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Mis-folding of the prion protein (PrP) is known to cause
neurodegenerative disease; however, the native function of this
protein remains poorly defined. PrP has been linked with many
cellular functions, including cellular proliferation and senes-
cence. It is also known to influence epidermal growth factor
receptor (EGFR) signaling, a pathway that is itself linked with
both cell growth and senescence. Adult neural stem cells
(NSCs) persist at low levels in the brain throughout life and
retain the ability to proliferate and differentiate into new
neural lineage cells. KO of PrP has previously been shown to
reduce NSC proliferative capacity. We used PrP KO and WT
NSCs from adult mouse brain to examine the influence of PrP
on cellular senescence, EGFR signaling, and the downstream
cellular processes. PrP KO NSCs showed decreased cell pro-
liferation and increased senescence in in vitro cultures.
Expression of EGFR was decreased in PrP KO NSCs compared
with WT NSCs and additional supplementation of EGF was
sufficient to reduce senescence. RNA-seq analysis confirmed
that significant changes were occurring at the mRNA level
within the EGFR signaling pathway and these were associated
with reduced expression of mitochondrial components and
correspondingly reduced mitochondrial function. Metabolomic
analysis of cellular energy pathways showed that blockages
were occurring at critical sites for production of energy and
biomass, including catabolism of pyruvate. We conclude that,
in the absence of PrP, NSC growth pathways are down-
regulated as a consequence of insufficient energy and growth
intermediates.

The prion protein (PrP) is most widely known for its
causative role in the transmissible spongiform encephalopa-
thies or prion diseases. Prion diseases encompass a family of
neurodegenerative conditions that affect humans and animals.
During disease PrP becomes misfolded into conformers that
can recruit and convert more PrP, thus resulting in propaga-
tion through the brain (1, 2). While this change from normal
PrP into its disease-associated conformers is deleterious in all
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prion diseases, much remains to be determined about the
normal function of PrP within the cell.

PrP KO mice show limited consequences of the complete
loss of PrP (3, 4) and, therefore, the importance of PrP was
considered questionable. However, despite developing nor-
mally and having a normal life expectancy, PrP KO mice do
have more subtle phenotypes, some of which only become
apparent under stress conditions. In an unchallenged envi-
ronment, PrP KO differences from WT mice include defects in
sleep wake cycles/circadian rhythms (5) and peripheral myeli-
nation (6). When PrP KO mice are stressed, further phenotypes
are discovered; for example, with increasing exercise stress KO
mice demonstrated less muscle capacity of the heart and
skeletal system (7), seizure inducing agents showed PrP KO
mice have greater susceptibility to seizure (8) and when chal-
lenged with a severe brain insult such as cerebral occlusion,
lesions are more extensive in PrP KO mice compared with WT
(9, 10). The increased infarct size may be related to a function
of PrP in protection against oxidative stress (11-14) and may
also be influenced by a lesser capacity to repopulate lost neu-
rons from neural stem cell (NSC) reserves in PrP KO mice.

Adult NSCs are found in the subventricular zone and the
subgranular zone of the hippocampus in mouse brain. They
continue to grow throughout life with a limited capacity to
repopulate neurons. PrP KO NSCs demonstrate reduced pro-
liferation capacity compared with WT NSCs (15, 16). Increased
concentrations of soluble full-length PrP have been shown to
maintain embryonic stem cells in a highly proliferative state
(17), however, cleavage fragments from the N terminus of PrP
induce quiescence, a recoverable nonproliferative state (18).
Together this indicates that the presence of PrP or soluble
fragments of PrP have dynamic effects on NSC growth. Cell
growth can also be reduced by an increased propensity to
become senescent. Senescence occurs when normally prolifer-
ative cells irrecoverably exit the cell cycle. PrP has additionally
been linked with a protective role against senescence (19, 20).
Therefore, the impaired growth in PrP KO NSCs might be
dually due to loss of proliferation and increased senescence.

The epidermal growth factor receptor (EGFR) signaling
pathway has been linked with both proliferation and senes-
cence. Overexpression or mis-regulation of EGFR has long
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PrP and EGFR regulate neural stem cell senescence

been associated with aberrant cell growth in cancer. Absence
of epidermal growth factor (EGF) not only impairs prolifera-
tion but directs cells into a senescent state (21). Furthermore,
EGER signaling has been connected with PrP function in NSCs
through control of the Notch pathway, where PrP was shown
to control expression of EGFR (22). In dental pulp-derived
stem cells, PrP coimmunoprecipitated with EGFR and siRNA
silencing of PrP resulted in inhibition of signaling stimulated
by EGF (23). Therefore, PrP may be a major player in the
control of EGFR-associated proliferation and senescence.

We hypothesized that the reduction in PrP KO NSC pro-
liferation might also correlate with increased senescence
mediated by alterations in the EGFR signaling pathway. Our
data indicate that reduced EGFR signaling in the PrP KO NSCs
increases senescence through changed cellular energy
pathways.

Results

PrP KO NSCs are less proliferative and more senescent than
WT NSCs

PrP KO NSCs have previously been shown to grow slower
than WT NSCs (15) and less cells are found in the S and G2/M
proliferative phases of the cell cycle (16). We first validated
that the PrP KO NSCs were less proliferative by measuring the
number of cells expressing Ki67, a marker of proliferation. WT
NSC cultures contained approximately 10% more Ki67-
positive cells than the PrP KO NSCs (Fig. 14). To determine
if the reduced number of proliferating cells corresponded with
higher senescence in the PrP KO NSC cultures, cells were
stained for beta-galactosidase activity, a marker of senescence,
and the intensity of staining quantified (Fig. 1B). A 2-fold in-
crease in staining was observed in the KO NSCs, confirming
that the PrP KO NSCs were more senescent than WT NSCs.
In agreement with previous studies showing soluble PrP
stimulated NSC growth (17), we found that secreted anchor-
less PrP produced by NSCs from Tg44 GPI™'~ mice was able to
partially rescue the senescence phenotype (Supporting infor-
mation 1). The PrP KO NSCs also had increased protein levels
of p21, a cell cycle inhibitor that induces senescence and
prevents apoptosis (Fig. 1C). Thus, our results confirm that the
PrP KO NSCs are less proliferative and more senescent than
WT NSCs.

KO NSC senescence is linked with less EGFR

EGER is a well-known target for anticancer drugs, which act
by blocking its signaling and thereby slowing cell proliferation.
We therefore investigated EGFR signaling and its link with
senescence and PrP. In similarity with previous observations
(22), we found significantly decreased protein levels of EGFR
in the PrP KO NSCs (Fig. 2A4). Conversely, depriving WT
NSCs of EGF for 24 h resulted in an increase in PrP expression
(Supporting information 2 and (22)). Manipulation of EGF
media concentrations has also been shown to influence cell
proliferation (21). In WT NSCs removal of EGF from the
media or inhibition of EGFR by afatinib for 24 h increased
senescence (Fig. 2, B and C and Supporting information 3).
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Conversely removal of EGF or blockage of EGFR signaling had
no effect on the PrP KO NSCs but increasing EGF media
concentrations significantly reduced their senescence staining,
suggesting fewer growing cells were irreversibly exiting the cell
cycle (Fig. 2, B and C and Supporting information 3). Western
blotting for protein levels of MEK2, a downstream interme-
diate in EGFR signaling, showed changes in its levels at 24 h
that correlated with the EGF-associated detection of senes-
cence (Fig. 2D). This indicates that the increased senescence in
the PrP KO NSCs is driven by a deficiency in the EGFR
signaling pathway that is linked with PrP.

KO NSC senescence is associated with transcriptome changes
in senescence, cell cycle, and EGFR-associated signaling
pathway genes

To examine in more detail the differences between the WT
and PrP KO NSCs that result in the different growth and se-
nescent phenotypes, we performed bulk RNA-seq. A sub-
stantial number of genes were found to be significantly
changed in the PrP KO NSCs (Fig. 34). When the gene
ontology was examined, genes that were increased in the PrP
KO NSCs were associated with the cell cycle, including regu-
lation of chromosomes, DNA, and spindle, as well as cell
adhesion (Fig. 3B). Those genes downregulated were associ-
ated with the ability to form synapses and membrane
composition especially of the mitochondria. We further
interrogated a selection of the genes associated with senes-
cence, apoptosis, and the cell cycle. This confirmed significant
changes in the PrP KO NSCs associated with senescence and
variable changes in genes associated with apoptosis, which is
consistent with it being inhibited in senescent cells ((24);
Fig. 3C). A number of cell cycle genes were significantly
increased in the PrP KO NSCs, indicating an attempt to drive
the cell cycle but cyclin D1 (Ccnd1), which is essential for
transition through the G1 phase of the cell cycle, was signifi-
cantly reduced.

EGFR activation influences several canonical pathways
including PI3K, MAPK, PKC, and STAT signaling. When we
examined a subset of genes from these pathways it was
apparent that the upstream activators, EGFR and heparin-
binding egf-like growth factor, are significantly down-
regulated and the downstream transcription factors were
substantially changed (Fig. 3D). However, the intermediates in
the pathways did not show a preference for influencing any
individual signaling pathway with all pathways showing in-
creases in some genes with decreases in others. Altogether the
transcript changes support a senescent phenotype in the KO
NSCs associated with changed EGFR signaling.

Manipulation of available EGF

To examine the influence of EGFR signaling and look for
further changes associated with PrP KO in the NSCs, we
compared transcriptomes following either withdrawal of EGF
(0 ng/ml EGF) or doubling the media concentration (40 ng/ml)
of EGF with standard culture conditions (20 ng/ml EGEF).
NSCs were treated for 24 h (the treatment time after which the

SASBMB



A PROLIFERATION PROFILE
70{control KIG7(-):97.83%
g(} KB7() " T
g 0] il 60
S 40
S 30 p<0.005
204
10
0
0 1 2 3 4 () %
7MHwild-type =
60 o7 = 40
£ 50 BT( o
e ML
o 30 =
20] o
18 o
o
o 1 2 3 a4 X2
70{Knock-out

Count
>
‘],;,9

Ne Ki67 P
B
2.5 p<0.0001
820
{=
(]
Q
o
Q15
()]
(7]
2 +
.E 1.0 -
L
&
0.5
0.0 "
& °
C p<0.0001
2.5
|}
kDa _ WT KO 2 204
25 —
FLL P pamy— — ——— p21 tr
15 g 1.5
2
150 - 2 1.0+ ==
_.—‘--—-—“""==A== S
: ™ o 0.57
—_—-————’- Q
s s e ot s e i
37 0.0 |
&
S

Figure 1. Cellular proliferation is reduced and senescence is increased
in PrP KO NSCs. A, flow cytometry profiles showing the cell count of Ki67-
negative (blue) and Ki67-positive (red) WT and KO NSCs with quantification
(right). B, beta-galactosidase staining of senescent cells. Well scanning
showing representative staining intensity of a single well of WT and KO
NSCs from a 24-well plate (left) and quantification (right). The scale bar in-
dicates 1000 um. C, Western blotting for the marker of senescence, p21 (left)
and quantification (right). WT and KO results were compared by two-tailed
unpaired student’s t test with Welch’s correction (p-values are indicated on
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changes in senescence had been measured, Fig. 2C) and,
therefore, these data represent the pathways affected by the
senescence shifts as opposed to the acute gene expression
changes that effect the senescence changes. Removal of EGF
from the culture media resulted in overall more gene changes
in both WT and PrP KO NSCs with similarities in the gene
ontology including changes in ribosomes and nuclear gene
families, all of which pointed to the expected decrease in
cellular protein production and cell cycle that would be
associated with a decrease in EGFR signaling (Fig. 4, A and B).
Doubling the media concentration resulted in more significant
gene ontology changes in WT NSCs than PrP KO, likely as-
cribable to the decreased expression of EGFR in the PrP KO
NSCs and therefore a lesser response to stimulation (Fig. 4, A
and B). Although there were fewer gene changes in the KO
NSCs, many of these were associated with transcription and
translation. This indicates that the EGF-stimulated KO NSCs
have increased these activities allowing them to maintain their
cell cycle without exiting to senescence, albeit while impacting
few other pathways. This analysis also showed that with
increased media EGF, the WT NSCs changed a large number
of genes associated with mitochondrial structure and protein
complexes, which were not observed in the PrP KO NSCs
(Fig. 4, A and B). Over activation of EGFR is known to cause
translocation of EGFR to the mitochondria (25), which would
occur at a much lesser extent in the KO NCSs with low levels
of EGFR. However, when STRING analysis (26-28) for
protein—protein interactions was applied to the genes with
significant changes (padj <0.05 from control EGF levels) in the
PrP KO NSCs, the gene ontology also showed significant
changes in mitochondrial protein interactions (Fig. 4C and
Supporting information 4). This might be contributing to the
decrease in cells progressing to senescence after 24 h of
increased EGF.

Comparison of the overlap in changed genes between PrP KO
and EGF withdrawal identifies common metabolic process
transcription changes

To examine what common pathways may be changed in the
PrP KO NSCs and in response to EGF withdrawal, simulating
lowered EGEFR signaling, we performed gene ontology analysis
on only the genes that were commonly changed in the PrP KO
NSCs and the WT no EGF conditions compared with the WT
normal media EGF control (Fig. 4D). This analysis showed
significant changes in the EGFR signaling pathways as ex-
pected but also substantial changes in cellular energy meta-
bolism, especially involving the mitochondria (Table 1).

Both PrP KO and EGF withdrawal are associated with
mitochondrial transcriptome changes

Since the above transcriptomic analyses had identified
changes in mitochondrial gene expression, both basally and in

graphs), n = 3 (A) and n = 4 (B and (). Graphs are displayed relative to
control (A; “Ctrl": no antibody) or the average of the WT (B and (). TP, total
protein; NSC, neural stem cell; PrP, prion protein.
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Figure 2. PrP KO-induced cellular senescence is regulated by EGFR. A, representative Western blotting of EGFR in WT and KO NSCs (left) and quan-
tification (right). B, schematic showing media and inhibitor manipulations of EGFR signaling carried out for 24 h in C. Image created with BioRender.com. C,
relative senescence staining (beta-galactosidase) of WT (left) and PrP KO (right) NSCs following removal of EGF (NoEGF) or addition of the EGFR inhibitor
afatinib to block EGFR signaling or doubling of the EGF concentration in the growth to increase EGFR signaling. D, Western blotting (left) and densitometry
(right) of MEK2 detection, after 24 h in media with normal, 0, or double EGF concentrations. Results were compared by two-tailed unpaired student’s t test
with Welch’s correction (A; n = 4) or by one-way ANOVA compared to control (C, n =4, and D, n = 3) *p < 0.05. Graphs are displayed relative to the average
of the WT (A), normal 1x EGF media controls (“Ctrl”; C), or WT Ctrl (D). EGFR, epidermal growth factor receptor; NSC, neural stem cell; PrP, prion protein.

response to EGF manipulation, between WT and PrP KO
NSCs, we analyzed the genes involved in mitochondrial
electron transport more closely. In the PrP KO NSCs, mito-
chondrial transcripts were sizably reduced in complexes 1, 3,
and 4, with complex 1 showing the most changed transcripts
(this complex is encoded by the largest number of genes)
(Fig. 5A). Complex 5, ATP synthase, was least affected by
transcriptomic changes. Complex 1 assembly is via a series of
module constructions that are chaperoned into the final

4 ] Biol. Chem. (2023) 299(11) 105319

complete complex (29). When transcripts from each of the
complex 1 modules were compared, it was evident that
components of the complex are downregulated in the KO
NSCs at all points of assembly (Fig. 5B). When a similar
analysis was performed comparing the WT NSCs with
normal EGF supplementation to those where EGF was
withdrawn from the culture, similar changes in the mito-
chondrial transcripts were observed with a large number of
downregulated genes (Fig. 5C), although a few more were
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increased than observed in the PrP KO NSCs. Further anal-

ysis of the complex 1 modules likewise indicated
depletion of EGF was also downregulating the whole
without specifically affecting any modules (Fig. 5D).

that the
complex

Complex 1 function is impaired in PrP KO NSCs

With the downregulation of complex 1 in the PrP KO NSCs,
we would expect mitochondrial respiration to be sensitive to
disruptions in complex 1, with greater relative drops in oxygen

significance. C, heatmaps (Z-scores) of gene selections associated with senescence, apoptosis, cell cycle, and EGFR signaling broken down into pathways
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Table 1

PrP and EGFR regulate neural stem cell senescence

Top ten gene ontology classes for genes changed in both PrP KO NSCs and EGF-WT NSCs as compared with the WT normal EGF control cells

Genes upregulated (p < 0.01)

Genes downregulated (p < 0.01)

Regulation of epidermal growth factor receptor signaling
pathway (GO:0042058)

Epidermal growth factor receptor signaling pathway
(GO:0007173)

Autophagosome maturation (GO:0097352)

ERBB signaling pathway (GO:0038127)

Regulation of ERBB signaling pathway (GO:1901184)

Lysosomal transport (GO:0007041)

Protein targeting to vacuole (GO:0006623)

Fatty acid beta-oxidation (GO:0006635)

Regulation of cell shape (GO:0008360)

Negative regulation of protein-containing complex assembly
(GO:0031333)

Mitochondrial electron transport, ubiquinol to cytochrome c (GO:0006122)
Negative regulation of Notch signaling pathway (GO:0045746)

Apoptotic mitochondrial changes (GO:0008637)

Glycosphingolipid biosynthetic process (GO:0006688)

Mitochondrial ATP synthesis coupled electron transport (GO:0042775)
ATP synthesis coupled electron transport (GO:0042773)

Protein localization to endoplasmic reticulum (GO:0070972)

Aerobic electron transport chain (GO:0019646)

Ribonucleoside diphosphate metabolic process (GO:0009185)

Purine ribonucleoside diphosphate metabolic process (GO:0009179)

Italics denote categories associated with EGFR signaling, and bold indicates categories associated with energy production.

consumption since there is likely less complex to saturate with
an inhibitor. Conversely, as the cells are likely to be compen-
sating for the reduced mitochondrial activity, inhibition of
complex 1 should be less toxic. As expected, when selectively
inhibiting complex 1 with an acute treatment of increasing
rotenone concentrations, we observed a more rapid reduction
in oxygen consumption rate (OCR) in the PrP KO NSCs

Table 2

List of gene name and metabolite abbreviations used in Figures 4, 7,
and 8

Figure 4 Eif3b Eukaryotic translation initiation factor
3 subunit B
Mrps7 28S ribosomal protein S7, mitochondrial
Mrpl38 39S ribosomal protein L38, mitochondrial
Eifba Eukaryotic translation initiation factor 5A-1
Dnajcl10 Dnaj heat shock protein family member ¢10
Calr Calreticulin
Erh Erh mrna splicing and mitosis factor
U2af2 U2 small nuclear ribonucleoprotein
auxiliary factor 2
Kiaal524 Cell proliferation regulating inhibitor
of protein phosphatase 2a
Hmmr Hyaluronan mediated motility receptor
mt-Cytb Cytochrome b
mt-Nd4 NADH-ubiquinone oxidoreductase chain 4
mt-Col Component of the cytochrome ¢ oxidase
Figure 7 BPG 2,3-Bisphosphoglyceric acid
DHAP Dihydroxyacetone phosphate
F6P Fructose 6-phosphate
FBP Fructose 1,6-bisphosphate
G1P Glucose 1-phosphate
G6P Glucose 6-phosphate
GAP Glyceraldehyde 3-phosphate
GleN6P Glucosamine-6-phosphate
GICNAc6P N-Acetyl-D-glucosamine 6-phosphate
GSH Glutathione
GSSG GSH/glutathione disulfide
PEP Phosphoenolpyruvic acid
PG Phosphoglycerate
PRPP Phosphoribosylpyrophosphate
UDP-GIcNAc Uridine diphosphate N-acetylglucosamine
UDP-glucose Uridine diphosphate glucose
Figure 8 Dlat Dihydrolipoamide S-acetyltransferase
DId Dihydrolipoamide dehydrogenase
LDHA Lactate dehydrogenase A
LDHB Lactate dehydrogenase B
PCx Pyruvate carboxylase
Pdhal PDHAI1 pyruvate dehydrogenase
E1 subunit alpha 1
Pdhab PDHAI pyruvate dehydrogenase
E1 subunit beta
Pdhx PDHX pyruvate dehydrogenase

complex component X

Hsp40, heat shock protein family; U2AF, U2 small nuclear ribonucleoprotein auxiliary
factor.
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(Fig. 5E). Likewise, a slower decline in cell viability was
observed after 24 h of treatment at lower concentrations of
rotenone (selected to avoid the complete death of the cultures
observed when using the concentrations with acute activity)
(Fig. 5, F). To consider how this impairment of function in-
fluences the response to EGF, we equilibrated WT and KO
NSCs into zero EGF media overnight then measured their
OCR and extracellular acidification rate (indicative of glyco-
lytic response) before and immediately after the addition of
normal cultures levels of EGF (20 ng; Fig. 5G). This showed the
KO cells were less able to respond metabolically to the addi-
tion of EGF than the WT cells, with their mitochondrial
response negligible. Together this suggests that complex 1 is
transcriptionally decreased by knockout of PrP and this
translates into the expected reduction in complex function.

Mitochondrial function is reduced in PrP KO NSCs

The reduced mitochondrial transcripts in PrP KO NSCs are
not limited to complex 1 and indicated a probable overall
decrease in mitochondrial electron transport chain (ETC)
function. To determine the extent of the reduced ETC tran-
script influence on overall mitochondrial function, we per-
formed a mitochondrial stress test using a Seahorse analyser.
The stress test uses sequential addition of oligomycin to block
ATPase activity, followed by FCCP to simulate maximal ac-
tivity, and finally rotenone with antimycin A to completely
block respiration. The profile of the stress test is shown in
Figure 64, and the parameters calculated from the profile data
shown in Figure 6, B—H. All parameters, with the exception of
percentage coupling efficiency (Fig. 6H), are decreased
showing an overall decrease in mitochondrial function within
PrP KO NSC mitochondria both basally and upon stimulation.
This appears to be a direct reflection of the reduction of
component intermediates shifting the overall KO mitochon-
drial activity lower. The change in mitochondrial output is also
reflected in the basal cellular energy map (Fig. 6J), comparing
cellular ATP produced by mitochondria with that generated
from glycolysis and in the ATP production rates from
glycolysis and mitochondria (Fig. 6]). This confirms that the
PrP KO NSCs are producing substantially less ATP from
mitochondrial respiration than WT NSCs.
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protein.

PrP KO NSCs accumulate pyruvate

Electron flow into the ETC is regulated by the balance of
central carbon metabolism processes including glycolysis, the
tricarboxylic acid cycle (TCA), and fatty acid oxidation.
Glycolysis was identified as changed in the analysis of EGFR-
related genes in PrP KO NSCs and EGF withdrawal (Table 1).
We therefore performed metabolomics analysis on the PrP KO
and WT NSCs to examine changes in cellular metabolites.
Significant changes in glycolysis, the pentose phosphate pathway;,
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and the TCA cycle were observed. Accumulations of pyruvate
and phosphoribosyl pyrophosphate (PRPP) are apparent with
reductions in a number of TCA cycle intermediates including
acetyl-CoA, malate, and fumarate. Also evident was a decrease in
purine containing compounds including AMP, ATP, NAD+,
and NADH (Fig. 7 and Supporting information 5).

This overall central metabolic pattern indicated a po-
tential dysfunction at the terminal end of glycolysis result-
ing in pyruvate accumulation. Based on the depletion of
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upstream glycolytic intermediates glycolysis appeared to be
turning over in PrP KO NSCs but pyruvate failed to be
converted to downstream metabolites. Separate but poten-
tially related to this glycolytic pattern, an imbalance in the
levels of depleted Ribose-5P compared to accumulated
PRPP was evident that suggested that the pentose phos-
phate pathway was turning over but that subsequent con-
version of PRPP to nucleic acids was impeded. The buildup
of pyruvate and the reduction of both acetyl-CoA and the
TCA intermediates directly upstream of acetyl-CoA inte-
gration suggest that the TCA cycle is starved for carbon
input in PrP KO NSCs. This starvation of the TCA cycle
likely explains the trend toward a decreased NADH/NAD+
signal ratio in the PrP KO NSC’s (0.3 + 0.06) compared to
the WT (0.4 + 0.08). The broader reduction in NAD(H)
regardless of redox state may be coupled with the broader
observed decrease in purine containing nucleotides. This
secondary purine centred effect was likely derived from the
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observed accumulation of PRPP, which may indicate a
failure to covert PRPP to downstream nucleotides.
Pyruvate forms a hub in central metabolism that links
together glycolysis with the TCA-cycle via multiple routes as
well as fatty acid metabolism. To determine which pyruvate-
associated pathway was responsible for the observed pyru-
vate accumulation we examined the enzymes responsible for
the conversion of pyruvate to lactate, acetyl-CoA, or oxalo-
acetate. Measurement of cellular lactate dehydrogenase (LDH)
activity (Fig. 84) and examination of genes associated with
catabolism of pyruvate (Fig. 8, B and C and Supporting in-
formation 6) indicated reduced activity or enzyme levels of all
pathways that utilize pyruvate as a substrate (summarized in
Fig. 8D). Additionally, the levels of LDHB, which has been
shown to facilitate lactate conversion to pyruvate, were
increased in PrP KO NSCs. This combination of changes in
metabolic transcripts, central carbon metabolite pools, and
pyruvate associated enzymes suggest a failure of the PrP NSCs
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to maintain effective coupling between glycolysis and the TCA  proliferation while PrP KO has the opposing effect, suppress-

cycle and failure to maintain purine biosynthesis. ing the cell cycle (15, 31). Cellular proliferation is not only
influenced by the speed of cell cycling but also by the number
Discussion of cells that irreversibly exit the cell cycle and become senes-

PrP has been repeatedly linked with cell proliferation cent. Our results herein support that PrP KO increases
(15-17, 22, 30). PrP expression in NSCs promotes cell senescence in NSCs and that this is linked with reduced EGFR
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signaling and compromised mitochondrial function. The latter
resulted in reduced cellular energy and intermediates for
biomass production. Further changes within glycolysis,
blocking the catabolism of pyruvate, additionally contribute to
a lack of intermediates for the TCA cycle, respiration, and
therefore ATP production. Altogether, we observed that PrP
KO NSCs exhibit cellular deficiencies that reduce growth and
promote senescence.

The link between PrP and cell proliferation has been further
strengthened with recent findings that PrP can promote me-
tastases or drug resistance in certain cancers (32, 33). Liang
et al. (33) found that PrP promoted cell cycle through facili-
tating the G1/S phase transition by upregulation of Ccndl in
human gastric cancer cell lines. Herein, Ccndl was signifi-
cantly reduced in the RNA-seq analysis, suggesting this could
be contributing to the permanent cell cycle exit. Depletion of
Ccndl has also been found in PrPnull-1C11 cells where cell
proliferation was significantly decreased (34). The authors
linked the reduced proliferation with changes in the Sonic
Hedgehog pathway, which is also critical for stem cell renewal
and exhibits cross-talk with the EGFR pathway (35, 36).

The EGFR pathway has been a long-time target for anti-
cancer drugs as overexpression or activation of the EGFR
pathway has been linked with multiple types of cancers.
Expression of EGFR is modulated by PrP (15, 17, 22, 30), with
decreased PrP expression causing a decrease in EGFR
expression (22). The data presented herein supports the
decreased expression of EGFR in PrP KO cells as well as ob-
servations from others who have shown that blocking or
knocking down EGFR downregulated Ccndl and arrested cell
growth by inducing senescence (21) in human bronchial or
mammary epithelial cells. Furthermore, both EGFR (37) and
PrP expression (38) influence LDHA expression in cystic
fibrosis lung epithelial cells and primary neurons or human
embryonic kidney cells, respectively. LDHA is responsible for
converting pyruvate to lactate. Under normal conditions, cell
proliferation is aided by the production of NAD+ when py-
ruvate is converted to lactate by LDHA (39). In addition to
lactate, pyruvate can be carboxylated to oxaloacetate by py-
ruvate carboxylase or decarboxylated to acetyl-CoA by the
pyruvate dehydrogenase complex, which both feed the TCA
and promote mitochondrial respiration. Abnormally low (39)
or high (40) levels of pyruvate, caused by dysregulation in any
of the above pathways, could trigger fibroblast senescence in a
concentration dependent manner. Knockdown of EGFR for
example decreases LDHA expression and activity (37), which
could in turn cause the cell to accumulate pyruvate and trigger
senescence. Additionally, knockdown of PrP can increase
expression of pyruvate dehydrogenase kinase 4 which in turn
blocks the transport of pyruvate into the mitochondria and its
conversion to acetyl-CoA, impeding the cells’ ability to process
glucose (41). Transport of pyruvate into the mitochondria is a
critical step in the activation and shift from quiescence to
proliferation of NSCs (42) Similarly, suppression of LDHA
slows tumor progression by disrupting cell respiration, as
evidenced by a decreased OCR (43), increasing ROS levels,
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reducing ATP production (44), and inhibiting cell proliferation
thought Ccndl downregulation (45). These changes are all
reproduced by the PrP KO phenotype in the NSCs.

Mitochondrial morphology is disrupted following prolonged
LDHA inhibition (43) and can be modulated by EGFR (25).
Similar morphological changes, including mitochondrial shape
and decreased cristae density, have been observed in PrP KO
mice (46). Since mitochondria are also a major site of biomass
production, reduced ATP production from the ETC, coupled
with reduced capacity to produce biomass limits growth.
Additionally, the observed blockage at PRPP to synthesis of
adenosine and guanosine may contribute both to the lower
cellular energy production and to a deficiency of nucleotides
for synthesis of DNA and RNA, thereby blocking the cell cycle
due to lack of resources. Decreases in NADH and malate,
substrates for complex 1 activity, also likely influences the
decrease in complex 1 subunits and activity.

In contrast to our results, one study showed that PrP KO
mice have increased superoxide formation, which they attri-
bute to increased complex 1 activity (47). However, we found
that many essential complex 1 genes were downregulated in
our adult NSC cultures when PrP was knocked out. The
variation in findings could be due to the cell types analyzed.
NSCs are only a very small population in the adult brain, and
they maintain low ROS levels to preserve their stemness. An
additional study reported similar findings of increased super-
oxide radicals in cortical neurons, however their findings
support impaired mitochondrial respiration and an inhibition
in the ETC (48). Furthermore, decreased LDHA, as seen in the
PrP KO-NSCs, has been shown to cause increased rates of
electron leakage from complex 1, resulting in increased levels
of cellular ROS in promyeloblasts (43). If this leakage from
complex 1 was producing high enough levels of ROS this
might have caused complex 1 (and other complexes) to be
downregulated to preserve cell viability. In non—small cell lung
cancer cells, ROS levels have also been shown to be increased
with impaired EGFR signaling (49) and in turn trigger addi-
tional degradation of EGFR, resulting in mitochondrial
dysfunction and pushing the cell toward apoptosis (50, 51). In
the context of our observations, apoptosis is an unlikely
outcome as it requires more energy than is available so instead
the cells commit to senescence.

In the context of the whole mouse PrP KO model, our
findings could explain some of the observed phenotypes. As
previously mentioned, KO mice, while mostly normal, do show
impaired exercise capacity (7). Although the authors did not
find evidence of mitochondrial dysfunction in this study, they
demonstrated a lack of endurance in the PrP KO mice, which
they hypothesize could be due to abnormal accumulation or
expenditure of unidentified metabolites. Furthermore, PrP KO
mice have impaired glucose tolerance resulting in delayed re-
covery from hyperglycaemia (52). This phenotype could be
explained by a blockage in glycolysis, corresponding with
buildup of pyruvate, which could feasibly lead to delayed
catabolism of glucose. PrP KO mice have also been demon-
strated to have defects in olfaction that were directly linked
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with altered electrophysiology of the olfactory bulb (53). In
mice, NSCs produce new progenitors in the subventricular
zone that migrate down the rostral migratory stream to
differentiate and integrate into the olfactory bulb (54, 55). In
PrP KO mice, increased senescence with reduced proliferative
capacity of NSCs likely results in fewer progenitors making
this migration in turn causing altered neuronal activity.
Therefore, the defects observed in the PrP KO NSCs may
underly many of the, albeit mild, manifestations of PrP loss in
mice.

Together, these findings suggest that absence of PrP results
in reduced proliferation and increased senescence in NSCs
through a reduction in EGFR signaling. The decreased pro-
liferation and increased senescence were associated with
impaired mitochondrial function, which was at least partially
due to downregulation of components of the ETC. A blockage
at the end of glycolysis causing accumulation of pyruvate along
with an inhibition in nucleic acid production from PRPP may
also be contributing to an overall reduction in cellular in-
termediates needed for growth. The lack of ATP resulting
from the mitochondrial impairment would then drive the cells
toward senescence. These data therefore confirm the critical
role of PrP in NSC signaling and proliferation and also
demonstrate how its loss or dysfunction through mutation or
disease could result in detrimental senescence.

Experimental procedures
Animal ethics statement

Use of mice for the scientific research included in this
manuscript was approved by the Institutional Animal Care and
Use Committee of the Rocky Mountain Laboratories protocol
2016-058. Mouse handling and housing was conducted
adhering to the institution’s guidelines for animal use and
followed the guidelines and basic principles in the United
States Public Health Service Policy on Humane Care and Use
of Laboratory Animals and the Guide for the Care and Use of
Laboratory Animals. Work was carried out by certified staff in
an Association for Assessment and Accreditation of Labora-
tory Animal Care International accredited facility.

Mouse NSC culture

The establishment of the NSC cultures has been described
previously (56, 57). Briefly, the subventricular zone was
removed from three C57BL/10Sn] WT, PrP-KO, and Tg44 GPI
anchorless mice (58) and separated into a cell suspension using
the Stem Cell Technologies NeuroCult Enzymatic Dissociation
Kit for Adult CNS Tissue (Mouse and Rat) as per the manu-
facturer’s instructions. NSC suspensions were cultured in low
adhesion plasticware in complete proliferation media (Neuro-
Cult Proliferation Kit [Stem Cell Technologies] supplemented
with 20 ng/ml EGF, 10 ng/ml FGF, and 2 pg/ml heparin).
Media was half exchanged every 3 to 4 days or when needed
and neurospheres were mechanically dissociated and passaged
when they reached approximately 150 pm in size. Cells are
periodically tested to ensure they are free from mycoplasma
using the MycoAlert Mycoplasma Detection Kit (Lonza).
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Ki67 analysis

Ki67 analysis of proliferating cells was done using the Muse
Ki67 assay kit (Luminex) as per the manufacturer’s in-
structions and results collected using a Muse Cell AnalyZer
(Luminex). Mechanically dissociated cells were passed through
a cell strainer and immediately assayed at 1 x 10° cells/sample.
Unlabeled cells were used to gate for background/Ki67-
negative cells.

Senescence assays

Senescence was determined using a [-galactosidase
staining kit (Cell Signaling Technologies, #9860), following
the manufacturer’s instructions. Briefly, mechanically disso-
ciated cells were passed through a cell strainer and then
plated into 24-well dishes precoated with growth factor
reduced Matrigel (Roche) at 2.2 x 10° cells/well and allowed
to adhere for 24 h. Treatments and media manipulations
were performed during this 24-h period. P-galactosidase
staining was then performed, and the wells were imaged on
an EVOS-FL-auto light microscope (Invitrogen). Multiple
fields were captured at 4x magnification and stitched
together using the EVOS software (Invitrogen). Images were
quantified using Image] (NIH; https://imagej.nih.gov/ij/
download.html) as the number of stained cells out of the
total number of cells per well. Raw data are shown in Sup-
porting information 3.

RNA extraction

Mechanically dissociated cells were passed through a cell
strainer and then plated into 6-well dishes precoated with
growth factor reduced Matrigel (Roche) at 3 x 10° cells per
well in either completed proliferation media, proliferation
media without EGF, or proliferation media with 2x EGF for
24 h. Cells were lysed and RNA was isolated using the Zymo
Research Quick-RNA Miniprep Kit. RNA quality was checked
by 2100 Bioanalyser (Agilent) and samples were frozen
at —-80 °C in DNase/RNase free water containing RNase in-
hibitors (Ambion/Thermo Fisher Scientific) prior to sub-
mission to Novogene for next-generation sequencing (NGS)
or use in quantitative RT-PCR.

Next-generation sequencing

Following submission to Novogene, samples entered the
Novogene RNA-seq workflow and analysis pipeline, which
involves sample quality control, library construction and
quality control, sequencing using the Illumina NovaSeq 6000
platform (utilizing paired-end 150 bp sequencing strategy),
data quality control, and bioinformatic analysis. Raw data were
transformed to sequence reads using CASAVA base recogni-
tion, single base error was <1%, and ATCG content was equal.
Data was filtered to remove reads with adapter contamination,
reads with uncertain nucleotide (N > 10%), and reads where
low-quality nucleotides constitute more than 50% of the read.
Alignments were done with HISAT2 v2.0.5 (http://
daehwankimlab.github.io/hisat2/download/) and >90% of
reads mapped to exons. Quality control information is
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presented in Supporting information 7. Differential analysis
was performed using DESeq2 v1.20.0 (https://genepattern.
github.io/DESeq2/v1l/index.html) and enrichment analysis
using  clusterProfiler  v3.8.1  (https://bioconductor.org/
packages/3.17/bioc/html/clusterProfiler.html). Further gene
ontology analysis was performed using PANTHER GO-slim
analysis (pantherdb.org (59)). Briefly, common gene lists with
p-values >0.01 from NGS were compared between either KO
versus WT NSCs and WT NSCs without EGF versus WT
control NSCs. This identified common upregulated or down-
regulated genes that were influenced by both PrP and EGFR
(Fig. 4D). These gene lists were submitted to the PANTHER
GO-slim algorithm for biological processes against the Mus
musculus database. The top ten results from each list are
displayed in Table 1. STRING analysis was performed by
submitting the relevant gene lists to a multiple protein search.
The minimum required interaction score was set to high
confidence (0.7).

The expanded methods provided by Novogene can be found
in Supporting information 8 and the fragments per kilobase
million values and Deg lists used for the analyses herein are
found as Supporting informations 9 and 10, respectively. The
complete dataset can be accessed in the NCBI Sequence Read
Archive repository.

Quantitative RT-PCR and analysis

Four hundred nanograms of RNA from each sample was
reverse transcribed to synthesize (complementary deoxy-
ribonucleic acid) (cDNA) using the RT2 First Stand Kit per
manufacturer’s instructions (Qiagen). Each cDNA reaction was
mixed with 2x RT? SYBR Green qPCR Mastermix purchased
from Qiagen with RNase-free water to a final volume of 1.3 ml
Ten microliters of the mixture was then added to each well of a
384-well format plate of the Mouse Glucose Metabolism array
(PAMM-006ZE, Qiagen).

The assay was carried out on an Applied Biosystems ViiA 7
Real-Time PCR System with a 384-well block using the
following conditions: one cycle at 10 min, 95 °C; 40 cycles at
15 s, 95 °C then 1 min, 60 °C with fluorescence data collec-
tion. Melting curves were generated at the end of the
completed run to determine the quality of the reaction
products. Raw threshold cycle (CT) data was collected with a
CT of 35 as the cut-off. CT data was analyzed using the web-
based RT? Profiler PCR Array Data Analysis from Qiagen. All
CT values were normalized to the arithmetic mean of the CT
values for the housekeeping genes Actb, B2m, Gapdh, Gusb,
and Hsp90abl. Changes in transcription were calculated by
the software using the AACT based method (60). Statistical
analysis was performed using the two-tailed unpaired Stu-
dent’s ¢ test of the replicate 2-AACT values for each gene in
the control group versus experimental groups. A mean of > or
< 2-fold change and p-value of <0.05 considered significant.
For quantitative reverse-transcription polymerase chain re-
action data, the p-values were not adjusted for multiple
comparisons, since we were interested in only controlling for
the individual error rate, where an adjustment for multiple
tests is deemed unnecessary.
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Seahorse analyses

Mitochondrial function was assessed using the SeaHorse
XFp analyzer (Agilent) with the Mito Stress Assay and ATP
rate kits as described in the manufacturer’s protocol. Seahorse
Dulbecco’s modified Eagle’s media (Agilent) was made up to
the following specifications throughout; 25 mM glucose, 1 mM
pyruvate, and 2 mM glutamine (Agilent). FCCP calibrations
were performed on control cells and the optimal concentration
was 0.5 uM. Cell density was titrated to an optimal 1.5 x
10* cells per well. Cells were mechanically dissociated, passed
through a cell strainer, and plated to the desired density in the
Seahorse plate coated with growth factor reduced Matrigel
(Roche). Complex 1 function was assayed by monitoring OCR
during exposed to increasing concentrations of rotenone
through subsequent injections. Results were analyzed using
Agilent's Wave software (https://www.agilent.com/en/
products/cell-analysis/software-download-for-wave-desktop)
normalized to cell number.

Prestoblue viability assay

Cell metabolism was measured by PrestoBlue Cell Viability
Reagent (Invitrogen Cat. A13262) as described previously (61).
NSCs were incubated in PrestoBlue solution (1:10 dilution in
culture media) for 15 min in a CO, incubator. The fluores-
cence emission of of the PrestoBlue solution was measured at
590 nm (excitation 560 nm) in a ClarioStar plate reader
(BMG).

Metabolomic analyses

NSC samples were collected for metabolomics analysis
from cell culture via immersion in ice cold methanol followed
by scraping. Following sample collection metabolites were
extracted as described previously (62). Aqueous metabolites
were analyzed using a combination of a previously established
ion pairing method operating exclusively in negative ioniza-
tion mode and a pentafluorophenylpropyl (F5) column
method operating exclusively in positive ionization mode.
Aqueous fraction samples from the metabolite extraction
were separated using a Sciex ExionLC AC system and
measured using a Sciex 5500 QTRAP mass spectrometer.
Quality control samples were injected regularly to monitor for
signal stability. For negative mode analysis, peaks were
resolved on a Waters Atlantis T3 column (100 A, 3 pm,
3 mm x 100 mm) using a binary gradient from 5 mM tribu-
tylamine, 5 mM acetic acid in 2% isopropanol, 5% methanol,
93% water (v/v) to 100% isopropanol over 15 min. For positive
mode analysis, a Phenomenex Kinetex F5 column (100 A,
2.6 pm, 2.1 mm x 100 mm) column was used with a binary
gradient from 100% water with 0.1% formic acid to 95%
acetonitrile with 0.1% formic acid over 5 min at a flow rate of
0.3 ml/min. Each metabolite was identified using at least two
distinct multiple reaction monitoring (MRM) signals and a
defined retention time. All signals were integrated using
MultiQuant Software 3.0.3 (https://sciex.com/br/products/
software/multiquant-software). Signals with greater than
50% missing values were discarded and remaining missing
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values were replaced with the lowest registered signal value.
All signals with a QC coefficient of variance greater than 30%
were discarded. Metabolites with multiple MRMs were
quantified with the higher signal to noise MRM. Filtered
datasets were total sum normalized prior to analysis and
stitched together using a common signal for glutamate. Single
and multivariate analysis was performed in MarkerView
Software 1.3.1 (https://sciex.com/products/software/
markerview-software). All univariate comparisons were sub-
jected to a Benjamini—Hochberg cut-off for false discovery as
indicated. Raw data can be found in Supporting information 5.

LDH activity assay

LDH activity was measured using the Lactate Dehydroge-
nase Activity Assay Kit (MAKO066 Sigma). Mechanically
dissociated cells were passed through a cell strainer.
One million cells per samples were lysed in assay buffer and
then centrifuged at 10,000¢ for 15 min at 4 °C. Protein con-
centrations of the supernatants were normalized using the
Rapid Gold BCA Protein Assay Kit (Pierce) prior to assaying
for LDH activity. The LDH activity was measured following
manufacturer’s instructions using a ClarioStar plate reader
(BMG).

Western blotting

Lysates were denatured by boiling for 5 min in 1 x sample
buffer containing ~6 (v/v) beta-mercaptoethanol. Denatured
lysates were resolved in Bolt 4 to 12% Bis-Tris gels (Invitrogen)
and transferred to a polyvinylidene difluoride membrane
(Millipore). Membranes were probed with anti-EGFR (Cell
Signaling #2232) at a 1:1000 dilution, anti-PrP (6D11; Bio-
legend #808001) at a 1:5000 dilution, anti-p21 (AbCam;
ab188224) at a 1:1000 dilution, or anti-B-actin (AbCam;
ab8227) at a 1:1000 dilution. The protein bands were visual-
ized using ECL Select (Amersham and imaged by iBright im-
aging system (Invitrogen). Total protein was visualized by
Coomassie staining. Quantifications were performed using
densitometry measurements generated in Fiji Image] 1.52n
(https://imagej.net/software/fiji/downloads) and are shown
relative to total protein levels for normalization.

Data and statistical analyses

All graphs shown were generated using GraphPad Prism
(https://graphpad-prism.software.informer.com/5.0/) and
represent the mean and SD of the biological repeats unless
otherwise stated. The “n” numbers displayed in the figures
come from averages of individual reaction wells seeded with
cells plated at the same time. All experiments were repeated at
least three times with similar results. Data was tested for
normal distribution where appropriate using GraphPad
Prism’s normality test. Heat maps show Z-scores.

Data availability

Data can be found in this manuscript and in the National
Library of Medicine, National Center for Bioinformatic In-
formation, Sequence Read Archive, under BioProject ID:
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