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ABSTRACT: Human induced pluripotent stem cells (iPSCs) can be
differentiated into neurons, providing living human neurons to model brain
diseases. However, it is unclear how different types of molecules work
together to regulate stem cell and neuron biology in healthy and disease
states. In this study, we conducted integrated proteomics, lipidomics, and
metabolomics analyses with confident identification, accurate quantification,
and reproducible measurements to compare the molecular profiles of human
iPSCs and iPSC-derived neurons. Proteins, lipids, and metabolites related to
mitosis, DNA replication, pluripotency, glycosphingolipids, and energy
metabolism were highly enriched in iPSCs, whereas synaptic proteins,
neurotransmitters, polyunsaturated fatty acids, cardiolipins, and axon
guidance pathways were highly enriched in neurons. Mutations in the
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GRN gene lead to the deficiency of the progranulin (PGRN) protein, which has been associated with various neurodegenerative
diseases. Using this multiomics platform, we evaluated the impact of PGRN deficiency on iPSCs and neurons at the whole-cell level.
Proteomics, lipidomics, and metabolomics analyses implicated PGRN'’s roles in neuroinflammation, purine metabolism, and neurite
outgrowth, revealing commonly altered pathways related to neuron projection, synaptic dysfunction, and brain metabolism.
Multiomics data sets also pointed toward the same hypothesis that neurons seem to be more susceptible to PGRN loss compared to
iPSCs, consistent with the neurological symptoms and cognitive impairment from patients carrying inherited GRN mutations.
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B INTRODUCTION

Human induced pluripotent stem cells (iPSCs), derived from
somatic cells, are reprogrammed embryonic-like pluripotent
cells to enable unlimited development." Human iPSCs can be
differentiated into different cell types to model various human
diseases.’ Particularly, iPSC-derived neurons allow researchers
to access living human neurons to model brain diseases.”’
Various omics studies have been conducted in iPSCs or
neurons, such as genomics, transcriptomics, proteomics,
metabolomics, and lipidomics.4_7 However, it is still unclear
how different types of molecules work together to govern stem
cell and neuron biology as well as neuron differentiation. There
is also no report that directly compares molecular profiles
between iPSCs and neurons using an integrated proteomics,
lipidomics, and metabolomics platform.

Multiomics analysis has been used to unravel the complex
biological processes underlying neurodegenerative diseases.”*’
Multiomics experiments must be paired with sophisticated
bioinformatic tools to decipher the large-scale multidimen-
sional data sets and integrate different omics data sets into the
same biological processes, where genes control protein
expression and proteins serve as enzymes for lipid and
metabolic pathways.'’™"® Network-based multiomics integra-
tion perceives biological systems as interconnected units,
where each omics layer contributes to uncovering the authentic
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connections within the networks.'* Enabled by these
bioinformatics tools, integrating proteomics, lipidomics, and
metabolomics analyses of iPSCs and neurons can provide us a
holistic view of the neuron differentiation process and allow us
to understand the alteration of molecular profiles under both
healthy and disease states.

Mutations in the GRN gene cause the deficiency of the
progranulin (PGRN) protein, which has been linked to various
neurodegenerative diseases in the recent decade.''® PGRN is
a glycosylated protein composed of multiple granulin modules,
each containing a repetitive number of cysteine residues that
form disulfide bonds and provide structural stability.'” After
the production of PGRN in ribosomes at the rough
endoplasmic reticulum, PGRN is sorted and modified by the
Golgi apparatus for its trafficking into the lysosomes and
secretion outside of cells.'” Recent studies have implicated
PGRN’s role in lysosomal function, protein homeostasis, lipid
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regulation, and neurite outgrowth.'*™>" Our recent study also

found that PGRN deficiency neutralizes lysosome pH and
influences global protein homeostasis in human neurons.””
PGRN is involved in multiple organelles and various types of
biomolecules, but an integrated proteomics, lipidomics, and
metabolomics evaluation has not been reported.

Here we conducted an integrated multiomics study that can
identify and quantify proteins, lipids, and metabolites from the
same sample with optimal confidence, accuracy, and
reproducibility. To understand the molecular profiles of
iPSCs and neurons in both healthy and disease states, we
used the advanced i*Neuron technology (integrated, inducible,
isogenic) which stably integrates the doxycycline (Dox)-
inducible Neurogenin 2 (NGN2) transcription factor into
the iPSC line and differentiates all iPSCs into a pure
population of cortical glutamatergic neurons in 2 weeks.””**
This i*Neuron platform provides significantly improved neuron
viability, purity, and speed compared to traditional neuron
differentiation methods, enabling a scalable and reproducible
production of human neurons for omics studies.”” ™" We first
compared the proteomics, lipidomics, and metabolomics
profiles of healthy wild-type (WT) human iPSCs and
i*Neurons. We then investigated how genetic mutations that
cause neurodegeneration alter the multiomics molecular
profiles of iPSCs and neurons in the context of the GRN
gene and PGRN deficiency. Loss of GRN resulted in distinct
changes in iPSCs and neurons, providing key molecular targets
and pathways to understand progranulin deficiency in inherited
neurodegenerative diseases.

B MATERIALS AND METHODS

Human iPSC and iPSC-Derived Neuron Culture

Human iPSCs and iPSC-derived glutamatergic neurons were
routinely cultured in our lab using the i*Neuron technology as
described previously.”* Briefly, WT and GRN™/~ iPSCs with
the stably expressed Dox-inducible NGN2 transcription factor
were maintained in Essential 8 medium (Gibco) in 10 cm
dishes coated with Matrigel (Corning).”” Neuron differ-
entiation was initiated by replating iPSCs in neuronal
induction medium (DMEM/F12 medium, N2 supplement,
nonessential amino acid (NEAA), Glutamax, doxycycline) for
3 days. Day 3 neurons were dissociated by Accutase (Gibco)
and seeded on 6-well dishes (2 million neurons per well)
coated by poly ornithine (Sigma). Neurons were maintained in
cortical neuron culture medium (BrainPhys medium, B27 plus
supplement, GDNF, BDNF, NT-3, Laminin, and doxycycline)
with a half-medium change every other day until day 14.
Microscopy images of iPSCs and neurons were taken by using
the CELENA S Digital Imaging System (Logos).

Sample Preparation for Multiomics Analysis

Human iPSCs and iPSC-derived neurons (day 14) were
harvested at 2 million cell counts in each biological replicate.
Before harvesting, the cells were gently washed with
phosphate-buffered saline (PBS) twice. Cells were then
quenched and harvested by adding 350 uL of an ice-cold
methanol/water mixture (5/2, v/v, HPLC grade) directly onto
each cell culture plate and scraping into 2 mL tubes. This
harvesting step was repeated once and combined into the same
tube to minimize cell loss and ensure reproducibility.
Extraction of cellular proteins, lipids, and metabolites was
achieved by a methanol/water/chloroform mixture using the
Folch method.”” Internal standards (IS) were added to each

tube: C°N folic acid (Sigma) for metabolomics and
deuterated lipid standards (100 ug/mL, 13 lipid classes)
from EquiSplash (Avanti Polar Lipids) for lipidomics (Table
S1). Sample tubes were sonicated on ice for 2 min using a
Qsonica bath sonicator. Then 1 mL of HPLC grade
chloroform was added to each sample, followed by incubation
on ice for 1 h with frequent vortexing. Sample tubes were then
centrifuged at 12,700 rpm and 4 °C for 15 min. The bottom
chloroform layer containing lipids and the top aqueous layer
containing metabolites were transferred to separate tubes. The
pellet containing the proteins was retained in the original tube.
All protein, lipid, and metabolite fractions were dried under
SpeedVac.

Dried protein pellets were reconstituted in lysis buffer (8 M
urea, S0 mM ammonium bicarbonate (AmBC), and 150 mM
sodium chloride), sonicated on ice for 30 min, and clarified by
centrifugation, followed by total protein concentration
measurements. Proteins were reduced and alkylated by treating
with S mM tris(2-carboxyethyl)phosphine (TCEP) for 40 min
at 37 °C in a Thermomixer (600 rpm), 15 mM iodoacetamide
(IAA) for 30 min at 37 °C in dark, and S mM dithiothreitol
(DTT) for 10 min at 37 °C. AmBC (50 mM) was added to
dilute the urea concentration below 1 M. Trypsin/Lys-C mix
(Promega) was used for digestion (1:30, w:w) for 16 h at 37
°C. Digestion was quenched by trifluoroacetic acid until pH <
2. Peptide samples were desalted using a Waters HLB 96-well
plate following the manufacturer’s protocol. Eluted peptide
samples were dried, reconstituted in 50 yL of MS grade H,O,
and clarified by centrifugation for nanoLC-MS analysis.

Dried lipid samples were reconstituted in 150 uL of a
mixture of methanol/chloroform/water (18/1/1, v/v/v) and
clarified by centrifugation for UHPLC-MS/MS analysis. Dried
metabolite samples were resuspended in 35 uL of MS grade
H,0 with 0.1% formic acid (FA) and clarified by
centrifugation for UHPLC-MS/MS analysis. Pooled lipidomics
and metabolomics samples were created by combining a small
aliquot from each cell type, group, and biological replicate.

LC-MS/MS for Proteomics, Lipidomics, and Metabolomics

Proteomics samples were analyzed on a Dionex Ultimate 3000
RSLCnano system coupled to a Thermo Scientific Q-Exactive
HF-X Orbitrap Mass Spectrometer (MS). Mobile phase A was
0.1% FA in MS grade water. Mobile phase B was 0.1% FA in
acetonitrile. An Easy-Spray PepMap RSLC C18 column (2 pm,
100 A, 75 um X 50 cm) was used for separation in a 210 min
gradient at S5 °C and a flow rate of 0.25 yL/min. Data
independent acquisition was conducted with an MS scan range
of m/z 400 to 1000 in positive ion mode, an MS1 resolving
power of 60K, an automatic gain control (AGC) target of 1E6,
and a maximum injection time (maxIT) of 60 ms. The
precursor isolation window was set at m/z 8.0 (staggered) with
75 sequential DIA MS/MS scans at a MS/MS resolving power
of 15K, an AGC target of 2ES, a maxIT of S0 ms, and a
normalized collision energy (NCE) of 30%.

Lipid samples were analyzed using a Vanquish Duo UHPLC
system coupled with a Thermo Scientific Q-Exactive HF-X
MS. Lipids were separated on an ACQUITY UPLC BEH
Shield RP18 column (1.7 gm, 2.1 X 150 mm) with a 30 min
gradient, 0.15 mL/min flow rate, and 40 °C column
temperature. Mobile phase A was water/acetonitrile (9/1, v/
v). Mobile phase B was isopropanol/methanol/acetonitrile/
water (7/1.5/1/0.5). To facilitate ionization, both mobile
phases were supplemented with 0.5 mM NH,HCO, and 5 mM
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Figure 1. Overall workflow of multiomics analysis in human iPSCs and iPSC-derived neurons. Human iPSCs and iPSC-derived neurons with and
without knocking out the GRN gene were comparatively evaluated for their protein, lipid, and metabolite profiles. Proteins, lipids, and metabolites
were extracted from the same sample using methanol/water/chloroform extraction and analyzed separately on nanoLC-MS/MS and UHPLC-MS/

MS platforms. Scale bars in the microscopy images are S ym.

NH,OH. Each sample was analyzed by positive and negative
ion modes separately in full MS scans. Pooled iPSC and
neuron samples were used for data dependent acquisition
(DDA) in both positive and negative ion modes with two
technical replicates to obtain MS/MS spectra for confident
lipid identification. MS1 scanned from m/z 380 to 1200 (ESI
+) or m/z 380 to 2000 (ESI—) with a resolving power 60K and
an AGC target of 1E6. DDA used an NCE of 22.5% (ESI+) or
27.5% (ESI-) with a dynamic exclusion time of both 10 and
20 s.

Metabolomics samples were analyzed on the same UHPLC-
MS system as for the lipid samples. Metabolites were separated
by a Luna Omega Polar C18 column (1.6 um, 100 4, 2.1 X
100 mm) with a 10 min gradient, 0.3 mL/min flow rate, 30 °C
column temperature, and the same mobile phases as
proteomics analysis. Each sample was analyzed in full MS
mode for both positive and negative ESI, and pooled samples
were analyzed in DDA mode for identification purposes. MS1
scanned from m/z 70 to 800 with a resolving power of 60K
and an AGC target of 1E6. DDA used an NCE of 30% and a
dynamic exclusion time of 10 s.

Multiomics Data Analysis

The DIA proteomics data was analyzed by the Spectronaut
software (v18.1, Biognosys) under default settings with
DirectDIA mode. The Swiss-Prot Homo sapiens reviewed
database and our newly built contamlnant libraries (https //
github.com/HaoGroup- ProtContle) were included for
protein identification. Up to two missed cleavages and three
variable modifications were allowed. Carbamidomethyl C was
set as the fixed modification, and methionine oxidation and
protein N-terminal acetylation were set as variable modifica-
tions. False discovery rates (FDR) for precursors and proteins
were set at 0.01. DIA precursor intensities below 1000 were
removed for better confidence. To reduce variations,
proteomics data from the same total protein amount were
further normalized by total spectral abundance from each
sample within the same cell type.

Lipidomics data was analyzed by the LipidMatch software
(v4.0).”” Lipids were identified with a 5 ppm mass tolerance
for precursor ions and 10 ppm for product ions. Lipid peak
areas were normalized both by the lipid internal standard from
each lipid class and by the total protein amount from each
sample. Semi-absolute quantification was achieved with the
lipid internal standards from each lipid class (pmol lipid per ug
of protein) using a method described elsewhere.”® For lipid
annotation, an underbar “_” was used between the acyl chain

composition for glycerophospholipids (GPs) and glycerolipids
(GLs) without exact acyl chain locations. For the sphingolipid
(SP), “/” was used between the sphingosine backbone and acyl
chain composition with the exact acyl chain location.

Metabolomics data was analyzed by the Compound
Discoverer software (v3.3, Thermo). Metabolite identification
was achieved by MS1 and MS/MS database searches with the
built-in MzCloud, ChemSpider, HMDB, KEGG hbrarles, and
our in-house metabolite standard spectral library.””** Param-
eters included a maximum retention time shift of 0.5 min, a
mass tolerance of 10 ppm, and a minimum peak intensity of
1ES. Key metabolite quantifications were further confirmed by
Skyline software’" for targeted peak extraction and integration.
Metabolite peak areas were normalized both by the internal
standard to reduce instrumental variation and by the total
protein amount from each sample to reduce cell material
variation.

Statistical analysis for proteomics data was conducted with
Spectronaut software. Statistical analyses for lipidomics and
metabolomics were conducted by f tests in R. Several other
software packages were used for further data analysis:
VolcaNoseR™ for volcano plots, ShinyGO*® for protein GO-
enrichment analysis, LION"* for lipid GO-enrichment analysis,
MBRole3* for metabolite GO-enrichment analysis, LINT"!
for ]proteomlcs and lipidomics network analysis, Metaboana-
lyst'" for principal component analysis (PCA), and joint
proteomics and metabolomics pathway analysis.

B RESULTS AND DISCUSSION

Establishing a Multiomics Workflow for Human iPSCs and
iPSC-Derived Neurons

We established an integrated proteomics, lipidomics, and
metabolomics workflow for human iPSCs and iPSC-derived
neurons, as illustrated in Figure 1. Example LC-MS chromato-
grams for proteomics, lipidomics, and metabolomics are
provided in Figure S1. Confident protein analysis was achieved
by abundance and FDR filtering as well as our newly
established contaminant libraries.”® Confident lipid and
metabolite identification were achieved by MS1 and MS/MS
matching to online databases as well as retention time
matching to our in-house spectral library that contains 13
lipid classes and 90 metabolite standards. Semi-absolute
quantification for lipidomics (pmol lipid per ug of protein)
was achieved with IS from 13 lipid classes using a method
described elsewhere.”® We first validated this method using the
pooled lipid samples with spiked-in IS before extraction,
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Figure 2. Proteomics evaluation of healthy human iPSCs vs i*Neurons. (A) Principal component analysis of proteomics data sets from iPSC and
neuron groups, each with four biological replicates. (B) Venn diagram of reproducibly quantified proteins in iPSC and neuron groups with at least
three replicates in one group. (C) KEGG pathways enriched from proteins quantified in iPSC-only and neuron-only groups. (D) Proteomics
volcano plot. Dashed lines denote a p-value of 0.05 and a fold change of 1.5. (E) Biological processes enriched from significantly altered proteins in
iPSCs and neurons. FC denotes neuron/iPSC ratio. (F) Significant changes of protein markers for pluripotent, synaptic, and cortical neurons.
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Figure 3. Lipidomics evaluation of healthy human iPSCs vs neurons. (A) Principal component analysis of lipidomics data sets from iPSCs and
neurons. (B) Venn diagram of reproducibly quantified lipids in iPSC and neuron groups. (C) KEGG pathways enriched from lipids quantified in
iPSC-only and neuron-only groups. (D) Lipidomics volcano plot. (E) Key lipid concentrations measured by semi-absolute quantification method in

iPSCs vs neurons (* denotes p < 0.0S, ** denotes p < 0.01, and **

* denotes p < 0.001).

94.0%), a minimal
matrix effect (average = —2.4%), and reproducible retention

achieving excellent recovery (average

Proteomics, Lipidomics, and Metabolomics Profiles of

Healthy iPSCs and i*Neurons

times (RSD = 0.1%) (Tables S1 and S2). With this integrated
multiomics workflow, we confidently identified and quantified
a total of 8309 proteins, 1323 lipids, and 472 metabolites from
human iPSCs and neurons (16 data sets X 3 omics types).

To understand the stem cell and neuron biology as well as the
differentiation process, we compared the proteomics, lipido-
mics, and metabolomics profiles of healthy WT human iPSCs
and iPSC-derived i*Neurons. Principal component analysis
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Figure 4. Metabolomics and multiomics evaluation of healthy human iPSCs vs neurons. (A) Principal component analysis of metabolomics data
sets from iPSCs and neurons. (B) Metabolomics volcano plot. (C) KEGG pathways enriched from differentially regulated metabolites in iPSCs vs
neurons. (D) Abundance changes of amino acids and neurotransmitters. (E) Joint KEGG pathway analysis using significantly altered proteins and

metabolites.

(PCA) achieved complete separation between iPSC and
neuron cell types in each omics data set (Figure 2A, Figure
3A, and Figure 4A). In proteomics data, a total of 8309
proteins were identified and quantified, in which 5326 proteins
were reproducibly quantified in both WT iPSC and neuron
groups (Figure 2B). Proteins uniquely quantified in the iPSC
cell type were related to cell cycle, ECM—receptor interactions,
and signaling pathways regulating stem cell prollferatlon
(Hippo signaling) and pluripotency (Figure 2C).* Proteins
uniquely quantified in neurons were related to synapse, axon,
and interneuron communication (gap junction).?’7 This
reflected the unique nature of stem cells that undergo mitosis,
while mature neurons do not divide and develop long axons
and synapses for neuronal firing. It is worth noting that
unquantified molecules from one cell type could be low-
abundance and below the detection limit rather than
completely absent from the cell. The quantitative comparison
of shared molecules in iPSC and neuron cell types was further
illustrated in Figure 2D. GO-enrichment analysis showed
significantly enriched DNA replication processes in iPSCs
(e.g, MCM6, MCM2, DNA2, RCF1, and DUT) and neuron
projection processes in neurons (e.g, BRSK2, TRIO, and
MAPI1A) (Figure 2E). Neurofilament proteins (NEFL, NEFM,
and NEFH) that support axon structures are among the
highest up-regulated proteins in neurons. Key protein markers
for pluripotency were enriched in iPSCs, while synaptic and
cortical neuron markers were enriched in neurons (Figure 2F),
validating the successful neuron differentiation in our iPSC—
neuron platform.

In lipidomics data, a total of 1323 lipids were identified and
quantified, in which 427 lipids were quantified in both WT
iPSC and neuron groups (343 glycerophospholipids (GP), 48
sphingolipids (SP), 30 glycerolipids (GL), and 6 sterol lipids
(ST)) (Figure 3B). Lipids uniquely identified in iPSCs were
simple glc series, monounsaturated fatty acids, and glyco-

sphingolipids (hexosylceramide) (Figure 3C). Monounsatu-
rated fatty acids are key precursors to maintain stem cell
growth and cell structure.®® A high concentration of
glycosphingolipids is a unique characterlstlc for stem cells
and is important for cell adhesion.*” For neuron- specific lipids,
polyunsaturated fatty acids (PUFA) were enriched, which are
known to be related to synapses and neuron communication.4o
Neuron differentiation significantly altered lipid composition
and abundances (Figure 3D and Figure S2A). Phosphatidyl-
choline (PC) was still the most abundant lipid class in both cell
types. The total amount of ganglioside (GM) was decreased
more than 90% in neurons (Figure S2B). This dramatic change
of gangliosides could be regulated by sta age- -specific gene
expressions during neuron differentiation.”’ Additionally,
neurons have 1.5-fold higher (p < 0.01) amount of total
cardiolipin (CL) and 1.6-fold more CL species containing 16:0
or 18:1 fatty acyl chain compared to iPSCs, which is likely due
to CL’s role 1n axon generation (Supplementary Data and
Figure S$2B).** Increased CL and ceramide (Cer) have been
previously indicated to promote neuron differentiation (Figure
3E).®* We also found significantly increased PC and
phosphatidylethanolamine (PE) in neurons compared to
iPSCs, which may be explained by the increased cell surface
in polarized neurons, as PC and PE are main components of
the cell membrane.*

Untargeted metabolomics identified and quantified a total of
472 metabolites from iPSCs and neurons (Figures 4A and 4B).
Because most small molecular metabolites are shared across
different cell types and organisms, we used differentially
regulated metabolites for enrichment analysis (Figure 4C).
ABC transporters were enriched in iPSCs, Wthh are essential
for stem cell proliferation and self-renewal.*® Purine metabo-
lism, the glucagon signaling pathway, and the TCA cycle were
also enriched in iPSCs, which are related to stem cell energy
production through glycolysis and the TCA cycle."’
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Figure 5. Proteomic alterations of GRN™~ iPSCs and neurons compared to WT. (A) Principal component analysis from proteomic data sets. (B)
Volcano plots of GRN™'~ vs WT groups in iPSCs and neurons. (C) Violin plots of protein changes from different subcellular locations. Proteins
that were only quantified in one group were shown as outliers. (D) GO-enrichment analysis of significantly decreased proteins in GRN ™/~ vs WT

iPSCs and neurons.

expected, metabolites related to the synaptic vesicle cycle,
neuroactive ligand—receptor interactions, and gap junctions
were enriched in neurons."® The differences of amino acids
and neurotransmitters in iPSCs vs neurons are illustrated in
Figure 4D. Most neurotransmitters were increased in neurons
as expected. Acetylcholine was increased by over 100-fold in
neurons, which is known to regulate neuronal networks.*’
Alanine was significantly lower in neurons vs iPSCs, likely due
to its central role in TCA cycles in stem cells.”” We also
conducted joint pathway analysis using significantly changed
proteins and metabolites, revealing stem-cell- and neuron-
specific metabolic pathways (Figure 4E). Taken together, our
multiomics platform has identified and quantified unique
molecular profiles related to stem cell and neuron biology,
which can help us understand the neuron differentiation
process.

Proteomics, Lipidomics, and Metabolomics Evaluation of
Progranulin Deficiency in iPSCs and Neurons

After obtaining the multiomics profiles of WT iPSCs and
neurons, we hope to further examine how genetic mutations
alter molecular profiles in stem cells and neurons. Using our
GRN knockout iPSC and neuron model of neurodegeneration,
we first examined whole cell proteomics in GRN~/~ vs WT
iPSCs and neurons. A PCA plot shows clustered proteomics

data based on cell type and genotype (Figure SA). The PGRN
protein was absent from the GRN~/~ group in both iPSCs and
neurons, confirming the knocking out efficiency. Loss of GRN
seem to influence neuronal proteins more than iPSCs with
5.2% significantly changed proteins in neurons and 2.7% in
iPSCs (>1.5 fold-change and p < 0.05) (Figure SB). In iPSCs,
PGRN loss affected focal adhesion, actins (ANXAl and
AHNAK), and cytoskeleton proteins (CNN1, AHNAK, and
VIM) (Figure SB). In neurons, we observed a significant loss
of postsynaptic proteins (MPP2 and APLP1), consistent with
the potential role of PGRN in neurite outgrowth.””*' PGRN is
trafficked into lysosomes and secreted outside of cells,
involving multiple organelles in this process.”” Grouping
proteins based on their known subcellular locations showed
that many proteins were altered in GRN™/~ neurons from the
lysosome, mitochondrion, axon, and dendrite (Figure SC).
GO-enrichment analysis of significantly down-regulated
proteins in iPSCs and neurons confirmed PGRN'’s roles in
cellular inflammation and wound repair, also implicating the
undiscovered roles of PGRN in metabolic and catabolic
process of small molecules, such as carboxylic acids and
carbohydrates (Figure SD)."

PGRN deficiency has recently been linked to lipid
dysregulation.”"*> The PCA plot showed complete separation
of lipid profiles based on cell type and genotype, similar to
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Figure 6. Lipidomic alterations of GRN ™/~
Volcano plots of GRN™/~

iPSCs and neurons compared to WT. (A) Principal component analysis from lipidomic data sets. (B)
vs WT groups in iPSCs and neurons. (C) Key lipid changes in iPSCs. (D) Key lipid changes in neurons.

proteomics results (Figure 6A). In iPSCs, significantly changed
lipid species were shown in Figures 6B and 6C. Among them,
triacylglycerols (TG) was the most influenced lipid class,
which is important for energy storage and mitochondrial
function.” Interestingly, most dihexosylceramide (Hex2Cer)
species were down-regulated, and trihexosylceramide
(Hex3Cer) species were up-regulated in GRN™/~ vs WT
iPSCs. Hex2Cer is related to cell proliferation and Hex3Cer is
related to neuronal inflammation.”* Cer can regulate
inflammation and binds to cathepsin, which cleaves PGRN
into individual granulin peptides inside the lysosome.>” % In
GRN™/~ neurons, over 100 lipid species were significantly
changed, such as SP, GP, and GL (Figure 6D and Figure S3A).
Ether lipids (ether lysoPC (LPC) and ether PC) were
significantly decreased in GRN™/~ vs WT, which may relate
to their roles as antioxidants in the central nervous system.’’
Particularly, LPC/PC ratios were decreased in both iPSCs
(ratio = 0.9) and neurons (ratio = 0.3) (Figure S3B). This
finding is especially significant because reduced LPC/PC ratios
have been used to implicate impaired brain function but have
not been reported in progranulin deficiency.’® Taken together,
we found that PGRN deficiency influenced different lipid
species in iPSCs and neurons and caused more dramatic lipid
alterations in neurons compared to those in iPSCs, indicating
the important and distinct roles of PGRN in different cell

types.

To the best of our knowledge, metabolomics changes have
never been characterized in progranulin-deficient cells. Using
the 472 identified and quantified metabolites in our untargeted
metabolomics data, we achieved complete PCA separation
based on cell type and genotype. In iPSCs, less than 20
metabolites were significantly altered (ten increased and three
decreased) by the loss of PGRN. On the other hand, over 150
metabolites were significantly altered in GRN™/~ vs WT
neurons. Key metabolite changes are illustrated in Figures 7C
and 7D. Amino acids were not changed in the GRN™'~ iPSCs.
In contrast, glutamine and serine were significantly increased,
and histidine, lysine, methionine, phenylalanine, threonine,
tryptophan, and tyrosine were significantly decreased in
GRN™/~ neurons. Excessive glutamine was previously reported
to cause neurotoxicity due to the hyperammonemia con-
dition.” The accumulated succinate, fumarate, and malate in
GRN™~ neurons could lead to DNA hypermethylatlon, which
is related to neurodegeneration.’”®" Creatinine, a potential
biomarker for various neurodegeneratlve diseases, was
significantly increased in GRN™/~ neurons.”” We also evaluated
purine and pyrimidine metabolites since down-regulated
purine and pyrimidine metabolism pathways have been
reported to correlate with neurodegeneration.”> In iPSCs,
only cytidine in this pathway was significantly decreased
(Figure 7C), while in neurons, six purine metabolites (S-
adenosylhomocysteine, xanthine, xanthosine, CDP-choline,
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deoxycytidine, and zalcitabine) were significantly decreased
(Figure S4). Cytidine is essential for the synthesis of PC and
PE in the brain through the Kennedy cycle, representing a
pivotal pathway for the generation of PUFA.®* Taken together,
we found that the loss of PGRN influenced neuronal
metabolite profiles more severely than iPSCs, and many
metabolites that are crucial to neuron functions were
significantly altered in neurons.

Integrated Multiomics Evaluation of Progranulin-Deficient
Neurons

To obtain a holistic view of PGRN deficiency in neurons, we
conducted multiomics integration to integrate proteins, lipids,
and metabolites into the same biological pathways and
processes. Since our multiomics data suggested that neurons
are more vulnerable to PGRN deficiency compared to iPSCs,
we focused on the neuron cell type here. Integrating protein
and lipid changes by LINT-WEB'' with K-mean clustering
enriched biological processes related to neuron projection and
axon guidance (Figure 8A). Diacylglycerol (DG) is the most
abundant lipid class in this cluster and was reported to be
essential for the neurite spine formation.®® Bis-
(monoacylglycerol)phosphate (BMP) is essential to support
lysosomal membrane functions and has been reported to be
linked to PGRN deficiency.”’ Inte(grating metabolite and
protein changes in Metaboanalyst'’ resulted in enriched
KEGG pathways, such as axon guidance, glutamatergic
synapses, lysosomes, the TCA cycle, and tight junctions
(Figure 8B). Many of these pathways have been reported to
regulate neuroprotection.”” Glutamate can induce neuro-

toxicity, and lactate and cysteine are neuroprotective factors.’”

Notably, GRM8, NRP1, PDE4B, and PRKCE proteins were
selected in both LINT-WEB and Metaboanalyst. The selected
DG 38:4 (18:0_20:4 and 18:1_20:3) and PE 42:9 lipids were
highly correlated with these four proteins (p > 0.8). GRMS is a
neuronal metabotropic glutamate receptor that responds to
neuroinflammation and is significantly increased in GRN™/~
neurons.*® Phosphodiesterases (PDE4s) are expressed in
neurons and hydrolyze cAMP in purine metabolism, a
promising drug target for brain diseases.” Interestingly, both
PDE4B and PDE4D were up-regulated, but a majority of
purine metabolites were down-regulated in our data. Overall,
many pathways commonly emerged as synaptic dysfunctions
and axon guidance in our multiomics integration, indicating
PGRN’s role in synaptic function and brain metabolism.

B CONCLUSIONS

In summary, we conducted a multiomics analysis of human
iPSCs and iPSC-derived neurons, integrating proteomics,
lipidomics, and metabolomics with optimal identification
confidence, quantification accuracy, and reproducibility.
Using this integrated multiomics method, we discovered
unique molecular profiles in iPSCs and neurons that are
important to stem cell and neuron biology as well as neuron
differentiation. We also found that the loss of the GRN gene
resulted in distinct changes in iPSC and neuron cell types.
Proteins and lipids in iPSCs showed changes related to wound
healing, extracellular matrix organization, and mitochondrial
function, whereas neurons had more dramatic metabolite and
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Figure 8. Integrated multiomics analyses of GRN™~ vs WT neurons. (A) Significantly altered biological processes and related protein (red) and
lipid (green) changes in GRN™~ vs WT neurons from LINT-WEB network analysis. The red lines represent the correlation between Gene ID and
GO terms, and the green lines represent the correlation between gene ID and lipids. (B) Joint KEGG pathway analysis using proteomics and

metabolomics data from GRN™~ vs WT neurons.

neurotransmitter changes as well as protein and lipid changes
related to neuron projection and brain metabolism. Our
multiomics results pointed toward the same hypothesis that
neurons seem to be more vulnerable to PGRN deficiency
compared to stem cells, consistent with the neurological
symptoms and cognitive impairment from patients carrying
inherited GRN mutations. However, this study also has
limitations. Our experiments were conducted on the whole-
cell scale, which may not illustrate the specific changes from
individual organelles. Lysosome-specific protein and lipid
changes discovered in isolated intact lysosomes from other
PGRN studies seemed to be buried when we homogenized
whole cells. Protein trafficking and molecular interactions
across multiple subcellular components cannot be captured in
whole-cell omics and need to be studied with organelle-specific
probes, immunoprecipitation, or proximity labeling. Despite
these limitations, our integrated multiomics analyses provided
a holistic view of the differences between iPSCs and neurons as
well as the whole-cell level impact of progranulin deficiency on
iPSCs and neurons to understand neuron differentiation and

inherited neurodegenerative diseases.
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