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Further descriptive analyses of SCPs identified by siRNA knockdown 

Regulation of mRNAs 

 

In parallel to the up-regulation of ribosomal genes after 4h HU210 treatment, we observed multiple 

downregulated genes that participate in bulk mRNA degradation (Suppl. Figure 4A). Our results 

suggest that an increase in gene expression needed for continuous synthesis of neurite components 

for the following neurite growth phase (6h) is facilitated by an increase in ribosomal translation 

and mRNA lifetime. Down-regulated genes after 4h HU210 treatment are part of multiple SCPs 

that participate in mRNA degradation at multiple consecutive steps (67): initial mRNA-polyA tail 

trimming, bulk mRNA polydeadenylation by the CCR4-NOT complex, mRNA decapping and 

exosome-independent degradation of deadenylated and polyuridylated mRNA (68). The CCR4-

NOT complex regulates numerous steps during mRNA biogenesis including transcription, mRNA 

export and mRNA degradation (22,69-71). Three of the five down-regulated CCR4-NOT complex 

subunits have 3’-5’ poly(A) exoribonuclease activity (Cnot6, Cnot6L, Cnot7) (70), suggesting that 

down-regulation of these complex components increases mRNA lifetime. 

siRNA knock down of the putative catalytic component Dis3 of the exosome complex (72,73) that 

is involved in another degradation pathway of polydeadenylated mRNA decreases NOG (Figure 

3B, Suppl. Figure 3D), indicating that mRNA degradation, possibly of mRNAs that contain errors, 

is still a necessary function to secure neurite outgrowth. 

Mitochondrial Functions 

DEGs obtained after 4h HU210 treatment that are involved in structural mitochondrial 

organization suggest a shift from Rhot1 to Rhot2 mediated anterograde mitochondrial transport, a 

shift from mitochondrial fission to mitochondrial fusion, the down-regulation of mitochondrial 

gene expression, and activity changes in SCPs that are involved in mitochondrial protein import, 

mitochondrial gene expression and oxidative phosphorylation (Suppl. Figure 4B). Knock down of 

three mitochondrial genes (Rhot1, Tufm and Mtx1) significantly inhibited NOG, while knock 

down of another gene (Mfn2) may inhibit NOG (based on a p-value close to significance) (Figure 

3B, Suppl. Figure 3D), documenting the importance of the SCPs mitochondrial anterograde 

transport, fusion, translation and protein import. Mitochondria populate the growing neurite where 

they increase their length through fusion (74). Our results suggest that mitochondria are first 

prepared for populating the neurite before the neurite enters its major growth phase, since 

mitochondrial genes are up-regulated before the up-regulation of genes involved in membrane 

synthesis and vesicle trafficking (Figures 2D/E/F). This interpretation complements morphological 

observations showing mitochondria, peroxisomes and Golgi vesicles accumulation at the base of 

that neurite that becomes the future axon before it enters its major growth phase (28,29). 
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Pyrimidine Biosynthesis Pathways 

Pyrimidine synthesis and salvage was predicted to be up-regulated after 4h HU210 treatment. 

Pyrimidines are substrates for multiple sub-cellular pathways such as DNA and RNA synthesis 

and are co-factors during the synthesis of phosphatidylethanolamine (PE), phosphatidylcholine 

(PC) and complex gangliosides (Suppl. Figure 4C) (30). The up-regulation of pyrimidine synthesis 

and salvage could therefore support increased gene expression by delivering the building blocks 

for mRNA synthesis. Additionally, an increased pool of the pyrimidine nucleoside triphosphates 

CTP and UTP could support membrane lipid and ganglioside synthesis, SCPs that are up-regulated 

after 6h HU210 treatment (Suppl. Figure 4D). CTP is a co-factor for neuronal 

phosphatidylethanolamine and -choline synthesis via the Kennedy pathway (37) and uridine 

induces intracellular CTP increase and neurite outgrowth (75). UTP and CTP are co-factors for 

ganglioside synthesis (76). Though pyrimidine de novo synthesis was also up-regulated, we could 

only document the dependence of NOG on pyrimidine salvage, but not on pyrimidine de-novo 

synthesis (Figure 3B, Suppl. Figure 3D). Knock down of thymidine phosphorylase (Tymp), an 

enzyme of the salvage pathway, decreased NOG. In contrast, knock down of the enzyme 

carbamoyl-phosphate sythetase 2, aspartate transcarbamylase, and dihydroorotase (Cad) that is 

involved in pyrimidine de-novo synthesis showed no effect. Knock down of dihydroorotate 

dehydrogenase (Dhodh), the second tested enzyme of the de-novo synthesis pathway, even 

increased NOG. These results are in agreement with a mechanism that favors pyrimidine recycling.  

De novo synthesis of pyrimidines is associated with high energy cost, so pyrimidine recycling is 

favored to maintain a sufficient pool for pyrimidine dependent pathways (37). The source for 

recycled substrates might either be pyrimidine metabolites that were generated in the same cell 

(e.g. after DNA/RNA degradation) or metabolites that were produced by astrocytes, since we used 

astrocyte conditioned media, to generate an environment that resembles the in-vivo situation in the 

CNS. 

Lipid Biosynthesis Pathways 

The distribution of up- and down-regulated genes within membrane lipid synthesis pathways 

suggests an increase in the synthesis of C18 ceramide and complex gangliosides (Suppl. Figure 

4D) and a shift in phospholipid synthesis from phosphatidylcholine (PC) to 

phosphatidylethanolamine (PE) and phosphatidylserine (PS). Genes involved in lipid synthesis 

pathways are up-regulated along with genes involved in vesicle transport, suggesting the functional 

coupling of pathways for membrane synthesis and delivery of these membranes to the growth 

cone. 

Complex gangliosides contribute 10 to 20% of lipids in neuronal membranes (34) and are 

synthesized using ceramide as a substrate (77). They are primarily localized in the outer leaflet of 

the plasma membrane (35), suggesting that ceramide and ganglioside synthesis are up-regulated 

to generate the building blocks of the outer leaflet of the growing neurite. In agreement with these 

observations, we find that knock down of genes that are involved in ganglioside synthesis, either 
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as an enzyme (Ugcg) (78) or as a lipid transport protein (Plekha8) that directs glycosylceramide 

from the cis-Golgi to the synthesis site of complex gangliosides at the trans-Golgi (40-42), inhibit 

neurite outgrowth (Figure 3B, Suppl. Figure 3D). In contrast, the knock down of Col4a3bp, a lipid 

transport protein that directs glycosylceramide to sphingomyelin synthesis sites at the Golgi 

(41,79,80) did not influence NOG (Figure 3B, Suppl. Figure 3D). Our results are in agreement 

with experimental data suggesting neuronal sphingomyelin synthesis at a non-Golgi location 

(81,82). 

PE and PS mainly localize to the inner leaflet of the plasma membrane (83), suggesting that the 

up-regulation of enzymes involved in PE and PS synthesis via the Kennedy pathway increases the 

production of the building blocks of the inner leaflet of the growing neurite. PC, the most abundant 

phospholipid in cell membranes, is largely localized at the ER (84) and serves as a storage reservoir 

for choline that is used for synthesis of the neurotransmitter acetylcholine (85,86). The two 

different arms of the Kennedy pathway that synthesize PE (that can be converted into PS) and PC 

both utilize diacylglycerol (DAG) as a substrate and the pyrimidine nucleoside triphosphate CTP 

as a co-factor (37). The predicted down-regulation of PC synthesis might further favor the 

production of PE and PS by increasing the availability of both molecules for PE synthesis. Knock 

down of Pcyt2, an enzyme involved in PE synthesis via the Kennedy pathway, may decrease NOG, 

since we could document reductions of NOG in three independent experiments, though the p-value 

was above our two significant cutoffs (0.125) due to large experimental variations (Figure 3B, 

Suppl. Figure 3D). Similarly, the knock down of Pcyt1a, an enzyme involved in PC synthesis via 

the Kennedy pathway, may also decrease NOG (p-value: 0.069). Although our DEGs suggest a 

shift from PC to PE and PS synthesis to increase neurite membrane production, NOG may still 

depend on a sufficient supply of PC as the most abundant phospholipid in cell membranes (60). 
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Suppl. figure 1: Time courses of all SCPs predicted based on standard enrichment analysis. 

For details see figure 2E.  



Gene expression

Up
Down

Splicing

MTOC

Up
Down

Microtubule
growth

Gene expression

MTOC

Microtubule
growth

Suppl. Figure 2

A

B



Suppl. Figure 2

C



Suppl. Figure 2

D

E



Suppl. figure 2: Enrichment analysis of differentially expressed proteins identified by 

discovery proteomics. Up- and downregulated proteins of each timepoint were subjected to 

dynamic enrichment analysis using MBCO (A) level-2 and (B) level-3 SCPs. Bardiagramm show 

–log10 P-values of the top level-1 (dark red), -2 (red), -3 (blue) and -4 (green) SCPs identified by 

standard enrichment analyses of up and down regulated DEPs after 5h (C), 12h (D) and 18h (E) 

HU210 treatment.  
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Suppl. figure 3: Quality control and analysis of neurite outgrowth assays. (A) During plating 

cells will occupy every space available within the cell body site of the chamber including those 

right in front of the microgroove. Microscopic analysis will document uniform tubulin staining 

and an intense line of tubulin staining right in front of the microgroove wall (see Figure 3A). In a 

few cases the cell body site was damaged during the axotomy, resulting in a removal of cells in 

front of the microgroove. Consequently, the staining will be less uniform and the intense line of 

tubulin staining will appear at an increased distance from the microgroove wall. To identify 

samples where the cell body side has been damaged during axotomy, we quantified fluorescence 

intensities on the cell body site and calculated the average intensity at each distance up to 100 m 

left of the microgroove wall. All average intensities for one outgrowth chamber were normalized 

towards the highest intensity. Intact cell body sites show a fluorescence intensity peak right in 

front of the microgroove wall as shown for one typical experiment (each blue line represents one 

targeted or scramble siRNA treated sample). This peak corresponds to the intense line of tubulin 

staining. If the cell body site was damaged during axotomy, this peak will be farer away from the 

microgroove wall. Our algorithm was searching for the highest peak within the first 50 m left to 

the microgroove wall (i.e. within a distance that corresponds to 1/3 of the microgroove wall width 

of 150 m). If the normalized intensity of that peak was at least 85%, our algorithm labeled the 

cell body site as intact and as non-intact otherwise. (B) Computational predictions of cell body 

integrities were manually verified. In 20 out of 246 manually assigned cell body integrity differed 

from the computationally predicted ones. In these cases we continued with the manual 

quantifications. (C) Any samples with a damaged cell body site as well as any experiments that 

did not contain controls with intact cell body sites were removed from any further analysis. Manual 

investigation also identified further exclusion criteria that lead to the removal of additional samples 

from the analysis. (D) SiRNA knock down results were analyzed as described at figure 3. Orange 

and blue dots show the normalized outgrowth intensity obtained for the indicated gene in one 

experiment at the distance that showed indicated control intensity (75%, 50%, 25%). Blue dots are 

outliers that were identified using Dixon’s Q-Test and removed before p-value calculation using 

one-sample two-tailed ttest. Horizontal lines show reference control intensities. P-value results for 

all siRNAs with at least two replicates are summarized in figure 3B. 
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Mitochondrial transport
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Suppl. Figure 4: Enzymatic reactions and gene products involved in basic cellular 

metabolism, structural organization of the mitochondria and vesicle transport. (A) Down-

regulated genes (minimum log2(fold change) of +/- log2(1.3)) (blue) in cytosolic mRNA 

degradation (67). Genes in gray indicate other genes involved in mRNA degradation that were not 

differentially expressed. Genes tested in our siRNA knock down studies are framed with solid 

lines, if knock down changed NOG and with dashed lines otherwise. (B) Up- and down-regulated 

genes and siRNA targets involved in Structural organization of mitochondria. (C) Enzymatic 

reactions involved in pyrimidine de-novo synthesis and pyrimidine salvage and interconversion 

(adapted from (30) with modifications from (37)). Up- (orange) and down-regulated (blue) genes 

suggest a net flux of pyrimidine metabolites to pyrimidines that can be used to generate complex 

molecules. siRNA knock down results suggest the dependence of NOG on pyrimidine salvage, but 

not on pyrimidine de novo synthesis. Green: metabolites. (D) Enzymatic reactions and transport 

proteins involved in phospholipid, ceramide and ganglioside synthesis. Up- and down regulated 

genes as well as siRNA knock down results suggest a shift of phospholipid production from PC to 

PE/PS and an increase in ganglioside production. Etn: Ethanolamine, Ch: Choline, PE: 

Phosphatidylethanolamine, PS: Phosphatidylserine, PC: Phosphatidylcholine, Cer: Ceramide 

GM3/GD1a/GD3: GM3/GD1a/GD3 ganglioside, GluCer: Glucosylceramide, SM: 

Sphingomyelin, DAG: Diacylglycerol. (E) Up- and down-regulated genes in vesicle transport 

between the TGN and growth cone. 

 



Suppl. table 1: Differentially expressed genes obtained after treatment of N2A cells with 

HU210 for 2, 4, 6 and 8hrs. 

Suppl. table 2: Differentially expressed proteins obtained after treatment of N2A cells with 

HU210 for 5, 10 and 18hrs. 

Suppl. table 3: Dynamic enrichment results of differentially expressed genes. Up- and 

downregulated genes at each timepoint with a minimum log2(fold change) of +/- log2(1.5) were 

separately subjected to dynamic enrichment analysis using the Molecular Biology of the Cell 

Ontology.  

Suppl. table 4: Standard enrichment results of differentially expressed genes. Up- and 

downregulated genes at each timepoint with a minimum log2(fold change) of +/- log2(1.3) were 

separately subjected to standard enrichment analysis using the Molecular Biology of the Cell 

Ontology. 

Suppl. table 5: Dynamic enrichment results of differentially expressed proteins. Up- and 

downregulated proteins at each timepoint were separately subjected to dynamic enrichment 

analysis using the Molecular Biology of the Cell Ontology. 

Suppl. table 6: Standard enrichment results of differentially expressed proteins. Up- and 

downregulated proteins at each timepoint were separately subjected to standard enrichment 

analysis using the Molecular Biology of the Cell Ontology. 

Suppl. table 7: Quality control of siRNA experiments. The spreadsheet documents how many 

replicates for each gene were considered for the statistically analysis and how many replicates 

were removed during our quality control assessment pipeline. Replicates that fulfilled our quality 

standards, but were part of an experiment where we had to remove the control replicates are also 

counted as removed. Similarly, we ignored all genes with only one replicate. 

Suppl. table 8: Comparison of expected and observed knock down results. 

 




