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Neurobiology of Disease

TSG-6-Mediated Extracellular Matrix Modifications
Regulate Hypoxic-Ischemic Brain Injury
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Proteoglycans containing link domains modify the extracellular matrix (ECM) to regulate cellular homeostasis and can also sensitize
tissues/organs to injury and stress. Hypoxic-ischemic (H-I) injury disrupts cellular homeostasis by activating inflammation and
attenuating regeneration and repair pathways. In the brain, the main component of the ECM is the glycosaminoglycan hyaluronic
acid (HA), but whether HA modifications of the ECM regulate cellular homeostasis and response to H-I injury is not known. In this
report, employing both male and female mice, we demonstrate that link-domain-containing proteoglycan, TNFa-stimulated gene-6
(TSG-6), is active in the brain from birth onward and differentially modifies ECM HA during discrete neurodevelopmental windows.
ECM HA modification by TSG-6 enables it to serve as a developmental switch to regulate the activity of the Hippo pathway effector
protein, yes-associated protein 1 (YAP1), in the maturing brain and in response to H-I injury. Mice that lack TSG-6 expression
display dysregulated expression of YAP1 targets, excitatory amino acid transporter 1 (EAAT1; glutamate-aspartate transporter)
and 2 (EAAT?2; glutamate transporter-1). Dysregulation of YAP1 activation in TSG-6'~ mice coincides with age- and sex-dependent
sensitization of the brain to H-I injury such that 1-week-old neonates display an anti-inflammatory response in contrast to an
enhanced proinflammatory injury reaction in 3-month-old adult males but not females. Our findings thus support that a key
regulator of age- and sex-dependent H-I injury response in the mouse brain is modulation of the Hippo-YAP1 pathway by
TSG-6-dependent ECM modifications.

Key words: extracellular matrix; hypoxic-ischemic injury; link-domain proteoglycan; neonatal brain injury; signal transduction

\

Hypoxic-ischemic (H-I) injury is a common cause of morbidity and mortality worldwide. Numerous genomic and proteomic
screens have identified changes in the extracellular matrix (ECM) as the most common finding, yet the downstream mech-
anistic insights remain obscure. We found that proteoglycan TNFa-stimulated gene-6 (TSG-6)-dependent ECM modifications
regulate the activity of the Hippo pathway effector, the RNA transcription coactivator, yes-associated protein 1 (YAP1).
Dysregulation of YAPI activation in TSG-6"'" mice coincided with age- and sex-dependent sensitization of the brain to
H-I injury such that neonates displayed an anti-inflammatory response in contrast to an enhanced proinflammatory injury
reaction in adults. Thus, our findings establish TSG-6-dependent ECM modifications as a key regulator of age- and
sex-dependent H-I injury responses. )
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(ECM) commonly occur in association with inflammatory
and regenerative responses to H-I, but the mechanisms that
may be exploited for tissue/cell repair remain obscure.
Modifications of the brain ECM have received little attention
as a regulator of H-I injury responses. In the brain, the main
component of the ECM is the glycosaminoglycan hyaluronic
acid (HA). In response to some forms of CNS injury, HA can
transiently depolymerize and then reaccumulate to negatively
influence regeneration pathways (Back et al., 2005; Srivastava
et al., 2018).

Under homeostatic conditions, proteoglycan-HA complexes
maintain the integrity and support the function of the ECM.
This interaction between the large aggregating chondroitin sul-
fate proteoglycans (CSPGs) and HA is dependent on proteins,
which contain link domains (Spicer et al., 2003). Unlike the hya-
luronan and proteoglycan link protein family, which contains
two link domains, TNFa-stimulated gene-6 (TSG-6) contains
only one, which confers unique HA-binding properties (Spicer
et al., 2003; Bano et al,, 2018; Day and Milner, 2019). Apart
from its link-domain-related function, TSG-6 can alter ECM
rigidity by directly cross-linking HA (Milner and Day, 2003;
Baranova et al,, 2011). In the brain, oligodendrocytes are the
main cell type regulating tissue stiffness and constitutive expres-
sion of several ECM components including TSG-6 (Tabula Muris
Consortium et al., 2018; Segel et al., 2019; Kohnke et al., 2021;
Elbaz et al, 2024). The ECM HA cross-linking property of
TSG-6 is impaired by inter-a-inhibitor (Ial), a serum CSPG
(Baranova et al., 2013). In the presence of Ial, a stochastic trans-
esterification reaction exchanges TSG-6 in the ECM with the
Ial-“heavy chain” (HC) subunits, which effectively blocks
TSG-6-dependent HA cross-linking (Baranova et al., 2013). Ial
is composed of three different gene products, Itihl, Itih2, or
Itih3, coding for the HC 1, 2, or 3 subunits, which together
with Ambp is assembled around a chondroitin-4-sulfate (C4S)
backbone (Salier et al., 1996). Even though the Itihl1-4 genes
can be detected in almost all tissues, Ial is assembled primarily
in the liver for secretion into the serum as Ambp expression is
liver-restricted (Salier et al., 1996).

Interestingly, TSG-6 has been shown to exert potent neuro-
protection in models of stroke and inflammation (Bertling
et al., 2016; Cui et al., 2023; Di Santo et al., 2023), but the under-
lying mechanisms are unclear. Since an anti-inflammatory role
for TSG-6 in neonatal HIE was undefined, we employed
TSG-6"'" mice to investigate whether it can also promote protec-
tion in neonates. Although we demonstrate here that stroke
lesions are enhanced in TSG-6"' adult mice (Cui et al., 2023;
Di Santo et al., 2023) paradoxically, we found that deletion of
TSG-6 was protective against H-I in neonates. We demonstrate
that TSG-6-dependent ECM modification is regulated during
discrete neurodevelopmental windows, which modulates the
differential inflammatory responses to H-I in neonates and
adults. We identify that these differential responses to H-I injury
in TSG-6"'" neonates versus adults are dependent on the homeo-
static regulation of yes-associated protein 1 (YAP1) activity. Mice
that do not express TSG-6 show dysregulated activation of the
Hippo pathway effector, YAP1, an RNA transcription coactiva-
tor, linked with regulation of metabolism and expression of
amino acid transporters (Ma et al, 2019; Ibar and Irvine,
2020). Dysregulation of YAPI1 activation in neonatal and adult
TSG-6"'" brains coincides with maturation-dependent sensitiza-
tion to H-I injury. Transcriptomic analysis by RNA-sequencing
(RNA-seq) supports that disruption of TSG-6-dependent
ECM modification predisposes the neonatal brain to a
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proinflammatory response. Our findings thus support that a
key regulator of age- and sex-dependent H-I injury responses
in the mouse brain is modulation of Hippo-YAP1 actions by
TSG-6-dependent ECM modifications.

Materials and Methods

Animals. TSG-6""" mice backcrossed into the C57B1/6] background
were a kind gift from Dr. Mark Aronica, Lerner Research Institute. WT
C57BL/6] mice were from the Jackson Laboratory. The experimental
neonatal and adult TSG-6*"* and TSG-6 "'~ animals used were generated
by crossing either TSG-6"'~ into TSG-6*"~ or TSG-6"'" male or female
mice. The TSG-6"* and TSG-6*'~ mice generated from the crosses
served as litter-matched controls for all experimental studies unless oth-
erwise indicated. Colony room conditions were maintained at 18-23°C
and 40-60% humidity. All experimental procedures using animals
were approved by the Institutional Animal Care and Use Committee
at Oregon Health and Science University (OHSU; Protocol No.
IP00000837). For all the experiments involving neonatal animals includ-
ing forebrain slice cultures and H-I injury model, mixed numbers of
male and female mice were used. For all the other experiments, male
and female mice were used in equal proportions. The genotype, age,
and numbers of mice used for each experiment are detailed in the
figure legends. Genotypes for all animals were confirmed by conven-
tional PCR analysis.

Neonatal H-1 procedure. We employed a neonatal H-I injury proto-
col for Postnatal Day 7 (P7; 1-week-old) mouse pups exposed to 30 min
of 8% hypoxia postsurgery (Lodygensky et al., 2011) as previously
adapted from the Vannucci model (Vannucci and Back, 2022).
Neonatal P6-7 mouse pups (male and female; 3.75-4.5 g) were employed
for the H-I experiments. A total of 48 animals from eight different litters
were used for the H-I procedure out of which 38 pups survived both
surgery and hypoxia exposure (mortality rate 21%). Neonatal animals
survived 72 h post H-I, and the dissected brains were immersion fixed
in 4% paraformaldehyde (PFA) instead of perfusion due to the small
body size of P9-10 mouse pups. After 48 h of fixation, the whole brains
were rinsed three times with 1x PBS and then scored for injury. Only
brains with grossly visible swelling in the ipsilateral hemisphere com-
pared with the contralateral (uninjured hemisphere; 30 out of 38) were
analyzed by immunohistochemistry (IHC). From this cohort of injured
pups, we employed 10 TSG-6""" (seven male and three female) and
8 TSG-6"'" (six male and two female) pups. Investigators were blinded
to genotype identities during experimental procedures, which were
confirmed only after the initial analysis was complete.

Adult middle cerebral artery occlusion (MCAO) procedure. Transient
focal cerebral ischemia was induced in 3-month-old (P90) adult TSG-6""*
and TSG-6"'" male and female C57Bl/6] mice (20-26 g n=10 sex/
genotype) using the intraluminal MCAO technique as described previ-
ously (Zhu et al., 2014). This model was employed in preference to an
adult version of the Rice-Vannucci model because adult rodents sub-
jected to unilateral carotid ligation are resistant to injury from hypoxia
and the Levine model is too severe to observe graded cerebral injury
resembling stroke (Vannucci and Back, 2022). Briefly, mice were anes-
thetized with isoflurane (5% for induction and 1.2-1.5% for maintenance
in O,-enriched air by face mask) and kept warm with water pads. A small
laser Doppler probe was affixed to the skull to monitor ipsilateral cortical
perfusion and verify vascular occlusion and reperfusion. A silicone-
coated 7-0 nylon monofilament (Doccol) with silicone-coated tip (0.20
+0.01 mm diameter) was inserted into the right internal carotid artery
via the external carotid artery until the laser Doppler signal dropped to
<30% of the baseline. The filament was withdrawn to allow for reperfu-
sion at 60 min occlusion. Mice were then allowed to recover under obser-
vation. Infarct size was measured at 24 h after MCAO in 2-mm-thick
coronal brain sections (four in total) using 2,3,5-triphenlytetrazoilum
chloride (TTC) staining and digital image analysis. Sections were incu-
bated in 1.2% TTC in saline for 15 min at 37°C and then fixed in formalin
for 24 h. Slices were photographed, and infarcted (unstained) and
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uninfarcted (red color) areas were measured with Image] and integrated
across all four slices. To account for the effect of edema, we estimated the
infarcted area indirectly by subtracting the uninfarcted area in the ipsi-
lateral hemisphere from the contralateral hemisphere and expressing
infarct volume as a percentage of contralateral hemisphere.
Investigators were blinded to genotype identities during experimental
procedures, which were confirmed only after the initial analysis was
complete.

Pharmacological reagents. Recombinant human TSG-6 (thTSG-6;
catalog #2104-TS; R&D Systems); recombinant human Wnt3a (catalog
#5036-WN; R&D Systems); 2,3,5-triphenyltetrazolium chloride (catalog
#T887; Sigma-Aldrich); Streptomyces hyaluronidase (catalog #389561;
MilliporeSigma)

IaI purification. The Ial complex was extracted from the commer-
cially available human serum. Briefly, human serum was subjected to
diethylaminoethyl resin, and then the eluted material was separated by
a Superose 6 10/300 size-exclusion chromatography column on an
Agilent 1100. We obtained four protein peaks from the elution, and
the second peak at 30 min was identified as Ial by mass spectrometry.
Protein concentrations were determined by UV measurements, and to
ensure peak activity, we performed the experiments involving the Ial
complex purified from the human serum within 48-72h following
extraction. Purified serum Ial complex has been observed to have com-
promised stability if stored as it tends to aggregate and partly degrade
over time (Enghild et al., 1989).

Hyaluronidase assays and Western blotting. For performing protein
analysis, brains of different aged pups and animals were extracted; the
cortex was microdissected and immediately frozen in liquid nitrogen
(LN;) and stored at —80°C until all the samples for a particular experi-
mental analysis were collected. After collection, to avoid batch effects,
we prepared the protein lysates from all the samples on the same day
and processed them for concentration quantification. Protein concentra-
tions were estimated by the standard BCA assay (Thermo Fisher
Scientific), and 35 ug of total protein lysate was employed for all down-
stream Western blotting analysis and assays. To verify whether HA was
modified by IaI-HC, and/or to determine the status of Hippo-YAP sig-
naling in TSG-6"*, TSG-6*", and TSG-6"'" brains, we prepared the
protein lysates using the NE-PER buffer (Thermo Fisher Scientific) sup-
plemented with protease and phosphatase inhibitors from either the pre-
viously microdissected and frozen cortical tissue blocks or the cultured
forebrain slices. For hyaluronidase assays, 35 pg of protein lysates pre-
pared from different ages and conditions (as indicated in figure legends)
were treated with either Streptomyces hyaluronidase (Tocris Bioscience;
1 U/ml) or PBS, immediately transferred to a water bath maintained at
37°C and incubated for 60 s. Following incubation, the enzyme activity
was quenched by directly adding the SDS loading buffer to the lysates
and boiling. All protein lysates were subjected to SDS-PAGE using
4-20% gels (Bio-Rad Laboratories and Invitrogen) and blotted onto
Immobilon-FL PVDF membrane (MilliporeSigma). The following anti-
bodies were used: WWTRI [tazzafin (TAZ); 1:1000 catalog
#HPA007415; Sigma-Aldrich], TSG-6 (1:500; clone 259820; catalog
#MAB2104; R&D Systems), pYAP1-Y357 (1:500; catalog #ab62751;
Abcam), and Ial (1:2000; catalog #A0301; Dako); glutamate
transporter-1 (GLT-1; 1:3000; catalog #PA5-80011), glutamate—aspar-
tate transporter (GLAST; 1:500; PA5-72895), and Cx30 (1:1000; clone
Z-PP9; catalog #71-2200) which were all purchased from Thermo
Fisher Scientific; and actin (1:5000; catalog #3700), pYAP1-S127
(1:1000; catalog #4911), Mstl (1:1000; catalog #3682), pLATS1-S909
(1:1000; catalog #9157), NF2 (1:1000; clone D353W; catalog #12888),
LATS2 (1:1000; clone D8306; catalog #5888), and LATS1 (1:1000; clone
C66B5; catalog #3477) which were purchased from Cell Signaling
Technology. The secondary IR680 and IR800 antibodies were purchased
from Rockland Immunochemicals and used at 1:20,000. To quantify
changes in IaI-HC signal intensity from the lysates subjected to hepari-
nase (H’ase) or PBS treatment, we normalized the values to total HC3
protein detected by the Ial antibody as previously described (Fasanello
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et al,, 2021). To quantify changes in signal intensities for all the other
proteins, we normalized the densitometry values to actin.
Densitometry values were obtained via Image Studio Lite (LI-COR
Biosciences).

Forebrain slice culture. To assay serum- and Ial-mediated HA
remodeling, we prepared forebrain slice cultures utilizing neonatal
P4-5 mouse pups. Serially matched 350-pm-thick sections were cut
using the vibratome from live brains and plated onto cell culture inserts
(0.45 pm pore size; MilliporeSigma) containing either DMEM supple-
mented with 5% horse serum (HS) or artificial cerebrospinal fluid (con-
taining the following in mM: 125 NaCl, 2.5 KCI, 2 CaCl,, 1 MgCl,,
5 HEPES, and 33 glucose; pH 7.3; 290-300 Osm) supplemented with
or without purified IaI (400 ng/ml). The slices were treated for the times
indicated in the figure legends, following which they were either lysed in
the NE-PER buffer (Thermo Fisher Scientific) supplemented with prote-
ase and phosphatase inhibitors to prepare protein lysates for hyaluroni-
dase assay and Western blotting or fixed with ice-cold 4% PFA for IHC
analysis or processed to extract RNA (Qiagen) for bulk RNA-seq analy-
sis. All the slices were cultured without the presence of antibiotics.

IHC. The following antibodies were used in this study: component
3a receptor (C3aR; 1:500; clone 14D4; catalog #HMI1123; Hycult
Biotech); glial fibrillary acidic protein (GFAP; 1:500; catalog #MAB360;
MilliporeSigma); ionized calcium-binding adapter molecule 1 (Ibal;
1:500; catalog #019-19741; Wako Pure Chemical Industries); and neuro-
nal nuclei (NeuN; 1:500; MAB377; MilliporeSigma). Nuclei were coun-
terstained with DAPI (Invitrogen). Antigen retrieval was employed for
all antibodies (0.01 M citrate buffer, pH 6.0, 85°C, 15 min). All corre-
sponding secondary antibodies were from Jackson ImmunoResearch
Laboratories. No primary control studies for all antibodies exhibited
no specific staining.

Plasmids, transfection, and luciferase assay. The YAP-TEAD lucifer-
ase reporter 8xGTIIC plasmid was obtained from Addgene (Dupont
et al,, 2011). The CMV-Renilla-LUC was obtained from Promega. The
HEK293A cells were a kind gift from Dr. Monika Davare (Department
of Pediatrics, OHSU). For a typical luciferase assay, the 293A cells
were plated at a density of 60,000 cells/well in 24-well plates supple-
mented with DMEM containing 5% FBS. Six hours after plating, the
8xGTIIC-Luc and CMV-Renilla luciferase reporter plasmids were
cotransfected using Lipofectamine 2000 (Invitrogen) as per manufac-
turer instructions. Ten to twelve hours following transfection, the cells
are transferred to 0.1% serum containing media for 4-6 h (serum starva-
tion) after which the cells were either stimulated with DMEM containing
5% serum and supplemented with or without recombinant human
TSG-6 (rhTSG-6; 200 ng/ml; R&D Systems) or treated with rhTSG-6
(200 ng/ml) or Wnt3a (100 ng/ml; Tocris Bioscience) in the 0.1% serum
containing DMEM. Twelve hours after treatment, the transfected cells
were lysed, and luciferase activity was assayed with the Dual-Glo
Luciferase Assay System (Promega) following manufacturer instructions.
Firefly luciferase activity was normalized to Renilla luciferase activity. All
assays were done in triplicate, and the experiment was repeated three
separate times.

Real-time PCR. Brains from different aged animals (as indicated in
figure legends) were harvested, microdissected to extract the cortex,
immediately frozen in LN, and stored at —80°C. A small frozen tissue
piece was chipped from the frozen cortex and then used to prepare total
RNA using the RNeasy Tissue Kit (Qiagen). Two hundred fifty nano-
gram of RNA was used to prepare cDNA library using the Taqman
Reverse Transcription Kit (Applied Biosystems). cDNA was diluted 1:1
before real-time PCR (qPCR) experiments (Tagman Gene Expression
Master Mix, Applied Biosystems). All gPCR probes were FAM-MGB:
Tnfaip6 (Mm00493736_m1) and 18S (Rn03928990-gl). The 18S rRNA
was used as the endogenous control for all time points. Ct values were
used to calculate fold change [27**“Y] in gene expression normalized
to the 18S control for each age. The fold change is calculated based on
two independent experiments where Ct values were averaged from three
technical replicates per experiment.
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Bulk RNA-seq and bioinformatic analysis. Total RNA was extracted
from the cultured forebrain slices and stored in diethylpyrocarbonate-
treated water using the RNeasy Micro Kit (Qiagen). The quality and
quantity of extracted RNA were assessed using the Agilent 2100
BioAnalyzer RNA 6000 Pico Chip with each sample averaging
~200 ng of RNA and all samples having an RNA integrity number of
>9. We prepared cDNA libraries using the SMART-Seq v4 chemistry
(Takara Bio) and sequenced the libraries on an HiSeq 2500 (Illumina).
TopHat2 with default parameters was used to align the sequenced reads
against the mouse genome using the GRCm38. HTSeq Python software
with default parameters was used to quantify the transcripts of the
aligned reads using the corresponding GRCm38 gene annotation model
from Ensembl, and the downstream analysis was done in RStudio
(v.2023.03.0 + 386). Raw read counts were processed and normalized
using the median of ratio method. Low-abundance genes below a
mean count of 5 reads per sample were filtered out. The normalized
counts were then used to perform principal component analysis (PCA)
in RStudio, which confirmed that serum treatment leads to differential
responses from TSG-6""" and TSG-6""" forebrain slice cultures. The
count data was used as an input for differentially expressed gene
(DEG) analysis using DESeq2 (v.1.38.3; R package; Love et al,, 2014),
which identified differentially expressed genes between the genotypes
after serum treatment by running comparisons using the likelihood ratio
test where the cutoff for significant genes was a Benjamin-Hochberg
FDR-corrected p <0.05 (Tables 2-5, 6-2). The volcano plot displaying
the log2 fold changes (—1.5 to +1.5) between the genotypes was visual-
ized using EnhancedVolcano (v1.16.0; R package). The normalized
gene counts were also used as an input for gene set enrichment analysis
(GSEA; Subramanian et al., 2005) to identify cellular pathways dysregu-
lated between the genotypes.

Cell counts. These were performed using the Fiji cell counter plugin
(Image], NIH) on brain sections from TSG-6""* and TSG-6'" neonatal
and adult brains. The infarct and peri-infarct areas in adult and neonatal
mice were defined based on differential GFAP, Ibal, and DAPI staining.
In adult brains, the infarct area typically spanned across all the cortical
layers and displayed shrunken and/or no nuclei as identified by DAPI
and virtually no and/or very minimal GFAP and Ibal staining. In con-
trast, the brain tissue immediately adjacent to infarct displayed morpho-
logically transformed cells expressing high levels of GFAP and Ibal,
which progressively decreased in intensity as the distance from the bor-
der increased. This adjacent region displaying transformed GFAP" and
Ibal™ cells was designated as the peri-infarct area. For both the geno-
types, one adjacent brain section was also stained with NeuN antibody
to confirm the location of the infarct border as NeuN" cells could be
found in the peri-infarct but not the infarct region. For scoring Ibal*
and C3aR" cells in the peri-infarct area, a 350-um-wide rectangular
region of interest (ROI) extending from the edge of the infarct and
encompassing the entire cortical layers was analyzed. Unlike the adults,
in the neonates, discerning the exact boundary of infarct and peri-infarct
was difficult due to the small size of the lesions; therefore, the injured
areas were defined by the presence of morphologically transformed cells
expressing GFAP and Ibal as well as shrunken nuclei labeled by DAPI.
For scoring Ibal® and C3aR" cells, a 400 x 400 um ROI encompassing
the tissue area displaying high GFAP signal was analyzed. For adults, 2
sections/animal/genotype whereas for neonates 1-2 sections/animal/
genotype were analyzed.

Astrocyte morphology analysis. We determined the magnitude of
hypertrophy of GFAP-labeled astrocytes in brain sections from
TSG-6""* and TSG-6"'" neonatal and adult brains as well as forebrain
slice cultures. The imaging of GFAP" cells (z stacks) was performed
with a laser scanning confocal microscope (LSM700, Zeiss,) using the
ZEN software. Z stacks images were processed in Fiji (ImageJ, NIH) to
generate maximum-intensity projection images, which were flattened
for analysis. For the analysis of hypertrophic cells in each neonatal
H-I lesion, a 400x400 pm ROI was analyzed. In adult lesions, a
300 pm-wide rectangular ROI extended from the edge of the lesion
and encompassed cortical layers (II-VI) defined by DAPI staining.

Srivastava et al. ® TSG-6 Regulates Hypoxic—Ischemic Brain Injury Responses

For forebrain slice cultures, cortical GFAP-labeled cells were selected
for analysis by drawing a 400 x 400 um ROIL To ensure consistency,
the same ROI was selected for comparison between genotypes. The
branches of GFAP" cells were traced with the simple neurite tracer plugin
using Fiji. The thickness of individual processes was estimated at 15 um
from the soma. Three-dimensional Sholl’s analysis was performed with
soma of the stained cell serving as the center. The starting circle’s radius
was set at 5 um, and each step distance was 5 um. Twenty to forty GFAP*
cells were randomly selected and assessed per ROIL A total of eight
sections/genotype (neonates), six sections/genotype (adults), and nine
sections/genotype (slice cultures) were analyzed.

Confocal analysis. All confocal imaging was performed on an
inverted Zeiss LSM700 microscope using either the 10x or 20x air objec-
tives. The data were collected using the Zeiss ZEN software. Images of
either 1,024 x 1,024 or 2,048 x 2,048 pixels with a z interval of 3 um
were collected. Gain and offset were set at values that prevented saturated
and empty pixels. The laser setting was kept the same between the geno-
types for the set of images collected per session/experiment. All image
processing was done while blinded to the mouse genotype in Fiji.

Experimental design and statistics. Our sample sizes for the neonatal
and adult H-I studies were decided by a power analysis based on our pre-
liminary and previous results using a two-sided a 0.05 and B 0.2.
Statistical analysis was performed using the Prism 10.1 statistical soft-
ware (GraphPad Software). For all comparisons between two groups,
the comparisons were made by either unpaired or paired two-tailed
Student’s ¢ test. If the data were not normally distributed, two-tailed
Welch’s correction test for comparisons was used to examine the differ-
ences between the two groups. One-way or two-way ANOVA tests were
used to determine statistical significance for more than two groups. After
observing a significant effect of treatment, a post hoc analysis by Sidak’s
or Tukey’s test was done to determine differences between the groups,
and p <0.05 was considered statistically significant. Data are presented
as the mean + SEM. Data for each experiment were collected and pro-
cessed randomly; animals were assigned to various experimental groups
randomly. All # and p values and statistical tests are indicated in figure
legends.

Results

TSG-6 confers sex-dependent protection in an in vivo model of
adult stroke injury

Pretreatment with recombinant TSG-6 has been proposed to
provide protection from experimental stroke injury induced
by MCAO, but those studies either did not consider or were
not sufficiently powered to detect sex differences (Cui et al.,
2023; Di Santo et al, 2023). Sex is a key risk factor that
influences ischemic stroke susceptibility with younger males
generally being more vulnerable than females (Roy-O’Reilly
and McCullough, 2018). We sought to determine whether the
proposed TSG-6-mediated protection from ischemic injury
could be sex-dependent.

To test this, we subjected TSG-6""* and TSG-6"'" sex- and
age-matched young adult mice to a MCAO procedure, which
subjected one hemisphere to H-I. We collected tissue samples
at 24 h after H-I to define the role of TSG-6 in regulating lesion
infarct size volumes. Changes in infarct size volumes were ana-
lyzed by 2,3,5-TTC staining, which detects intact mitochondrial
activity in living versus dead tissue (Bederson et al., 1986). H-1
led to reduced TTC staining in the tissue derived from both sexes
and genotypes, but surprisingly, TSG-6"'~ males displayed a
significant increase in total infarct volumes in the cortex and
hemisphere when compared with TSG-6""* males (Fig. 1A,B).
In contrast, we found no significant differences in total lesion
infarct volumes in the cortex or hemisphere of TSG-6""* and
TSG-6""~ female mice (Fig. 14,B). No differences in the total
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male TSG-6'" brains compared with TSG-6*"*. In contrast, comparable level of ischemic injury is observed in female 15G-6*"* and TSG-6~"" brains. Representative anterior and posterior brain
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ences noted in the GFAP™ cells found in female ischemic injury lesions of both the genotypes. Magnification (mag.) of the leading edge of the ischemic lesions. Quantification of total percentage
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infarct volumes in the caudate putamen (CP) were noted for
either sex (Fig. 1B). Hence, TSG-6 exerts a protective role in adult
ischemic injury that is sex-dependent.

Upregulation of glial inflammatory states is a hallmark of
ischemic injury. Given that TSG-6"'" males were particularly
sensitive to H-I, we examined changes in astrocyte (GFAP)
and microglial (Ibal) reactivity at 72 h postinjury. We found a
robust GFAP response to H-I injury across the genotypes and
sexes, but the most pronounced differences were found between
the TSG-6""" and TSG-6""" males where the total percentage of
GFAP" cells displaying hypertrophy was significantly increased,
whereas no changes in females were noted (Fig. 1C).

Following ischemic injury, Ibal™ microglia initiate inflamma-
tory responses that depend on complement signaling cues from
reactive astrocytes (Liddelow and Barres, 2017) but can also

promote repair by rapidly expanding, which aids in attenuating
the size of ischemic infarct volumes (Lalancette-Hebert et al.,
2007). Secretion of complement protein Clq by reactive
GFAP" cells induces cleavage of C3 to generate C3a and C3b
fragments (Gasque, 2004). The local Ibal™ microglia respond
to C3 fragments and upregulate specific complement-induced
C3 receptor (C3R) expression, which further exacerbates oxida-
tive stress and inflammation (Liddelow and Barres, 2017).
Consistent with the hypertrophic astrocyte responses in males
versus females, we found higher numbers of C3aR-expressing
cells in the infarct and peri-infarct areas in the TSG-6"'" but
not TSG-6""* males (Fig. 1D). Moreover, we found a significant
reduction in the density of Ibal® microglial cells in the infarct
and peri-infarct areas in the TSG-6"'~ but not TSG-6""* males
(Fig. 1D). We also found that the alterations were limited to
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only TSG-6"'" males as analysis of infarct and peri-infarct lesion
areas in TSG-6""~ female brains revealed nonsignificant changes
in C3aR* and Ibal* cells compared with TSG-6"" females
(Fig. 1D). Taken together, our findings support that TSG-6 plays
a key role in regulating sex-dependent adult inflammatory glial
responses to ischemic injury.

TSG-6 promotes proinflammatory injury in an in vivo model
of neonatal H-I

Given the potent sex-dependent neuroprotection mediated by
TSG-6 in response to adult H-I, we determined whether
TSG-6 can also promote anti-inflammatory states in the neonatal
brain following ischemic injury in vivo. After we induced H-I in
wild-type neonatal mouse pups (see Materials and Methods,
Neonatal H-I procedure), we examined the extent of injury in
the cerebral cortex by analyzing changes in GFAP expression
and serum albumin accumulation, which were confined to the
ipsilateral (injured) hemisphere (data not shown).

We next induced H-I in TSG-6""* and TSG-6""" pups. In
contrast to the adult TSG-6""~ response to H-I, hypertrophic
GFAP" astrocyte responses to injury were markedly reduced in
the TSG-6""~ neonatal mice (Fig. 2A,B). Few hypertrophic astro-
cytes were observed in the core of TSG-6"'~ H-I lesions. Rather,
most astrocytes displayed palisading cell processes, which aligned
with the pial surface and appeared to form a boundary around
the injury site (Fig. 24, white arrows). No boundary-forming pal-
isading astrocytes were observed in TSG-6""" lesions, where the
core was instead dominated by hypertrophic reactive astrocytes
(Fig. 2A). Since palisading astrocytes have been proposed to be
involved in repair and neuroprotection by promoting anti-
inflammatory pathways (Faulkner et al., 2004), we determined
whether the lesions in TSG-6""" brains were associated with an
altered inflammatory microenvironment. We first analyzed the
expression of nuclear factor erythroid 2-related factor 2 (Nrf2),
a transcription factor that functions to limit oxidative stress
and inflammation (Ma, 2013). Nrf2 expression was markedly
diminished in regions populated by hypertrophic astrocytes asso-
ciated with the core of TSG-6""" H-I lesions (Fig. 2A). In con-
trast, Nrf2 expression was markedly upregulated in the
TSG-6"'~ H-I lesions (Fig. 2A) suggesting that the TSG-6~"~
lesion microenvironment may be more conducive for repair
processes.

C3aR has emerged as a therapeutic target for neonatal H-I
(Jarlestedt et al., 2013). C3aR expression by microglia as well as
neurons (Davoust et al., 1999) is required for the recruitment
of peripheral cells into the brain parenchyma (Wu et al.,, 2016)
and regulates microglial phagocytosis (Lian et al., 2016).
Antagonizing C3aR activation in the acute phase of ischemic
injury in neonates promotes outcomes favoring regeneration
and repair (Jarlestedt et al., 2013). We found a significant
increase in the number of Ibal* microglia in TSG-6"'* lesions
typically associated with microglial activation (Fig. 2A,B). In con-
trast, activated Ibal* microglia were not observed in the TSG-6~'~
lesions (Fig. 2A, lower panel, white arrowheads, and 2B).
Notably, the core of the TSG-6"'* lesions was populated with
C3aR" cells, whereas these cells were rarely detected in
TSG-6"'" injured areas (Fig. 2A, lower panel, and 2B). Hence,
in contrast to H-I injury in adult males, a lack of TSG-6 expres-
sion in neonates was associated with a phenotype exemplified by
a lack of astrocyte reactivity or a microglial proinflammatory
response.

To further test the hypothesis that TSG-6 promotes a proin-
jury state in neonates, we employed our in vitro model of
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neonatal brain injury (Srivastava et al, 2018) and examined
changes in gene expression by unbiased bulk RNA-seq. We pre-
pared forebrain slices from neonatal male and female TSG-6"'~
and TSG-6"'~ pups and exposed them to serum. After overnight
culture, total RNA was extracted from the slices for bulk
RNA-seq. We normalized the RNA counts and used the dimen-
sion reduction method, PCA, to determine whether the geno-
types respond differently to the same serum treatment. The
TSG-6""" and TSG-6"'~ samples displayed distinct differences
between them (Fig. 2C, left panel). On the other hand, the
response of male and female pups to serum did not differ
(Fig. 2C, right panel). We next checked for sex differences, by
analyzing the male and female samples separately. Surprisingly,
the male brains displayed distinct genotype-dependent response
to serum treatment (Fig. 2D, left panel), whereas no differences
could be noted after the analysis of the female samples
(Fig. 2D, right panel).

To determine whether the gene expression profiles of male
and female TSG-6"" and TSG-6'" display enrichment of
gene sets associated with specific biological pathways, we
employed the GSEA (Subramanian et al., 2005). We queried
the “Hallmark” gene set category of the Molecular Signature
Database (MSigdb) for similarities in our normalized RNA
counts dataset. We found that the top 10 Hallmark pathways
activated in the TSG-6"'~ male and female samples were mostly
the same but were ranked differently. For example, the activation
of the fatty acid metabolism and E2F pathways, involved in neu-
rodegeneration and brain injury (MacManus et al., 2003; Bogie
et al.,, 2020), was observed in both, but the normalized enrich-
ment score (NES) differed (Fig. 2E; see Tables 2-1-2-2 for
details). In contrast, the activation of the same gene set categories
was observed in both TSG-6""" male and female samples sug-
gesting that they respond similarly to serum treatment (see
Tables 2-3-2-4 for details). We next analyzed the male and
female RNA-seq datasets for DEGs using the R package,
DESeq2 (Love et al., 2014). Using this analysis and implementing
a cutoff for significant genes with a Benjamin-
Hochberg-adjusted p<0.05, we were unable to identify any
DEGs between the serum-treated neonatal female genotypes.
On the other hand, we were able to identify 199 DEGs
(Benjamin-Hochberg-adjusted p<0.05) between the serum-
treated neonatal male genotypes (Table 2-5).

Most of the DEGs were found in TSG-6~'~, whereas relatively
few genes changed in the RNA profile derived from TSG-6"'~
brains (Fig. 2F). The genes upregulated in TSG-6"'~ but not in
TSG-6""" males included Fabp7, a radial glia/astrocyte marker
involved in reactive astrogliosis (Kipp et al., 2011; Sharifi et al.,
2011; Killoy et al.,, 2020) and Cx3Crl, a marker for activated
microglial cells (Hickman et al., 2018), consistent with a proin-
jury state. Interestingly, the large HA-binding CSPGs Bcan and
Vcan expressed by the astrocytes (Yamada et al., 1997) and oligo-
dendrocytes (Asher et al., 2002), respectively, are also differen-
tially expressed suggesting unique ECM HA modifications in
the absence and presence of TSG-6 following injury (Fig. 2F).
Neonatal oligodendrocytes respond to brain injury by undergo-
ing expansion of premyelinating progenitors that are unable to
mature leading to myelination failure (Back, 2017). Consistent
with these observations, we found that Bcasl, a marker of pre-
myelinating oligodendrocytes (Fard et al., 2017), and Myef2, a
negative regulator of myelin basic protein expression in the
developing brain (Haas et al., 1995), were upregulated in
TSG-6""~ samples. In contrast, Nfl, which is involved in main-
taining myelin integrity and keeping Ras MAPK activity in check
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Figure 2.  TSG-6 promotes proinflammatory injury in an in vivo model of neonatal H-I. 4, Top panels: 3 d postinjury, the ischemic lesions in neonatal (P10) TSG-6""* brains lack palisading GFAP™ and
Nrf2" cells in comparison with their abundant presence in T5G-6~'~ lesions. Bottom panels: The same lesion cores in TSG-6™" brains are populated with Iba1™ microglial cells and (3aR cells compared with
T5G-6~'~. Magnifications of the ischemic lesion core (mag.). B, Quantification of GFAP™ hypertrophic, Iba1*, and (3aR™ cells found in the ischemic lesion core in both genotypes. €, PCA of RNA-seq data
shows the separation of TSG-6"'~ and TSG-6~"~ samples based on genotype (left panel) and but not sex (right panel). D, PCA of only male and female RNA-seq data shows the separation of TSG-6""~ and
T8G-6'~ neonatal males (left panel) but not females (right panel). E, Representative GSEA plots showing the overrepresentation of Hallmark Fatty_Acid_Metabolism and E2F_Target gene sets among the
DEGs for neonatal male and female TSG-6"~ and T56-6 ' slice cultures treated with serum (see Tahles 2-1-2-4 for details). NES and Kolmogorov—Smimov test p values are indicated in graphs. F, Volcano
plot depicting the DEG identified in serum-treated neonatal male TSG-6' slice cultures by DESeq2. Benjamin—Hochberg false discovery rate (FDR)-corrected p < 0.05 (see Table 2-5 for the complete list of
DEGs and statistical details). G, Serum treatment upregulates hypertrophic GFAP transformation in both TSG-6""* (++/+) and T5G-6~~ (—/—) forebrain slice cultures, but the hypertrophy is significantly
attenuated in —/— slice cultures (right panel). Magnifications of the serum-treated slice cultures (mag.). n = 10 T56-6* (7 male and 3 female), n = 8 T56-6 '~ (6 male and 2 female) from eight separate
experiments (4,B); n = 3/sex T9G-6""~ and n= 4/sex TSG-6~"" at P4 from four separate experiments (C—F); n = 2/genotype P4 male pups from two separate experiments (G). Eror bars indicate +SEM;
**%p < 0,001, ¥*p < 0.01, and *p < 0.05 by unpaired Student’s ¢ test with Welch’s correction (B,G). Scale bars: 200 pm, 50 pm (mag., A); 300 pm, 75 ym (mag., G).
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(Mayes et al., 2013), was upregulated in TSG-6"'" neonatal
males. To further confirm that absence of TSG-6 leads to dysre-
gulated glial reactivity, we stained serum-supplemented slice cul-
tures prepared from TSG-6*"* and TSG-6"'" pups with GFAP.
Consistent with the involvement of multiple transcription factor
modules that regulate reactive astrogliosis (Lattke et al., 2021;
Burda et al., 2022), we found GFAP™ cells in the forebrain slices
from both the genotypes. However, when we analyzed cellular
morphology of GFAP" cells in the serum-treated slices from
both genotypes, we found a small but significant reduction in
the total percentage of hypertrophic cells from TSG-6"'~ fore-
brain slice cultures (Fig. 2G). Taken together, these results sug-
gest that TSG-6 paradoxically exerts a proinjurious state after
neonatal injury, in contrast to a neuroprotective response in
adult stroke.

TSG-6-dependent ECM HA modification is impaired during a
discrete neonatal window

Although previous (Cui et al.,, 2023; Di Santo et al., 2023) and
present findings suggest a role for TSG-6 in ischemic injury,
the mechanisms remain poorly understood. TSG-6 is a link-
domain-containing proteoglycan (Day and Milner, 2019).
Link-domain-containing proteins typically maintain the integ-
rity and function of the ECM by promoting the interaction
between the large aggregating CSPGs and HA (Spicer et al,
2003). TSG-6’s direct binding to HA itself promotes cross-
linking and ECM rigidity (Baranova et al., 2011). Interestingly,
the ECM-modifying properties of TSG-6 are impaired by Ial, a
serum CSPG (Baranova et al., 2013). In the presence of Ial, a sto-
chastic transesterification reaction exchanges TSG-6 out of the
ECM and replaces it with the IaI-HC subunits effectively block-
ing TSG-6-dependent HA cross-linking (Fig. 3A). The Ial CSPG
is enriched in serum as an evolutionary conserved component
(Enghild et al., 1989; Sanggaard et al., 2010). H-I injury compro-
mises the blood-brain barrier (BBB) and mediates the entry of
serum proteins into the brain, which initiate inflammation
(Carvey et al,, 2009; Jiang et al., 2018). We thus hypothesized
that H-I injury exposes the brain parenchyma to serum Ial
which impairs TSG-6-dependent cross-linking while promoting
IaI-HC modification of the ECM HA (Fig. 3A).

Due to differential response to H-I injury in neonate and
adult TSG-6"'" animals, we first analyzed the expression of
TSG-6 in the developing mouse brain as prior studies only
focused on TSG expression in the adult rat (Coulson-Thomas
et al., 2016). The analysis of RNA and protein brain lysates dem-
onstrated that TSG-6 is constitutively expressed from birth to
adulthood (Fig. 3B). To examine whether the Ial complex can
disrupt TSG-6-dependent ECM HA cross-linking, we prepared
forebrain slices from neonatal pups and exposed them to HS,
which contains saturating amounts of Ial (Sanggaard et al.,
2010). Following HS exposure (5%; 15 min), brain cortical pro-
tein lysates were briefly treated with Streptomyces hyaluronidase
enzyme (1 U/ml; Hase) or left untreated. H’ase treatment
degrades ECM HA, which releases interacting HC proteins for
downstream protein analysis (Lauer et al., 2015). Forebrain slice
lysates subjected to H’ase digestion contained the “Ial-HC” sub-
unit suggesting that Ial impairs TSG-6-dependent ECM HA
cross-linking (Fig. 3C, red arrowhead). HS treatment also
enhanced signals of HC3 (Itih3) subunit (Fig. 3C, black arrow-
head) and pre-Ial complex (Fig. 3C, purple arrow) signals, sug-
gesting direct uptake by a mechanism not dependent on HA
binding as the signal did not change after H’ase digestion.
Therefore, to test that the Ial-HC was the substrate in serum
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targeted by TSG-6, we purified the Ial complex from the human
serum (Enghild et al., 1989). As expected, the treatment of fore-
brain slices with purified Ial (400 ng/ml; 15 min) led to IaI-HC
recovery after H'ase treatment (Fig. 3D). Purified Ial treatment
stimulated uptake of pre-Ial complexes (Fig. 3D, purple arrow)
but not HC3 subunit (Fig. 3D, black arrowhead). Importantly,
no change in recovery after H’ase digestion was noted indicating
that they do not interact with HA.

Neonatal TSG-6 expression in murine brain coincides with a
time window when the blood-brain barrier is actively developing
(Robertson et al., 1985; Carvey et al.,, 2009; Harb et al., 2013;
Blanchette and Daneman, 2015; Yang et al., 2020). Hence, we
next hypothesized that serum-derived Ial is present in the neona-
tal brain and this attenuates TSG-6-dependent ECM HA modifi-
cation. To examine the impairment of TSG-6-dependent ECM
HA modification, brain cortical protein lysates prepared from
the postnatal developing brains were briefly treated with H’ase
(1 U/ml) or left untreated. IaI-HC subunit was recovered from
the postnatal brain lysates subjected to H’ase digestion consistent
with the blockade of TSG-6-HA cross-linking (Fig. 3E, red
arrowhead). The Ial antibody also detected the expression of
the HC3 subunit (Itih3), which is constitutively expressed in
the mouse brain (Zhang et al., 2016). But importantly, its levels
did not change following H’ase digestion indicating that it is
not associated with the ECM HA (Fig. 3E, black arrowhead).
We further examined whether Ial-mediated ECM HA modifica-
tion persists in the developing brain and found that the IaI-HC
modification was not detected after P14 (Fig. 3E), which coin-
cides with the maturation of the brain cerebrovascular network
(Robertson et al., 1985; Harb et al, 2013; Blanchette and
Daneman, 2015). To confirm that Ial-mediated HA modification
is dependent on TSG-6, we prepared lysates from neonatal
TSG-6"" and TSG-6"'" brains and subjected them to H’ase
digestion. Ial-HC modification was readily detectable in
TSG-6"" neonatal brain lysates but not in lysates from
TSG-6"'" mice (Fig. 3F). Taken together, these results support
that TSG-6 is active in the brain from birth onward, and the pres-
ence of serum CSPG, Ial, during a discrete window in neonatal
development impairs its ECM HA cross-linking function.

TSG-6-mediated ECM modification regulates Hippo-YAP1
pathway

TSG-6-mediated modifications influence ECM HA rigidity
(Baranova et al., 2011). Oligodendrocytes which express TSG-6
regulate brain ECM rigidity as well as being physiologically sen-
sitive to changes in tissue stiffness (Segel et al., 2019; Kohnke
etal., 2021; Elbaz et al., 2024). The most well known downstream
sensor of changes in tissue stiffness is the RNA transcription
coactivator, YAP1 (Ma et al., 2019). Mechanistically, phosphor-
ylation of YAP1 at S127 by the Hippo kinases (Mstl/2 and
Lats1/2) leads to phosphorylation and inactivation, whereas
dephosphorylation activates it (Ma et al., 2019). Based on previ-
ous and our current findings, we hypothesized that TSG-6-
dependent ECM HA remodeling by either cross-linking or via
Ia-HC modifications differentially modulates YAP1 activity.

To determine whether Latsl is activated in the absence of
Ial-mediated HA modification in the neonatal brain, we pre-
pared protein lysates from cortices derived from litter-matched
TSG-6""" and TSG-6""~ pups. As shown in Figure 4A, higher
basal levels of phosphorylated Latsl were found in lysates pre-
pared from TSG-6"'" brains in contrast to TSG-6""*. In the
same lysates, YAP1 S127 phosphorylation was enhanced in
TSG-6"'" brains compared with TSG-6"* (Fig. 4A). YAP1
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T5G-6—dependent ECM HA modification is impaired during a discrete neonatal window. A, HC subunits of the lal proteoglycan complex are tethered via the (4S backbone. HA (blue

strands), which is tethered to the plasma membrane (PM), is cross-linked by TSG-6 resulting in ECM modification. The presence of lal initiates a transesterification reaction leading to the release
of T5G-6 from ECM HA and the transfer of lal-HC subunits thereby modifying it. B, TSG-6 protein is constitutively expressed in the mouse brain from birth to adulthood (P90; top panel).
Quantification of TSG-6 protein and RNA at different ages (bottom panels). €, lal found in HS promotes ECM HA modification as significantly more lal-HC subunit can be recovered after
H'ase digestion (HS, 5%; 15 min). The forebrain slice culture protein lysates were digested with Streptomyces hyaluronidase (H'ase; 1 U/ml; 2 min) to release the lal-HC subunit bound to
HA (compare the — Vs + H'ase lanes). Note that the lal antibody also detects the endogenous brain HC3 protein. The treatment with horse serum also leads to HC3 and pre-lal uptake.
lal-HC subunit recovery quantification. D, Treating forebrain slices with purified lal (400 ng/ml; 15 min) also enhances ECM HA modification, recovery of lal-HC subunit, and nonselective
pre-lal uptake. lal-HC subunit recovery quantification. E, The developing brain protein lysates digested with H'ase (1 U/ml; 2 min) release the lal-HC subunit bound to HA indicating that
it is remodeled from P1 to P12/14 (compare the — Vs + Hase lanes). lal-HC subunit recovery quantification at different ages. F, ECM HA remodeling is observed in lysates prepared from
P2 T5G-6"'~ (+/—) but not litter-matched T5G-6~'~ (—/—) brains. lal-HC subunit recovery quantification. lal-HC (red arrowhead); HC3 (black arrowhead); pre-lal (purple arrow); n = 3 animals
induding both male and female (C,D); n=4 animals (2-3 male and 1-2 female/age/genotype (E,F); error bars indicate £SEM; *p < 0.05, **p < 0.01, and ****p < 0.0001 by paired
Student’s ¢ test (C-F).

phosphorylation at Y357 (Tamm et al., 2011; Li et al., 2016) did
not change between TSG-6""* and TSG-6~'~ (Fig. 4A) suggesting
that in vivo absence of ECM HA modification does not influence
Src family kinase (SFK) activation. TAZ, a YAP1 paralogue,
whose levels can increase in response to loss of YAP1 function
(Finch-Edmondson et al., 2015), was found to be strongly upre-
gulated in TSG-6"'" brain lysates compared with TSG-6""*
(Fig. 4A). To further confirm that YAP1 phosphorylation is
directly regulated by IaI-HC modification of HA, we examined
its status in P16 TSG-6"'" brains when it can no longer be
detected. Interestingly, in the samples prepared from P16

animals, we found attenuated YAP1 S127 phosphorylation in
TSG-6"'" brain lysates compared with TSG-6""* (Fig. 4B).

To examine whether TSG-6-mediated ECM modification-
driven changes in YAP1 phosphorylation can functionally regu-
late its activation status, we performed luciferase assays by
employing a well-characterized YAP-TEAD transcription activ-
ity reporter (Dupont et al., 2011; Azzolin et al., 2012; Yu et al.,
2012). HEK293 cells were transfected with the luciferase reporter
and were serum starved for 4 h and then treated with either
serum alone, recombinant human TSG-6 (thTSG-6) plus serum,
rhTSG-6 alone, or Wnt3a (50 ng/ml) alone. The treatment with
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Figure 4.  TSG-6-mediated ECM modification requlates Hippo-YAP1 pathway. A, In the absence of HA remodeling in P2 TSG-6~"~ brains (—/—), LATS1 and YAP1 $127 remains phosphor-
ylated compared with litter-matched TSG-6"/* brains (+/+). No change in Y357 YAP1 is observed, whereas a significant increase in TAZ levels is noted. Quantification of differences in phos-
phorylation levels between genotypes. B, At P16, TSG-6 expression ensures YAP1 $127 phosphorylation in 4/ brains. Quantification of differences in phosphorylation levels between genotypes.
€, HEK293 cells transfected with 8xGTIIC-luciferase plasmid (Hippo-YAP-TEAD activity reporter) stimulated with serum (5%) supplemented with rhTSG-6 (200 ng/ml) show significantly higher
bioluminescent activity than serum alone. Conversely, treating the transfected cells with just rhTSG-6 leads to significant attenuation of luciferase signal compared with untreated control. Wnt3a
(50 ng/ml) activation of the luciferase reporter is employed as positive control. n = 4-6 animals/age/genotype including both male and female (4,B); n =3 independent experiments (C); error
bars indicate £SEM; *p < 0.05 and **p < 0.01 by paired Student’s ¢ test (4,B); *p < 0.05, **p < 0.05, ***p < 0.001, and ****p < 0.0001 by ANOVA (C,D).

serum led to a small but significant increase in signal from the
reporter as previously reported (Anneren et al., 2004; Yu et al.,
2012). Cotreatment with serum and rhTSG-6 led to additive
response from the reporter indicating that the presence of Ial fur-
ther enhanced YAP1 activation (Fig. 4C). The rhTSG-6 treat-
ment without serum led to a significant decrease in luciferase
signal suggesting that TSG-6 attenuates YAP1 activation in the
absence of Ial (Fig. 4D). This attenuation was not due to non-
specific effects on cell viability as Wnt3a treatment led to a sign-
ificant increase in signal from luciferase reporter in agreement
with a previous report (Azzolin et al, 2012). Together, these
findings suggest that TSG-6-remodeled ECM HA may serve as
a homeostatic regulator of YAP1 phosphorylation status in the
mouse brain: during the neonatal stage, the IaI-HC modification
maintains YAP1 dephosphorylation (active), whereas from ado-
lescence onward, TSG-6-dependent HA cross-linking stimulates
phosphorylation (inactive).

YAPI1 negative feedback pathways are dysregulated in
TSG-6"'" brain

Our observations thus far support that YAP1 phosphorylation/
activation can be regulated by TSG-6-mediated ECM HA mod-
ifications. However, whether this leads to changes in expression
of its downstream targets is unclear. Previous findings using
transgenic YAP S127A knock-in mice, in which YAP1 is consti-
tutively active, have reported very minimal changes in expression
levels of its downstream targets (Chen et al., 2015). The minimal
changes in YAPI targets in transgenic YAP S127A knock-in mice
have been attributed to upregulated expression of NF2, Mst1, and
Lats] proteins, the known negative regulators of YAP1 that

counteract its activation status to maintain cellular homeostasis
(Chen et al., 2015; Moroishi et al., 2015). YAP1 has been iden-
tified as a regulator of amino acid metabolism via transcription
of high-affinity amino acid transporters (Ibar and Irvine, 2020;
Xu et al., 2023). Of particular interest is its regulation of excit-
atory amino acid transporter 1 (EAAT1; GLAST) and 2
(EAAT2; GLT-1) expression in the brain. Interestingly, both
GLAST and GLT-1 expressions are developmentally regulated
in the mouse brain (Furuta et al., 1997), but the underlying mech-
anisms remain unclear. GLAST protein in the cerebral cortex can
be detected up to 2 weeks post birth, whereas GLT-1 protein lev-
els gradually increase during postnatal brain development, with
the earliest expression noted at P14 (Furuta et al., 1997) which
coincides with the cessation of Ial-HC HA modification
(Fig. 3E). Based on these findings, we hypothesized that the mod-
ulation of YAPI activity by TSG-6-mediated ECM modifications
is the developmental mechanism regulating GLAST and GLT-1
levels in the maturing mouse brain.

In contrast to the observations in YAP S127A knock-in mice
(Chen et al,, 2015), we detected significant changes in GLAST
and GLT-1 expression in TSG-6"'" brains. We found a decrease
in cortical GLAST expression from TSG-6"'~ brain lysates at P8
(Fig. 5A, red arrowhead, monomer; black arrowhead, dimer).
However, we noted an increase in cortical GLT-1 expression
from TSG-6"'" brain lysates at P16 (Fig. 5B, red arrowhead,
monomer; black arrowhead, dimer). To confirm that the changes
were specific to GLT-1, we determined the expression of
Connexin 30 (Cx30), which is also developmentally regulated
(Kunzelmann et al., 1999). We found no changes in Cx30 expres-
sion in TSG-6"'~ P16 or P60 brain lysates (Fig. 5C,D). Since
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YAP1 negative feedback pathways are dysrequlated in TSG-6'= brain. A, GLAST protein expression is significantly attenuated in TSG-6 "~ (—/—) brain cortices at P8 compared

with littermate TSG-6""" (+/+). Quantification of differences in protein levels between the genotypes. B, GLT-1 protein expression s significantly enhanced in TG-6~/~ (—/—) brain cortices at
P16 compared with littermate TSG-6"/* (+/+). Quantification of differences in protein levels between the genotypes. No change in (x30 levels is noted between +/+ and —/— at P16 (€) or P60
(D). E, GLT-1 protein levels are elevated, whereas MST1, NF2, LATS1, and pYAP*'? levels are downregulated in TSG-6~'~ (—/—) male cortices at P60. Differences in protein levels between the
genotypes are quantified. F, GLT-1 protein levels are downregulated, whereas MST1, NF2, LATS1, and pYAP5127 levels are elevated in TSG-6~'~ (—/—) female cortices compared with T8G-6""+
(+/+) at P60. Differences in protein levels between the genotypes are quantified. GLAST and GLT-1 monomer (red arrowhead); GLAST and GLT-1 dimer (black arrowhead); n =4 (3 male and 1
female)/genotype (A,B); n=4 animals (3 males and 1 female)/genotype (G,D); n =4 males/genotype (E); n =4 females/genotype (F); error bars indicate +SEM; *p < 0.05, **p < 0.01,
**%p < 0,001, and ****p < 0.0001 by paired Student’s ¢ test (A-F).

GLT-1 protein level plateau during adulthood (Furuta et al.,
1997), we examined adult TSG-6"'~ mice (P60) for changes in
expression. We found that GLT-1 expression remained elevated
in lysates prepared from adult TSG-6"'" males (Fig. 5E), whereas
GLT-1 expression in adult TSG-6"'" females did not differ sign-
ificantly from WT females (Fig. 5F). Consistent with the changes
seen in GLT-1, we examined and found that YAP1 S127 phos-
phorylation was attenuated in TSG-6"'~ males but not females
(Fig. 5E,F). We next checked whether the dysregulated GLT-1
expression observed in the TSG-6"'" male brains corresponds
to perturbation of the cellular homeostatic feedback pathway,
which is activated in YAP S127A knock-in mice (Chen et al.,
2015; Moroishi et al., 2015). We examined the status of NF2,
Lats] and Mstl, the known negative regulators of YAP1 activity
and found lower expression levels in TSG-6"'~ male brains
(Fig. 5E). In contrast, in TSG-6"'" females, except for Mstl, no

significant changes in NF2 or Lats] were noted (Fig. 5F). These
findings suggest that TSG-6-mediated ECM HA modification
is a key mechanism in the brain that regulates the developmental
expression of GLAST and GLT-1. Furthermore, the failure to
elicit the homeostatic control to regulate the Hippo-YAP1 path-
way in TSG-6"'~ animals implies that the dysregulation of signal-
ing feedback may be activating other sex-dependent mechanisms
to regulate YAP1 activity in the developing and mature brains.

IaI-HC ECM HA modification promotes induction of

epithelial-mesenchymal transition (EMT) and inflammation
Our results support that IaI-HC ECM modification promotes
YAP1 S127 dephosphorylation, whereas TSG-6-mediated cross-
linking maintains phosphorylation. YAP1 S127 dephosphoryla-
tion in TSG-6""* neonates and TSG-6""" adults sensitizes the
brain to a proinflammatory state in response to H-I injury.
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Not clear from these observations is whether the proinflamma-
tory state induced by Ial-HC ECM modifications occurs via
the activation of YAP1 signaling. To test this, we employed
serum-treated forebrain slice cultures prepared from TSG-6"*
and TSG-6"'" neonates and analyzed them via unbiased bulk
RNA-seq for the expression of genes linked with YAPI activa-
tion. We first determined whether serum treatment, which
enhances Ial-HC ECM HA modification, leads to YAP1 activa-
tion in forebrain slice cultures. Serum exposure led to rapid
dephosphorylation and inactivation of Hippo kinase LATSI
(Fig. 6A). However, in contrast to partial YAP1 S127 phosphor-
ylation observed in the normal developing brain (Fig. 4A), serum
treatment resulted in total dephosphorylation (Fig. 6A).
Consistent with this response, we found that YAP1 phosphoryla-
tion at the SFK target site, Y357, was enhanced (Fig. 6A) indicat-
ing that higher concentration of serum can stimulate alternative
pathways (Li et al., 2016) leading to full activation.

Given the fast-signaling kinetics leading to YAP1 depho-
sphorylation and activation in response to serum treatment, we
restricted our bulk RNA-seq analysis to an acute 4 h treatment.

A

Srivastava et al. ® TSG-6 Regulates Hypoxic—Ischemic Brain Injury Responses

To explore whether the gene expression profiles of male
TSG-6""* and TSG-6"'" display enrichment of gene sets associ-
ated with specific biological pathways, we employed the GSEA
(Subramanian et al., 2005). We queried the “Hallmark” gene
set category of the MSigdb. We found that the top two
Hallmark pathways activated in TSG-6"'* forebrain slice cultures
but not in those TSG-6""~ mice were the EMT and TNFa-NFxB
pathways (Fig. 6B; Table 6-1). Both YAP1 and TSG-6 have been
implicated as regulators of EMT (Bommaya et al., 2011; Akrida
et al, 2022). The activation of EMT pathways and TNFa-NFkB
signaling in the setting of mammalian brain injury exacerbates
inflammation and induces a proinflammatory “myofibroblast”-
like state (Singh and Singh, 2020; O’Shea et al., 2022). We next
analyzed our bulk RNA-seq dataset for DEGs using the R pack-
age, DESeq2 (Love et al., 2014). Using this approach, we were
able to identify 146 DEGs (Benjamin-Hochberg-adjusted
p < 0.05) between the two serum-treated samples (Table 6-2).
Genes linked with YAP1 activation and EMT promotion were
significantly upregulated in TSG-6""* but not TSG-6"'" slices:
Slcla3 and Ccnl (YAPI targets; Bertero et al., 2019; Chaqour,
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Figure 6.  lal-HC ECM HA modification promotes induction of EMT and inflammation. A4, Treatment with HS (15 min) leads to rapid dephosphorylation of LATS1 and YAP1 $127. In contrast to
the developing brain, HS treatment enhanced YAP1 Y357 phosphorylation. Quantification of serum-mediated changes in phosphorylation. B, Representative GSEA plots showing overrepresen-
tation of Hallmark EMT_Response and TNFa_NFkB_Signaling gene sets among the DEGs for neonatal male T5G-6""* and T56-6—"" slice cultures treated with serum for 4 h (see Table 6-1 for
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cultures by DESeq2. Benjamin—Hochberg FDR-corrected p < 0.05 (see Table 6-2 for the complete list of DEGs and statistical details). D, TSG-6—dependent ECM HA modifications serve as a novel
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2023) and Ezr, Notchl, Vcam1, Sparc, and Fnl (EMT regulators;
Fig. 6C; Table 6-2; Zavadil et al, 2004; Kong et al, 2016;
Sangaletti et al., 2016; Rout-Pitt et al., 2018; Zhang et al., 2020).
Taken together, these findings support that IaI-HC ECM modifi-
cation, which blocks TSG-6-dependent HA cross-linking, pro-
motes YAP1 activation and sensitivity to ischemic injury.

Discussion

In this study, we define a novel role for TSG-6-dependent ECM
modifications in homeostatic regulation of the RNA transcrip-
tion coactivator, YAP1, and sensitization to H-I injury. TSG-6
expression in the brain promotes YAP1 S127 phosphorylation,
and this attenuates YAP1 activity. However, in the developing
brain, the presence of CSPG, Ial, instead blocks TSG-6-depen-
dent ECM modification, which enhances YAP1 S127 depho-
sphorylation leading to YAP1 activation. Our findings suggest
that these TSG-6-mediated ECM HA modifications have func-
tional consequences, which ensure timely expression of excit-
atory amino acid transporter(s) during maturation and regulate
the inflammatory response to H-I injury.

In all tissues examined to date, TSG-6 expression is upregu-
lated in response to inflammation and injury but is undetectable
under normal homeostatic conditions (Day and Milner, 2019).
We find that in the mouse brain, TSG-6 is active from birth
onward, and during a discrete neurodevelopmental window,
the serum CSPG, Ial, blocks TSG-6-dependent ECM HA mod-
ification. This blockade of TSG-6-dependent ECM HA remodel-
ing by Ial coincides with a period when low levels of serum
proteins have been shown to leak across the maturing BBB
(Robertson et al., 1985; Harb et al., 2013; Blanchette and
Daneman, 2015; Yang et al., 2020). Low levels of serum proteins
are required for the differentiation of NPCs in the postnatal
mouse brain, whereas higher concentrations induce the expres-
sion of genes activating EMT and proinflammatory pathways
(O’Shea et al., 2022). Our in vitro (forebrain slice cultures and
RNA-seq) and in vivo (H-I injury) studies analyzed the condi-
tions where the serum enhances Ial-HC-dependent blockade
of TSG-6-mediated ECM HA remodeling. These complemen-
tary approaches support a sex-dependent neuroprotective role
for TSG-6 in the adult brain. Interestingly, the administration
of superphysiological concentrations of recombinant Ial pro-
motes neuroprotection and behavioral recovery in various rodent
H-I models by repairing BBB damage and attenuating influx of
peripheral immune cells into the brain parenchyma (Koehn
etal.,, 2020; McCullough et al., 2021). It is possible that neuropro-
tection by recombinant Ial may also be mediated through an
interaction with the soluble pattern recognition receptor,
Pentraxin 3 (PTX3), which alters TSG-6-dependent ECM HA
modification (Baranova et al., 2014) thereby influencing down-
stream activation of YAP1. Future studies will determine whether
systemic administration of Ial in rodents can exert its neuropro-
tective activity without interfering with TSG-6-dependent ECM
HA modification.

Mechanistically, TSG-6 functions to cross-link HA and
rigidify the ECM, but the presence of Ial blocks these modifica-
tions and promotes softening of the ECM (Baranova et al., 2011,
2013). YAP1 activity is sensitive to changes in extracellular
rigidity (Dupont et al., 2011); therefore, our results establish
TSG-6-dependent ECM HA modifications as a unique homeo-
static signaling effector (Fig. 6E). This homeostatic regulation of
YAP1 activation by TSG-6-mediated ECM remodeling in the
presence and absence of Ial confers in the brain the functional-
ity to modulate the timely developmental expression of
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excitatory amino acid transporters, GLAST and GLT-1 (Ibar
and Irvine, 2020). Prior studies have identified YAP1 as a mem-
ber of transcription factor modules that regulate inflammation
during spinal cord injury (Burda et al., 2022). Our results sup-
port that the neonatal blockade of TSG-6-dependent ECM HA
remodeling by Ial promotes total YAPI activation via signaling
by both Hippo and SFK pathways, which induces an EMT-like
state, hypertrophic morphological transformation, and inflam-
mation. Furthermore, the enrichment of E2F target gene sets
after a 24 h treatment with serum suggests a role for YAP1 as
it has been shown to cooperate with E2F transcription factors
(Nicolay et al.,, 2011; Kapoor et al.,, 2014). Both TSG-6 and
YAP1 have been linked to induction of EMT states
(Bommaya et al., 2011; Akrida et al., 2022). Interestingly, the
activation of YAPI in a zebrafish spinal cord injury model
also induces an EMT-like state, which promotes the formation
of “bridging” cells that mediate lesion repair (Klatt Shaw et al.,
2021). We find that in the setting of attenuated YAP1 activation
in neonatal TSG-6~'~ brains, H-I injury promoted the genera-
tion of palisading GFAP" astrocytes, which are proposed to
have anti-inflammatory and repair promoting properties
(Faulkner et al., 2004). However, in the setting of YAP1 activa-
tion in adult TSG-6"'" brains, H-I injury promoted the gener-
ation of more hypertrophic GFAP™ astrocytes. This suggests a
common conserved YAP1-dependent response to injury or
inflammation but is regulated in multiple ways, possibly due
to different selection pressures during chordate evolution.
Furthermore, these findings suggest the existence of transcrip-
tion factor modules that integrate YAP1 activation by multiple
different pathways to regulate anti- and proinflammatory path-
ways in an age- and sex-dependent manner. Since YAP1 S127
phosphorylation is regulated by ECM HA modifications, it
may be feasible to develop either Ial or TSG-6-based therapies
to differentially modulate YAP1 activity in response to ischemic
brain injury to regulate anti- and proinflammatory pathways in
an age- and sex-dependent manner.

YAP1 activity is tightly regulated in vivo. Observations from
transgenic YAP1 S127A mice, where it is constitutively acti-
vated, indicate minimal changes in the expression of down-
stream targets due to the upregulation of negative modulators
(Chen etal., 2015; Moroishi et al., 2015). Negative feedback reg-
ulation of upstream pathway components is a common feature
of many signaling pathways that is generally believed to con-
tribute to the steadiness and robustness of cell signaling in
vivo (Stelling et al., 2004). In contrast to the findings from
transgenic YAP S127A animals, we found that dysregulated
YAPI activation in TSG-6""" males led to significant changes
in the expression of the downstream YAPI1 targets GLAST
and GLT-1. Furthermore, we did not detect the upregulation
of negative Hippo pathway regulators like Mstl, Latsl, and
NF2. Therefore, our results are conceptually similar to that pre-
viously described in Drosophila, where increasing or decreasing
Yorkie (Yki; YAP1) activity is accompanied by changes in the
expression of downstream targets without negative feedback
regulation (Cho et al., 2006; Hamaratoglu et al, 2006;
Genevet et al., 2010).

GLT-1 is the most abundantly expressed protein in the
brain and plays a critical role in regulating glutamate transport
during normal homeostatic conditions and in injury settings to
provide protection from excitotoxicity (Rimmele et al., 2021).
We found dysregulated GLT-1 expression in TSG-6"'" ani-
mals was sustained from adolescence to adulthood. Although
GLT-1 can mediate a neuroprotective role when its expression
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is enhanced prior to H-I injury (Chu et al., 2007), our results
on the other hand suggest that high GLT-1 expression in adult
TSG-6"'" males was unable to confer neuroprotection. This
suggests that dysregulated GLT-1 expression in TSG-6'~
brains may contribute to enhanced excitotoxicity via mecha-
nisms possibly involving reverse transport (Tekkok et al.,
2007). Sex is a key risk factor that influences stroke susceptibil-
ity (Roy-O’Reilly and McCullough, 2018); future studies will
determine whether dysregulated GLT-1 expression and/or
function contributes to aberrant regulation of glutamate
homeostasis as an explanation for the increased susceptibility
of TSG-6""" males to ischemic injury.

Our study was limited by a lack of availability of selective anti-
bodies to identify the IaI-HC subunit that interacts with HA. In
addition, we partially addressed the role of YAP1 activation in
the regulation of GLT-1 expression and did not examine its con-
tribution as a member of different transcription factor modules.
Our transcriptomic analysis of forebrain slices only examined the
impact of HA modification on the activation of early responding
inflammatory and neuroprotective pathways. While we demon-
strated a role for TSG-6 expression in regulating age-dependent
ischemic injury outcomes, this dependence could be influenced
in part by the degree of the insult and distribution of lesions
between the neonates and adults. Finally, our genetic model
(TSG-6"'"") does not target the ECM of any specific cell type,
and modifying homeostatic HA signaling selectively in the oligo-
dendrocytes, astrocytes, and/or neurons may provide further
insight into their relative contributions to regulate the ischemic
injury response.

In summary, we show that constitutive expression of TSG-6
in the brain broadens the role of HA beyond an inert biophysical
support scaffold that provides bioactive polysaccharides during
inflammation. We demonstrate that TSG-6 expression through-
out life enables it to function as a homeostatic signaling effector
and that its regulation of YAP1 phosphorylation in the develop-
ing and adult injured brain contributes to ischemic injury
responses in a maturation-dependent fashion. Furthermore,
our findings suggest that manipulating ECM HA modification
via Ial or TSG-6 could provide a powerful new means to differ-
entially regulate sex-dependent inflammatory pathways to pro-
mote repair and regeneration in response to ischemic stroke in
neonates and adults.

Data Availability

The RNA-seq dataset containing the aligned raw reads for each
sample from both the 4 and 24 h serum treatments and the nor-
malized counts for all the detected genes has been deposited to
the Gene Expression Omnibus, Accession Number GSE249085.
The data is currently private and can accessed by the reviewers
using the link and unique token as follows: https://urldefense.
com/v3/__https://www.ncbi.nlm.nih.gov/geo/query/acc.cgitacc=
GSE249085__;!!Mi0JBg!NLKBivIzdSJ9ZiJU4W OPNhlaLfSab1
OROzHYIXbuzBeMS6tYYEx47Dcpa3WDNYHPWTnQMM7
XJ5NiGWPILI0$

token: spoxymcobtgjjej.
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