randomly distributed. The bottom portion of the plot shows the signal-to-noise 
ratio versus gene rank. A positive value indicates correlation with the uninduced samples. 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 22, 2024. ; https://doi.org/10.1101/2024.10.21.619278doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.21.619278
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

Figure 2. DLD1-NBPF1 or DLD1-MOCK cells incubated with MitoTracker, a reagent that binds to 
mitochondria and fluoresces red 

Each circle represents a time point at 4 h. Red coverage (confluency), average red object intensity, and 
red object count are plotted against time over the course of 4 days from the time of doxycycline 
application for each cell line with and without doxycycline to initiate transcription of the transgene. A 
low magnification example image from each condition is shown below the plots to indicate general 
levels of red signal. 
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