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Proteome and ubiquitinome analyses
of the brain cortex in K18-hACEZ mice infected
with SARS-CoV-2

Qiaochu Wang,'® Wanjun Peng,”* Yehong Yang," Yue Wu," Rong Han," Tao Ding," Xutong Zhang,’
Jiangning Liu,?* Juntao Yang,"** and Jiangfeng Liu"*

SUMMARY

Clinical research indicates that SARS-CoV-2 infection is linked to several neurological consequences, and
the virus is still spreading despite the availability of vaccinations and antiviral medications. To determine
how hosts respond to SARS-CoV-2 infection, we employed LC-MS/MS to perform ubiquitinome and pro-
teome analyses of the brain cortexes from K18-hACE2 mice in the presence and absence of SARS-CoV-2
infection. A total of 8,024 quantifiable proteins and 5,220 quantifiable lysine ubiquitination (Kub) sites in
2023 proteins were found. Glutamatergic synapse, calcium signaling pathway, and long-term potentiation
may all play roles in the neurological consequences of SARS-CoV-2 infection. Then, we observed possible
interactions between 26 SARS-CoV-2 proteins/E3 ubiquitin-protein ligases/deubiquitinases and several
differentially expressed mouse proteins or Kub sites. We present the first description of the brain cortex
ubiquitinome in K18-hACE2 mice, laying the groundwork for further investigation into the pathogenic
processes and treatment options for neurological dysfunction following SARS-CoV-2 infection.

INTRODUCTION

With more than 760 million confirmed cases worldwide, the coronavirus disease 2019 (COVID-19) pandemic caused by severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) has continued since December 2019." COVID-19 not only affects the respiratory system but also
may harm other organs.” Among its effects, neurological consequences have emerged as critical issues that cannot be overlooked. SARS-
CoV-2 may directly induce neurological damage or indirectly induce neurological damage through cytokine storms or other processes, re-
sulting in symptoms, such as olfactory and taste problems, neurodegenerative illnesses, neuropsychiatric disorders, encephalitis, ischemic
stroke, and hemorrhagic stroke.’ Exploring the mechanisms of neurological damage in patients infected with SARS-CoV-2 will thus aid in
improving patient prognosis by enhancing the treatment of these associated problems, minimizing neurological damage, and preventing
potential sequelae.

Ubiquitination is a common posttranslational modification (PTM). Ubiquitin is a 76-amino acid-residue protein that consists of seven lysine
residues (K6, K11, K27, K29, K33, K48, and Ké3) that can bind to substrate proteins via three types of enzymes: activating (E1), conjugating (E2),
and ligating (E3) enzymes. lts specificity is mainly determined by E3 ubiquitin-protein ligases.” Ubiquitin connects to its substrate proteins via
the C-terminus, which forms isopeptide bonds with amino groups of residues with lysine in other proteins. Deubiquitinases (DUBs) reverse the
ubiquitination of proteins and affect several kinds of biological activities, such as protein degradation, transcription, signaling, and the cell
cycle. Factors that cause the dysregulation of E3 ubiquitin-protein ligases or DUBs can initiate the abnormal activation or inactivation of path-
ways involved in the initiation and development of numerous disorders, especially tumors and neurological diseases.”® The results of distri-
bution and bioinformatics analyses of the global ubiquitinated proteomes in the cerebral cortexes of normal humans and mice have been
reported and compared with those of several disease models to analyze the role of ubiquitination in disease.”” However, only the ubiqui-
tinomes of Vero E6 cells and human lung epithelial cell lines infected with SARS-CoV-2 have been reported, and the changes in ubiquitination
modifications and possible pathogenic mechanisms in brain cortexes infected with SARS-CoV-2 are not known.

We explored the ubiquitinome and proteome in the cortex of K18-hACE2 mice infected or not infected with SARS-CoV-2 and studied the
differences between the SARS-CoV-2 infection group and the control group to examine the relationship between the neurological conse-
quences of COVID-19 and ubiquitination in the brain cortex. To some extent, K18-hACE2 mice may imitate the respiratory and neurological
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Figure 1. Bioinformatics analysis and proteomics analysis of the brain cortex

(A) Workflow for the K18-hACE2 mouse brain cortex proteome and ubiquitinome analyses.

(B) Venn diagram of the identified proteins.

(C) Volcano plot displaying the log,FC values of the differentially expressed quantifiable proteins in the SARS-CoV-2 infection group versus the control group
(FC > 2 or <0.5; t test, significance; p value < 0.05). The red dots represent the 601 significantly upregulated quantifiable proteins, and the blue dots represent the
774 downregulated quantifiable proteins.

(D) Subcellular localization of the quantifiable proteins.

(E) The top 10 enriched terms in the KEGG pathway enrichment analysis of total quantifiable proteins and common proteins.

(F) The top 10 enriched terms identified through KEGG analysis of upregulated proteins, downregulated proteins, and all differentially expressed proteins
(including upregulated and downregulated proteins).

(G) PPI networks of differentially expressed proteins enriched in KEGG pathways (“glutamatergic synapse”, “long-term potentiation”, and “calcium signaling
pathway”) with a confidence score > 0.7. If a protein was present in two or more pathways according to the KEGG analysis, only the pathway with the lowest
p value was included in the PPl network.

symptoms of COVID-19 patients after SARS-CoV-2 infection, and SARS-CoV-2 RNA and antigens can also be detected in the brains of these
mice. In summary, K18-hACE2 mice encapsulate many of the characteristics found in COVID-19 patients and serve as a viable model for re-
searching the pathophysiology of and assessing COVID-19 interventions.'®?° This research included in vivo observations as well as data on
COVID-19 mechanisms and potential therapeutic targets.

RESULTS
Brain cortex proteomic study in SARS-CoV-2-infected K18-hACE2 mice

We evaluated the brain cortexes of three mock-infected K18-hACE2 mice and three infected K18-hACE2 mice (control and SARS-CoV-2 infection
groups, n = 3 per group) and performed label-free quantitative analyses of the proteome and ubiquitinome (Figure 1A). The SARS-CoV-2 nucleic
acidloadtestfindings (Figure S1) revealed that the three infected mouse brain cortexes exhibited similar viral loads. Our proteomics data from the
control and SARS-CoV-2 infection groups revealed 9,468 distinct proteins, 8,024 of which were quantifiable, while the ubiquitinomics data re-
vealed 5,220 quantifiable Kub sites in 2,023 proteins, 89% (1,880) of which overlapped with the quantifiable proteins identified in the proteomic
analysis (Figure 1A). Most of the quantifiable proteins were found in both the control and SARS-CoV-2 infection groups (Figure 1B). Based on a
fold change (FC) greater than 2 orless than 0.5 and a t test p value less than 0.05 as the criterion for significance, 601 proteins were upregulated and
774 were downregulated (Figure 1C and Table S1). According to our bioinformatics analysis, the quantifiable proteins were distributed mainly in
the cytoplasm, membrane, nucleus, and mitochondria (Figure 1D). There was significant overlap among these key biological components since
many proteins were distributed in numerous compartments. The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment anal-
ysis demonstrated that overall, quantifiable proteins were enriched in “pathways of neurodegeneration-multiple diseases”, “thermogenesis”,
"spliceosome”, and “endocytosis”, which are very similar to those of common proteins (Figure 1E and Table S2). To evaluate the quality of
the MS data, we constructed a number of plots, including a principal component analysis (PCA) plot (Figures S2A-S2F).

Proteomic functional alterations in the brain cortex of K18-hACE2 mice following SARS-CoV-2 infection

KEGG analysis revealed that the upregulated proteins were more enriched in the “glutamatergic synapse” pathway, “calcium signaling”
pathway, pathways involved in “nicotine addiction”, “oxytocin signaling” pathway, and other pathways. However, the downregulated pro-
teins were enriched in the “peroxisome” signaling, “complement and coagulation cascades”, and “long-term depression” (Figure 1F and
Tables S3 and S4). For all the differentially expressed proteins, the top three pathways identified via KEGG analysis were the “glutamatergic
synapse” pathway, “calcium signaling” pathway and “long-term potentiation” pathway (Figure 1F and Table S5). In the “glutamatergic syn-
apse” pathway, there were several upregulated glutamate receptors (Grin1, Grm2, Gria3, Grik3, etc.) and several downregulated proteins
(Itpr1, Itpr3, Grm1, etc.). In the “calcium signaling pathway”, many calcium regulation-associated proteins exhibited altered expression
(Atp2b1, Pdela, Cacnalb, Camk2a, etc.). The protein phosphatases Ppp3r1 and Ppplca were upregulated in “long-term potentiation”
pathway, which may regulate cognitive function by dephosphorylating a large number of proteins (Figure 1G and Table S6é). Notably, the
expression of alpha-synuclein (SNCA) was significantly upregulated after SARS-CoV-2 infection. SNCA is located in the presynaptic cytoplasm
of the central nervous system and is a major component of Lewy bodies and Lewy ganglia. Moreover, it is one of the most abundant proteins
found in the nervous system, comprising approximately 1% of all nervous system cytoplasmic proteins that regulate the vesicular transport of
synaptic neurotransmitters. Its overexpression and aggregation are the main pathological features of Parkinson’s disease. Parkinson’s disease
is a primary neurodegenerative disease of major concern today that is mainly characterized by movement disorders.”! The upregulation of
SNCA corroborates the findings of a previous study reporting increased morbidity and mortality in Parkinson’s disease patients following
SARS-CoV-2 infection.’

Ubiquitinome analysis of the brain cortex in SARS-CoV-2-infected K18-hACE2 mice

A Venn diagram was constructed to summarize the common and unique elements between the ubiquitinomes of the control group and the
SARS-CoV-2 infection group (Figures 2A-2C). In the ubiquitinomes of the control and SARS-CoV-2 infection groups, we identified 6,269 Kub
sites and 6,412 unique Kub peptides in 2,501 proteins, 5,220 Kub sites of which were quantifiable (908 significantly upregulated (FC > 2 and t
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Figure 2. Overview of ubiquitinomics analysis of the brain cortex

(A-C) Venn diagrams of (A) identified Kub proteins, (B) identified unique Kub peptides, and (C) identified Kub sites in the two groups.

(D) Volcano plot displaying the log,FC values of quantifiable Kub site intensities in the SARS-CoV-2 infection group versus the control group (FC > 2 or <0.5; t test,
significance; p value < 0.05). The red dots represent 908 significantly upregulated quantifiable Kub sites in 485 proteins, and the blue dots represent the 446
downregulated quantifiable Kub sites in 308 proteins.

(E) Number of quantifiable Kub sites per protein.

(F) Sequence logo of 31-mer Kub motifs with high scores (+/—15 amino acids from the targeted lysine residue). The motifs were identified using all Kub peptides
containing quantifiable Kub sites.

(G) Subcellular localization of quantifiable Kub proteins.

(H) The top 10 enriched terms in the KEGG pathway enrichment analysis of total quantifiable Kub proteins and common Kub proteins.

test p value < 0.05) Kub sites in 485 proteins and 446 downregulated (FC < 0.5 and t test p value < 0.05) Kub sites in 308 proteins) (Figures 1A,
2D, and S3A and Table S7). Approximately half of the proteins had only one Kub site (Figure 2E). To validate the quality of the ubiquitinome
MS data, we constructed a number of plots, such as a PCA plot, an Andromeda score distribution plot, a scatterplot with the density in mass
inaccuracy displayed by color, a classification plot based on localization probability, a scatterplot, and a density distribution plot, which sug-
gested that the MS data were reliable. After that, we evaluated 5,220 sequences surrounding the quantifiable Kub sites and selected the six
highest-scoring motifs. According to the findings, glutamic acid (E) was the most common amino acid upstream of the Kub site, whereas
leucine (L) was the most frequently occurring amino acid downstream of the Kub site.

We subsequently conducted a subcellular localization analysis of quantifiable Kub proteins, which were mostly located in the membrane,
cytoplasm, nucleus, and cytoskeleton (Figure 2G). KEGG analysis was also conducted for quantifiable Kub proteins to determine the associ-
ated metabolic and human disease pathways. We discovered that the most enriched pathways associated with the quantifiable Kub proteins
were the “glutamatergic synapse” pathway, “pathways of neurodegeneration—multiple diseases”, and “synaptic vesicle cycle” pathway,
which are very similar to those of common Kub proteins (Figure 2H and Table S8). In contrast to other Kub proteins found in noncortical
cell lines after infection with SARS-CoV-2, our study identified several new Kub proteins enriched in specific KEGG pathways, such as the “glu-
tamatergic synapse” pathway, which shows that the types of Kub proteins differ depending on the organ and species and participate in spe-
cific pathways (Figures S4A-S4F and Table $9).77%

Functional annotation of proteins with differential ubiquitination in the brain cortex of K18-hACE2 mice following SARS-
CoV-2 infection

KEGG analysis revealed that both the proteins with upregulated ubiquitination and the proteins with downregulated ubiquitination were en-
riched in the “glutamatergic synapse” pathway and “insulin secretion”, respectively. However, the proteins with upregulated ubiquitination
were specifically enriched in “pathways of neurodegeneration—multiple diseases”, “Huntington disease”, and “Parkinson disease”, whereas
the proteins with downregulated ubiquitination were expressly enriched in pathways of secretion, such as “gastric acid secretion”, “pancreatic

salivary secretion”, “aldosterone synthesis and secretion”, and “parathyroid hormone synthesis, secretion, and action” (Figure 3A

"on

secretion”,
and Tables S10 and S11). For all of the differentially expressed proteins, the first three pathways identified via KEGG analysis were the “glu-
tamatergic synapse” pathway, “insulin secretion”, and "gastric acid secretion” (Figures 3A and 3B and Tables S12 and S13). The biological
processes of the latter two pathways do not occur in the brain cortex, so we want to rename these two pathways based on the proteins within
them. The proteins in the two pathways have a similar function: transmembrane transport. For instance, the calcium-activated potassium
channel subunit alpha-1 (Kcnma1) can mediate the export of K. Its upregulation may dampen the excitatory events that elevate the cytosolic
Ca?* concentration and depolarize the cell membrane, thereby regulating transmitter release and innate immunity.* Itpr1 is an intracellular
channel protein that mediates calcium release from the endoplasmic reticulum following stimulation by inositol 1,4,5-trisphosphate.”” Slc4a2
is a sodium-independent anion exchanger that regulates the electroneutral exchange of chloride for bicarbonate ions across the cell mem-
brane.”’ Rab3a is a small GTP-binding protein that controls the recruitment, tethering, and docking of secretory vesicles to the plasma mem-
brane.”’ Vesicle-associated membrane protein Vamp8 is involved in the targeting and fusion of transport vesicles to their target membrane.”®
Therefore, we have renamed these two pathways as the “transmembrane transport” pathway, in which SARS-CoV-2 infection affects the trans-
port of various substances inside and outside the cell, especially neurotransmitters, by altering protein ubiquitination, thus affecting brain
function.

Most of the Kub site changes were consistent with the trends in protein changes following SARS-CoV-2 infection, such as the alterations in
Grin1, Adcy2, Camk2a, Camk2b, Camk2d, and Camk2g. There were only a few proteins with the opposite trends at the Kub site, including
Gja1, Ankrd13a, Prx|2a, Epb41, Prkcb, Syp, and Large1. These findings may indicate that most ubiquitination modifications regulate substrate
proteins independently of proteasomal degradation (Figure 3C). Among these several proteins, peroxiredoxin-like 2A (Prx|2a) may inhibit the
production of inflammatory cytokines by macrophages through MAPK signaling pathway inhibition.”” SARS-CoV-2 infection may degrade this
protein by upregulating its Kub site, leading to the increased production of inflammatory factors by macrophages, which in turn triggers a
cytokine storm that damages the central nervous system.” The protein kinase C beta type (Prkcb; an upregulated protein with downregulated
Kub sites) controls the activity of downstream proteins by phosphorylating downstream protein serine/threonine residues and plays impor-
tant roles in multiple pathways, including the “glutamatergic synapse” pathway, “calcium signaling” pathway, “long-term potentiation”, and
secretion pathways.”” Synaptophysin (Syp; an upregulated protein with downregulated Kub sites) is involved in the regulation of short- and

long-term synaptic plasticity.”!
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Figure 3. Comparison of the label-free ubiquitinomes in the control and SARS-CoV-2 infection groups

(A) The top 10 enriched terms identified through KEGG analysis of proteins with upregulated ubiquitination, proteins with downregulated ubiquitination, and
proteins with differentially expressed ubiquitination.

(B) PPI networks of differentially expressed Kub proteins in enriched KEGG pathways (“glutamatergic synapse”, “insulin secretion” and “gastric acid secretion”)
with a confidence score >0.7. The red circles represent proteins with upregulated ubiquitination, the blue circles represent proteins with downregulated
ubiquitination, and the green circles represent proteins with both upregulated and downregulated ubiquitination. If a protein was present in two or more
pathways according to the KEGG analysis, only the pathway with the lowest p value was included in the PPI network.

(C) Proteins with opposite changes in ubiquitination sites and protein expression.

SARS-CoV-2 viral protein-host protein and Kub site interactions in the brain cortexes of K18-hACE2 mice

SARS-CoV-2 encodes four basic proteins, membrane protein (M), envelope protein (E), spike protein (S), and nucleocapsid phosphoprotein
(N), sixteen nonstructural proteins (nsps), and nine accessory proteins.32 According to a previous study on the interactions between SARS-
CoV-2 particles and human proteins,* we matched differentially expressed proteins and Kub sites in mice to those in humans by BLAST
and constructed networks among SARS-CoV-2 proteins and mouse proteins in this study (Figure 4 and Table S14). We identified 26 SARS-
CoV-2 proteins that may interact with 92 host proteins containing 117 Kub sites with altered expression. Several of the proteins were asso-
ciated the "glutamatergic synapse” pathway, “calcium signaling” pathway, “long-term potentiation”, and secretion pathways, such as Itp1
(a downregulated protein with downregulated Kub sites), Itp3 (a downregulated protein with downregulated Kub sites), Gnail (a protein
with downregulated Kub sites), and Asph (a downregulated protein). In summary, these viral proteins interact with a range of differentially
expressed proteins and Kub sites and may be drug targets for treating SARS-CoV-2 infection.

Finally, we combined the differentially expressed proteins and Kub sites in highly enriched pathways (the “glutamatergic synapse”
pathway, “calcium signaling” pathway, and “long-term potentiation”) in cellular and subcellular diagrams to provide additional comprehen-
sive and comprehensible data regarding the functional modifications following SARS-CoV-2 infection (Figure 5 and Table S15).

Experimental verification

To verify the reliability of the mass spectrometry results, we performed immunohistochemical experiments on ubiquitin carboxyl-terminal
hydrolase 29 (Usp29) and pleckstrin homology-like domain family A member 1 (Phlda1). The DUB Usp29 is a downregulated protein in the
mouse brain cortex that can promote cellular anti-DNA-related viral responses and autoimmunity.>* However, previous studies have re-
ported that Usp29 can enhance SARS-CoV-2 virulence by preventing the proteasomal degradation of ORF9b, and the level of the USP29
mRNA in the peripheral blood mononuclear cells of SARS-CoV-2 patients was higher than that in healthy individuals.*® Interestingly, the
change in the USP mRNA levels in human peripheral blood mononuclear cells did not correspond with those in the USP protein levels in
the mouse cerebral cortexes. This may be due to problems with protein degradation or translation processes or differences in tissue
type. Phldal was one of the most upregulated proteins in the infected mice. Phlda1 belongs to the PHLDA family and can induce neuronal
cell pyroptosis in rats.”® Its upregulation may be an important cause of neurological sequelae. As determined by immunohistochemical
staining, the changes in the levels of these two proteins were consistent with the mass spectrometry results, which confirmed the reliability
of our experiment (Figure 6).

DISCUSSION

In this study, we investigated the proteomes and ubiquitinomes of the brain cortexes of control and SARS-CoV-2-infected K18-hACE2 mice
and identified the “glutamatergic synapse” pathway, “calcium signaling” pathway, and “long-term potentiation” as enriched pathways.
These findings are complementary to other proteomic studies and could prove the reliability of other findings and complement new
post-infection proteins. All three brain tissues showed considerable increases in SNCA expression levels following infection. We still eval-
uated the viral proteins even if they were not ubiquitinated. This study provides a brain proteomics and ubiquitinomics dataset from mice
infected SARS-CoV-2, as well as the involved pathways and responses that occur in the cortex in response to SARS-CoV-2 infection in K18-
hACE2 mice.

SARS-CoV-2 infection induces insomnia, weariness, cognitive impairment, Parkinson’s disease, Alzheimer’s disease, and anxiety in addi-
tion to the previously stated olfactory and taste problems.?” Glutamate is the most abundant excitatory neurotransmitter in the mammalian
brain and is packaged into synaptic vesicles at the presynaptic terminal. When glutamate is released into the synaptic cleft, it either acts on
postsynaptic ionotropic glutamate receptors to mediate rapid excitatory synaptic transmission or on postsynaptic metabotropic glutamate
receptors to exert several regulatory effects through the coupling of these receptors to G proteins and subsequent recruitment of second
messenger systems. ™ It has been proposed that cognitive impairment in SARS-CoV-2 infection may be caused by glutamatergic dysfunction.

Some studies about COVID-19 suggest that neurological sequelae are caused by blood-brain barrier breakdown and systemic inflamma-
tion,*”** which unfortunately is not well represented in the cerebral cortex of mice in our study. This may be due to differences in the type of
tissues and the sampling time of brain tissue. However, our finding that the glutaminergic synaptic pathway may cause neurological sequelae
is also consistent with the conclusions of other studies.**™® And some important protein changes are the same in mice brain and human
brain,***” such as the ubiquitin-like protein ISG15, the postsynaptic protein syntaxin-1A, homer protein homolog 1, the fibronectin
leucine-rich transmembrane protein-3, the ubiquitin-associated and SH3 domain-containing protein B and so on, which play important roles
in inflammatory response and synaptic homeostasis.
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Figure 4. PPl networks of SARS-CoV-2 viral proteins, differentially expressed proteins, and differentially expressed Kub sites based on the reported
SARS-CoV-2 protein interactome

The orange arrows represent viral proteins, the circles represent differentially expressed mouse proteins or proteins with differentially expressed Kub sites, and
the diamonds represent differentially expressed mouse Kub sites. The colors of the circles or diamonds represent the abundance of proteins/Kub sites in the
brain cortexes; the gray circles represent constantly expressed proteins with differentially expressed Kub sites; and the green boxes represent Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment pathways of the linked proteins.

Parkinson's disease is one of several disorders called synuclein disease that result from the misfolding and aggregation of SNCA(an un-
regulated protein).”® Parkinson's syndrome is a clinical syndrome characterized by quiescence tremor, bradykinesia, muscle stiffness, postural
instability, gait disturbance, cognitive impairment, decreased sense of smell, anxiety, and depression.””>? In a mouse model of Parkinson’s
disease in which SNCA is overexpressed in the brain, increased glutaminergic signaling may be the molecular mechanism for the exacerba-
tion of clinical symptoms.” Besides, Alzheimer’s disease is a degenerative disease of the central nervous system characterized by the accu-
mulation of extracellular amyloid protein and intracellular neurofibrillary tangles, with clinical manifestations such as memory impairment,
aphasia, apraxia, and agnosia. In Alzheimer’s disease, reduced glutamate uptake caused by amyloid protein is an important mechanism
of neuronal swelling and even cell death, so the glutaminergic system is one of its important therapeutic targets.” These results are similar
to our conjecture: “glutamatergic synapse” pathway is critical in the neurological consequences after SARS-CoV-2 infection.

Furthermore, the “calcium signaling” pathway and “long-term potentiation” are closely related to the “glutamatergic synapse” pathway,
and several proteins are involvedin 2 or all 3 of these pathways (Figure 5). For example, the calcium/calmodulin-dependent protein kinase type

8 iScience 27, 110602, September 20, 2024



iScience ¢? CellPress
OPEN ACCESS

Rapla K117

Ppplca K238

Raf1

N\ ltpr3 k1997
KL - K65 Kao3 K14
o Itpr1 K1857
& = ,;X Ppp3ca
K517 ko257 K971 Adcy6 K931
K998 Kiess " Ppp3rt

SO \\/ \KZBW K3907

. K137 K328
KI791 Ryr2  Kas28 K408 | kass
v - Kas
- & K259 Kag K268 Ka61
Ka2
- GEED WL K138 Camk2b Camk2d Camk2g Camk2a N
Rps6kal
K49 KaB K138 / K148 K68
. s “ K352
K16 K27 Nucleus Atp2a2 K628 Kés K21 [ a0 Ka7
) K245
Gnall kes / /|| Atp2a3 - a K300 K344
Casq2
K16 Gnad | Mitochondria
a4
K276 - Asph ER Prkaca K310 toka

Nos1 K739

Pla2gda K371 R Pdela K512
(Fiel kazs <40 9% kase Kez K439 (kso6 Pdelc Glul
Pl Ke2 Plcb1 NA Digap! sss
@ K624 Digh — K397 Prkcb K632
"~ K568) K405
) Km// ‘ \ T Ks44 K199 (ka7 K290 Slc17a7 K283

K202 sse K02

e K216 K307 e GLU 3
Lats3 fsp L Gnas K18 J : °
Shank3 / K428 Adcy3 el
) Homer1 K361 b K203 Synaptic vesicle

K321 K723

Gnai1

Fft K271 K277

Log 4, (FC)

-30 -20 -10 00 10 20 3.0

Figure 5. Differentially expressed proteins and differentially expressed Kub sites related to the glutamatergic synapse pathway, long-term
potentiation, and the calcium signaling pathway in the brain cortex

The boxes represent differentially expressed proteins. The circles represent differentially expressed Kub sites. The green boxes represent proteins with both
constantly expressed proteins and differentially expressed Kub sites.

Il proteins Camk2a, Camk2b, Camk2d, and Camk2g were all upregulated with many upregulated Kub sites. These proteins not only play impor-
tantrolesin the “calcium signaling pathway” and “long-term potentiation” but also act as kinases and scaffolding proteins in the glutamatergic
synaptic cytoplasm. Camk2a contained the most upregulated ubiquitination sites among the isoforms and plays a unique role in neuronal plas-
ticity and memory. Calcium signaling is an important component of glutamatergic synaptic signaling, and Camk2a recognizes calcium signals
and translates them into the corresponding biochemical signals.”™

In addition to the proteins mentioned previously, numerous additional proteins in these pathways exhibited proteomic and ubiquiti-
nomic alterations as a result of SARS-CoV-2 infection. In the “glutamatergic synapse” pathway, the upregulated protein Dlg4 (contains
11 upregulated Kub sites: K264, K138, K403, K380, K299, K157, K544, K663, K558, K202, and K168) is a postsynaptic scaffolding protein
that plays key roles in synaptogenesis and synaptic plasticity.””’ The upregulated proteins Grin2a, which contains the upregulated Kub
sites K1340, K1355, K1235, K938, K1352, and K1456, and Grin2b, which contains the upregulated Kub sites K1045, K947, K1426, K1021,
K1140, K1041, and K1199, are components of NMDA receptor complexes and play roles in slow excitatory postsynaptic currents, long-
term synaptic potentiation, and learning.”**? Slc1a2, which contains the upregulated Kub site K569, facilitates the rapid clearance of gluta-
mate released from the synaptic cleft and terminates the postsynaptic action of glutamate.®® Pla2g4a, which contains the upregulated Kub
site K371, plays an important role in membrane lipid remodeling and the production of inflammatory lipid mediators,®’ The upregulated
protein Slc17a7, which contains the upregulated Kub sites K283 and K290, is a multipurpose transporter that transports L-glutamate and
other ions, such as chloride, protons, potassium, sodium, and phosphate.*”** The upregulated protein Plcb1, which contains the upregu-
lated Kub site K30, can mediate intracellular signaling downstream of G protein-coupled receptors.®® The upregulated protein Ppp3ca (con-
taining the upregulated Kub site K143) is a calcium-dependent calmodulin-stimulated protein phosphatase that has a significant impact on
intracellular Ca?*-mediated signal transduction.®® Adcyé, which contains the upregulated Kub site K931, can catalyze the formation of
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Figure 6. Representative images of Usp29 and Phlda1 immunohistochemical staining in control and SARS-CoV-2-infected mouse brain cortex tissues
(scale bar, 100 pm)

cAMP, a signaling molecule downstream of G protein-coupled receptors.®”*® Glul, which contains the upregulated Kub site K95, regulates
toxic ammonia levels in the brain and converts neurotoxic glutamate to harmless glutamine."g Among these proteins, Grin2a, Plcb1, and
Ppp3ca were also involved in the “calcium signaling” pathway, while Grin2a, Grin2b, Plcb1, and Ppp3ca were also involved in the “long-
term potentiation” pathway.

E3 ubiquitin-protein ligases specifically recognize substrates and bind tightly to ubiquitin for ubiquitination. There are three main cate-
gories of E3 ubiquitin-protein ligases, which have different structures but can all transfer ubiquitin from E2 enzymes to substrates. The
vast majority of E3s (approximately 600) are members of the novel gene (RING)-type family. The homologous to E6AP C-terminus (HECT)-
type E3 ubiquitin-protein ligases and the RBR (RING between RING) are smaller families with 28 and 14 members, respectively.”” TNF recep-
tor-associated factor 2 (Traf2) is an E3 ubiquitin-protein ligase in the RING family, but it can also be ubiquitinated by the E3 ubiquitin-protein
ligase Birc2 and degraded by the proteasome. In addition, during TNF stimulation, Traf2 may self-ubiquitinate and be altered by the K63
polyubiquitin chain, which is essential for the JNK signaling pathway. These K63 polyubiquitin chains may be removed by upregulated
DUB Cyld.”" The nuclear factor kappa B (NF-kB) signaling pathway has a significant impact on the regulation of innate immunity, acquired
immunity, the inflammatory response, and tumorigenesis and can be divided into the canonical NF-kB signaling pathway and the noncanon-
ical NF-kB signaling pathway.”” Traf2 is a key regulatory factor of both the canonical and noncanonical NF-kB signaling pathways.”' However,
its significant upregulation in the cerebral cortex of K18-hACE2 mice after SARS-CoV-2 infection alone cannot explain the downregulation of
the nuclear factor NF-kB pé5 subunit Rela. The decrease in Rela levels may be related to the downregulation of TNF receptor-associated
factor 3 (Traf3), the TNF receptor type 1-associated DEATH domain protein Tradd and the deubiquitinating enzyme Cyld and the upregu-
lation of TNF alpha-induced protein 3 (Tnfaip3).”"”* In addition, the upregulated E3 ubiquitin-protein ligase Hace1 is a tumor suppressor
in different cancers’* and the mutation of the E3 ubiquitin-protein ligase Hecw2 (an upregulated protein) is linked to epilepsy, developmental
deterioration, and intellectual disability.”> Moreover, the downregulated nitric oxide synthase-interacting protein (E3 ubiquitin-protein ligase
NOSIP) also contributes to neuronal development, craniofacial development, mitosis, apoptosis, and cell proliferation in the nervous system,
and is associated with diseases such as osteoporosis and arteriosclerosis. NOSIP can regulate the activity of the protein phosphatase 2A cat-
alytic subunit PP2Ac (serine/threonine-protein phosphatase 2A catalytic subunit alpha isoform Ppp2ca, which contains the downregulated
Kub site K21) by mediating ubiquitination.”**° Furthermore, we used UbiBrowser 2.0 to determine the reported interactions between E3
ubiquitin-protein ligases, DUBs, and substrate proteins. These substrate proteins were proteins with differentially expressed Kub sites (Fig-
ure S5 and Table S16). Tnfaip3 was the only enzyme that exhibited changes in expression. Moreover, several other E3 ubiquitin-protein ligases
work together to regulate mitogen-activated protein kinase kinase kinase 5 (Map3k5) ubiquitination. Map3Kk5 is crucial for the appropriate
functioning of the innate immune response, which is necessary for the host's protection against a variety of pathogens. Map3k5 mediates
signaling from various stressors (e.g., oxidative stress) and inflammatory signals mediated by receptors, such as tumor necrosis factor
(TNF) or lipopolysaccharide (LPS).2182

In conclusion, this study provides comprehensive proteome and ubiquitinome data on the brain cortex in the K18-hACE2 mouse model
after SARS-CoV-2 infection. In this study, 5,220 quantifiable Kub sites were identified in 2,023 proteins. The results demonstrated that
SARS-CoV-2 infection may harm the nervous system by regulating the expression of important proteins or ubiquitination in pathways
such as the "glutamatergic synapse” pathway. Viral proteins may interact with several proteins and Kub sites in the brain cortexes of
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K18-hACEZ2 mice. Moreover, we found several E3 ubiquitin-protein ligases/DUBs that may act on the nervous system in the brain by
altering ubiquitination. This study provides the first demonstration of ubiquitination in SARS-CoV-2-infected brain cortexes of K18-
hACE2 model mice and thus lays the groundwork for exploring the pathogenic processes of and treatment options for neurological con-
sequences after COVID-19.

Limitations of the study

We note that our study has several limitations. Due to the shortage of COVID-19 patient tissues, we used brain cortexes from transgenic K18-
hACE2 mice, but the ubiquitinomes of mice infected with SARS-CoV-2 are somewhat different from those of humans, which reduces the reli-
ability of our results. In addition, it has been shown that viral proteins can be ubiquitinated in lung epithelial cells after SARS-CoV-2 infection;
however, in the brain cortex, no Kub viral proteins were found, and only a few nonubiquitinated proteins were identified (the ORF1ab poly-
protein, surface glycoprotein, membrane glycoprotein, ORF3a protein, ORF8 protein, truncated ORF7a protein, and N protein).
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Ubiquitinated resin
Anti-USP29 polyclonal antibody
Anti-PHLDA1 polyclonal antibody

HRP-labeled goat anti-rabbit IgG
secondary antibody

Hangzhou Jingjie Biotechnology PTM BIO.
Invitrogen
Invitrogen

Beijing ZSGB Biotechnology

Cat#PTM-1104
PA5-104441
PA5-119776
PV9001

Bacterial and virus strains

SARS-CoV-2 strain HB-01 from W. Tan GISAID identifier: BetaCoV/Wuhan/
IVDC-HB-01/2020|EPI_ISL_402119); the
China National Microbiological Data
Center accession number NMDC10013001;
genome accession number:MDC60013002-01

Chemicals, peptides, and recombinant proteins

Dulbecco’s modified Eagle’s medium (DMEM) Invitrogen Cat#11965092

Fetal bovine serum (FBS) Deoxycholate Cat#F8318

Penicillin and Streptomycin Sigma-Aldrich Cat#V900929

Avertin Sigma-Aldrich Cat#T48402

PBS Solarbio Cat#P1020

Tris+HCI Sigma—-Aldrich Cat#RES3098T-B701X

Sodium chlorid Sigma-Aldrich Cat#59888-500G

Sodium dodecyl sulfate, SDS Solarbio Cat#58010-500g

Trichostatin A, TSA MedChemExpress Cat#HY-15144

Nicotinamide, NAM Sigma-Aldrich Cat#N0636-500g

Triton X-100 Sigma-Aldrich Cat#X100PC

Deoxycholate Sigma-Aldrich Cat#D6750

Acetone Hangzhou Hannuo Chemical N/A

Triethylammonium bicarbonate buffer, TEAB Sigma-Aldrich Cat#T7408-500mL

Trypsin Promega Cat#V5117

DL-Dithiothreitol, DTT Sigma-Aldrich Cat#D9163-25G

lodoacetamide, IAM Sigma—-Aldrich Cat#V900335-5G

EDTA Sigma-Aldrich Catt# E6758

NP-40 Sigma—-Aldrich Cat# 13021

Trifluoroacetic acid, TFA Sigma-Aldrich Cat#302031-1L

Acetonitrile Thermo Fisher Scientific Cat#204433

Formic acid Sigma-Aldrich Cat# 56302

Critical commercial assays

RNeasy mini kit Qiagen Cati#f 74104

PrimerScript RT Reagent Kit TaKaRa Cat# RRO37A

PowerUp SYBR Green Master Mix Kit Applied Biosystems Cat#A25742

BCA kit Beyotime Biotechnology Cat#P0011

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Proteome and ubiquitinome This paper ProteomeXchange ID: PXD042461
mass spectrometry data https://www.iprox.cn/page/PSV023.

html;?url=16850750448719diL

Experimental models: Cell lines

Vero cells Cell Bank of Type Culture Collection N/A
of Chinese Academy of Sciences

Experimental models: Organisms/strains

K18-hACE2 mice Peking Union Medical College's N/A
Institute of Laboratory Animal Science

Oligonucleotides

Primer sequences: forward: This paper N/A
5-TCGTTTCGGAAGAGAGAGT-3,
reverse: 5-GCGCAGTAAGGAGGCTAGT-3'

Software and algorithms

MaxQuant www.maxguant.org/ v.2.0.3.1
MoMo https://meme-suite.org/meme/tools/momo v.5.5.0
R*64 https://cran.r-project.org/ v.4.3.1
R package ClusterProfiler https://cran.r-project.org/ v.4.8.3
STRING database https://string-db.org/ v.11.5
Cytoscape https://cytoscape.org/download.html v. 3.9.1
UbiBrowser http://ubibrowser.bio-it.cn/ v.2.0
ubibrowser_v3/home/index
BLAST https://www.ncbi.nlm.nih.gov/ v.2.13.0
‘Wu Kong' platform https://www.omicsolution.com/wkomics/main/ v.38
BioLadder platform https://www.bioladder.cn/web/#/pro/index N/A
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Juntao Yang
(yangjt@pumc.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability
e Data: Mass Spectrometry data have been deposited at ProteomeXchange® and are publicly available as of the date of publication.
Accession numbers are listed in the key resources table.
e Code: This paper does not report original code.
e Additional information: Any additional information required to reanalyze the data reported in this paper is available from the lead con-
tact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Ethics statement

The Institutional Animal Care and Use Committee of the Institute of Laboratory Animal Science (IACUC), Peking Union Medical College,
approved all the animal procedures used in this research (IACUC number: LIN22005). All the experiments on the animals were performed
at an ABSL-3 facility using HEPA-filtered isolators at the Institute of Laboratory Animal Science, Peking Union Medical College, in accordance
with the National Care and Use of Animals Guidelines, which were established by the National Animal Research Authority.
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Virus amplification and identification

In this study, the SARS-CoV-2 strain HB-01 was obtained from W. Tan.' HB-01 was extracted from Vero cells grown in DMEM (Invitrogen) sup-
plemented with 10% FBS, 100 png/mL streptomycin, and 100 IU/mL penicillin at 37°C and 5% CO2; subsequently, the cells were purified and
stored.®" Real-time quantitative PCR (RT-gPCR), sequencing, transmission electronic microscopy, and plaque assays were used to identify
the SARS-CoV-2 strain HB-01.%

Mouse experiments
In this work, six female specific-pathogen-free (SPF) K18-hACE2 mice aged between six and ten months were randomly assigned to one of two
groups: the SARS-CoV-2 infection group (n = 3) or the control group (n = 3). The mice were acquired from Peking Union Medical College’s
Institute of Laboratory Animal Science. Following abdominal anesthesia with 0.02 mL/g body weight and 2.5% avertin, mice in the SARS-CoV-
2 infection group were infected with SARS-CoV-2 at 1 mL of 5.5 x 105 PFU (500 pL/nostril), while equivalent amounts of phosphate-buffered
saline were injected into the mice in the control group (PBS).%> The weight, clinical symptoms, reaction to surface stimulation, and mortality
rate of the infected mice were continually monitored. At 5 dpi, the mice were dissected to cut the cerebral cortex for assessment of viral repli-
cation and pathological alterations and proteomic and ubiquitinated proteomic profiling.®* Brain cortex tissue samples were taken and stored
at —80°C.

Because ACE2 is found on the X chromosome in wild-type mice, human ACE2 was implanted on the X chromosome in K18-hACE2 animals.
Male K18-hACE2 mice were mated with female wild-type mice to produce K18-hACE2 mice. We only infected female K18-hACE2 mice
because human ACE2 is located only on the X chromosome in female mice.*

METHOD DETAILS

Extraction and quantification of viral RNA

To summarize, we produced tissue homogenates and utilized an RNeasy Mini Kit (Qiagen) to extract total RNA. We used a PrimerScript RT
Reagent Kit (TaKaRa) and PowerUp SYBR Green Master Mix Kit (Applied Biosystems) to perform RT-gPCR according to the following cycle
protocol: 50°C for 2 min, 95°C for 2 min, and 40 cycles of 95°C for 15 s and 60°C for 30s, after which the temperature was 95°C for 155, 60°C for
1 min, and 95°C for 45 s. The primer sequences for the envelope (E) gene of SARS-CoV-2 were as follows: forward primer, 5-TCGTTTCGGAA-
GAGACAGGT-3'; reverse primer, 5-GCGCAGTAAGGATGGCTAGT-3".%

Protein extraction

The brain cortex was removed from the —80°C freezer and defrosted on ice before being homogenized with beads and ultrasonically lysed.
After centrifuging for 10 min at 4°C and 12000 X g, the pieces were removed, and the supernatant was transferred to a fresh centrifuge tube. A
BCA kit was used to calculate the protein concentration (Beyotime Biotechnology).

Trypsin digestion

The proteins were enzymatically hydrolyzed in equal amounts (2.8 mg), and the volume was adjusted to match that of the buffer solution
(50 mM Tris « HCI, 150 mM sodium chloride [Sigma—-Aldrich], 1% polyethylene glycol octyl phenol ether, 1% deoxycholate, 0.1% lauryl sodium
sulfate, 3 uM TSA, 50 mM NAM). An equivalent volume of precooled acetone (Hangzhou Hannuo Chemical) was added, after which the
mixture was vortexed. After adding four times the volume of precooled acetone, the sample was precipitated at —20°C for 2 h. We discarded
the supernatant and washed the precipitate twice with cold acetone after centrifuging it at 4500 X g for 5 min. After drying, we added 200 mM
TEAB (Sigma-Aldrich) and utilized ultrasonication to dissolve the precipitate. Then, we added trypsin (Promega) at a 1:50 (protease:protein,
m/m) ratio and subjected the mixture to enzymolysis for 16 h. Finally, we added 5 mM DTT (Sigma—-Aldrich) to decrease the pH at 56°C for
30 min before the mixture was incubated for 15 min in darkness at ambient temperature.

HPLC classification

The proteomic samples were fractionated into 36 fractions and 10 groups, while the ubiquitinomic samples were not fractionated. The pro-
teomic samples were separated using an Agilent 300 Extend C18 column (4.6 mm X 250 mm size, 5 um particle size) at 214 nm with a column
temperature of 35°C, 95% buffer A (2% ACN, pH 9.0 adjusted by ammonia), and 5% buffer B (98% ACN, pH 9.0 adjusted by ammonia). The
column was equilibrated for 30 min, and after baseline leveling, the mixture was subjected to the graded gradient method. The peptide sam-
ple was dissolved by vortexing with 1 mL of buffer A. After centrifugation at 12000 x g for 5 min, the supernatant was centrifuged again, and
the supernatant was collected for HPLC. HPLC was started to separate the sample, and the automatic collector started to collect the sample at
1 min/tube. The effective gradient of liquid-phase classification was set at 10-45 min such that tubes 11 to 46 were collected. No peptide
sample fraction was taken from the remaining collection tubes after internal testing. A total of 36 tubes were collected and combined into
10 fractions (fraction 1: 11, 21, 31 and 41 min; fraction 2: 12, 22, 32 and 42 min; fraction 3: 13, 23, 33 and 43 min; fraction 4: 14, 24 and
34 min; fraction 5: 15, 25 and 35 min; fraction 6: 16, 26 and 36 min; fraction 7: 17, 27 and 37 min; fraction 8: 18, 28, 38 and 44 min; fraction
9: 19, 29, 39 and 45 min; and fraction 10: 20, 30, 40 and 46 min) and vacuum-dried.
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Affinity enrichment

Affinity enrichment was required only for the ubiquitinomics analysis and not for the proteomics analysis. We dissolved the peptides in IP
buffer solution (100 mM NaCl, 0.5% NP-40, 50 mM Tris-HCI, 1 mM EDTA; Sigma-Aldrich, pH 8.0), transferred the supernatant to cleaned
ubiquitinated resin (PTM-1104; Jingjie Biotechnology Corporation), placed the mixture on a rotating oscillator at 4°C, and incubated the resin
with rotation overnight. The resin was then washed twice with deionized water (Fisher Chemical) and four times with IP buffer solution before
the peptides that were attached to the resin were eluted using 0.1% TFA (Sigma—Aldrich) as the eluent. Vacuum freeze-drying was performed
after three separate backups of the eluent were made. After drying, vacuum-drying, and draining, we removed the salt in accordance with the
instructions provided with the C18 ZipTips (Millipore).

LC-MS/MS analysis

For LC-MS/MS, we dissolved peptides in mobile phase A (0.1% formic acid (Fluka) and 2% acetonitrile (Thermo Fisher Scientific) and isolated
them using the following liquid-phase gradient settings: 0-40 min, 8-22% B (0.1% formic acid and 90% acetonitrile); 40-52 min, 22-32% B; 52—
56 min, 32-80% B; and 5660 min, 80% B. A UHPLC system (EASY-nLC 1200, Thermo Fisher Scientific) was used for isolation. The flow velocity
remained constant at 500 nL/min. The peptides were subsequently fed into an NSl ion source and ionized for examination using a Thermo
Fisher Scientific's Orbitrap ExplorisTM 480 mass spectrometer. The FAIMS compensation voltage (CV) was set to —45V and —65V, and the
ion source voltage was set to 2.3 kV. High-resolution Orbitrap detection and analysis of peptide parent ions and their secondary fragments
were performed.

The primary mass spectral scanning range was set to 400-1200 m/z with a scan resolution of 60000, and the secondary mass spectral scan-
ning range was set to 110 m/z with a scan resolution of 30000. Notably, the data collection mode was DDA (data-dependent acquisition),
which means that the mother ion of the first 15 peptide fragments with the highest signal intensity was selected and successively entered
the HCD collision cell, and crushing was performed with 27% crushing energy. We set the automatic gain control (AGC) to 75%, the signal
threshold to 2E4 ions/s, the maximum injection duration to 100 ms, and the tandem mass spectrometry dynamic exclusion time to 30's.%”

Database search

The severe acute respiratory syndrome coronavirus-2 library in the NCBI database and the Mus musculus library in the UniProt database
were analyzed with the MaxQuant search engine (v.2.0.3.1), which searches for modified sites, peptides, and proteins based on the respec-
tive download dates (Mus musculus from UniProt on 2020-12-14 and severe acute respiratory syndrome coronavirus-2 from NCBI on 2021-
05-26). Each spectrum analyzed for the bait and prey proteins. The cleavage enzyme chosen was trypsin/P, and up to four incomplete
cleavages were permitted. When a ubiquitinated lysine was found in the initial search, the mass tolerance for the precursor ions was
set to 20 ppm, and the mass tolerance for the fragment ions was set to 0.02 Da. The variable modifications were ubiquitination and oxida-
tion of methionine, while the fixed modification was carbamidomethylation of cysteine. The lowest score of the changed peptides was
fixed to more than 40, and the FDR was set to less than 1%. According to the reverse bait database assessment, the FDR for ubiquitinated
sites was less than 1%.5%%7

Bioinformatics analysis

We utilized the motif-x algorithm and MoMo (https://meme-suite.org/meme/tools/momo) to investigate the source of amino acid preference
on both sides of the modified site.”” The minimal number of occurrences, the breadth of motifs, and the elimination of peptides with iden-
tically sized core sections were all set to 31. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis was subse-
quently performed using the R package ClusterProfiler (v4.2.1).”" A p value less than 0.05 indicated statistical significance. Using protein an-
notations from UniProt, it was possible to determine the subcellular locations of the ubiquitinated proteins. In addition, UbiBrowser 2.0
(http://ubibrowser.bioit.cn/ubibrowser_v3/home/index) was used to determine interactions among E3 ubiquitin-protein ligases, DUBs,
and substrate proteins.”””* Finally, the STRING website version 11.5 (https://string-db.org/) generated protein—protein interaction (PPI) net-
works among the differentially expressed ubiquitinated proteins in KEGG pathways with a confidence score of 0.7, which was regarded as the
greatest confidence. The interaction networks of proteins in KEGG pathways, SARS-CoV-2, E3 ubiquitin-protein ligases and DUBs were visu-
alized using Cytoscape version 3.9.1 (https://cytoscape.org/download.html).

Immunohistochemical staining

Paraffin-embedded brain tissue sections (5 um in thickness) were deparaffinized three times in xylene for 10 min and then hydrated in an
ethanol gradient (100%, 95%, 80% and 70%). Nonspecific peroxidase activity was blocked for 10 min in hydrogen peroxide, and antigen
retrieval was performed by heating the sections in 0.01 M citrate buffer. After blocking in 10% goat serum for 1 h, the sections were stained
with an anti-USP29 polyclonal antibody (Invitrogen, PA5-104441; dilution ratio: 1:200) and an anti-PHLDA1 polyclonal antibody (Invitrogen,
PA5-119776; dilution ratio: 1:200) at 4°C overnight, followed by incubation with HRP-labeled goat anti-rabbit IgG secondary antibodies (Bei-
jing ZSGB Biotechnology, PV9001) for 60 min. Subsequently, the samples were visualized with 3,30-diaminobenzidine tetrahydrochloride
(DAB) and counterstained with hematoxylin. Eventually, the sections were counterstained with hematoxylin, dehydrated and observed under
a light microscope (images at 40X magnification).
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QUANTIFICATION AND STATISTICAL ANALYSIS

To study the response of the host cerebral cortex to SARS-CoV-2 infection, we collected the cerebral cortexes of 3 infected and 3 uninfected
female specific-pathogen-free (SPF) K18-hACE2 mice for proteomic and ubiquitinated proteomic assays.

We initially removed proteins that matched the MaxQuant-derived data with possible contamination and from the reverse database. Only
ubiguitinated sites with a localization probability greater than 0.75 (Class I) were retained. The intensity of proteins or ubiquitinated sites pre-
sent in more than 50% of samples in the control or SARS-CoV-2 infection groups was considered quantifiable. We calculated the p value and
fold change (FC) to identify proteins containing upregulated and downregulated quantifiable sites (SARS-CoV-2 infection versus control) and
construct a volcano plot after dividing the intensity of the quantifiable ubiquitinated sites in each sample by their corresponding median for
normalization and filling the missing values with the smallest of the other values. These sites were utilized in subsequent bioinformatics an-
alyses, such as KEGG analysis. To categorize the differentially expressed ubiquitinated sites, we employed Student's t test with a cutoff p value
of 0.05. The FC was calculated by dividing the mean intensity of the SARS-CoV-2 infection group by the mean of the control group. A ubig-
uitinated site with a p value of 0.05 and an FC greater than 2 was considered to indicate an upregulated site, whereas a p value of 0.05 and an
FC less than 0.5 suggested a downregulated site. We created relative Venn diagrams and volcano plots using the “Wu Kong” platform
(https://www.omicsolution.com/wkomics/main/)” and PCA and UpSet diagrams using the BiolLadder platform (https://www.bioladder.cn/
web/#/pro/index). We used BLAST version 2.13.0 from NCBI to convert a protein from one species into a corresponding protein from another
species.
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