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Thy1/CD90 is a small and heavily N-glycosylated protein that was first identified
on the cell surface of murine thymocytes. Today, it is known to be expressed in
several other cell types, including human fetal thymocytes, hematopoietic stem
cells, some subsets of fibroblasts, liver stem/progenitor, neurons, glioblastoma,
mesothelium precursors and mesothelioma cells. In some tissues, Thy-1/CD90 plays
a role in different processes, such as cell adhesion, interaction with extracellular
matrix, migration. However, despite the available insights to the function of the
molecule, we still require a better understanding of the processes that drive Thyl/
CD90 expression and the consequences of its presence in cells, as well as to what

Frontiers in Cell and Developmental Biology 2 October 2019 | Thy-1/CD90 as a Sensor of Microenvironment


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/research-topics/7481/thy1cd90-surface-glycoprotein-sensor-of-microenvironment

extent these functions are conserved between species. The latter is especially relevant
when thinking about possible translational studies.

In this Research Topic, various aspects covering available and missing knowledge
related to the molecular mechanisms controlling Thy1l/CD90 expression and its role
in physiological and pathological conditions are discussed.

Citation: Felley-Bosco, E., Leyton, L., eds. (2019). Thy1/CD90 Surface
Glycoprotein: Sensor of the Microenvironment?. Lausanne: Frontiers Media.
doi: 10.3389/978-2-88963-143-8
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Editorial on the Research Topic
Thy1/CD90 Surface Glycoprotein: Sensor of Microenvironment?

Thy-1/CD90 is a small protein modified with lipids and carbohydrates that, as revised by
Morris, represents up to 80% in molar terms of the total cell surface protein in thymocytes,
from where its name derives. Indeed, a recent single cell transcriptome analysis of 20 mouse
organs (The Tabula Muris Consortium et al., 2018) https://tabula-muris.ds.czbiohub.org/, indicates
that immature T cells express overall the highest levels of Thy-1/CD90. Despite that, other cells
express Thy-1/CD90, and several aspects concerning Thy-1/CD90 molecular interactions, signaling
properties, and function in various cell types have been explored/reviewed in this Research Topic.
This Frontiers in Cell and Developmental Biology issue includes novel data (Furlong et al; Ilic et al;
Picke et al.), as well as reviews and opinion papers (Jiang and Rinkevich; Hagood; Hu and Barker;
Leyton et al.; Morris).

Thy-1/CD90 plays a role in lymphocytes differentiation. Furlong et al. investigate the impact
of Thy-1/CD90 vs. T-cell-receptor (TcR) signaling on the production of the T helper (Th) cell
subset-associated cytokines, and on the in vitro polarization of CD4+ T cells into Th1, Th2, and
Th17 cells. The authors proposed the hypothesis that this antigen-independent activation may
participate in host-to-host defense against extracellular pathogens. It would be of interest to explore
whether this mechanism is involved in modulating immune cells in diseases escaping TcR-mediated
T cell activation, such as low mutation tumor burden cancers.

Morris, a pioneer in exploring the function of Thy-1/CD90, calls Thy-1/CD90 “a prime exemplar
of a membrane organizer” (Morris) because of its ability to influence and be influenced by its lipid
environment. Leyton et al. places it as a “core of a membrane-associated platform (ThyMAP)”
based on its capacity to interact with various proteins in the plane of the membrane, with proteins
in membranes of opposite cells, and the associations of the multivalent complexes formed, with
the extracellular matrix and the cytoskeleton. The regulation of Thy-1/CD90 by its surrounding
lipids and proteins leads to fine tuning of the diverse physiological functions of Thy-1/CD90. An
example of how the environment can influence Thy-1/CD90 localization is provided by Ilic et al.
who, using biochemical assays, offer evidence that modification of a class of glycosphingolipids
called gangliosides entails redistribution of Thy-1/CD90 in brain-derived neuronal membranes.
In the neurological compartment, Thy-1/CD90 interacts with o,f3 integrin on reactive astrocytes
to promote astrocyte adhesion (Leyton et al., 2001; Hermosilla et al., 2008; Lagos-Cabre et al.,
2017). An interesting question would be whether this more adhesive phenotype may contribute
to manifestation of diseases associated with ganglioside deficiency (Sandhoff et al., 2018).

An intriguing and yet unresolved aspect of Thy-1/CD90 is its expression in mesenchymal stem
cells (MSC) and Hagood recalls that the expression of Thy-1/CD90 on MSC has been proposed
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to have several roles. MSC are for example considered precursor
cells in bone formation (Chen et al., 2016) and Thy-1/CD90
acts as promoter of bone formation by positively regulating
osteoblast differentiation and activation, while concomitantly
inhibiting adipogenesis and obesity in mice (Picke et al,
2018). In this Research Topic, Picke et al. provide evidence
that under conditions favoring obesity, lack of Thy-1/CD90
impairs bone formation while promoting bone resorption.
This obese Thy-l/CD90’/ ~ condition is associated with (i)
upregulation of tumor necrosis factor o and (ii) colony
stimulating factor 1 (Csfl) expression, which are strong
promoters of osteoclast differentiation, and (iii) a reduction
in osteoprotegerin (Tnfrsfl1b, decoy receptor of RANKL)
expression, an inhibitor of osteoclast differentiation. In addition,
MSC control the inflammatory response by contributing to the
immunosuppressive environment (Estrela et al., 2017). As revised
by Leyton’s group in this Research Topic issue, this regulatory
function of MSCs is correlated with high expression levels of
Thy-1/CD90 (Leyton et al.).

Thy-1/CD90 is also expressed in fibroblasts, and Jiang and
Rinkevich report that there are several populations of fibroblasts.
These various cellular subsets are defined according to their
anatomical site of origin and also on the basis of transient
embryonic expression of genes, which program their ability
to induce scar formation after wounding. In the skin, Thy-
1/CDY0 expression does not distinguish between fibroblasts with
scarring ability and the other fibroblasts. In lung fibroblasts,
the essential role in the regulation of mechano-transduction
by integrin/Thy-1/CD90 interaction in response to increased or
decreased matrix stiffness is reviewed by Hagood, while the same
regulatory function in other cell types is reviewed by Hu and
Barker. Additionally, in various inflammatory diseases, such as
rheumatoid arthritis, systemic sclerosis, cancer, but not in cystic
lung fibrosis, fibroblasts that overexpress Thy-1/CD90 have been
related to disease progression (reviewed in Leyton et al.).

Contributing Authors point to some interesting facts and
questions. For example, several years after providing the
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Thy-1, a Pathfinder Protein for the
Post-genomic Era

Roger J. Morris*

Department of Chemistry, King’s College London, London, United Kingdom

Thy-1 is possibly the smallest of cell surface proteins — 110 amino acids folded into
an Immunoglobulin variable domain, tethered to the outer leaflet of the cell surface
membrane via just the two saturated fatty acids of its glycosylphosphatidylinositol (GPI)
anchor. Yet Thy-1 is emerging as a key regulator of differentiation in cells of endodermal,
mesodermal, and ectodermal origin, acting as both a ligand (for certain integrins and
other receptors), and as a receptor, able to modulate signaling and hence differentiation
in the Thy-1-expressing cell. This is an extraordinary diversity of molecular pathways
to be controlled by a molecule that does not even cross the cell membrane. Here |
review aspects of the cell biology of Thy-1, and studies of its role as deduced from gene
knock-out studies, that suggest how this protein can participate in so many different
signaling-related functions. While mechanisms differ in molecular detail, it appears
overall that Thy-1 dampens down signaling to control function.

Keywords: membrane protein, GPI (glycosylphosphatidylinositol), adhesion, signaling system, mutant mice,
neuron, astrocyte

INTRODUCTION

When I last reviewed Thy-1 (Morris, 1992), we knew a lot about its chemical structure and
its expression in neuronal and lymphoid tissues, and were just starting to glimpse its function
(Tiveron et al., 1992). I titled that review “Thy-1, the Enigmatic Extrovert on the Neuronal Surface.”
Enigmatic, because whenever anyone looked carefully at Thy-1, they invariably found it awkward,
refusing to do the expected and thereby revealing new mechanisms. And extrovert, because there
simply is so much Thy-1 that it cannot be ignored, an abundance that led to its being the first
chemically characterized mammalian membrane protein (apart from red blood cell proteins)
(Williams et al., 1977), and a feature that surely is central to understanding its role.

Since then, neuronally expressed Thy-1 has been demonstrated to be an adhesive ligand for the
integrin o, B3 (Leyton et al., 2001; Hermosilla et al., 2008), inhibiting neurite extension from Thy-
1 expressing neural cells and promoting focal adhesion formation, cell motility and inflammatory
activation on the integrin-expressing partner, mature astrocytes (Hermosilla et al., 2008; Avalos
et al., 2009; Herrera-Molina et al., 2012; Kong et al., 2013; Lagos-Cabre et al., 2017). Subsequently,
additional integrins a,ps (Zhou et al., 2010), asp; (Fiore et al., 2014), acPz (Choi et al., 2005), and
apmPa (Wetzel et al., 2004) have been shown to be Thy-1 receptors; syndecan-4, thrombospondin
and sulphated glycans are frequently co-receptors in focal adhesions (Hueber et al., 1992; Rege
etal.,, 2006; Avalos et al., 2009; Kong et al., 2013; Fiore et al., 2014); and CD97, a 7-transmembrane
G-protein coupled adhesive receptor, has also been shown to be a Thy-1 receptor (Wandel et al.,
2012), expanding the families of known Thy-1 receptors.

Each of these receptors activates Thy-1 to function as a differentiation-triggered switch in
different tissues to control an increasingly diverse set of signaling pathways, either directly
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[e.g., Cbp/Csk/Src-family kinases (Chen et al., 2009¢; Maldonado
et al., 2017), Fas (Cohen et al, 2009; Liu et al, 2017),
PPARy (Varisco et al,, 2012), and the binding and uptake of
mesenchymal stem cell derived extracellular vesicles (Shentu
et al, 2017)]. Interdependence of Thy-1 with Wnt/p-catenin
expression is emerging as an important regulator of bone and
liver development (Cheng et al., 2014; Picke et al., 2018).
Inappropriate expression of Thy-1 in these tissues affects
oncogenesis, often (but not always) acting as a tumor suppressor
(Kumar et al.,, 2016). Thy-1 usually acts in trans, binding to a
receptor present on another cell and thereby regulating signaling
in both cells (Herrera-Molina et al., 2013) but on a subset of
lung fibroblasts it acts in cis, binding to the ‘inactive’ (bent)
conformation of ayf3 integrin on its own surface to act as a
mechanosensitive detector (Fiore et al., 2015).

An important feature of activation of Thy-1 via its
physiological receptors is that they act monovalently (e.g.,
soluble, monovalent ayfB3-Fc substitutes for the astrocytic
receptor, inhibiting neurite outgrowth by neurons); cross-linking
by a divalent receptor is not necessary (Herrera-Molina et al.,
2012; Fiore et al., 2014; Maldonado et al., 2017). When protein
A (PA) has been used to cross-link the Fc regions to produce
divalent (ayfB3-Fc),-PA, the response (neurite retraction; size
of Thy-1 clusters) increased by ~50% (Herrera-Molina et al.,
2012) but this is be expected given that divalency squares the
effective affinity (‘avidity’) of a membrane-bound ligand (Morris,
1994) and cross-linking would necessarily combine separate
small clusters into bigger ones.

So, is Thy-1 still enigmatic? Very much so! That such a
small protein can contribute to the fine control of such diverse
cellular interactions is remarkable. Of course, now that we know
that mankind has at most 22,000 genes (Abascal et al., 2018),
just a few times more than the simplest bacterium, it follows
that most mammalian proteins must be able to combine with
other macromolecules (lipids, carbohydrates and nucleotides, as
well as other proteins) to produce by combinatorial diversity
the vast range of specialist structures and functions needed to
create our extraordinarily complex bodies and minds. Current
interest is focused on the ability of Intrinsically Disordered
Proteins to adopt multiple conformations that allow them to
form different functional complexes with different partners (e.g.,
Fu and Vendruscolo, 2015; Uversky, 2017; Berlow et al., 2018).
As a single immunoglobulin domain stabilized by two internal
disulphide bonds (Williams et al, 1977), Thy-1 is anything
but intrinsically disordered. But it is able to influence, and be
influenced by, its lipid environment, as I will argue here. Thy-1 is
a prime exemplar of a membrane organizer for this post-genomic
era: one little protein, modified with lipids and carbohydrates,
that combines with multiple receptors and signaling pathways to
fine tune diverse physiological functions.

Thy-1 ABUNDANCE - WHY SO MUCH?

Arguably the most detailed determination of the abundance of
cell surface molecules for nucleated cells is for rat lymphocytes
(Barclay et al., 1993). There are 10® molecules of Thy-1 per cell on

rat thymocytes, amounting (in molar terms) to around 80% of the
total cell surface protein, covering somewhere between 5 and 25%
of the thymocyte surface at an average density of 7,100 molecules
per wm?. The next most abundant thymocyte protein is the large
adhesive sialoglycoprotein CD43 (10° per thymocyte) (Barclay
et al., 1993). The core signaling unit, the T Cell Receptor/CD3
complex, occurs at around 10* molecules per cell (Valitutti et al.,
1995), as do co-receptor molecules CD4 and CD8 (Barclay et al.,
1993). Thus, on thymocytes, Thy-1 is 100 times more abundant
than mainstream signaling proteins, and 10x more abundant than
a major adhesion protein. In the nervous system, the level of Thy-
1 on axons is somewhat lower (500-1,500 molecules per pm?;
Beech et al., 1983) but this is still much higher than typical levels
of expression on cell lines (e.g., 20 molecules of Thy-1 label per
pwm? on RBL-2H3 mast cells; Veatch et al., 2012). If Thy-1 is
expressed in excess of any signaling or adhesive need, are there
additional beneficial effects, for instance conferred by Thy-1’s
organization of its immediate lipid environment, that explain its
high abundance?

DISTRIBUTION OF Thy-1 ON NAKED
NEURONAL MEMBRANE

What does this abundant surface expression look like?
Figures 1A,B show Thy-1 immunolabelling (Fab OX7 antibody
fragments coupled directly to 40 nm gold) on axons growing in
tissue culture from adult sensory neurons, viewed in a scanning
electron microscope (SEM) by electron backscattering in which
the gold appears as white spheres and the axons are evident only
by their gold label (Madore et al., 1999). The 40 nm gold is huge
compared to Thy-1, which has a 6 nm Stokes diameter (Barclay
et al., 1975). Several Thy-1 molecules could underlie each gold
particle. No detergent, necessary to expose Thy-1 in adhesion
complexes to Fab antibodies, has been added, so this is a view
only of the naked upper and lateral surfaces of the axons.

By any definition, this is clustered distribution of gold label:
some axonal surface is heavily labeled, and some not at all.
Clustering of surface molecules into nm domains is often the
result of receptor activation. Could that be the case with Thy-1
on axons? For instance, could Thy-1 on the upper (non-adhesive)
axonal surface already be bound in cis to receptors on that
surface, as it does with ayB3 to act as a mechanosensor on lung
fibroblasts (Fiore et al., 2015)? Sensory neurons express a range of
1 integrins including a5p1 (Tomaselli et al., 1993) a known Thy-
1 receptor (Fiore et al., 2014), as well as Syndecan-4 (Lin et al,,
2015). Both are components of focal adhesions, and may affect
Thy-1 distribution on the lower surface of the axons that adhere,
in these cultures, to a laminin substrate. The cis-interaction of
Thy-1 with o,f3 appears to be specific to mechanosensing in
the lung, and has been specifically excluded on neuronal cells
(Maldonado et al., 2017). As far as we know, Figure 1 shows
examples of the distribution of unactivated Thy-1 on naked
neuronal surface.

Figure 1C shows a higher power view of a large (23 gold labels)
Thy-1 cluster seen in the Transmission Electron Microscope
(TEM) of a section of axon labeled with monovalent Ox7
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FIGURE 1 | Immunogold labeling of Thy-1 on axons of adult sensory neurons
growing in culture, seen (A,B) as 40 nm Fab-gold viewed by electron
backscattering in an SEM; and (C), 5 nm Fab-gold seen in the TEM. In (A,B),
the culture was fixed for 20 min at 4°C with 0.5% paraformaldehyde + 0.5%
glutaraldehyde, before washing and labeling with OX7 Fab coupled to 40 nm
gold. In (C), a live culture was labeled for 30 min at 4°C with monovalent 5 nm
OX7 Fab gold before fixation as above and processing for TEM. Scale bars
are 1 wm in (A,B) and 100 nm in (C). From Madore et al. (1999) and Morris

et al. (2004).

Fab-5nm gold, a label that is slightly smaller than Thy-1 and so
able to label each Thy-1 molecule. Thy-1 is packed very tightly,
with little if any room for additional interposed surface protein.
This particular labeled patch is 125 nm in length, rather larger
than the 10-20 nm range often identified as the size of membrane
rafts of GPI-APs (Garcia-Parajo et al., 2014).

How reliable is our interpretation that the clustered gold
label is an accurate reflection of the distribution of Thy-1
on the membrane? (Veatch et al., 2012) immunogold labeled
unactivated IgE bound to FceRI receptors on unstimulated
RBL-2H3 mast cells, and obtained a distribution of 1-10 gold
particles per patch. Extensive mathematical analysis and control
experiments showed that their gold labeling was “dominated by
multiple gold particles binding to single target proteins.” Only
when the IgE was activated, thereby activating its FceRI receptor,
did true receptor clustering occur. For their study, they used
commercial divalent IgG antibodies raised against divalent Ig of
other species. In my experience, one generally gets at least six
molecules of secondary antibody binding to dimeric IgG primary
antibody (that is, at least three epitopes on the 75 kDa monomer
unit of IgG are recognized by anti-IgG antibody). The Stokes’
diameters of IgG and IgE are 10.4 and 12.0 nm respectively

(Griffiths and Gleich, 1972), providing enough distance from the
FceRI receptor to allow multiple 10 nm gold labels to bind, as
found in this study. In contrast, we make our own anti-GPI-AP
antibodies in house, digest them to monovalent Fab fragments
which we directly couple to gold. Since 5 nm gold particles have
a surface area of 78.6 nm?, Fab (Stokes diameter 6.3 nm; Griffiths
and Gleich, 1972) conjugates multiply to each 5 nm gold particle
which thereby becomes multivalent. When we couple to gold we
dilute the immune Fab with an excess of non-immune Fab until
30-50% of the gold does not bind at all to antigen and so contains
no immune Fab, leaving the residual 50-70% predominantly
labeled with 1 immune Fab to produce monovalent gold (see
Supplementary Material, Sunyach et al., 2003). For Thy-1, we use
monoclonal antibody OX7 directed to a single epitope centered
on Arg 89 (Mason and Williams, 1980). Monovalent binding
of gold to Thy-1 is built into our reagents. In addition to the
live cell labeling of Figure 1C, to preclude any possible probe-
induced movement of Thy-1 (or PrPC), we also pre-fixed cells
with fixative containing 0.5% EM grade glutaraldehyde, which
covalently fixes proteins within msec, unlike paraformaldehyde
that initially forms labile bonds that take several hours to covert
to stable covalent bonds (Morris and Barber, 1983) allowing
considerable post-fixed movement of GPI-AP (Mayor et al,
1994). The distribution of label we find with live or fixed tissue
is indistinguishable by eye, and reflects the trouble we have taken
to identify fixation conditions that immobilize each GPI-AP
without destroying their epitopes recognized by our antibodies
(Morris and Barber, 1983; Ford et al., 2002).

We estimated the diversity of size of Thy-1 clusters on cultured
adult neurons in (Briigger et al., 2004) taking as the definition of a
cluster, gold particles that were within 20 nm of each other. T have
re-plotted that data in Figure 2 to show the size distribution: 5.8%
of label was solitary, a third in clusters of fewer than 5, and 50% of
all label occurred in clusters of 8 or fewer. However, larger clusters
were also observed. (Suzuki et al., 2012) note that the number
of GPI-AP CD59 molecules per cluster, prior to ligand binding,
rises to include clusters of > 10 CD59 when the level of surface
expression is increased from 0.16 to 0.90 copies per pm, still three
orders of magnitude below Thy-1’s level on neurons. We used a
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FIGURE 2 | Distribution of monovalent Thy-1 Fab-gold (10 nm) label in
clusters containing different numbers of gold particles on the surface of
cultured adult sensory neurons. Data from Brigger et al. (2004); 1881 gold
particles in 387 clusters were counted.
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crude definition of ‘cluster’ since our interest was not in the size of
clustered Thy-1, but in whether it and PrP®, a GPI-AP expressed
on the same neuronal surface, just nm away from Thy-1 label,
occupy the same, or identifiably different, membrane ‘rafts.” At
that time, membrane ‘rafts’ were treated as a single specialized
lipid environment in which co-existed all GPI-APs expressed by
the cell. Our demonstration (Briigger et al., 2004) that Thy-1 and
PrP membrane domains could be isolated separately and had,
reproducibly, different lipid compositions, was I believe the first
indication that GPI-AP’s on the same membrane tailored their
lipids to suit their individual requirements, a point since made
independently (Surviladze et al., 2007).

I suspect the greatest difference between our, and others,
studies on GPI-AP is that we study endogenously expressed
Thy-1 on primary cultures of mature neurons, having first
acquired a detailed knowledge of the in vivo expression of the
molecules (Morris, 1992; Ford et al., 2002). Standard cell lines are
seductively convenient, but their ease of transfection compared
to differentiated primary cells highlights their more porous
membrane. Neuronal function is completely dependent upon
the non-permeability of their surface membrane; and because
neurons must sustain stability of their synaptic networks over
our life-times, they are post-mitotic, very different from rapidly
dividing cell lines, with vastly more intricate and longer-lived
specialization of their cell surface. I question the reliance of so
much work on cell lines to study ‘rafts’ as key organizers of
cell surface function, when the cell lines have been selected for
decades on the permeability of their membranes to transfection,
and their high rate of uncontrolled cell division.

DISTRIBUTION OF Thy-1 ON NEURONAL
MEMBRANE ADHERING TO
ASTROCYTES

This topic is covered authoritatively elsewhere (Herrera-Molina
et al., 2012; Maldonado et al., 2017). I draw your attention here
to another recent study (Nemoto et al., 2017) because of the
promise it shows in applying single molecule tracking to follow
GPI-APs on the adherent surface of differentiating neurons in
cultures. The cultures were of neonatal rat hippocampal neurons
growing on astrocytes, at two points of postnatal differentiation
(1 and 2 weeks in culture, when dendrites and axons are
growing and synaptic networks start to form), observed at
37°C by TIRF microscopy focused on the substrate-adhesive
surface membrane in contact with the underlying astrocytes
(Nemoto et al., 2017). Individual molecules of PrP¢ and Thy-1
exhibited identical overall behavior - long (seconds) periods of
immobility interspersed with rapid diffusion. Such stalled periods
are typical of GPI-APs that have formed a signaling complex
that temporarily anchors the GPI-AP to the cytoskeleton (Suzuki
etal., 2007a,b). The cell line CHO-K1, not of neuronal origin and
not natively expressing Thy-1 (Suzuki et al., 2012) was used as a
control.

The specific behavior of Thy-1 and PrP® differed: for instance,
around 50% of Thy-1 was immobilized at any time, compared
to 71% of PrP%; and the duration of Thy-1 mobile phases lasted

more than twice that of PrP€ ((Nemoto et al., 2017), reproduced
in Table 1). The tantalizing result in this study, however, was the
duration of immobilized phases for both PrP® and Thy-1, which
showed exceptionally large standard deviations. For Thy-1, both
means and standard deviations increased markedly during the
2nd week of growth; and for PrPC, decreased. Technical problems
limit the accuracy of the Thy-1 results (Nemoto et al.,, 2017)
but Thy-1’s rapidly increasing immobilization during neuronal
maturation would be expected if it is binding to a variable but
rising expression of its astrocytic a,f3 receptor (Leyton et al.,
2001; Herrera-Molina et al.,, 2012) which would immobilize
Thy-1 on the adhesive substrate surface. The opposite, rapidly
shortening immobilization of PrP® could be due to an increasing
expression of its endocytic partner, LRP1 (Parkyn et al., 2008) that
rapidly recycles PrP¢ on neurons every few minutes, leading it
out of rafts and into coated pits, from where it is endocytosed then
sorted in recycling endosomes and returned to neuronal surface
rafts (Sunyach et al., 2003).

The application of single molecule, as well as super-resolution,
fluorescent techniques to study Thy-1’s action on the surface of
cells that are interacting with their neighbors in complex primary
cultures promises to add much to our understanding of molecular
mechanisms of membrane function.

THE STRESS IMPOSED BY Thy-1 AND
OTHER GPI-APs ON THEIR MEMBRANE
LIPIDS

When Thy-1, embedded in a membrane, has its GPI-anchor
cleaved by either phospholipase C or D, allowing the protein-
glycosyl component to float free of the membrane, a large
conformational change occurs on the opposite face of Thy-
1, where Arg 89, that specifies the Thy-1.1 allele recognized
by the OX7 monoclonal antibody, resides (Barboni et al,
1995). Despite OX7 being a particularly high affinity antibody
(Mason and Williams, 1980), PLC/D cleavage of Thy-1 caused
pre-bound OX?7 to be released, and prevented any more antibody
binding to its site. The conformational shift was evident in

TABLE 1 | Duration (photobleaching corrected) of MOBILE and IMMOBILE states,
and % protein Immobilized at any time (in seconds), for Thy-1 and PrPC on
cultured hippocampal neurons at 37°C.

% Immobile
GPI-AP
mean + sem

Immobile
Duration
mean =+ sem, (s)

Mobile Duration
mean =+ sem (s)

Neurons, Thy-1 0.79+0.21 411 £ 4.29 485+ 8.2
1 week

PrP 0.41 £ 0.049 4.69 +£2.20 711+£34
Neurons, Thy-1 0.99 +£0.19 10.41 £ 15.02 548+ 4.4
2 weeks

PrP 0.38 £ 0.074 2.75+1.43 71.8+5.6
CHO-K1 Thy-1 1.91 £ 0.41 1.84 + 0.65 51.7+ 4.5
cellline

PrP 0.75 + 0.091 1.74 +£ 0.36 714+28

Data taken from Nemoto et al. (2017).
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the Circular Dichroism spectrum of human Thy-1; and by
Molecular Dynamics modeling of the effect of deacylation upon
Thy-1 (Barboni et al., 1995). Similar conformational changes
accompany deacylation of other membrane-bound GPI-APs
(Butikofer et al., 2001; Paulick and Bertozzi, 2008; Bradley et al,,
2013) suggesting the conformational effect of the membrane on
the lipid-anchored protein is a general property of GPI-APs.

If the membrane can exert such strong conformational
restraint upon Thy-1, then Newton’s Third Law requires that
the fully acylated protein exert an equal and opposite force
upon the membrane. Is this an inconsequential curiosity, or is it
telling us something functionally important about the interaction
between GPI-AP’s and their local membrane environment? While
the raft membrane around GPI-APs is generally agreed to be
in an ordered phase, the multiplicity of lipid species present
in membranes allows multiple ordered phases to be formed
(Bruigger et al., 2004; Surviladze et al., 2007). There is no single
lipid environment in ‘rafts’ - each protein tailors its lipids to
suit its specific needs. Further, there is no single GPI-anchor -
post-translational modification of the anchor is also tailored to
the needs of individual proteins (Fujita and Kinoshita, 2012;
Puig et al., 2014). And the phase of raft lipids is determined,
not just by the ordered lipids, but also by the disordered,
polyunsaturated lipids surrounding them (Bakht et al., 2007).
Could the effect of the GPI-AP tension on its immediate ‘raft
environment be unique to each GPI-AP and its expressing cell,
and determine not only the conformation of the protein, but
also the distinctive composition and phase properties of its
surrounding lipids?

Any contribution to membrane tension conferred by GPI-
APs will be altered by ligand binding, which in Thy-1’s case
on neurons may differ from general expectations (Garcia-Parajo
et al,, 2014). In the larger clusters (e.g., Figure 1C), Thy-1
molecules are closely adjacent, about 6 nm apart, each occupying
~28 nm? (similar to the estimate of Suzuki et al, 2012).
Integrins in focal adhesions occupy ~100 nm? (Brinkerhoff and
Linderman, 2005), giving an equivalent diameter of ~11.2 nm.
On astrocytes, the spatial distribution of aybsz integrins will
presumably force bound Thy-1 to spread out to fourfold lower
density than in a non-activated cluster.

Further, ordered domains formed in the outer leaflet induce
complementary ordered domains in the apposed inner leaflet
(Allender and Schick, 2006; Collins and Keller, 2008; Kiessling
et al, 2009; Raghupathy et al, 2015). Should each GPI-AP
imprint its distinctive presence on its outer leaflet lipids, do
they in turn pass that imprint on, to selectively recruit specific
inner leaflet lipids to their raft? The interactive composition of
the ordered domain in both leaflets could determine which of
available transmembrane adaptor proteins (e.g., LAT, PAG/Cbp,
NTAL and LIME; Horejsi et al., 2004) dock with Thy-1. These
adaptor proteins have minimal (a few amino acids) extracellular
domains, and functionally require palmitoylation of Cys residues
located at the cytoplasmic end of their transmembrane domain
that interact with the inner leaflet of raft membrane (Tanimura
et al, 2006). Inner, as well as outer, lipid leaflets of a raft
are involved in establishing the appropriate environment for
interaction with signaling complexes.

Since the outer leaflet influences the conformation of GPI-
APs, does the inner leaflet similarly impose conformational
constraints upon cytoplasmic diacylated proteins such as the
Src Family Kinases (SFK)? Cytoplasmic diacylation attaches
C14/C16 or C16/C16 saturated lipids directly to the N-terminal
amino acids, with no glycosyl linker (van’t Hof and Resh,
2000). A membrane effect upon protein conformation could be
even stronger for these inner leaflet proteins. Does protein/lipid
tension operate on both sides of the surface membrane?

Interest in membrane tension has primarily focused upon
large scale parameters such as membrane curvature and line
tension (e.g., Huttner and Zimmerberg, 2001; Kuzmin et al,
2005), but is now, in studying the mechanism of signaling by
the T Cell Receptor (TCR), moving to direct mechanosensor
effects on protein conformation that allow ‘catch’ and ‘slip” bonds
to differentiate between activation by foreign, or self, antigen
(Chakraborty and Weiss, 2014; Liu et al., 2014; Sibener et al,,
2018). The precise (A scale) positioning of different proteins of
the signaling complex is also emerging as a key differentiator
of the course of TCR signaling (Chakraborty and Weiss, 2014).
A similar tension-dependent catch-and-slip mechanism has been
found for the co-operative binding of Thy-1 by asp; integrin
and Syndecan-4 in contractility-dependent mechanosignalling
of melanoma cells (Fiore et al., 2014). Could tension between
membrane proteins and lipids be a factor here?

These speculative questions reflect my view that we have over-
simplified our analysis of membrane lipids and proteins; we need
better assay systems and finer grain analysis to fully understand
membrane mechanisms. Membrane lipids are generally
considered in overall classes (e.g., saturated vs. unsaturated;
glycerolipids vs. sphingolipids), and similar members of the
same class can undoubtedly substitute for each other in some
aspects of membrane function. However, it is now clear that
highly specified individual membrane lipids (e.g., C18:0/20:4
phosphatidylserine, and not other phosphatidylserines) are
critical for individual steps in cytokinesis (Atilla-Gokcumen
et al., 2014). More generally, individual lipids are being shown
to be required at different stages in a cell’s biology (Storck et al.,
2018). Specific lipids in both leaflets of the membrane marshaled
by individual GPI-APs could be functionally important in the
transfer of information across the surface membrane. While the
variety of receptors with which Thy-1 interacts is controlled by
binding sites on Thy-1’s protein domain, the precise lipids that
surround Thy-1, which could differ in different cells and states
of differentiation, could help select the transmembrane signaling
mechanism that is addressed.

ISOLATION OF LIPID ‘RAFTS’ AS
DETERGENT RESISTANT MEMBRANE
(DRM)

It clearly would be a huge advance if individual rafts could be
isolated and their full range of components identified. Endless
experiments have sought to do just this, particularly using the
resistance to solubilization by mild detergents of cholesterol-
condensed saturated lipids to isolate rafts as DRM.
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Significant opinion holds that rafts cannot be isolated - they
are transient, critically temperature dependent (Honerkamp-
Smith et al., 2008) assemblies whose defining characteristics are
destroyed in the instant they are exposed to detergent (e.g.,
Munro, 2003). This view arises from the repeated demonstration
by single molecule tracking that individual raft molecules are
highly mobile; and even when immobilized as part of a signaling
complex, they remain so for seconds at most (e.g., Shibata
et al., 2012; Nemoto et al.,, 2017; Suzuki et al., 2007a,b, 2012,
2018). However rapid the motility of individual components,
the individual raft can be considerably longer lived; for instance,
integrins continuously enter and leave stationary focal adhesions
(Shibata et al., 2012; Tsunoyama et al., 2018). Fast turnover
of individual components allows continuous fine tuning of the
strength and duration of signaling, that can persist for minutes
while being modified on a second by second basis (Suzuki et al.,
2007a; Tian et al., 2007; Harding and Hancock, 2008).

An alternative case for dismissing DRMs comes from
studies of the mechanism of detergent solubilization of model
bilayers, where the detergent induces the artefactual formation
of subdomains in the membrane (Heerklotz, 2002; Heerklotz
et al., 2003; Lichtenberg et al., 2005, 2013). However, models are
proving poor substitutes for real cell membranes (Lee et al., 2015).
More tellingly from a physicist’s viewpoint, since the classical Lo
phase is remarkably temperature stable (Ipsen et al.,, 1987) as
are the surface membranes of cells (Lee et al., 2015), it must be
possible to isolate DRMs at physiological temperature if they truly
are derived from membrane rafts.

Using the standard method for DRM isolation, we and others
have shown that the DRMs obtained are fusions of totally
different membranes that do not preserve the outer/inner leaflet
distinction of in vivo membranes, and indeed contain very
few inner leaflet lipids; they are several pm in size, orders of
magnitude greater than any raft is thought to be (Madore et al.,
1999; Morris, 2010).

We also, using appropriate solubilization conditions, have
immunoaffinity isolated separately Thy-1 and PrP¢ from brain
membrane DRMs (Madore et al.,, 1999; Briigger et al., 2004).
Each DRM had, very reproducibly, distinctly different lipid
compositions (Briigger et al., 2004). Similarly Thy-1 and FceRI,
again located in near-adjacent but separate clusters on the mast
cell surface as seen by SEM (Veatch et al,, 2012) have been
immuno-isolated as separate DRMs, again with different lipid
compositions (Surviladze et al., 2007). And, most remarkable
of all, (Han et al., 2009) used bulk-isolated DRMs from FceRI-
activated mast cells to follow the temporal sequence of activation
from ligand binding to receptor engagement with the actin
cytoskeleton.

We reasoned that the critical difference in the methods used
lies in the ions present, including Ca?* released by ruptured
cells. Not only are bilayer lipids asymmetrically distributed
(Morris, 2010); the cations Ca>T and Na™ bathe the outer leaflet,
Mg?" and KT bathe the inner leaflet. These monovalent cations
contribute significantly to the bilayer strength of individual
lipids (Garcia-Manyes et al., 2005, 2010; Beedle et al., 2015).
The most critical effect is the release of Ca** from solubilized
cells upon the matrix of Phosphatidyl Serine (PS™) interleaved

with Phosphatidyl Ethanolamine (PE) to form the inner leaflet.
Ca’*, gaining access to the inner leaflet, chelates the negatively
charged PS™, thereby withdrawing it from the PE lattice, which
thus destabilized (Cullis and Verkleij, 1979; Tilcock and Cullis,
1981; Tokutomi et al., 1981; Bally et al., 1983) would be quickly
removed by the detergent leaving monolayer fragments of outer
membranes that fuse, thus producing the artifacts mentioned
above (Morris, 2010).

We therefore used for solubilization an ‘intracellular’ buffer
containing EGTA to mop up Ca’™ as it is released from cells;
and used concentrations of KT, Mg?* and acetate to mimic the
intracellular environment. We could isolate DRMs at 37°C (and
even at 55°C) that were a distinct improvement over isolation
with other buffers at 4°C. Specifically, the 37°C DRMs had a
more balanced proportion of inner and outer membrane lipids;
Thy-1 and PrP® were isolated completely separately; intracellular
‘raft’ components, such as Fyn and Flotillin were more completely
recovered in the isolated DRMs; and actin (which we have never
previously seen in any DRM), was isolated with Thy-1 but not
PrP¢ DRMs (Chen et al., 2009a,b). Src kinase, of particular
relevance to Thy-1 signaling (Chen et al,, 2009¢; Maldonado
et al.,, 2017) is untypical within the Src family of kinases (SFK)
in being anchored to the inner membrane surface, not by two
diacyl chains, but by a myristate plus basic protein patch (van’t
Hof and Resh, 2000). The positively charged patch binds to
negatively charged phosphatidylinositol patches on the inner
surface membrane, linking the kinase to the membrane. Only
when using the intracellular buffer have we seen substantial Src
co-isolate with DRMs in the light fractions of a sucrose gradient
at any temperature, much less at 37°C (Chen et al., 2009D).

In these studies we compared the benchmark DRM detergent,
Triton X100, with Brij 96, which differ in the hydrophobic tail
of Triton X-100 being short, disrupting primarily the interfacial
region and outer leaflet, whereas Brij 96 has a longer, bilayer-
spanning hydrophobic tail. Overall, Brij 96 gave a better yield of
proteins and lipids in the DRM fractions, but these were marginal
compared to the use of intracellular buffer (Chen et al., 2009a,b).

Some salient features of detergent solubilization of brain
membranes, using 0.5% Brij 96 at 37°C with the intracellular
buffer, are shown in Figure 3 (Morris et al., 2011). The top panel
(Figures 3A-C) shows membranes that remain in the bottom
(highest density) fraction after sucrose gradient fractionation.
Remarkably, synaptic junctions with clearly identifiable pre- and
post-synaptic components, and mitochondrial inner membrane,
are preserved in this buffer. Although not sufficiently lipid-
rich/protein-sparse to float in the low density fractions on the
gradient, major functional elements of brain retain recognizable
structure under these solubilization conditions, indicating that
detergent resistant membrane is a much more inclusive category
than just low density DRMs. It is the low protein:lipid ratio
of DRMs that makes them float with the lipids, rather than be
retained in the high density fractions of the gradient.

Figures 3D,E show examples of DRMs isolated at low density
after overnight centrifugation on the sucrose gradient. Many of
the vesicles remain large, and only small sectors of them label
for either Thy-1 or PrPC (Chen et al., 2009b). This suggests that
membrane fusion of Thy-1 and PrP® DRMs with other DRMs
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FIGURE 3 | TEM photographs documenting progress in isolating Thy-1 and PrPC in membrane fragments of a size and composition expected of ‘rafts,” after

solubilization of brain membranes for 15 min at 37°C in Brij 96 with intracellular buffer (Chen et al., 2009b; Morris et al., 2011). (A=E) Show samples recovered from
a sucrose gradient; (F1-F4) are samples recovered immediately after solubilization (without the density gradient step) by their binding to anti-Thy-1 magnetic beads.
Scale bars throughout are 100 nm. (A-C) Are detergent-resistant membranes recovered in the high density sucrose at the bottom of the gradient, with synaptic
junctions recognizable in (A,B) by the post-synaptic densities; some pre-synaptic vesicles also remain. A remarkably intact mitochondrion in seen in (C). (D,E) Show
DRMs isolated from the light sucrose density fraction of the same gradient after centrifugation at 200,000 g for 18 h, immunolabelled for PrPC (5 nm gold, arrows)
and Thy-1 (10 nm gold, arrowheads). The DRMs are near wm in size, and the immunolabelled areas are a very small fraction of the whole vesicle. (F'-F#) Show
brain membranes solubilized in Brij 96 in intracellular buffer at 37°C, with magnetic beads labeled with OX7 anti-Thy-1 IgG added after 5 min. At 15 min the beads
were collected magnetically, washed and incubated with 5 nm gold labeled with OX7 Fab. The large heterogeneous objects at the bottom of (F1-F4) are sections of

magnetic beads.

containing neither of these two GPI-APs was occurring, either
during solubilization or during the 18 h ultracentrifugation step
that specifically concentrates the light DRMs.

We therefore reduced the entire procedure to just 15 min -
5 min solubilization followed by 10 min immunoaffinity isolation
on magnetic beads, all at 37°C, which yielded 20-50 nm
membrane fragments bound to the magnetic beads, finally of the
size expected of membrane ‘rafts’ (Figures 3F'-F*).

Circumstances forced me to close down my lab shortly after
this paper was submitted, so I have not progressed this research.
But for anyone with an in-house supply of relevant antibodies, I
suggest adapting this approach to your material is likely to give
you access to raft membrane.

ANALYSIS OF Thy-1—/— (KNOCKOUT)
MICE: THE FUNCTION OF Thy-1 IN VIVO

We produced and analyzed Thy-1~/~ mice in the heady days of
the ‘90’s when careers were launched, or aborted, on the post-
doc’s ability to find an interesting behavioral phenotype in the

analysis of mice in which they had inactivated (knocked out) a
specific gene. Everyone was using the same embryonic stem cells
derived originally from a 129/Sv/Ev strain mouse. The phenotype
most commonly reported was excessive aggression.

Our mice too were remarkably aggressive. Our male
littermates, if housed in the same cage, killed each other.
I placed an experienced wild type (Thy-17/*) male into a
cage with two Thy-17/~ females to initiate breeding, which
usually started very quickly. Within a minute the male was
clinging to the bars on the top of the cage, squealing to be let
out. We outbred the mice, and within a few generations had
separated the Thy-17/~ gene from the aggression-inciting gene.
We continued this outbreeding on the 129/Sv/Ev and C57Bl6
backgrounds; and we derived an entirely independent Thy-1
knockout in C57Bl6 embryonic stem cells, and bred both onto
C57Bl6 and 129/Sv/Ev backgrounds, to obtain genetically diverse
but stable strains for behavioral analysis (Mayeux-Portas et al.,
2000).

I mention this because scientific standards in this burgeoning
field were initially not uniformly sound. We pointed out this
problem in a Letter to Trends in Neuroscience (Morris and
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Nosten-Bertrand, 1996), which elicited a phone call from a
Nature editor lamenting my failure to send it to them, as
they strongly suspected there was an underlying problem with
these recurrent findings of aggression. An interesting Banbury
Conference on Genetic Background in Mice in 1997 laid down
standards in the field (Conference, 1997). You should not believe
everything you read about knockout mice of the era; but our mice
provide a sound platform for analysis, and have been used in
some impressive recent studies (Zhou et al., 2004; Varisco et al.,
2012; Cohen et al., 2018; Picke et al., 2018).

Lymphoid Phenotype

The 129/Sv/Ev mice were analyzed by Hes lab studying
the development of thymocytes into T cells (Hueber et al.,
1997). Overall, they conclude that Thy-1 negatively regulates
TCR-mediated signaling to fine-tune activation thresholds
during thymocyte differentiation. In particular, transition
from CD4/CD8 ‘double positive thymocytes to mature
single positive T lymphocytes was reduced; and a significant
proportion of older Thy-17/~ mice (from both 129Sv/Ev
and C57Bl6 backgrounds) developed T lymphomas. The
latter is documented in their Supplementary Material, which
also shows TEM photographs in which adhesion between
thymocytes and the thymic epithelium is defective in Thy-
17/~ mice, evident as gaps between the cells that are in sharp
contrast to the firm intercellular adhesion normally found
(Hueber et al., 1997). This confirmed earlier work (He et al.,
1991; Hueber et al, 1992) that Thy-1 binds thymocytes to
thymic epithelia. The occurrence of T lymphomas in older
mice was, I believe, the first indication that Thy-1 is a tumor
suppressor.

These studies of thymocyte differentiation rely upon the
in vivo action of Thy-1 interacting with its receptors and signaling
pathways. Hes group also examined the molecular events
following activation of the T-cell receptor (TCR) signaling in
isolated thymocytes (Hueber et al., 1997). Isolation of thymocytes
as a single cell suspension, away from their surrounding stromal
cells, presumably removes integrin binding to Thy-1. They found
the initial phosphorylation steps in the kinase pathways activated
by TCR engagement (phosphorylation of CD3¢, TCR{, and
Lck; Ca* mobilization) occurred in Thy-17/~ thymocytes with
around twice the intensity of the Thy-1*/7 controls, resulting in
thymocyte proliferation at twice the rate in Thy-1=/~ compared
to Thy-1*/* thymocytes. Thus Thy-1 not only lowers TCR
signaling; it apparently does so in the absence of its integrin
receptor, although whether to the same extent is not known.

Beissert et al. (1998) went on to study cutaneous T cell
function in the Thy-1=/~ mice, both in vivo and in culture.
They found lower hypersensitivity responses in the Thy-
17/~ mice, but otherwise relatively normal T cell function.
However, the mechanism was the opposite to that of thymocytes.
Isolated Thy-17/~ T cells, when stimulated via CD3 antibodies,
showed lower activation of SFK and reduced mobilization
of intracellular Ca?*. The net effect of constitutive Thy-1
loss was reduced overall function, but by opposite changes
in SFK phosphorylation and Ca?" levels in thymocytes
and their T cell progeny. The outcome of TCR activation

in the two cell types is very different - progression into
different differentiation pathways for thymocytes, mounting
a final effector function (hypersensitivity response) for T
lymphocytes. Their TCR-activated intracellular signaling
pathways must diverge to produce different outcomes.
Mouse T lymphocytes have only 10% the Thy-1 levels of
thymocytes (Acton et al., 1974); could Thy-1’s regulation of
signaling when expressed at low levels, differ from that at high
levels?

Neural Phenotype

Our extensive studies of the appearance during development of
Thy-1 mRNA and protein in rodent nervous system showed
that in vivo, Thy-1 is solely expressed on neurons, and exhibited
extraordinary post-transcriptional regulation of expression, the
protein being kept away from growing tips of dendrites, and
excluded from axons until they had synapsed on their target
neurons and stopped growing. Once expressed, Thy-1 then
remained as a major component of the neuronal membrane
throughout adult life, reviewed in Morris (1992). The exclusion
of Thy-1 protein from growing axons, so prominent in vivo, is
not found in primary tissue culture where expression of Thy-
1 mRNA rapidly leads to expression of its protein (Morris,
1992).

We therefore looked for Thy-1-dependent function in adult
brain, where, in a healthy individual, a fine balance is maintained
between excitatory circuits and local inhibitory neurons that
allows excitatory circuits to fire, modulated by inhibitory
synapses that refine, restrict and finally return the circuit to its
resting potential. Failure to terminate firing of excitatory circuits
can lead to recycling pulses of excitation seen as seizures.

Electrophysiological studies with Thy-1=/~ mice focused on
the hippocampus and its associated dentate gyrus (Nosten-
Bertrand et al., 1996; Errington et al., 1997; Hollrigel et al.,
1998). The synaptic response of NMDA glutamate receptors
at excitatory synapses of both large projection neurons
(CAl1 pyramidal cells) and smaller local neurons (dentate
granule cells) were identical for Thy-17/* and Thy-17/~
mice, except in their ability to convert persistent (tetanic)
signaling into long-term enhanced responsiveness of affected
synapses, called Long Term Potentiation (LTP) (Bliss et al,
2018). LTP was induced normally in the CAIl pyramidal
cells, showing that basic excitatory signaling was functioning
correctly, and complex long-term adaptation also progressed
normally. However, similar NMDA glutamate receptor excitation
of dentate granule interneurons failed, in anesthetized mice,
to induce LTP. This could be overcome by adding in the
recording pipette a pharmacological antagonist (bicuculline)
to the inhibitory GABAA receptor. Bicuculline prevents the
action of local inhibitory input on the recorded cell, and with
this inhibition removed, the dentate granule cells developed
LTP when appropriately stimulated at their excitatory NMDA
receptors. Subsequent studies on the inhibitory input to the
dentate granule cells in Thy-17/~ mice showed them to
be identical to those of Thy-17/* mice in most respects,
except that in Thy-17/~ mice, spontaneous inhibitory post-
synaptic currents were stronger, especially if two action
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potentials arrived in quick (msec) succession (Hollrigel et al.,
1998).

Thus, in the hippocampus (a good model for most of the
brain), the absence of Thy-1 causes too strong a response, not in
the main excitatory circuitry, but in the inhibition of these circuits
by local inhibitory neurons. Thy-1’s action is pre-synaptic, down-
regulating inhibitory vesicle number, size, content or release,
mechanisms primarily controlled by influxes of Ca?* (Sudhof,
2013) rather than kinases.

Confirmation of this mode of action in the brain could be
tested once a clear behavioral phenotype became evident for
Thy-17/~ mice (Mayeux-Portas et al., 2000). Thy-1~/~ mice
of both genotypes failed the test of ‘social transmission of
food preference, yet performed as well as normal mice when
they were injected with a high concentration (15 mg/kg) of a
GABA, antagonist (pentylenetetrazole). This dose is sufficient
to take a normal mouse to the verge of developing epileptic-
type seizures, yet it enabled the Thy-17/~ mice to be ‘normal.’
In the absence of Thy-1, the GABA, inhibitory network is
overly strong, approximately twice the level of normal Thy-17/+
mice.

It follows that raising Thy-1 levels should weaken inhibition
and make mice more prone to seizure. As it happened, we had
derived a mouse line that over-expressed Thy-1, and used them in
this study for transgenic rescue of the Thy-17/~ mice (Mayeux-
Portas et al., 2000) until a sustained fire alarm went off and a
loud bell in the animal house sounded the evacuation for about
30 min. When we returned, all the Thy-1 over-expressing mice
were dead, apparently from audiogenic seizure. This was not an
experiment we would choose to do, but circumstances intervened
to do so.

ON THE SOCIAL LIFE OF MICE....

To find a behavioral phenotype exhibited by Thy-1=/~ mice,
we looked for normal mouse behavior whose disruption would
endanger the existence of mice as a species. Olfaction is the
most important sensory input for mice; olfactory memory is
established via the dentate gyrus and hippocampus. We screened
for olfactory memory tasks, of which the ‘social transmission of
scented food’ tests a species-critical strength of murine social
behavior. When a mouse leaves its burrow to forage, it will
preferably eat food it knows from experience is safe; but if a
new berry or seed has appeared, it may be tempted to taste
it. On returning to its burrow, looking well fed and happy,
the other mice gather around and smell its breath to identify
what it has been eating. If they detect a new odor, and the
mouse is still looking healthy, then when they go out to forage
they will eat that berry or seed. Thus knowledge of what is
safe to eat, and what is not, is passed around the colony.
This highly evolved social behavior plays a significant role in
the success of the species, and so would be maintained by
evolutionary pressure. The Thy-17/~ mice could be readily
trained to use olfactory clues to follow a trail to food (they
could smell and had olfactory-based memory); they spent as
long as normal mice smelling the ‘demonstrator’ mouse when

it was returned to the cage having eaten food emitting a
new scent. It was only in using the information about the
scented food carried on the breath of the ‘demonstrator’ mouse,
to then choose which food to eat, that the Thy-17/~ mice
were defective. We have no reason to think this is the only
phenotype displayed by these mice. Thy-1~/~ mice, for instance,
were more flexible in searching for a new position of the
hidden platform in the watermaze, which was significant in the
129/Sv/Ev but not C57Bl6 backgrounds (Mayeux-Portas et al.,
2000).

CONCLUSION

I started this review calling Thy-1 a pathfinder protein for
the post-genomic era, because its domains (protein, lipid and
two types of carbohydrate chain) confer upon it exceptional
functionality that is used to regulate a diverse range of
developmental decisions. In the brain, the demonstration by
Leyton and colleagues of the inter-dependence of neuronal
Thy-1 and astrocytic integrins is timely given the growing
realization that the astrocyte is not just a general support cell,
but rather is an active partner with neurons in controlling
the formation and subsequent modification of synapses via
contact mediated signals (Clarke and Barres, 2013). For
the mature function of the nervous system, synapses must
remain adaptable within relatively stable neuronal networks.
I believe the effect of Thy-1 is to calm down growth signals
in neurons to enable a relatively stable synaptic framework
to be maintained, while promoting astrocytic growth as
the brain expands during postnatal maturation leading into
adulthood.

Elsewhere, Thy-1 is expressed as a molecule that decides cell
fate in the development of various tissues, and limits growth to
be normal, not oncogenic.

There has been excellent progress in the past decade,
celebrated in this Frontiers issue, filling out these generalities with
precise mechanistic details of protein-to-protein interactions
enabled by heterogeneity in the membrane environment. But
there remain puzzles, such as why Thy-17/~ lymphocytes,
isolated from their stromal cells and so from possible receptors,
retain altered SFK signaling and Ca>* mobilization. The stress
observed exerted by the membrane on the conformation of
Thy-1 is particularly intriguing, and possibly far-reaching in its
implications.

In the coming decade, I think the Thy-1 membrane
environment will emerge from anonymity, not just a ‘raft’ but
as a highly defined, individual patch of membrane that actively
enables Thy-1 to be involved in such a range of functions. In a
world of Intrinsically Disordered Proteins, Individually Ordered
Lipids will have their day.
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Thy-1 (CD9Q) is a glycosylphosphatidylinositol-anchored protein (GPI-AP) with signaling
properties that is abundant on mouse T cells. Upon antibody-mediated crosslinking,
Thy-1 provides a T cell receptor (TcR)-like signal that is sufficient to drive CD4™ T cell
proliferation and differentiation into effector cells when costimulatory signals are provided
by syngeneic lipopolysaccharide-matured bone marrow-derived dendritic cells. In this
study, we investigated the impact of Thy-1 signaling on the production of the T helper
(Th) cell subset-associated cytokines, interferon (IFN) vy, interleukin (IL)-4 and IL-17A, as
well as the in vitro polarization of highly purified resting CD4™* T cells into Th1, Th2, and
Th17 cells. Although CD8* T cells expressed more Thy-1 than CD4* T cells, both T cell
populations were equally responsive to Thy-1 stimulation. In contrast to TcR stimulation
of CD3™ T cells, which favored IFNy and IL-4 production, Thy-1 signaling favored IL-17
synthesis, indicating a previously unidentified difference between the consequences of
Thy-1 and TcR signal transduction. Moreover, Thy-1 signaling preferentially induced the
Th17-associated transcription factor RORyt in CD4* T cells. As with TcR signaling, Thy-
1 stimulation of CD4™ T cells under the appropriate polarizing conditions resulted in Th1,
Th2 or Th17 cell induction; however, Thy-1 stimulation induced nearly 7- and 2-fold more
IL-4 and IL-17A, respectively, but only slightly more IFNy. The ability to provide a TcR-
like sighal capable of promoting T helper cell differentiation and cytokine synthesis was
not common to all GPI-APs since cross-linking of Ly6A/E with mitogenic mAb did not
promote substantial production of IFNy, IL-4 or IL-17, although there was a substantial
proliferative response. The preferential induction of RORyt and Th17 cytokine synthesis
as a consequence of Thy-1 signaling suggests a default T helper cell response that may
enhance host defense against extracellular pathogens.

Keywords: CD90, cytokine synthesis, glycosylphosphatidylinositol-anchored protein, T cell, Thy-1

INTRODUCTION

Thy-1 is a 25 kDa glycosylphosphatidylinositol-anchored protein (GPI-AP) that is highly expressed
on the surface of mouse thymocytes and peripheral T cells (Pont, 1987; Haeryfar and Hoskin, 2004).
As with several other T cell-associated GPI-APs (Malek et al., 1994), cross-linking Thy-1 molecules
with mitogenic anti-Thy-1 monoclonal antibody (mAb; clone G7) in the presence of costimulatory
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syngeneic bone marrow-derived dendritic cells (BMDCs) results
in T cell proliferation, interleukin (IL)-2 production and IL-
2 receptor (CD25) expression (Haeryfar et al, 2003). The
physiological ligand for T cell-associated Thy-1 has not yet
been identified, although within the neurological compartment
Thy-1 interacts with B3 integrin on astrocytes to promote
astrocyte adhesion (Leyton et al, 2001), while leukocyte-
associated apf, integrin promotes leukocyte adhesion to Thy-
1-expressing endothelium (Wetzel et al., 2004). In addition,
galactin-1, a soluble sugar binding protein, binds Thy-1 in a
carbohydrate-dependent manner (Symons et al., 2000).

Since Thy-1 and other GPI-APs are localized within T cell lipid
rafts, it is proposed that these GPI-APs induce T cell activation
by the common mechanism of lipid raft aggregation and the
subsequent activation of lipid raft-associated signaling molecules
(Ilangumaran et al., 2000). Although T cell activation via Thy-
1 crosslinking is at least partially dependent on expression of
the complete T cell receptor (TcR) complex (Gunter et al,
1987), there are notable differences between Thy-1 and TcR
stimulation (Furlong et al, 2017). Nevertheless, many of the
same signaling molecules that are involved in TcR signaling
have also been implicated in Thy-1 signaling. For example, Thy-
1 signaling in T cells involves Ca*? flux, activation of Lck,
Fyn, and Zap-70 protein tyrosine kinases, mitogen-activated
protein kinases (MAPKs), phospholipase C vy, protein kinase
C, and phosphatidylinositol-3 kinase (Leyton et al, 1999;
Haeryfar and Hoskin, 2001; Conrad et al., 2009; Furlong et al,,
2017). Consistent with Thy-1 providing T cells with a TcR-
like signal, Thy-1 stimulation in the presence of costimulatory
BMDOCs results in the development of fully armed cytotoxic T
lymphocytes; however, Thy-1-induced cytotoxic T lymphocytes
are deficient in granule-dependent cytotoxicity and function via
the Fas/Fas ligand death receptor pathway (Kojima et al., 2000;
Haeryfar et al., 2003; Furlong et al., 2017). Interestingly, Thy-
1 crosslinking in the absence of costimulatory signaling causes
CD47" T cells to express CD25 and exhibit regulatory function
without expression of the T regulatory cell lineage-specific
transcription factor FoxP3 (Conrad et al., 2012). However, the
precise function of Thy-1 in T cell activation, differentiation and
effector function is far from being completely understood.

Thl, Th2, and Th17 cells are CD4" T helper cell subsets
with distinct cytokine profiles and biological functions (Fietta
and Delsante, 2009). In the presence of interferon (IFN) y and
IL-12, naive CD4% T cells differentiate into Th1 cells following
antigen recognition (Lighvani et al., 2001; Mullen et al., 2001).
Environments rich in IL-4 and IL-2 favor Th2 differentiation
(Swain et al., 1990), whereas the development of Th17 cells is
promoted by transforming growth factor (TGF)-p, IL-1f, IL-
6 and/or IL-21 (Veldhoen et al., 2006; Acosta-Rodriguez et al.,
2007; Korn et al., 2007). Development of each T helper cell
subset is reciprocally regulated, ensuring efficient activation
of only the most appropriate effector mechanisms (Fietta and
Delsante, 2009). Thl cells produce cytokines such as IFNy
that support cell-mediated immune responses against malignant
cells, viruses and other intracellular pathogens, whereas Th2
cells are a source of IL-4 and other cytokines that support
humoral immunity and allow for the elimination of extracellular

pathogens, including helminthes. On the other hand, IL-17
and additional proinflammatory cytokines synthesized by Th17
cells are critical for protection against Gram-negative bacteria,
fungi, and certain protozoal pathogens. The production of
signature cytokines by Thl, Th2, and Th17 cells is regulated by
lineage-specific transcription factors: T-bet for Thl cytokines,
GATA3 for Th2 cytokines, and RORyt for Th17 cytokines
(Li et al, 2014). Dysregulation of T helper cell subsets can
result in the pathogenesis of immune-mediated inflammatory
diseases (Hirahara and Nakayama, 2016). A more thorough
understanding of how T helper cell subsets develop will
suggest new strategies for the treatment of infectious diseases,
autoimmune and allergic disorders, and cancer.

In this study, we explored the effect of Thy-1 signaling,
in the context of costimulatory signals from BMDCs, on T
cell synthesis of cytokines that are typically associated with
Thl (IFNy), Th2 (IL-4), and Th17 (IL-17A) CD4" T cell
responses. TcR-activated T cells were used for comparison. We
also compared expression of the lineage-specific transcription
factors T-bet, GATA3 and RORyt by Thy-1- and TcR-activated
T cells. In addition, the capacity of Thy-1 stimulation, under
different T helper cell polarizing conditions, to induce the
differentiation of CD41 T cells into Thl, Th2, and Th17 T
helper cell subsets was also determined and compared to the
effect of TcR stimulation under the same polarizing conditions.
We show for the first time that T cell stimulation via Thy-
1 in the absence of a polarizing environment preferentially
induced a Th17 response. Under polarizing conditions, Thy-
1 signaling, like TcR stimulation, promoted CD4™ T cell
differentiation into Thl, Th2, and Thl7 subsets; however,
Thl responses were nearly equivalent whereas Th2 and Th17
responses were stronger in comparison to TcR-activated CD4"
T cells.

MATERIALS AND METHODS

Animals

Adult female C57BL/6 mice, purchased at 6 to 8-weeks-of-
age from Charles River Canada (Lasalle, QC, Canada), were
housed in the Carleton Animal Care Facility at Dalhousie
University and maintained on standard rodent chow and water
supplied ad libitium. Animal protocols were approved by the
Dalhousie University Committee on Laboratory Animals and
were consistent with the Canadian Council on Animal Care
Guidelines.

Medium

RPMI 1640 medium (Sigma-Aldrich, Oakville, ON, Canada) was
supplemented with 5% heat-inactivated fetal calf serum (FCS),
100 U/ml penicillin, 100 pg/ml streptomycin, 2 mM L-glutamate,
and 5 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) buffer (pH 7.4; Invitrogen; Burlington, ON, Canada).
BMDC medium consisted of RPMI 1640 medium supplemented
with 10% heat-inactivated FCS, 2 mM L-glutamine, 200 U/ml
penicillin, 200 pg/ml streptomycin, 5 mM HEPES buffer and
50 WM B-mercaptoethanol (Sigma-Aldrich).
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Cytokines and Antibodies

Recombinant mouse IFNy, IL-12, IL-4, IL-6, and recombinant
human TGF-B1 were purchased from Peprotech (Rocky Hill,
NJ, United States). Recombinant mouse GM-CSF was from
R&D Systems, Inc. (Minneapolis, MN, United States). Anti-
Thy-1 mAb (clone G7, rat IgG2c), fluorescein isothiocyanate
(FITC)-conjugated anti-Thy-1.2 mAb (clone 30-H12, rat IgG2b;
clone 53-2.1, rat 1gG2a) and rat IgG2c were purchased from
BD Biosciences (Mississauga, ON, Canada). Anti-TcRf mAb
(clone H57-597, hamster IgG), anti-Ly6A/E mAb (clone D7,
ratlgG2a), anti-IL-4 mAb (clone 11B11, rat IgGl), anti-IFNy
mAb (clone R4-6A2, rat IgGl), anti-IL-12/IL-23 p40 (clone
C17.8, rat IgG2a), anti-RORyt mAb (clone B2D, rat IgGlk),
hamster IgG, phycoerythrin (PE)-conjugated anti-GATA3 (clone
TWA]J, rat IgG2b), PE-conjugated anti-T-bet mAb (clone 4B10,
mouse 1gG1), FITC-conjugated anti-CD62L mAb (clone MEL-
14, rat IgG2a), PE-conjugated antiCD44 mAb (clone IM7, rat
IgG2b), FITC-conjugated rat IgG2b, FITC-conjugated rat IgG2a,
FITC-conjugated hamster IgG, PE-conjugated rat IgG2b, PE-
conjugated mouse IgG1, and PE-conjugated hamster IgG were
purchased from eBioscience, Inc. (San Diego, CA, United States).
FITC-conjugated anti-CD3e mAb (clone 145-2C11, hamster
IgG), and PE-conjugated anti-TcRap mAb (clone H57-597,
hamster IgG) were purchased from Cedarlane Laboratories, Inc.
(Hornby, ON, Canada). Anti-actin antibody (clone I-19), horse
radish peroxidase (HRP)-conjugated anti-goat IgG, and HRP-
conjugated anti-rat IgG were from Santa Cruz Biotechnology
(Santa Cruz, CA, United States).

BMDC Preparation

BMDCs were prepared as described (Lutz et al., 1999). Briefly,
tibias and femurs from euthanized mice were flushed with
phosphate buffered saline (PBS) to create a single cell suspension.
Erythrocytes were depleted by hypo-osmotic shock and the
remaining bone marrow cells were resuspended in BMDC
medium containing 20 ng/ml GM-CSF prior to being seeded into
6-well plates at 1 x 10° cells/well. After culture for 7 days at
37°C in a humidified 5% CO, incubator, non-adherent cells were
treated with 1 pug/mllipopolysaccharide (LPS, Sigma-Aldrich) for
24 h to promote dendritic cell maturation.

T Cell Isolation

Spleen cell or lymph node cell suspensions were prepared in ice-
cold PBS using a tissue homogenizer. Erythrocytes were depleted
by hypo-osmotic shock. Highly purified (>98%) CD3™" T cells
were obtained using the Pan T Cell Isolation MACS® kit from
Miltenyi Biotec (Cambridge, MA, United States), as per the
manufacturer’s instructions. Highly purified CD4™ or CD8' T
cells were isolated by negative selection from lymph node cell
preparations using CD41 or CD8™1 T Cell MACS® isolation kits,
as per the manufacturer’s instructions.

T Cell Activation

T cells in fully supplemented RPMI 1640 medium were plated
in either 96-well U-bottom (2.5 x 10° cells/well) or 24-well
flat-bottom plates (1.25-2.5 x 10° cells/well) and activated with
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FIGURE 1 | Thy-1 versus TcR expression by CD4* and CD8™ T cells, and
relative response to Thy-1 and TcR signaling. (A) Highly purified CD3* T cells,
CD4* T cells and CD8* T cells were stained with anti-TcRap-PE,
anti-CD3e-FITC, anti-Thy-1-FITC (clone 30-H12), anti-Thy-1-FITC (clone
53-2.1), or the appropriate FITC- or PE-labeled isotype control and analyzed
by flow cytometry. Data are expressed as the average mean channel
fluorescence normalized to TcR expression on CD3* T cells. Data are the
mean + SEM of three independent experiments; *p < 0.05; **p < 0.001; and
ns, not-significant, as determined by ANOVA and the Bonferroni multiple
comparisons post-test. (B) CD4* T cells or CD8F T cells with or without
LPS-matured BMDCs, were seeded in triplicate into 96-well round-bottom
plates, and then cultured in the presence of the indicated concentrations of
anti-Thy-1 mADb (clone G7), anti-TcRg mAb or isotype control for 72 h. Wells
were pulsed with [2HJTdR 6 h before the end of culture at which time the cells
were harvested and DNA synthesis was determined based on [PHJTdR
incorporation. Background proliferation was controlled for by subtraction of
experimental cpm from cpm of T cells and BMDC cultured alone

(7288 + 1488 for CD8* T cells and BMDCs, and 44157 + 11919 for CD4+ T
cells and BMDCs) and are the mean + SEM of three independent
experiments; ns, not significant, as determined by ANOVA and the Bonferroni
multiple comparisons post-test when the proliferation of CD4* T cells was
compared to that of CD8F T cells that were activated by anti-Thy-1 or
anti-TcRB mAb.

anti-TcRB mAb, anti-Thy-1 mAb, anti-Ly6A/E in the presence
of LPS-matured syngeneic BMDCs (8 x 10° cells/well or 4-
8 x 10* cells/well, respectively) or 5 ng/ml phorbol 12-myristate
13-acetate (PMA), as indicated.

CD4* T Cell Polarization

CD4" T cells were seeded into 24-well flat-bottom plates
(125 x 10° cells/well) and activated with LPS-matured
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syngeneic BMDCs (40 x 10° cells/well) and anti-TcRB
mAb or anti-Thy-1 mAb under different Th cell polarizing
conditions: Thl - 5 ng/ml IL-12 and 10 pg/ml anti-IL-4 mAb;
Th2 - 10 ng/mlIL-4, 10 pg/ml anti-IL-12 mAb and
10 pg/ml anti-IFNy mAb; Th17 - 100 ng/ml IL-6, 1 ng/ml
TGFB1, 10 pg/ml anti-IFNy mAb, and 10 pg/ml anti-IL-4 mAb
(Stritesky et al., 2008). On day 6, T cells were harvested and were
restimulated with 5 ng/ml PMA plus 500 ng/ml ionomycin.

Tritiated-Thymidine Incorporation

Cultures performed in 96-well U-bottom plates were pulsed with
0.25 wCi of methyl *H-thymidine ([*H]TdR; MP Biomedicals,
Irvine, CA, United States) for 6 h. DNA was then harvested onto
glass fiber filter mats using a Titer-Tek cell harvester (Skatron
Instruments, Lier, Norway). [P*H]TdR incorporation, which is a
measure of DNA synthesis, was determined using a Beckman
LS6000IC liquid scintillation counter (Beckman Coulter, Inc.,
Brea, CA, United States).

Flow Cytometry

For detection of cell-surface molecules, T cells were stained with
FITC- or PE-conjugated mAbs or the appropriate isotype control,
both at 10 pg/ml concentration. Briefly, T cells were resuspended
in flow cytometry buffer (1% bovine serum albumin [w/v] and
0.2% sodium azide [w/v] in PBS), the desired mAb was added,
and cells were incubated on ice in the dark for 45 min. Cells were
then washed and fixed with 1% paraformaldehyde in PBS prior to
flow cytometric analysis.

For intracellular staining of T-bet and GATA3, T cells
were permeabilized and fixed using the FoxP3 staining kit
(eBioscience), according to the manufacturer’s instructions, and
then stained with PE-conjugated anti-T-bet mAb (0.5 pg/ml),
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FIGURE 2 | Differential induction of T helper subset-associated cytokine
mRNA by Thy-1 and TcR stimulation. Highly purified CD3* T cells with or
without LPS-matured BMDCs were seeded into 24-well plates and then
cultured in the presence or absence of 6 wg/ml anti-Thy-1 mAb (clone G7),
anti-TcRB mADb or appropriate isotype control for 24 h. Total RNA was isolated
and used to generate cDNA. RT-PCR with primers specific for IFNy, IL-17,
IL-4 mRNA was performed. Pol Il expression was used as a loading control.
Relative expression of each cytokine mRNA was calculated using the
standard curve method and normalized to the TcR-activated T cells. Data are
the mean + SEM of at least three separate experiments.
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FIGURE 3 | Thy-1 signaling induces more IL-17A but less IL-4 and IFNy
synthesis by CD3* T cells in comparison to TcR signaling. (A=C) Highly
purified CD3* T cells with or without LPS-matured BMDCs were seeded in
quadruplicate into 96-well round-bottom plates and then cultured in the
presence of 6 wg/ml anti-Thy-1 mAb (clone G7), anti-TcRg mAb or the
appropriate isotype control for the 24 h. Supernatants were isolated and
analyzed by ELISA for (A) IFNy (B) IL-4, and (C) IL-17A. Data shown are the
mean of at least three separate experiments + SEM; *p < 0.05; **p < 0.01;
***p < 0.001; and ns, not significant, when compared to T cells activated
with anti-TcRB mAb and LPS-matured BMDCs, as determined by the
Bonferroni multiple comparisons post-test.

PE-conjugated anti-GATA3 mAb (0.06 pg/ml) or the appropriate
isotype control for 45 min on ice in the dark. Cells were then
washed and analyzed by flow cytometry.

For measurement of cell proliferation, T cells were labeled
with 2.5 pM Oregon Green 488 dye (Invitrogen) in warm
PBS for 10 min. Excess dye was inactivated by incubation for
30 min at 37°C in RPMI 1640 medium containing FCS. Cells
were then washed and seeded at 2.5 x 10° cells/well into 24-
well plates for activation as previously described. At the end of
culture, cells were harvested and serial halving of fluorescence,
which represents a round of cell division, was detected by flow
cytometry.
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three independent experiments with the corresponding p-actin bands. Data are shown as mean + SEM; *p < 0.001, as determined by the Student’s t-test.

Fluorescence intensity of individual cells was determined
using a FACSCaliber flow cytometer with CellQuest software
(version 3.3; Becton Dickinson; Mississauga, ON, United States).
Data were analyzed using FCS Express software (verson 3.0; De
Novo Software; Thornhill, ON, United States).

mRNA Expression

T cells were lysed in TRIzol reagent (Invitrogen) and total
RNA was extracted as per the manufacturer’s instructions.
RNA was quantified using a spectrophotometer and RNA
purity was determined based on the A260/A280 ratio. Moloney
murine leukemia virus reverse transcriptase (Invitrogen) was
used to reverse transcribe RNA, following the manufacturer’s
instructions. The resulting cDNA was then stored at —80°C
for future use. Real time-polymerase chain reaction (RT-PCR)
was carried out using the Quantifast SYBR-green RT-PCR kit
(Qiagen; Mississauga, ON, United States). cDNA was amplified
using the following primers: IFNy, (F) 5'-ATG AAC GCT ACA
CAC TGC ATC-3/, (R) 5'-CCA TCC TTT TGC CAG TTC CTC-
3’; IL-4, (F) 5'-ACT TGA TGA GAG AGA TCA TCG GCA-3/,
(R) 5-AGC TCC ATG AGA ACA CTA GAG TT-3; IL-17A,
(F) 5'-CTC CAG AAG GCC CTC AGA CTA C-3/, (R) 5-AGC
TTT CCC TCC GCA TTA CAC AG-3'; and RNA polymerase
11, (F) 5-GCG GAT GAG GAT ATG CAA TAT GA-3/, (R) 5'-
ACC AAG CCT TTC TCG TCA AAA TA-3'. RT-PCR reactions
were performed using a MX3000P quantitative PCR machine
(Stratagene; La Jolla, CA, United States). Cycling conditions were:

10 min activation step at 95°C, 40 amplification cycles at 95°C
for 10 s, and 60°C for 30 s. Data were analyzed using Stratagene
MxPro software, version 3.0. The size and integrity of RT-PCR
products were verified using melt curve analysis and by running
products on 3% agarose gels. Relative concentrations of mRNA
were determined using the standard curve method, whereby
standard curves are generated using serial dilutions of the cDNA
from activated T cells. Cytokine mRNA levels were normalized to
RNA polymerase II mRNA levels.

Enzyme-Linked Immunosorbant Assay
(ELISA)

Cell-free supernatants from T cell cultures were assayed for IFNv,
IL-4 and IL-17A content using ELISA kits from eBioscience or
BD Biosciences, according to the manufacturer’s instructions.
Absorbance at 450 nm with a wavelength correction for 570 nm
was determined using an ELx800 UV universal microplate
reader (Biotek Instruments, Inc., Winooski, VT, United States)
and KCjunior software (version 1.17; Biotek Instruments, Inc.).
SOFTmax® PRO software (version 4.3; Molecule Devices, Corp.,
Sunnyvale, CA, United States) was used to determine cytokine
concentrations from the absorbance readings.

Western Blotting

Cells were lysed in ice-cold RIPA buffer (50 mM Tris-HCI, pH 7.5,
150 mM NaCl, 50 mM Nay;HPOy, 0.25% sodium deoxycholate
[w/v], 0.1% Nonidet P-40 [v/v], 5 mM ethylenediaminetetraacetic
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acid, and 5 mM ethyleneglycoltetraacetic acid) supplemented
with fresh protease and phosphatase inhibitors (1 mM Na3VOy,
1 mM NaE 1 mM phenylmethylsulfonyl fluoride, 1 pg/ml
aprotinin, 1 pg/ml leupeptin, and 1 pg/ml pepstatin) for 15-
30 min on ice. Cellular debris was removed from the lysates
by centrifugation at 10,000 g Total protein concentration
was determined by Bradford assay (Bio-Rad, Hercules, CA,
United States). Equal amounts of protein were added to sample
buffer (200 mM Tris-HCl [pH 6.8], 30% glycerol [v/v], 6%
sodium dodecyl sulfate [w/v], 15% B-mercaptoethanol [v/v], and
0.001% bromophenol [w/v]), which was then heated to 90-100°C
for 5 min to promote protein denaturation. Lysates were stored
at —80°C until use. Protein samples (10-20 g protein/well)
were loaded onto Tris-HCl acrylamide resolving gels and sodium
dodecyl sulfate-polyacrylamide gel electrophoresis was used to
separate proteins, which were then transferred onto nitrocellulose
membranes using an iBlot® Dry Blotting System (Invitrogen).
Membranes were washed with Tris-buffered saline (TBS)-Tween-
20 (TBST; 20 mM Tris-HCI [pH 7.6], 200 mM NaCl, 0.05%
Tween-20 [v/v]) and blocked in TBST containing 5% fat-free
milk powder [w/v] for 1 h at room temperature or overnight
at 4°C with gentle rocking. Membranes were washed and
then exposed to the primary antibody (1:200-1:1000 in TBST
blocking solution) for 1 h at room temperature or overnight
at 4°C with gentle rocking. Membranes were washed and
then exposed to the appropriate HRP-conjugated secondary
antibody (1:1000 in TBST blocking solution) for 1 h at room
temperature with gentle rocking. Membranes were washed
and reacted with enhanced chemiluminescence reagents (GE
Healthcare, Baie d'Urfe, Quebec, CA, United States) for 1 min.
Protein bands were visualized by exposure to X-ray film, which
was developed in a Kodak X-OMAT 1000A automated X-ray
developer.

Statistical Analysis

Data were analyzed using Instat software (GraphPad Software,
Inc.,, San Diego, CA, United States). Students t-test or one-
way analysis of variance (ANOVA) with the Bonferroni multiple
comparisons post-test were used as appropriate.

RESULTS

CD4* and CD8* T Cell Expression of,

and Activation via, Thy-1

We first compared Thy-1 and TcR expression by CD4%1 and
CD8" T cells, and their responsiveness to stimulation with
anti-Thy-1 mAb versus anti-TcRB mAb, in the presence of
syngeneic BMDCs to provide costimulation. Flow cytometric
analysis of highly purified CD4" and CD8" T cells, as well
as unfractionated CD3% T cells, labeled with two different
fluorescent anti-Thy-1 mAbs showed a significant difference in
mean channel fluorescence, indicating that Thy-1 was more
abundant on CD8" T cells than on CD4™" T cells; in contrast,
CD8" and CD4" T cell expression of TcRB and CD3e was
similar (Figure 1A). Surprisingly, stimulation of highly purified
CD4" and CD8™" T cells with anti-Thy-1 mAb in the presence of
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FIGURE 5 | Thy-1 signaling promotes Th1, Th2, and Th17 effector cell
development in the presence of T helper cell subset-polarizing conditions.
Highly purified CD4* T cells with or without LPS-matured BMDCs were
seeded into 24-well flat-bottom plates and then stimulated with 6 wg/ml
anti-Thy-1 mAb (clone G7) or anti-TcRB mAb under Th1 (IL-12, anti-IL-4 mAb),
Th2 (IL-4, anti-IL-12 mAb, anti-IFNy mAb) or Th17 (IL-6, TGF-B, anti-IFNy
mADb, and anti-IL-4 mAb) polarizing conditions for 6 days. Polarized Th cells
were washed, rested for 6 h and an equal number of viable cells were replated
in 24-well flat-bottom plates, followed by restimulation with 5 ng/ml PMA and
500 ng/ml ionomycin and culture for 24 h. Supernatants were isolated and
analyzed by ELISA for (A) IFNy, (B) IL-4, and (C) IL-17A production. Data
shown as mean =+ SD are representative of three independent experiments;
*p =0.02; **p < 0.001; and ns, not significant, as determined by Student’s
t-test.

BMDOCs resulted in similar levels of DNA synthesis (Figure 1B),
suggesting that differences in Thy-1 expression may not be
functionally significant. DNA synthesis by CD4" and CD8™
T cells in response to stimulation with anti-TcRB mAb in
the presence of BMDCs was substantially greater than the
proliferative response to stimulation with anti-Thy-1 mAb under
the same conditions, and at all mAb concentrations tested, which
was in line with our earlier finding that Thy-1 cross-linking
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FIGURE 6 | Thy-1-induced Th1 and Th2 cells express less T-bet and GATA3, respectively, whereas Thy-1-induced Th17 cells express more RORyt than
TcR-induced counterparts. Highly purified CD4* T cells with or without LPS-matured BMDCs were seeded into 24-well flat-bottom plates, and then stimulated with
6 wg/ml anti-Thy-1 mAb (clone G7) or anti-TcRB mAb in the presence of medium alone or under Th1 (IL-12, anti-IL-4 mAb), Th2 (IL-4, anti-IL-12 mAb, anti-IFNy
mAD) or Th17 (IL-6, TGF-B, anti-IFNy mAb, and anti-IL-4 mAb) polarizing conditions for 6 days. Cells were then fixed, permeabilized and stained for intracellular

(A) T-bet (open peak) or (B) GATA3 (open peak), and compared with the appropriate isotype control (closed peak). Expression of T-bet and GATA3 was measured by
flow cytometry. Data are representative of three separate experiments. (C) Cell lysates were prepared and RORyt protein (58 kDa) levels were assessed by western
blotting. Blots were reprobed for g-actin (42 kDa) to confirm equal protein loading. Data are representative of three independent experiments. Optical density ratios
were calculated by comparing the density of individual RORyt bands from three independent experiments with the corresponding -actin bands. Data shown are the
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provides a weaker activating signal than TcR cross-linking
(Furlong et al.,, 2017). Subsequent experiments used anti-Thy-
1 mAD and anti-TcRB mAD at 6 pg/ml since this concentration
of mAb induced a level of T cell activation that was not
statistically different from that obtained with half the amount
of mAb.

Differential Cytokine Response of
Thy-1-Stimulated T Cells

We next used RT-PCR to compare the effect of Thy-1 and TcR
stimulation of CD3™ T cells on cytokine mRNA expression
associated with Th1 (IFNy), Th2 (IL-4), and Th17 (IL-17) cells.
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Flow cytometric analysis revealed that 58% of CD3" T cells
were CD44low—medium D61 + (naive phenotype) and 15% were
CD44"8"CD62L* (effector/memory phenotype). Figure 2 shows
that, in comparison to TcR-activated T cells, Thy-1-activated
T cells expressed substantially less IFNy mRNA at 24 h post-
activation; in contrast, IL-4 and IL-17A mRNA expression by
Thy-1-activated T cells was significantly greater than that of
TcR-activated T cells. ELISA measurements showed that at
24 h post-activation, Thy-1-stimulated CD3% T cell cultures
contained significantly less IFNy (Figure 3A) and more IL-
17A (Figure 3C) than TcR-stimulated CD3% T cell cultures.
In contrast, high levels of IL-4 mRNA expressed by Thy-
1 stimulated T cells relative to TcR-stimulated T cells did
not correlate with IL-4 protein expression, which was greater
in TcR-stimulated T cells relative to Thy-1-stimulated T cells
(Figure 3B).

Differential Expression of the T Helper
Cell Lineage-Specific Transcription
Factors by Thy-1-Stimulated T Cells

We next determined whether differential cytokine synthesis by
CD3" T cells in response to Thyl- and TcR-signaling was
associated with differential expression of the lineage-specific
transcription factors, T-bet (Thl), GATA3 (Th2), and RORyt
(Th17). As shown in Figure 4A, flow cytometry revealed that
T-bet expression increased at 12, 24, and 48 h post-stimulation of
CD3™ T cells with anti-Thy-1 or anti-TcRf mAb; however, Thy-
1-activated T cells expressed less T-bet than TcR-activated T cells.
A similar increase in GATA-3 expression by CD3" T cells at 24
and 48 h was observed following Thy-1- and TcR-stimulation.
Although not sustained, more GATA-3 was expressed by Thy-
l-activated CD3™ T cells in comparison to TcR-activated CD3™
T cells at 12 h post-stimulation. Co-cultures of unstimulated
CD3™ T cells and BMDCs expressed neither T-bet nor GATA3.
Western blot analysis (Figure 4B) showed that Thy-1-activated
CD3™" T cells exhibited a marked increase in RORyt expression
at 12, 24, and 48 h post-stimulation, whereas TcR-activated
CD3™ T cells failed to up-regulate RORyt expression. Co-cultures
of unstimulated CD3" T cells and BMDCs failed to express
RORyt.

Thy-1 Signaling Promotes CD4* T Cell

Differentiation Into T Helper Cell Subsets

Thl, Th2, and Th17 T cell development is governed by the
cytokine environment in which antigen-dependent CD4™ T cell
activation occurs (Fietta and Delsante, 2009). To determine
whether Thy-1 stimulation supports Thl, Th2, and Th17 T cell
differentiation, highly purified CD4™ T cells were activated with
anti-Thy-1 mAb in the presence of BMDCs under Th1-polarizing
(IL-12, anti-IL-4 blocking mAb), Th2-polarizing (IL-4, and
blocking mAb against IFNy, and IL-12) or Th17-polarizing (IL-
6, TGF-B1 and blocking mAb against IL-4 and IFNYy) conditions
for 6 days. Flow cytometric analysis revealed that 61% of
CD4* T cells were CD4410W—mediumc e[+ (naive phenotype)
and 17% were CD44M8"CD62L+ (effector/memory phenotype).

For comparison, parallel cultures were stimulated with anti-
TcRB mAb instead of anti-Thy-1 mAb. After polarization,
CD4™ T cells were restimulated with PMA/ionomycin, and
IFNy, IL-4 and IL-17A content in culture supernatants was
determined by ELISA. As shown in Figure 5, CD4" T cells
that were activated with anti-Thy-1 mAb (or anti-TcRf mAb)
under Thl-, Th2-, and Thl7-polarizing conditions expressed
the signature cytokines IFNy (Figure 5A), IL-4 (Figure 5B),
and IL-17A (Figure 5C), respectively. This finding is consistent
with Thy-1 providing a TcR-like signal during T cell activation.
Interestingly, in comparison to TcR signaling, Thy-1-stimulated
CD4% T cell cultures contained nearly sevenfold more IL-
4 and twofold more IL-17A under Th2 and Thl7 polarizing
conditions, respectively, but only slightly more IFNy when
activated in a Thl polarizing environment, indicating that
Thy-1 signaling is a strong inducer of T helper cell subset
differentiation under polarizing conditions, especially Th2 and
Th17 responses.

Differential Expression of
Lineage-Specific Transcription Factors
by Th1, Th2, and Th17 Cells Induced by

Thy-1 Versus TcR Stimulation

Differentiation of Thy-1-stimulated CD4" T cells into Thl,
Th2, and Thl17 T cell subsets under the appropriate T
helper cell polarizing conditions implied expression of the
corresponding lineage-specific transcription factors. Indeed,
highly purified CD4" T cells that were activated with anti-
Thy-1 mAb in the presence of BMDCs under Thl polarizing
conditions showed increased T-bet expression that was not
evident when Th2 or Thl7 polarizing conditions were used
(Figure 6A). As expected, this was also the case with TcR-
stimulated CD4" T cells. In addition, both Thy-1- and TcR-
stimulated CD4" T cells expressed GATA3 when activated
under Th2 polarizing conditions but not under Thl or
Th17 polarizing conditions (Figure 6B). In comparison to
TcR-induced Thl and Th2 cells, slightly less T-bet and
GATA3 was expressed by Thy-1-induced Thl and Th2 cells,
respectively. In contrast, Th17 cells that were induced by
Thy-1 signaling under Thl17 polarizing conditions expressed
significantly more RORyt than Th17 cells that developed in
response to TcR stimulation (Figure 6C). Thl and Th2 cells
that were stimulated with anti-Thy-1 mAb also expressed
RORyt, albeit at a much lower level than Th17 cells that arose
because of TcR or Thy-1 stimulation under Thl7 polarizing
conditions.

Ly6A/E-Stimulated T Cells Proliferate but
Fail to Produce Th Cell Subset-Specific
Cytokines

It is currently unclear whether the ability to provide a TcR-
like signal that induces T helper cell subset cytokine synthesis
is common to all T cell-associated GPI-APs or is unique to
Thy-1. Ly6A/E is a GPI-AP that is known to promote T cell
proliferation when cross-linked with mitogenic anti-Ly6A/E
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mAD in the presence of accessory cells and PMA (Malek et al.,
1986). We therefore stimulated CD3™ T cells with mitogenic
anti-Ly6A/E mAb without or with PMA and measured cell
proliferation by Oregon Green 488 staining, as well as IFNy,
IL-4, and IL-17A levels in culture supernatants by ELISA. PMA
was used instead of BMDCs because we were unable to detect
T cell proliferation following stimulation with anti-Ly6 A/E mAb
in the presence of BMDCs (data not shown), suggesting a
deficiency in 1,2-diacylglycerol-dependent signaling following
Ly6A/E crosslinking. As expected, CD3" T cells proliferated
in the presence of anti-Ly6A/E mAb plus PMA (Figure 7A);
however, in comparison to stimulation with anti-Thy-1 mAb in
the presence of BMDCs, there was little or no production of IFNy
(Figure 7B), IL-4 (Figure 7C), and IL-17A (Figure 7D) when T
cells were stimulated with anti-Ly6A/E mAb plus PMA. These
data indicate that not all GPI-APs are able to signal for robust
T helper cell cytokine synthesis.

DISCUSSION

The differentiation of CD4™" T cells into phenotypically distinct
T helper cell subsets in response to antigenic stimulation is
crucial for an immune response that is appropriately tailored
for optimal host defense (Fietta and Delsante, 2009). In this

study, we provide evidence for the first time that the TcR-like
signal induced by Thy-1 crosslinking resulted in the development
of functional T helper cell subsets. Moreover, in comparison
to TcR signaling, Thy-1 signaling in the absence of polarizing
conditions preferentially promoted the synthesis of IL-17A
over IFNy and IL-4, which suggests a fundamental difference
between signaling pathways associated with Thy-1 and the
TcR. It is important to note that cytokine mRNA levels did
not exactly correlate with protein expression. The failure of
a gene’s transcript level to predict its protein level is a well-
known phenomenon that has been attributed to various factors,
including translation efficiency and differences between mRNA
and protein stability (Vogel et al., 2010; Schwanhidusser et al.,
2011). Thy-1-stimulated T cells also showed lower expression of
the Th1-defining transcription factor T-bet, which is expressed
following TcR stimulation in the presence of IL-12 (Szabo
et al., 2000). LPS-matured BMDCs secrete abundant IL-12 (Tada
et al, 2004); however, in preliminary experiments we have
observed that, in comparison to TcR-activated T cell cultures,
significantly less IL-12 protein was present in Thy-1-stimulated
T cell cultures (data not shown), which may account for reduced
T-bet-dependent IFNy expression. IL-4 synthesis by Thy-1-
stimulated T cells was associated with an early and transient
increase in expression of the Th2-defining transcription factor
GATA3; at later time points Thy-1- and TcR-stimulated T cells
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expressed equivalent amounts of GATA3. Thy-1 crosslinking
generates a weaker T cell-activating signal than crosslinking of
TcRs (Furlong et al.,, 2017), which may account for the transient
increase in GATA3 expression since a weak TcR signal favors the
development of Th2 cells (Pfeiffer et al., 1995). Strikingly, Thy-1
signaling preferentially induced expression of the Th17-defining
transcription factor RORyt, which regulates IL-17 synthesis by
binding directly to the IL-17 promoter (Zhang et al., 2008).
It is known that a strong TcR signal favors IL-17 production
and Thl7 differentiation in mouse T cells (Gomez-Rodriguez
et al, 2009); hence, the difference between Thy-1 and TcR
signal strength was not consistent with preferential RORyt
expression and IL-17A synthesis by Thy-1-stimulated T cells.
Rather, there appears to be a fundamental difference between
Thy-1- and TcR-associated signaling pathways that regulate
Th17 development. Since additional transcription factors such as
Runx1 and STAT3 collaborate with RORyt to promote optimal
IL-17 gene transcription (Wei et al., 2007; Zhang et al., 2008), it
will be important in future studies to determine whether Thy-
1 signaling uniquely upregulates and/or activates any additional
Th17-related transcription factors relative to TcR signaling.

In contrast to T cell-lBMDC co-cultures, Thy-1 stimulation
of CD4% T cells in the context of Th1, Th2, or Th17 polarizing
cytokine environments clearly promoted Thl, Th2, and Thl7
differentiation, respectively, indicating that Thy-1 provided an
antigen-independent TcR-like signal that was sufficient to induce

T helper cell subset differentiation. Moreover, Thy-1-activated
CD4™ T cells showed greater production of signature cytokines
upon restimulation than did TcR-stimulated CD4™ T cells, which
suggests more efficient T helper cell polarization. Interestingly,
IL-4 and IL-17A synthesis by Thy-1-stimulated CD4" T
cells was markedly increased in comparison to TcR-stimulated
CD4™ T cells, suggesting that in the appropriate polarizing
environment Thy-1 signaling preferentially promotes IL-4 and
IL-17A synthesis. In contrast, IFNy synthesis was only slightly
increased following Thy-1 versus TcR stimulation of CD4T T
cells. Surprisingly, in comparison to TcR stimulation, Thy-1
stimulated CD4™" T cells expressed less T-bet and GATA3 under
Th1 and Th2 polarizing conditions, respectively, suggesting that
preferential activation of additional transcription factors involved
in IFNy and IL-4 gene expression (Kim et al., 1999; Samten
et al., 2008) may contribute to increased synthesis of signature
cytokines by Thy-1 stimulated CD4™" T cells. On the other hand,
enhanced IL-17A synthesis was correlated with increased RORyt
expression by Thy-1-stimulated CD4™ T cells.

The ability of Thy-1 to provide an antigen-independent
TcR-like signal that promotes Th cell differentiation is not a
common feature of all T cell-associated GPI-APs since mAb-
mediated crosslinking of Ly6A/E in the presence of PMA failed
to induce substantial IFNy, IL-4, or IL-17A synthesis by T cells in
comparison to Thy-1 stimulation. However, like Thy-1 signaling,
Ly6A/E signaling resulted in T cell proliferation, suggesting at

Thy-1/CD90

T Cell Receptor/CD3
Complex

Cell Membrane

FIGURE 8 | Schematic comparing Th1, Th2, and Th17 responses induced by Thy-1 and TcR signaling in the absence or presence of polarizing environments. In the
presence of a costimulatory signal from CD28, Thy-1 signaling in the absence of a T helper cell subset polarizing environment (dashed lines) favors a relatively strong
Th17 response whereas TcR signaling favors Th1 and Th2 responses. In a T helper cell subset polarizing environment (solid lines), Thy-1 signaling is more effective
than TcR signaling at inducing both Th2 and Th17 responses but induced a similar Th1 response. Thickness of lines indicates relative strength of the signal from
Thy-1 versus TcR. TF denotes transcription factor.
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least some induction of IL-2 needed to support T cell replication.
Although signaling via other T cell-associated GPI-APs such as
Ly6A/E may not support T helper cell differentiation, these cell-
surface molecules may still affect T helper cell differentiation.
For example, cellular prion protein has been implicated in the
optimal production of T cell cytokines since T cells from cellular
prion protein-deficient mice generate less IFNy, IL-4, and IL-
17 in response to TcR-stimulation and have altered responses to
infection and autoantigens (Ingram et al., 2009).

CONCLUSION

Our findings provide evidence that Thy-1 signaling in the
context of costimulation provided by BMDCs is sufficient to
promote the differentiation of T helper cell effector subsets,
albeit with different outcomes depending on whether or not
a polarizing environment is present. Figure 8 summarizes
the effects of Thy-1 and TcR signaling in the absence
or presence of Thl, Th2, or Thl7 polarizing conditions.
Our findings are consistent with a model in which Thy-1
crosslinking results in a weak TcR-like signal that preferentially
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Thy-1/CD90 is a glycoprotein attached to the outer face of the plasma membrane with
various functions, which depend on the context of specific physiological or pathological
conditions. Many of these reported functions for Thy-1/CD90 arose from studies by
our group, which identified the first ligand/receptor for Thy-1/CD90 as an integrin.
This finding initiated studies directed toward unveiling the molecular mechanisms that
operate downstream of Thy-1/CD90 activation, and its possible interaction with proteins
in the membrane plane to regulate their function. The association of Thy-1/CD90 with a
number of cell surface molecules allows the formation of extra/intracellular multiprotein
complexes composed of various ligands and receptors, extracellular matrix proteins,
intracellular signaling proteins, and the cytoskeleton. The complexes sense changes
that occur inside and outside the cells, with Thy-1/CD90 at the core of this extracellular
molecular platform. Molecular platforms are scaffold-containing microdomains where
key proteins associate to prominently influence cellular processes and behavior. Each
component, by itself, is less effective, but when together with various scaffold proteins
to form a platform, the components become more specific and efficient to convey the
messages. This review article discusses the experimental evidence that supports the
role of Thy-1/CD90 as a membrane-associated platform (ThyMAP).

Keywords: GPI-anchor, PLATFORM, membrane-associated, integrin, syndecan 4, Thy-1 (CD90)

INTRODUCTION

The glycosyl-phosphatidylinositol (GPI)-anchored protein Thy-1/CD90 is a resident of lipid
rafts abundantly expressed in neurons, thymocytes, and some fibroblasts. Thy-1/CD90 is an
integrin ligand or receptor that mediates cell-to-cell contacts that trigger changes in both
cells involved. Despite being a plasma membrane-associated protein, Thy-1/CD90 holds some
features of extracellular matrix (ECM) proteins. It possesses an integrin binding site (RGD-
like tripeptide: RLD) and a heparin binding domain (HBD: REKRK). Through these sites,
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FIGURE 1 | Schematic representation of the Thy-1/CD90 protein. The
Thy-1/CD90 GPI anchor appears inserted in the outer leaflet of the plasma
membrane. The Thy-1/CD90 regions that interact with integrins (RLD) and
Syndecan-4 (HBD, heparin-binding domain) are indicated.

Thy-1/CD90 binds to integrins and syndecan-4 (SDC4)
receptors, respectively (Figure 1), andpromotes/regulates
cellular contraction, adhesion and migration (Herrera-Molina
etal., 2013; Leyton and Hagood, 2014).

Since its discovery in 1964, evidence has indicated that
Thy-1/CD90 interacts with various proteins: different types
of integrins, SDC4, Csk-binding protein (CBP), ion channels,
and CD97 [reviewed in Herrera-Molina et al. (2013)]. These
associations can occur between opposite cells (in trans) to
trigger signal transduction pathways, or in the plane of the
membrane (in cis) to regulate protein function and signaling.
Along with these interactions come numerous functions, such as
T cell activation, neuronal process retraction, cell adhesion and
migration, fibroblast and dendritic cell differentiation [reviewed
in Herrera-Molina et al. (2013)]. Other unanticipated functions
have also been reported, such as those recently revealed in
osteogenic differentiation of mesenchymal stem cells (Picke et al.,
2018a,b) in mechanotransduction of lung fibroblasts (Fiore et al.,
2015) and in tumor cell migration/invasion [reviewed in Herrera-
Molina et al. (2013) and Sauzay et al. (2019)].

Thy-1/CD90 also exist as a soluble protein, although it
has been detected at very low concentrations (ng/ml) in body
fluids. The function of this form of Thy-1/CD90 is unknown,
but it is speculated that it could serve as a competitor of
the membranous form of the protein (Leyton and Hagood,
2014). Interestingly, Thy-1 has also been found forming part
of extracellular vesicles (Hagood, 2019). Various authors in this
Frontiers research topic have reviewed these forms and functions
in detail (Furlong et al., 2018; Morris, 2018; Hagood, 2019;
Hu and Barker, 2019; Sauzay et al.,, 2019). Therefore, we will
focus here on those functions that are more relevant to Thy-
1/CD90 signaling mechanisms, the formation of multiprotein
complexes, and how Thy-1/CD90 in microdomains, as part of
these complexes, confines its dynamic nature to regulate various
cellular responses.

THY-1/CD90 CELL ADHESION
MOLECULE, A RECEPTOR OR A
LIGAND?

Our findings reported in 2001 describe that neuronal Thy-
1/CD90 binds to ayf3 integrin in astrocytes and that this
interaction induces astrocyte adhesion to the ECM (Leyton et al.,
2001; Hermosilla et al., 2008). Later, this interaction was reported
to trigger signals both in cis and in trans, and to require the
additional binding of Thy-1/CD90 to SDC4 receptor in order to
promote astrocyte responses (Avalos et al., 2009; Herrera-Molina
et al,, 2012, 2013). In neurons, Thy-1/CD90 is in a preformed
membrane complex that includes the transmembrane protein
CBP and the non-receptor tyrosine kinase Src (Figure 2A);
when engaged by an integrin, Thy-1/CD90 transduces a signal
through the membrane complex with CBP, which recruits Csk,
inactivates Src, and leads to the activation of the small G
protein RhoA (Figure 2B). The activation of this signaling
pathway leads to the contraction of neuronal processes (axons
and dendrites) (Herrera-Molina et al., 2012; Maldonado et al.,
2017). On the other hand, in astrocytes, integrin and SDC4
engagement by Thy-1/CD90 generates a response that activates
the non-receptor tyrosine kinases FAK and Src, recruiting various
proteins, including paxillin, vinculin, p130Cas, and forming the
multimolecular adhesome complex (Avalos et al., 2009; Kong
et al., 2013). In this case, the Rho GTPase cycle is also activated,
thereby modulating the actin cytoskeleton and helping astrocytes
to adhere and move (Avalos et al., 2004; Maldonado et al.,
2017). In this cell-to-cell association, and because the interaction
triggers responses in both cells in a bidirectional manner, the
receptor could be either Thy-1/CD90 or a,f3; integrin/SDC4,
depending on the process or cell under study.

RhoA, Racl, and Cdc42 are the most studied GTPases of
the Rho family. When activated by the exchange of GDP for
GTP, these proteins regulate effector molecules that control the
actin cytoskeleton and thus, modulate cell polarization, adhesion,
and migration. The activation of Rho GTPases is controlled
by various proteins, including Guanine-nucleotide Exchange
Factors (GEFs), GTPase Activating Proteins (GAPs), and GDP
dissociation inhibitors (GDIs). RhoGTPases are anchored to the
membrane through their prenylated tail and are kept in the
cytosol by GDI proteins, which sequester the tail of Rho proteins
(Burridge and Wennerberg, 2004; Boulter et al., 2010). Astrocytes
stimulated with Thy-1/CD90 increase RhoA activity in the first
20 min, whereas Racl activity decreases and starts to rise after
30 min of stimulation (Kong et al., 2013). Therefore, as described
for other cellular models, stimulation of astrocytes with Thy-
1/CDY0 activates RhoA and Racl in a temporally inverse manner
to modulate cytoskeleton rearrangements (Kong et al., 2013).

Because of its effects on integrins, Thy-1/CD90 is part of
the integrin adhesome, as it regulates the integrin adhesion
multimolecular complex that forms upon integrin activation.
The adhesome is a complex formed by a large number of
receptors and signaling molecules that govern the strength of
adhesion and the dynamic turnover of Focal Adhesions (FAs) to
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FIGURE 2 | Schematic model for Thy-1-dependent signaling and cytoskeleton regulation induced by a, B3 integrin-binding. (A) Thy-1/CD90 nanoclusters at the
neuronal plasma membrane dynamically associate or disassociate from CBP in lipid microdomains. Phosphorylated CBP serves as a docking site for active Src,
which phosphorylates and activates p190RhoGAP that in turn activates the RhoA GTPase that hydrolyses GTP to GDP, inactivating RhoA. (B) Binding of a,f3
integrin from astrocytes to Thy-1/CD90 induces clustering around CBP-Src-containing domains, recruiting Csk. Csk phosphorylates Src on Y527 and switches off
Src activity. Inactive Src moves away from the Thy-1-CBP-Csk complex, inactivating p190RhoGAP. GAP inactivation increases RhoA activity, activating its effector
ROCK, thereby leading to increased phosphorylation of cofilin and MLCII, and altering actin cytoskeleton dynamics.

regulate cell-ECM-attachment-detachment and movement. The
structural core of the adhesome contains additional membrane
proteins, including LRP1, SDC2, and SDC4 (Zaidel-Bar et al.,
2007; Zaidel-Bar and Geiger, 2010). SDC4 associates with ECM
proteins such as Fibronectin, which possesses three types of
Fibronectin repeats containing an integrin-binding site (RGD
tripeptide) and HeplI (or Heparin-binding domain, HBD), that
interact with the SDC4 heparan sulfate motifs. Through these
integrin and SDC4 adhesion complexes, ECM proteins and their
receptors control cyclic variations of these protein interactions,
accounting for the dynamic changes of FAs that allow switching
from strong cell adhesion to cell migration.

As mentioned above (Figure 1), Thy-1/CD90 has one binding
site for oyf3 integrin and another for SDC4. These binding
motives are required for the Thy-1/CD90-stimulated formation
of FA and stress fibers in astrocytes, which occurs within the
first 20 min after stimulation (Avalos et al., 2009). Mutating Thy-
1/CD90 in its HBD [Thy-1(AEAAA)] precludes Thy-1/CD90-
induced activation of Racl. In contrast, mutation of the Thy-
1/CD90 RLD motif to RLE blocks Thy-1/CD90 binding to
integrins, however, Thy-1/CD90 can still associate with SDC4
through its HBD and shows a tendency to increase Racl activity
at 30 min of stimulation, whereas non-mutated Thy-1/CD90
inhibits Racl activity at this same time point [Figure 3, dashed
purple lines; (Kong et al., 2013)]. These results support the
idea that both integrin and SDC4 engagement by Thy-1/CD90
are required to induce Racl activation. They also support the
existence of a trimolecular complex formed by the association
of Thy-1/CD90 with o,f3 integrin and SDC4, similar to the one
described by Barker’s group in melanoma cells, which controls
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FIGURE 3 | Thy-1/CD90 binds to ayf3 integrin and Syndecan-4 and activates
Rac1. The astrocyte cell line DI TNC1 was incubated in serum-free medium
and then stimulated with Thy-1-Fc-Protein A(RLD)-Sepharose beads (solid
line), Thy-1 (RLE) or Thy-1 (AEAAA) (dashed lines) for different periods of time.
A pull-down assay for active Rac was performed by affinity-precipitating the
cell lysates. Total Rac1 from whole cell lysates and active Rac1 were
visualized by immunoblotting with anti-Rac1 polyclonal antibody. Lines are a
schematic representation of the results obtained in these experiments (Kong
et al., 2013) indicating the fold-increase in Rac1 activity normalized to total
protein present in the input lysate (Relative Rac1 activity).

the dynamic changes of FAs (Fiore et al., 2014). An interesting
aspect of the Thy-1/CD90—integrin association is that, contrary
to Fibronectin-integrin interaction -which occurs through a catch
bond (force increase bond strength, slowing down dissociation)-
Thy-1/CD90—integrin interaction occurs via a slip bond (force
accelerates dissociation) for both ayf3 (Burgos-Bravo et al., 2018)
and asP; integrins (Fiore et al, 2014). Here, the trimolecular
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complex formed with SDC4 changes the slip bond of Thy-
1/CD90—aisP; integrin to a catch bond. Whether the same is
true for a potential Thy-1/CD90—ay 3 integrin—SDC4 complex
remains to be investigated. In any case, it is expected that an
interplay between the downstream signaling pathways triggered
downstream of oy f3 integrin and SDC4 receptors occurs at least
in mesenchymal type of cells (Morgan et al., 2007).

A remarkable feature of cell migration is the cyclic and
dynamic turnover of points of adhesion, where after an initially
induced strong adhesion, cells disassemble FAs, form cell
protrusions and establish cell polarity, which increases the ability
of cells to move. This dynamic process requires equally dynamic
changes of the interactions taking place between Thy-1/CD90
and its binding partners. Thus, the lipid-protein composition
of the microdomains where Thy-1/CD90 resides, and which are
known to undergo constant, rapid, and dynamic organization
[reviewed in Ilic et al. (2019)] are ideal platforms to allow the fluid
and active arrangements of their components.

THY-1/CD90 IN CELL-TO-CELL
INTERACTIONS

Recent reports have indicated that the interaction of Thy-
1/CD90 with integrin mediates association of many different
cell types [reviewed in Kong et al. (2013), Furlong et al. (2018),
Hagood (2019), Hu and Barker (2019), Ilic et al. (2019), Morris
(2018), and Picke et al. (2018b)]. For example, Thy-1/CD90
plays an important role as a f3 integrin ligand in fibroblasts
and cancer cells. In dermal fibroblasts, Thy-1/CD90 surface
protein engages B3 integrin in trans on adjacent cells, including
fibroblasts or tumor cells. This interaction reportedly controls
the balance between proliferation, apoptosis and differentiation,
with a clear role in fibrosis, tissue repair and cancer progression
(Schmidt et al.,, 2015). In hepatocarcinoma cells or cells from
liver tumor tissue samples, expression of Thy-1/CD90 induces
anchorage-independent growth and the expression of the stem
cell marker, CD133. The effect of high levels of Thy-1/CD90
on CD133 expression has been described as dependent on the
AMPK/mTOR signaling pathway and on the interaction of Thy-
1/CD90 with B3 integrin, since the effect of Thy-1/CD90 is
abolished when the RLE mutant is expressed. Indeed, silencing
of B3 integrin in vivo abolishes tumor growth of CD90+ cells,
and in vitro, CD133 is not expressed and the phosphorylation
levels of mTOR and AMPK are not altered, suggesting a role for
this interaction in hepatocarcinogenesis (Chen W. et al., 2015).
Interestingly these authors have also indicated that Thy-1/CD90-
B3 integrin interaction inhibits ovarian cancer formation (Chen
et al., 2016) and in this case, CD133 decreases its expression in
cancer stem cells, while the phosphorylation of AMPK increases.
In both articles, Thy-1/CD90 acts as a B3 integrin ligand, however,
in liver cancer cells, Thy-1/CD90 is presented as a carcinogenesis
promoter, whereas in ovarian cancer, it is an inhibitor of cancer
formation. Is there a third protein regulating the conformational
state of Thy-1/CD90-integrin interaction to induce such different
effects in cancer cells? How is Thy-1/CD90 able to perform
“hero and villain” functions and act as tumor suppressor or

tumor promoter, respectively, using the same molecular signaling
pathways? Is it possible that cis versus trans interactions account
for these two distinct roles of Thy-1/CD90-integrin binding?

Additionally, Thy-1/CD90 expressed in activated endothelial
cells at sites of inflammation binds to monocytes, leukocytes,
and melanoma cells through various integrins, such as avps,
axpPz, or apP, integrins (Wen et al, 2013) and also via the
seven-transmembrane protein CD97, possibly to allow trans-
endothelial migration of these cells (Ward et al., 2018). The
interaction of Thy-1/CD90 with CD97 was reported in 2012
(Wandel et al., 2012), when it was known that CD97 could also
interact with asp; and a,p3 integrins (Wang et al., 2005), CD55
(Hamann, 2004), and chondroitin sulfate glycosaminoglycans
(Stacey et al., 2003). The association of CD97 with the integrins
is intriguing, particularly because direct binding of Thy-1/CD90
with CD97 was demonstrated in assays where either pure soluble
proteins or a pure protein-to-cell binding were used; in all
cases the interactions were only partially inhibited by antibodies
directed to any of these two molecules (Wandel et al., 2012).
The question that arises here is whether the effect observed
in cell-to-cell binding experiments is actually mediated by a
trans association of Thy-1/CD90 with CD97, or of CD97 with
asB; and oyP3 integrins; the latter regulated by a cis Thy-
1/CD90 association with inactive integrins. Importantly, both
cells used in Wandel’s study, activated endothelial and CHO cells,
express integrins (Kim et al., 2002; Ward et al., 2018). Nowadays,
many studies keep reporting CD97/integrin interaction (Ward
et al., 2018; Tjong and Lin, 2019), whereas no recent evidence
about binding of CD97 to Thy-1/CD90 has been reported after
Wandel’s description in 2012, supporting the hypothesis that
Thy-1/CD90 might be a regulatory element of the CD97/integrin
interaction through the regulation of integrin activity. Such
mode of regulation was recently reported by Fiore et al. (2015)
in a different cellular model. Using fibroblasts, Barker’s group
described that conformational coupling between integrins and
Thy-1/CD90 in a cis interaction, changes the avidity of integrins
for ECM proteins, thus regulating integrin-ECM interactions
and fibroblast response to ECM proteins (Fiore et al., 2015;
Hagood, 2019; Hu and Barker, 2019). Therefore, Thy-1/CD90—
ayP3 integrin in cis could regulate integrin interaction with CD97
in trans, in a similar manner.

THY-1/CD90-INTEGRIN ASSOCIATION
AND SIGNALING UNDER
INFLAMMATORY SIGNALS

In chronic inflammatory diseases, such as psoriasis, Thy-
1/CD90 is highly expressed in skin lesions, and experiments
performed with polymorphonuclear (PMN) cells from psoriatic
patients have shown that Thy-1/CD90 is involved in the
process of adhesion of these cells to activated endothelial
cells in an amP, integrin (CD11b/CD18; Mac-1)-dependent
manner (Wetzel et al., 2006). Reports also indicate that
the Thy-1/CD90-opvP, integrin interaction is an important
mediator of transendothelial migration through cytokine-
activated endothelium and therefore, it would also play an
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important role in leukocyte invasion into inflamed tissues
(Haustein et al., 2014). Thy-1/CD90 expression is elevated in
endothelial cells exposed to pro-inflammatory cytokines, such
as IL-1p and TNFa (Haustein et al., 2014). Interestingly, these
two cytokines are up regulated in psoriasis (Arican et al., 2005)
and neutrophils from these patients adhere more to endothelial
cells than those from healthy donors (Wetzel et al., 2006).
In addition, Thy-1/CD90 binding to neutrophils triggers the
secretion of MMP-9 and CXCLS, facilitating the transport of
these cells to the lesion (Saalbach et al., 2008). Thus, under
inflammatory conditions, Thy-1/CD90 enhances its expression
levels in endothelial cells and mediates adhesion and migration
of PMN cells in an integrin-dependent manner. Additionally, the
Thy-1/CD90-apP> integrin interaction also regulates neutrophil
function, allowing them to not only recognize the affected tissue,
but also to quickly arrive to the site of inflammation.

In other inflammatory diseases such as rheumatoid arthritis,
fibroblasts also show overexpressed Thy-1/CD90 levels in
cells located at the inflamed synovium. These fibroblasts are
proliferative, invasive and produce pro-inflammatory cytokines
and expand three times more than those fibroblasts found in
osteoarthritis patients (Mizoguchi et al., 2018). Likewise, in
systemic sclerosis, another inflammatory disease of the skin,
altered fibroblasts present high Thy-1/CD90 levels (Nazari et al.,
2016). Additionally, in cancer associated fibroblasts, Thy-1/CD90
induces inflammation and increases tumor progression by
promoting IL-6 secretion (Shiga et al., 2015; Huynh et al., 2016).
However, in lung cystic fibrosis, Thy-1/CD90 negative fibroblasts
are more migratory and contribute to the formation of the fibrotic
tissue (Hagood et al., 2005). Thus, in the case of fibroblasts, Thy-
1/CD90 expression under inflammatory conditions seems to be
related to bad prognosis in only some specific settings.

On the other hand, Thy-1/CD90 is considered a mesenchymal
stem cell (MSC) marker, and MSCs with high levels of Thy-
1/CD90 are thought to regulate the immune response since
MSCs with decreased Thy-1/CD90 levels have been associated
with loss of their immunosuppressor activity (Campioni et al.,
2009). Thy-1/CD90 is increased in inflammatory diseases such
as periodontitis and in this case, MSCs with elevated levels of
Thy-1/CD90 contribute to the immunosuppressive environment
that controls the inflammation (Estrela et al., 2017). In the brain,
there is a mesenchymal cell population that overexpresses Thy-
1/CD90 near the microvasculature associated to the blood-brain
barrier, which reduces the inflammatory response compared
with a lower Thy-1/CD90-expressing population (Park et al.,
2016). In a model of rat intracerebral hemorrhage, intravenous
transplantation of MSCs reduces the disruption of the blood-
brain barrier by decreasing migration of microglia and PMN
cells, increasing the levels of anti-inflammatory cytokines and
thereby leading to an attenuated inflammatory response (Chen
M. et al., 2015). Similar results have been obtained in a rat
traumatic brain injury model, where MSCs were transplanted
2 h after the injury (Zhang et al., 2013). Of note, the MSCs
used for transplantation are characterized by their surface marker
expression, which includes high levels of Thy-1/CD90. Moreover,
MSCs from adipose tissue and bone marrow of canine origin
have been compared, and although cells from adipose tissue

show higher DNA methylation and proliferative rate than those
from bone marrow, the immunosuppressive properties of both
MSC types are similar. Importantly, both types of MSCs showed
increased levels of Thy-1/CD90 (Russell et al., 2016). Thus,
MSCs have a recognized protective effect in various disorders
by modulating the inflammatory response; this feature seems to
be associated with elevated expression of Thy-1/CD90. However,
further studies are needed to confirm this correlation.

Interestingly, in the neuron-astrocyte model, Thy-1/CD90
needs to be in an inflammatory environment to be functional,
since its receptors are only expressed in sufficient amounts and
conformation in astrocytes that exhibit a reactive phenotype
(Lagos-Cabré et al., 2017). Rat astrocytes derived from neonate
animals only respond to Thy-1/CD90 when reactivated by pro-
inflammatory cytokines such as TNF (Lagos-Cabré et al., 2017).
Reactive astrocytes obtained from transgenic neonatal mice that
carry the human superoxide dismutase mutated in glycine 93
(hSODY?34) also respond to Thy-1/CD90. These mice develop
amyotrophic lateral sclerosis (ALS) at 3 months of age; thus,
they constitute a mouse model for this neurodegenerative disease
(Van Zundert et al., 2012). Interestingly, astrocytes derived from
hSOD%%*A mouse brains at postnatal days 1-2, and cultured
in vitro for 3-4 weeks behave as reactive astrocytes (contrary
to the transgenic wild type hSOD mouse-derived astrocytes),
confirming that these cells are reactive before the onset of
the disease symptoms. Considering that astrocytes treated with
pro-inflammatory cytokines or derived from the transgenic
hSODSY3A mice both show a reactive phenotype, and increased
expression of integrin and SDC4 protein (Lagos-Cabré et al.,
2017), it is possible that Thy-1/CD90 requires the expression
of these receptors at levels where effective interactions might
take place in order to trigger downstream signaling pathways.
We speculate then that Thy-1/CD90 is incapable of activating
ayfB3 integrin and SDC4 within intact and healthy tissue
because the expression levels of these receptors are too low,
but rise locally in damaged areas or where pro-inflammatory
conditions are present.

TNF treatment of astrocytes, apart from inducing elevation of
cell surface proteins such as a,f3 integrin and SDC4, additionally
elevates Connexin 43, Pannexin 1, and the purinergic receptor
P2X7R levels; despite these changes, TNF does not stimulate
cell migration unless the receptors are engaged by Thy-1/CD90
(Lagos-Cabré et al, 2017, 2018). However, by increasing the
amount of these proteins at the plasma membrane, TNF prepares
the cells to respond to Thy-1/CD90 by allowing the formation of
integrin microclusters, and possibly of SDC4 (Lagos-Cabré et al.,
2018). A similar effect is achieved by overexpressing p3 integrin in
the absence of TNF; in this case, B3 integrin-expressing cells are
also primed to respond to Thy-1/CD90 by generating receptor
microclusters in the membrane, which become more prominent
and effective upon Thy-1/CD90 association with its receptors
(Lagos-Cabré et al., 2017). Therefore, it appears that the receptors
need to reach a certain level of expression/aggregation to prepare
the cell to respond to the neuronal ligand Thy-1/CD90.

Results reported in rat brain-derived astrocytes show that ATP
release and Ca®* uptake via the P2X7R are key steps in astrocyte
migration induced by Thy-1/CD90, which coincides with the
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FIGURE 4 | Thy-1-induced astrocyte adhesion and migration. In astrocytes, Thy-1/CD90 binding to integrin microclusters induces receptor oligomerization and
leads to the formation of bigger clusters and integrin activation. Integrin then recruits signaling molecules, such as PLCy. Active PLCy hydrolyzes PIP2, generating
diacylglycerol (DAG) and IP3. The latter activates the inositol 1,4,5-trisphosphate receptor (IP3R) to allow the release of Ca?™* from intracellular stores such as the
endoplasmic reticulum (ER lumen is shown). Increased intracellular Ca®* concentration opens the hemichannels (Connexin 43 and Pannexin 1), leading to the
consequent release of ATP to the extracellular medium. Locally increased ATP concentration activates P2X7 receptors, which allow Ca2™* entry into the cell. This
signaling pathway is part of a more complex cascade of reactions leading to cell polarization, adhesion and migration [more details in Alvarez et al. (2016) and

Lagos-Cabré et al. (2018)].

signaling mechanisms involved in cell adhesion and migration of
DITNCI astrocytes (Henriquez et al., 2011; Alvarez et al., 2016;
Lagos-Cabré et al., 2017, 2018). The signaling pathways include,
the activation of FAK/Src/PI3K and PLCy, the generation of the
second messengers DAG and IP3, the activation of the IP3R
and the release of Ca>* from intracellular stores, consequently
increasing intracellular Ca?™ concentration ([Ca®t];) (Avalos
et al., 2009; Kong et al., 2013; Alvarez et al., 2016). The elevated
Ca®* levels lead to the opening of the Connexin 43 and Pannexin
1 hemichannels, and the release of ATP to the extracellular
space. Increased ATP levels activate the P2X7R, allowing the
entrance of extracellular Ca?*, further rising ([Ca?*];) (Figure 4;
Alvarez et al., 2016). Thy-1/CD90-stimulated astrocyte adhesion
and migration could be precluded by hydrolyzing ATP with
Apyrase treatment, chelating extracellular Ca** with EGTA, or
by silencing/inhibiting P2X7R pharmacologically. This complex
signaling cascade required for cells to undergo migration, relies
heavily on the increase of ([Ca%t];) (Alvarez et al., 2016; Lagos-
Cabré et al,, 2017, 2018). However, contrary to intuition, and
although an ionophore stimulates cells to open hemichannels and
release ATP, the treatment of primary cells with a Ca?* ionophore
to bypass the membrane receptors’ downstream signaling does

not induce astrocyte migration. Instead, cell motility requires
that pro-inflammatory stimuli are added (e.g., TNF) (Lagos-
Cabré et al., 2018). These results imply that parallel signaling
pathways activated by Thy-1/CD90 binding to its receptors, and
the fine-tune regulation of the levels of these receptors by a pro-
inflammatory environment, are important factors of the signal
transduction pathways that these cells utilize to move.

Therefore, Thy-1/CD90 cell surface glycoprotein possesses
various functions that depend on the context of specific
physiological or pathological conditions. Such conditions
are determined by inflammatory processes, expression
levels of Thy-1/CD90, as well as the expression levels of its
binding counterparts.

CELLULAR RESPONSES REGULATED
BY THY-1/CD90 IN CIS

Theoretical and experimental evidence indicate that Thy-1/CD90
interacts with several proteins. Interestingly, the interactions
occur with intracellular or extracellular proteins, with molecules
located at the cell surface of the same cells, and with proteins
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present in other cells. Despite being a GPI-anchored protein
that resides on the outer leaflet of the plasma membrane, this
protein can modulate signal transduction pathways through the
lipid bilayer to the interior of the cell, and regulate processes like
apoptosis, differentiation, proliferation, and tumor suppression
(Rege and Hagood, 2006). This highlights the role of Thy-1/CD90
in the same cell that expresses this protein; i.e., “cis signaling,
in addition to the effect that this ligand exerts in other cells
(“trans signaling”).

The mechanism by which Thy-1/CD90 can transduce signals
to the interior of a cell has been elucidated in fibroblasts and
neurons, and involves the participation of the CBP scaffold
protein as a transducer (Chen et al., 2009; Maldonado et al.,
2017). In neurons, integrin stimulation promotes Thy-1/CD90
clustering and the formation of a complex with CBP, Csk, and
Src. Csk phosphorylates Src in a C-terminal inactivating tyrosine
(Y527), thereby leading to the separation of Src from the complex
(Figure 2). The inactivation of Src inhibits the RhoGAP activity
of p190RhoGAP, which is one of the main substrates of Src in
neurons (Brouns et al., 2001). As a consequence, GTP-coupled
RhoA cannot be hydrolysed and its activity increases, leading to
contraction of the actin cytoskeleton and the resultant retraction
of neuronal processes (Maldonado et al., 2017). Evidence has
indicated that in fibroblasts, CBP also plays a key role in the
transient confinement of Thy-1/CD90 clusters in lipid rafts,
however, this study focused on deciphering how a GPI-anchored
protein could undergo patching and capping if it cannot interact
directly with the cytoskeleton. Here, Jacobson’s group described
that by binding to the adaptor protein EBP50, CBP links the
Thy-1/CD90/CBP complex to the actin cytoskeleton through
an ezrin-radixin-moesin protein complex (Chen et al., 2009).
Therefore, transient anchorage of Thy-1/CD90 in lipid rafts
induces signaling amongst proteins that do not span the whole
lipid bilayer, confining in one place receptors, scaffolds, adaptors
and signaling molecules to promote cell signaling.

The cis binding of Thy-1/CD90 has not only been reported
for Thyl-Thyl interaction in cluster formation, but is now
well documented for integrins, which are its classical counter
receptors. The binding between Thy-1/CD90 and integrins has
been widely documented in trans signaling (Barker and Hagood,
2010), but more recent evidence has additionally incorporated
the concept of Thy-1/CD90 cis signaling. In lung fibrosis, Thy-
1/CD90 associates with oyfs integrin in cis, promoting the
inhibition of latent TGF-B1 activation induced by myofibroblast
contraction, likely by competing with the RGD motifs on the
N-terminal latency-associated peptide (LAP) and those of ECM
proteins (Zhou et al., 2010). Another example is that of the
Thy-1/CD90-ayf3 integrin duo in fibroblasts, which plays a
crucial role in FA formation. In this context, Thy-1/CD90 cis
binding to inactive a,Ps3 integrin acts as a sensor of matrix
rigidity and controls the association of this integrin with ECM
proteins, as well as with critical lipid raft components such
as Fyn and CBP. This interaction controls c-Src activity and
thus modulates FA formation dynamics (Fiore et al, 2015).
The regulatory role of Thy-1/CD90 on a,f3 integrin avidity
for the ECM has been recently corroborated in an in vivo
model of fibrotic lung injury (Fiore et al, 2018). This cis

interaction has been particularly analyzed for a,fs integrin
in ovary and liver cancer cells, where in both cases cis Thy-
1/CD90-0,,f3 integrin interaction modulates cancer progression.
Intriguingly, the effect of Thy-1/CD90 presence is opposite in
these cancer types; behaving as a tumor promoter in liver, but
as a tumor suppressor in ovarian cancer. Even more surprising
is the fact that the AMPK/mTOR/CD133 signaling axis has been
implicated in both cases (Chen W. et al., 2015; Chen et al,
2016). Here, cis (regulating) versus trans (activating) interactions
could be mediating the opposite cellular responses. Therefore,
cis interaction of Thy-1/CD90 with integrins seems to play a
regulatory role, in which the outcome is cell context-dependent.

Beyond the interaction of Thy-1/CD90 with the classical
counterpart proteins, reports indicate that it also associates in
cis with other membrane components, such as ion channels
and transmembrane receptors. For example, in the adult rat
retina, Thy-1/CD90 colocalizes with the ion channel subunit 4 of
the hyperpolarization-activated, cyclic nucleotide-gated (“HCN”)
protein (Partida et al., 2012). The authors suggest a new possible
electrophysiological property for Thy-1/CD90, which would
reveal the versatile nature of this protein in other settings as well.
On the other hand, Thy-1/CD90 association with the FasR has
also been documented in lung myofibroblasts as a key requisite
for cell apoptosis. The absence of Thy-1/CD90 in these cells
decreases apoptosis and thus, tissue regeneration upon lung
injury cannot be completed, thereby leading to a progressive
fibrotic disorder (Liu et al.,, 2017). Experiments performed in
these studies to demonstrate the association of Thyl/CD90 with
these proteins include immunoprecipitation and colocalization
by confocal microscopy, however, given the known limitations
of these techniques, the direct interaction of Thy-1/CD90 with
either HCN4 or FasR has not been confirmed yet. In any case,
either directly or indirectly, the HCN4 subunit and FasR are Thy-
1/CD90 partners that further increase the plethora of molecules
that might associate with Thy-1/CD90.

EXTRACELLULAR THY-1/CD90-LINKED
PLASMA MEMBRANE-ASSOCIATED
PLATFORM

As a concept, a scaffold protein is defined as a multivalent
molecule that integrates a diverse set of other components in
a spatial and temporal manner. These components are part of
a distinct signaling pathway, but their proximity might activate
other pathways, increasing the biological activities or processes
carried out by the cell. Moreover, the crowding property gives
these scaffold proteins a central role in the physical assembly of
different molecular components to enhance the specificity and
the efficiency of various signal transduction pathways. Initially,
it was thought that a scaffold is limited to regulating the
proximity of certain enzymes, but today its function expands to
a much more complex scenario of regulation, with structural and
functional plasticity (Good et al., 2011; Pan et al., 2012).

Within this scaffold concept, and considering Thy-1/CD90
physicochemical properties, binding capabilities, and signal
transducing functions, we can place Thy-1/CD90 as an

Frontiers in Cell and Developmental Biology | www.frontiersin.org

July 2019 | Volume 7 | Article 132


https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Leyton et al.

Thy-1 A Membrane-Associated Platform

integrating and organizer molecule at the extracellular level. Thy-
1/CD90 binds molecules that act as transmembrane transducers,
which are collectively named transmembrane adaptor proteins
(TRAPs), such as LAT and CBP, both of which transduce the
signaling triggered by Thy-1/CD90 binding to the interior of
the cell (Leyton et al, 1999; Maldonado et al, 2017). These
TRAPs have two palmitoylation sites and by virtue of these
lipid modifications, are located in rafts with little mobility
(Zhang et al., 1998). Thus, by binding to these palmitoylated
transmembrane proteins, Thy-1/CD90 becomes confined and
less mobile within the microdomains.

Thy-1/CD90 additionally associates with various membrane
receptors. It binds to various integrins, SDC4, FasR, HCN4, and
CD97, controlling in each case, different cellular components and
events. Thus, the variety of binding partners that Thy-1/CD90
displays and its ability to regulate the function of other proteins,

makes it a surface scaffold candidate, much like the GPI-anchored
protein PrPC has been postulated as an extracellular scaffold
(Linden, 2017). However, the scene is more complex, because the
Thy-1/CD90 scaffold function occurs both in cis and in trans.
For example, Thy-1/CD90 binds to integrins in the plane of the
membrane to maintain it in an inactive state. However, when
Thy-1/CD90-integrin interaction occurs between opposing cells,
integrins behave as signaling scaffolds themselves and engage
components of the cytoskeleton and the ECM to regulate various
cellular processes (LaFlamme et al., 2018). The mechanism is
even more complex, because Thy-1/CD90 is located in lipid rafts,
and lipid composition determines different types of rafts. Thy-
1/CD90 locates in rafts that associate with actin and possess
saturated lipids, whereas PrPC is in microdomains with more
unsaturated and longer chain lipids (Briigger et al., 2004),
which do not contact the actin cytoskeleton (Chen et al., 2008;
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FIGURE 5 | The extracellular Thy-1-linked membrane-associated platform (ThyMAP). Data has been obtained in different cells, as indicated by different textures in
the plasma membrane. Thy-1/CD90 binding to integrin occurs in trans (activating) and in cis (regulating). (A) Thy-1/CD90 binding to PMN cells through amp2 and
axPe integrins promotes transendothelial migration of these cells, facilitating their arrival to the inflamed tissue. The interaction also induces production of MMP9 and
CXCL8. (B) In addition, Thy-1/CD90 crosslinking with antibodies or by binding to ayf3 integrin in trans forms Thy-1/CD90 nanoclusters and signals to the interior of
the cell through the transmembrane adaptor CBP, which transiently confines Thy-1/CD90 by engaging the actin cytoskeleton. (C) Thy-1/CD90 also forms a ternary
complex with asB+ integrin, and possibly with a, B3, to facilitate melanoma or astrocyte migration, respectively. (D) The regulatory role of Thy-1/CD90 appears to
occur in a cis interaction with ay B3 integrin. This cis interaction decreases integrin avidity for ECM proteins and could regulate Thy-1/CD90 tumor suppressor or
tumor promoter activity and, additionally, control the interaction of integrins with CD97. (E) The latter could also interact directly with Thy-1/CD90.
Polymorphonuclear cells (PMNC); Endothelal cells (EC); Transendothelial migration (TEM).
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Morris et al, 2011). Additionally, lipid and protein
composition of these raft structures is dynamic and arranged
in nanodomains that rapidly reorganize and change their
components to control signal transduction events [reviewed in
Tlic et al. (2019)].

Astro and De Curtis (2015) have coined a new concept
for these “dynamic scaffolds that organize membrane-associated
events” that is Plasma membrane-associated platforms or
PMAPs. However, these platforms are a combination of scaffold
proteins that associate with membrane receptors within the cell
and contain a core complex (formed by Liprin, ELK, CLASP,
LL5). Although this core complex participates in processes
like cell adhesion, migration, and leading edge protrusive
activity, they have not been involved -up to now- in Thy-
1/CD90 signaling. Importantly, integrins are active participants
of PMAPs (LaFlamme et al., 2018). Thus, much still needs
to be learnt about Thy-1/CD90 interactions and signaling
mechanisms regulated by these associations, and it is possible that
an extracellular Thy-1-linked membrane-associated platform
(ThyMAP) represents a different supramolecular assembly
where Thy-1/CD90, centered at its core, organizes various
signal transduction pathways from the extracellular molecular
platform (Figure 5).

In summary, Thy-1/CD90 can interact with itself forming
clusters that bind to different transmembrane proteins. These
proteins connect with the ECM, intracellular molecules, the
cytoskeleton, and other membrane receptors present in the
same or neighboring cells. Therefore, Thy-1/CD90 forms
clusters, supramolecular complexes, and participates in the
activation (in trans) and regulation (in cis) of different signal
transduction pathways. Such signaling reactions are restricted by
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Thy-1 is a small membrane glycoprotein and member of the immunoglobulin
superfamily of cell adhesion molecules. It is abundantly expressed in many cell types
including neurons and is anchored to the outer membrane leaflet via a glycosyl
phosphatidylinositol tail. Thy-1 displays a number of interesting properties such as fast
lateral diffusion, which allows it to get in and out of membrane nanodomains with
different lipid composition. Thy-1 displays a broad expression in different cell types
and plays confirmed roles in cell development, adhesion and differentiation. Here, we
explored the functions of Thy-1 in neuronal signaling, initiated by extracellular binding
of ayPg integrin, may strongly dependent on the lipid content of the cell membrane.
Also, we assort literature suggesting the association of Thy-1 with specific components
of lipid rafts such as sialic acid containing glycosphingolipids, called gangliosides.
Furthermore, we argue that Thy-1 positioning in nanodomains may be influenced by
gangliosides. We propose that the traditional conception of Thy-1 localization in rafts
should be reconsidered and evaluated in detail based on the potential diversity of
neuronal nanodomains.

Keywords: Thy-1, ganglioside, nanodomain, lipid rafts, neuronal signaling

INTRODUCTION

Thy-1 is a small (17-18 kDa), N-glycosylated glycosylphosphatidylinositol (GPI)-anchored protein
positioned in outer membrane leaflet domains enriched with cholesterol and gangliosides, called
lipid rafts [molecular features, expression patterns and cell functions of Thy-1 are reviewed
in Herrera-Molina et al. (2013) and in Leyton and Hagood (2014)]. Thy-1 is expressed in
several cell types including human thymocytes, hematopoietic stem cells, glioblastoma cells,
mesothelium precursor cells, neurons, and some subsets of fibroblasts among others. Depending
on the cell type, the functions of Thy-1 include cell development and differentiation as well
as regulation of adhesion and morphological changes in the context of cell-cell and cell-matrix
contact (Leyton and Hagood, 2014).

The functions of Thy-1 are proposed to be regulated by the binding of endogenous ligands
of which certain integrins are the most prominent ones (Herrera-Molina et al.,, 2013; Leyton
and Hagood, 2014). The first ever characterized Thy-1-Integrin interaction is the one involving
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extracellular binding of astroglial ayvf3; integrin and changes
in the lateral diffusion as well as the nanoclustering state
of Thy-1 in the neuronal membrane (Leyton et al., 2001;
Maldonado et al, 2017). Notably, the engagement of ayps
integrin not only results in profound morphological changes and
increased migration in the astrocytes (Avalos et al., 2004, 2009;
Hermosilla et al., 2008; Henriquez et al., 2011), but also triggers
Thy-1-depending intracellular signaling in neurons (Herrera-
Molina et al., 2012, 2013). The ayf; integrin-triggered Thy-
1 clustering has recently been shown to regulate inactivation
and exclusion of the non-receptor tyrosine kinase Src from a
Thy-1/C-terminal Src kinase (Csk)-binding protein (CBP)/Csk
complex, resulting in pl190Rho GTPase activation, cofilin and
myosin light chain II phosphorylation, and consequently neurite
shortening (Maldonado et al, 2017). However, it remains
unknown whether these mechanisms initiated by ayf3 integrin
binding to Thy-1 are occurring in lipid rafts. Interestingly, super-
resolution-suited fluorescent analogs of GPI-anchored proteins
and gangliosides have recently been developed, expanding the
toolbox to evaluate the interactions between these raft-associated
molecules (Komura et al., 2016; Suzuki et al., 2017). In particular,
these new studies have revealed gangliosides as highly dynamic
components of rafts able to interact and regulate positioning
of GPI-anchored proteins. Here, we briefly review literature
demonstrating that Thy-1 is present in lipid rafts and that, in
response to extracellular engagement, its mobility decreases in
particular subsets of them. Also, we explore evidence showing
that interactions between Thy-1 and raft-associated signaling
intermediates occur in a delicate equilibrium within a nanoscale
and millisecond time range. Finally, we hypothesize that correct
Thy-1 signaling depends on the presence of an adequate lipid
milieu and that, particular classes of gangliosides could be
important for correct positioning and/or signaling functions of
Thy-1 in rafts in the plasma membrane of neurons.

Thy-1-CONTAINING LIPID RAFTS: A
TECHNICAL AND CONCEPTUAL
OVERVIEW

Since Simons and Ikonen postulated the existence of functional
lipid rafts (Simons and Ikonen, 1997), this area has been
extensively studied in order to clarify the characteristics,
composition, and functional role of lipid rafts in living cell
systems. The original concept of how lipid rafts are organized,
which should be acknowledged, has been subjected to revision
and drastically changed over the years. Early experiments almost
exclusively used cold detergent to extract these membrane
domains and thus they were often accepted to be detergent-
insoluble plasma membrane domains (Brown and Rose, 1992).
Conceptually, they were thought to be patches of differently
organized lipids that house specific transmembrane proteins.
Later, additional research evolved the concept of lipid rafts from
being stable and long-lived membrane patches to fluid and
dynamic arrangements of clustered lipids and proteins (Owen
et al.,, 2012). Although many studies have dwelled on whether
lipid rafts even exist, it has become clear that lipid rafts exist and

they may occupy only a fractional area of the plasma membrane.
More recently, the use of super-resolution microscopy techniques
applied to live-cell imaging has revealed rafts as actively changing
and dynamically reorganizing nanodomains formed by different
lipid and protein composition (reviewed in Sezgin, 2017).

Commonly used procedures for the characterization
of lipid rafts are biochemical isolation methods based on
ultracentrifugation in sucrose gradients and classical immuno-
histochemical protocols (Pike, 2009; Williamson et al., 2010;
Aureli et al., 2016). The results derived from these studies vary
depending on used detergents, temperature, saline composition
of buffers, etc. The choice of detergents is the most critical issue
when the goal is to study native lipids, for example cholesterol
organization or presence of gangliosides in rafts (reviewed in
Klotzsch and Schutz, 2013). As today we know, biochemical
isolation of rafts using different non-ionic detergents, namely
Triton X-100, can produce a number of artifacts, including
non-physiological clustering of certain lipids and proteins.
Therefore, classically accepted results obtained using this
detergent should be reconsidered and critically subjected to
a new scrutiny. A possible way out of this problem could
be the introduction of other detergents found to be less
disruptive to the plasma membrane and more in tune with the
composition and solubility properties of lipid rafts (Chamberlain,
2004; Heffer-Lauc et al., 2005, 2007; Williamson et al., 2010;
Sonnino and Prinetti, 2013) (see later).

In contrast to the impossibility of fixing gangliosides, fixation
procedures typically with p-formaldehyde (PFA) keep proteins
in the membrane in immuno-histochemical studies. Clear-cut
immuno-histochemical experiments concluded that the inclusion
of 1% Triton X-100 (similar concentration is used in most raft
isolation protocols) in blocking and primary antibody solutions
caused a mild redistribution of Thy-1 from PFA-fixed wild-type
to Thy-1 KO brain sections slices when they were incubated
together in the same well. This is possibly due to extraction of
Thy-1 and incorporation of its lipophilic GPI-anchor in detergent
micelles as PFA does not completely fix GPI-anchored proteins
(Tanaka et al., 2010). Despite the extractive capacity of the
detergent, the immunoreactivity of remaining Thy-1 in different
wild-type brain areas was grossly preserved after detergent
exposure, indicating that most Thy-1 was fixed and resistant to
extraction (Heffer-Lauc et al., 2005, 2007). In PFA-fixed neuronal
cultures, Thy-1 staining on the cell surface is very well preserved
after the use of Triton X-100-enriched solutions (Herrera-Molina
et al., 2012, 2013; Maldonado et al., 2017). These studies showed
that Thy-1 (just as any other transmembrane protein) resists
detergent-mediated extraction most likely thanks to the fixative-
induced cross-linking with other membrane proteins in intimate
contact within the lipid raft. Nevertheless, PFA-promoted protein
crosslinking is by itself an inevitable pitfall which should
be controlled and/or complemented by alternative staining
procedures. In neuronal cultures for example, live cell staining
with monoclonal antibodies and super-resolution microscopy
have been used to confirm changes in Thy-1 clustering (Herrera-
Molina et al., 2013; Maldonado et al., 2017). Alternatively, new
fixatives have been characterized specially for the use of super-
resolution microscopy (Richter et al., 2018).
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For years, the inability to isolate rafts at physiological
temperature prolonged the debate on the existence of these
nanodomains in living cells (London and Brown, 2000; Lingwood
and Simons, 2007). Temperature and ion concentration have
been proven to influence lipid raft isolation. Chen X. et al. (2009),
a publication from Morris’s lab, proposed that the problem of
obtaining “physiological rafts” is a technical one caused by the
disruption of the inner layer of the plasma membrane when
in contact with detergents, such as Triton X-100 dissolved in
buffers with inappropriate cation composition (Pike et al., 2002;
Schuck et al., 2003; Koumanov et al., 2005). To solve this
problem, the authors introduced detergent-containing buffers to
mimic the intracellular ionic environment which prevented the
disruption of the inner layer of the plasma membrane obtained
from rodent brains. In addition to the provided biochemical
evidence, the stabilization of membrane domains during isolation
at 37°C was demonstrated by obtaining small nano-meso scale
rafts of < 100 nm in size, as shown using immune-gold
labeled antibodies and electron microscopy (Chen X. et al,
2009; Morris et al., 2011). Furthermore, they showed that the
use of the new buffer formulation in combination with the
detergents Brij98 or Brij96 further optimizes the isolation of
brain rafts at physiological temperature (Chen X. et al., 2009;
Morris et al., 2011).

Thy-1 is present in domains enriched with fully saturated
lipids, which are distinguishable from prion protein PrP-
containing rafts with significantly more unsaturated and longer
chain lipids (Brugger et al., 2004). Confirming these results, the
existence of independent Thy-1- or PrP-containing domains has
been observed in brain membrane preparations with preserved
inside-out orientation and isolated at physiological temperature
(Chen X. et al., 2009; Morris et al., 2011). These observations
strongly support the existence of different lipid raft populations,
which are easily distinguishable in their composition. Moreover,
it has been shown that Thy-1-containing, but not PrP-containing,
lipid nanodomains are associated with actin, strengthening the
idea of a tight interaction between Thy-1 and cytoskeletal/
cytoplasmic components (Chen X. et al, 2009; Morris et al.,
2011). Therefore, biochemical isolations of lipid rafts have
not only provided the basis for the gross understanding of
the differences in protein composition, but have also given
functional meaning to subclasses of lipidic nanodomains. From
this literature (and other), it is clear that GPI-anchored
proteins like Thy-1, transmembrane proteins, intracellular
signaling intermediates, and a variety of lipids may undergo
interdependent interactions to form an undetermined number of
different types of rafts.

Mobility and Nanoclustering of Thy-1 in
Lipid Rafts

Biochemical assessments to characterize the presence of Thy-1
in certain rafts have been complemented with high-resolution
imaging techniques aiming to observe the localization and
behavior of the molecule inside and outside of rafts. More than
25 years ago, classical biochemical experimentation and liquid-
phase chromatography revealed that Thy-1 forms multimers of

45-50 and 150 kDa in primary neurons and neuron-like PC12
cells (Mahanthappa and Patterson, 1992). Also, a number of
reports have used electron microscopy-associated immunogold
particles to describe the spontaneous formation of highly
compact nanoclusters as small as 20-100 nm, comprising 2-20
molecules of Thy-1 (Brugger et al., 2004; Chen X. et al., 2009;
Morris et al., 2011). More recently, it has been demonstrated
that cholesterol in the outer leaflet of the plasma membrane
allows tight contact between GPI-anchored proteins like Thy-
1, CD59, and even GPI-anchored Green Fluorescent Protein,
as these molecules have been observed as close as 4-nm apart
using homo-FRET or single molecule tracking (SMT) (Sharma
et al., 2004; Chen et al,, 2006; Chen Y. et al, 2009; Komura
et al., 2016; Suzuki et al., 2017). Thus, it has been proposed
that cholesterol-associated nanoclusters of these GPI-anchored
proteins may be functional units linked to protein complex
formation to regulate signal transduction. This idea is supported
by accumulated evidence indicating that the miscibility of lipid
components in the plasma membrane may allow the coupling of
the outer leaflet with the inner leaflet of the bilayer, facilitating
the communication of two proteins on opposite sides of the
membrane (Kusumi et al., 2004, 2010; Chen et al., 2006; Chen Y.
et al., 2009; Suzuki et al., 2007a,b). Considering this scenario, the
coincidental clustering of a critical number of Thy-1 molecules
with an environment of saturated lipids in the external layer
would act as a trigger for the reorganization of inner leaflet rafts.

Rafts are formed by the lateral assembly of cholesterol,
phosphatidylcholine, and sphingolipids like gangliosides in the
outer layer of cell membranes (Simons and Ikonen, 1997;
Quest et al., 2004). Indeed, cholesterol — despite its rigid
and bulky tetracyclic structure - is an essential component
as it interacts with other lipids to form 5-200 nm patches
with limited stability in the time range of milliseconds to
minutes (Kusumi et al., 2004, 2010; Honigmann et al., 2014).
From this, it is believed that the proper organization and
lipid content in rafts can provide the correct environment for
the functioning of more than 250 identified transmembrane
and GPI-anchored raft-associated proteins in cell membranes
from different sources (Santos and Preta, 2018). The plethora
of lipid-protein interactions most likely defines the versatility,
stability and specific functionality of these microdomains
(Skibbens et al., 1989; Sargiacomo et al., 1993; Danielsen and
van Deurs, 1995; Dietrich et al.,, 2001; Silvius, 2003; Hanzal-
Bayer and Hancock, 2007). As an example, both assembly and
disassembly of lipid rafts facilitates the effective activation of
locally concentrated receptors by extracellular ligands as well
as the posterior interaction with downstream effectors, adding
speed and specificity to the ligand-receptor-encoded initiation
of cell signaling (Pereira and Chao, 2007; Suzuki et al., 2007a,b;
Lingwood and Simons, 2010; Pryor et al., 2012). Supporting
the dynamism of rafts in terms of heterogeneity and short
lifetimes, the use of stimulated emission depletion (STED),
SMT, foster resonance energy transfer (FRET), and other super-
resolution imaging techniques has helped to visualize protein-
protein, protein-lipid, and lipid-lipid interactions becoming
transiently stabilized and then disassembled in intact plasma
membranes (Honigmann et al., 2014).
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Changes in the aggregation state of Thy-1 and other
GPI-anchored proteins induced by extracellular engagement
have been observed using fast and super-resolution imaging
techniques. Additionally, both important technical and
conceptual advances have been made in the understanding
of the physical dimensions ruling the lateral mobility and
clustering of GPI-anchored proteins in cholesterol rafts (Kusumi
etal., 2004, 2010; Hell, 2007; Honigmann et al., 2014). Using SMT
with a 33-ms resolution, Kusumi’s lab has shown that incubation
with antibody-coated 40-nm gold particles clusters 3-9 CD59
molecules, which is enough to promote alternating periods of
actin dependent temporary immobilization of the molecules with
lifetimes of 200-ms up to 8-s (exponential lifetime = 100-ms) in
epithelial and fibroblastic cell lines. The arrested CD59 molecules
remained in a compartment of 110-nm in diameter (conventional
resolution of fluorescent microscopes 250-400-nm), indicating
that immobilization of CD59 is accompanied by limited diffusion
in nano-rafts (Suzuki et al., 2007a,b). Jakobson’s lab, also using
fibroblasts, SMT with a 33-ms resolution, and antibody-coated
40-nm gold particles, described that the clustering of Thy-1
induces immobilization of the molecule during a slightly broader
time rage of 300-ms up to 10-s (Chen et al., 2006). Moreover,
both labs demonstrated that the arrest and positioning of the
Thy-1 and CD59 clusters in lipid rafts strongly depend on
cholesterol integrity. Therefore, it is clear that ultra-fast, but also
slow transient arrests of GPI-anchored proteins are triggered
by extracellular engagement in cholesterol rafts. Nevertheless,
the results obtained using these artificial ligands to promote
clustering of the GPI-anchored proteins, like Thy-1, could not
fully describe the natural responses to endogenous ligands to a
necessary degree.

EXTRACELLULAR BINDING OF GLIAL
ayf3 INTEGRIN CONFINES NEURONAL
Thy-1

For decades, an endogenous ligand for Thy-1 remained in
the dark. In 2001, ayf3 integrin expressed by astrocytes was
identified as a receptor for Thy-1 (Leyton et al., 2001). Leyton’s
lab has characterized in detail the direct binding between ayf3
integrin and the RGD-like sequence (RLD, positions 35-37
accession number AAA61180.1) of Thy-1 by surface plasmon
resonance (Choi et al., 2005; Hermosilla et al., 2008), confocal
microscopy (Herrera-Molina et al., 2012), and recently using
molecular force spectroscopy (optical tweezers) (Burgos-Bravo
et al., 2018). Importantly, the same lab has revealed crucial
ayPs integrin-dependent and Thy-1-induced signaling events,
promoting morphological changes in astroglial cells (Avalos et al.,
2004, 2009; Hermosilla et al,, 2008; Henriquez et al., 2011;
Alvarez et al, 2016; Lagos-Cabré et al., 2017, 2018; Burgos-
Bravo et al, 2018). Supporting a paradigm of bidirectional
communication between neurons and astrocytes, the astroglial
avpPs integrin was found to also act as a ligand for neuronal
Thy-1 to trigger signaling events and retraction of axons
and dendrites in neurons (Herrera-Molina et al., 2012, 2013;
Maldonado et al., 2017).

The binding of ayf; integrin promotes Thy-1 clustering
on the neuronal cell surface (Herrera-Molina et al, 2012,
2013; Maldonado et al., 2017). Using super resolution STED
microscopy followed by image deconvolution procedures (lateral
resolution of 40 nm), single Thy-1 nanoclusters were found
as small as 90 nm in diameter (Herrera-Molina et al., 2013;
Maldonado et al., 2017). Upon extracellular binding of ayfs
integrin, Thy-1 clusters with a diameter of 300-400 nm
were detected abundantly with extensive aggregation (Figure 1
and Maldonado et al, 2017). Although unitary lifetimes of
ayPs integrin-bound Thy-1 clusters have not been evaluated
yet, a highly dynamic process is expected. Indeed, a single
application of a3 integrin was sufficient to reduce the average
velocity and displacement area of quantum dot (QD)-labeled
Thy-1 molecules, pointing to diminished lateral mobility of
ayPs integrin-bound Thy-1 clusters (Maldonado et al., 2017).
Interestingly, one fraction of Thy-1 molecules (~60%) was fast
(>5-pm/s), whereas the other one (40%) was comparatively
slow (<5-pm/s) in control neurons. After binding of ayfs
integrin, a smaller fraction of Thy-1 molecules remained fast
(40%) (Figure 1 and Maldonado et al,, 2017). Additionally, as
aypPs integrin binding reduced the mean square displacement
(MSD) of Thy-1 molecules (Figure 1), it is possible to speculate
that a specific fraction of Thy-1 molecules (20%) is sensitive to the
interaction with ayf3 integrin in neurons. Also, considering the
high degree of subcellular compartmentalization of neurons, it is
tempting to propose the existence of different subclasses of Thy-1
clusters in dendrites, axons, and/or synapses attending functional
specializations of each of these cell compartments.

The evidence points toward a mechanism whereby the
clustering of Thy-1 initiates intracellular downstream signals
through the single-pass transmembrane adaptor protein CBP
(C-terminal Src kinase binding protein). CBP is palmitoylated
allowing localization in rafts (Brdicka et al., 1998; Zhang et al.,
1998; Chen Y. et al., 2009). CBP plays an obligatory role
in the transient arrest of Thy-1 molecules in rafts (Chen Y.
et al., 2009) and contains intracellular tyrosine phosphorylation
residues that serve as docking sites for Src family kinase
(SFK) proteins, including Src and Csk (Wong et al, 2005;
Solheim et al., 2008). Both clustering and immobilization of
Thy-1 in rafts require SFK activity as demonstrated using QD-
associated SMT in fibroblasts (Chen Y. et al., 2009). Moreover,
antibody-induced Thy-1 clustering leads to recruitment of SFK
to the membrane and modulates the activity of these kinases
in a number of experimental settings (Barker et al., 2004;
Chen et al, 2006; Yang et al., 2008). In neurons treated
with ayps integrin, about 15-20% of Thy-1 nanoclusters have
been found to co-localize with CBP as determined using two-
channel STED microscopy (Maldonado et al, 2017). Under
the same experimental conditions, more CBP co-localized with
Csk, which is known to phosphorylate Src at Tyr527 (Chen
Y. et al, 2009; Lindquist et al, 2011). Therefore, it was
concluded that the binding of ayf3 integrin to Thy-1 increases
the co-localization of clusters of Thy-1, CBP, and Csk in the
cell membrane of neurons. Nevertheless, the lipidic nano-
environment in which clustering of Thy-1-CBP-Csk took place
remains unknown.
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FIGURE 1 | Changes in clustering and confinement of Thy-1 induced upon ayf3 integrin binding in the neuronal membrane. (A) As shown in Maldonado et al.
(2017), cultured rat neurons were treated with a soluble form of the a3 integrin, fixed with 4% PFA for 8 min, and stained with a mouse monoclonal anti-Thy-1
antibody (clone OX-7) followed by Atto647N-conjugated secondary antibodies. Then, Thy-1 nanoclusters were visualized using a super-resolution stimulated
emission depletion (STED) microscope. (B,C) Single molecule tracking (SMT) of Thy-1 molecules attached to quantum dots (QD) is described in Maldonado et al.
(2017). Further analysis of mean square displacement (MSD) (B) and the total fraction of molecules moving in areas with 2 um? or more (C) confirmed that binding of
ayPs integrin decreases the lateral mobility and increases the confinement of Thy-1.
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BRIEF OVERVIEW ON NEURONAL
GANGLIOSIDES

Gangliosides are sialic acid containing glycosphingolipids,
abundantly present in the outer leaflet of the plasma membrane
of all cell types (for detailed review of gangliosides see Schnaar
et al., 2014). Gangliosides are synthesized in a stepwise manner
by sequential addition of monosaccharides on a lipid backbone of
ceramide via glycosyltransferase activities of different specificity
to form oligosaccharide chain. The addition of sialic acid on
specific positions in the oligosaccharide chain defines different
ganglioside series. Due to their large number and overpowering
complexity, gangliosides are still classified by Svennerholm’s
nomenclature into groups a, b, and ¢, depending on the number
of sialic acids bound to the internal galactose, and the asialo-
group if they have no sialic acid bound to the internal galactose
(Svennerholm, 1963, 1980).

Functions of gangliosides include signal transduction,
adhesion, cell recognition as well as positioning and function of
proteins inside the plasma membrane of neurons (reviewed in
detail in Schnaar et al., 2014). The importance of gangliosides
for neuronal function has been demonstrated using mutant
mice models with disrupted ganglioside synthesis and aberrant
ganglioside composition (for example, B4galntI-null mice lack
GM2/GD2 synthase expression and thus the four most abundant
brain gangliosides (GM1, GDla, GDI1b, and GT1b) are no
longer produced). B4galntI-null mice display normal total levels,
production, and degradation of cholesterol as well as they do
not present any difference in cholesterol turnover compared to
wild-type mice (Li et al., 2008). Their phenotype includes axon
degeneration, neuropathies, and deficits in reflexes, strength,
coordination and posture. Also, male B4galntI-null mice
are infertile (Takamiya et al., 1996, 1998; Sheikh etal., 1999;

Chiavegatto et al, 2000). At the molecular level, lateral
interaction of gangliosides with proteins provides an additional
level of regulation of neuronal signaling (Lopez and Schnaar,
2009; Prinetti et al., 2009). Studies have shown that gangliosides
can modulate EGF and VEGF receptor sensitivity to their ligands
(Bremer et al., 1986; Liu et al., 2006; Mukherjee et al., 2008).
Furthermore, endogenous GM1 functions as a specific activator
of Trk receptors and is capable of enhancing their activation
in response to stimulation with NGF (Suzuki et al., 2004). This
effect is most likely due to the enhancement of Trk-associated
tyrosine kinase activity elicited by NGF (Mutoh et al., 1995).
Therefore, it has been stated that gangliosides are essential
regulators of normal neuronal function capable of tuning a
number of signaling mechanisms (further argumentation is
reviewed in Lopez and Schnaar, 2009; Schnaar et al., 2014).
Classical analyses of the expression and distribution of
gangliosides have been based on their high extractability with
different organic solvents (Svennerholm, 1963). After their
extraction, gangliosides have been separated and analyzed
using HPTLC (high performance thin layer chromatography)
(Figure 2). Additionally, both structural characterization and
quantification of the lipid content have been assessed using mass
spectrometry (29). These methods have been useful to define the
composition and abundance of gangliosides in different tissues
and cell types. In the human brain, and very similarly in the
rodent brain (Figure 2), GM1, GD1a, GD1b, and GT1b together
sum up to 97% of the total ganglioside content. Ganglioside
distribution has been studied in brain tissue using specific
primary antibodies followed by 3-3’-Diaminobenzidine-based
staining similarly as for Thy-1 (Heffer-Lauc et al., 2005, 2007)
or other CAMs like Neuroplastin (Mlinac et al., 2012; Herrera-
Molina et al., 2017; Ilic et al., 2019). However, special caution
is required regarding the detergent used during the procedures
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FIGURE 2 | Content of brain gangliosides and visualization of gangliosides in neuronal membrane. (A) Separation of the ganglioside types obtained from
homogenates of hippocampal cell membranes was performed using HPTLC as described (Svennerholm, 1963). Briefly, gangliosides were extracted from
homogenized tissue using a chloroform/methanol/water mix and then purified using a SPECTRA/POR 6 Dialysis Tubing membrane. After drying, samples were
spotted on HPTLC plate developed in chloroform/methanol/CaCl2 mix. Gangliosides were detected with a resorcinol-HCI reagent. The identity of each ganglioside
type is indicated. (B) Confocal microscopy and KO-controlled primary monoclonal antibodies (Schnaar et al., 2002) were used to evaluate independent presence of
each of the gangliosides GM1, GD1a, GD1b, and GT1b on the cell surface of living hippocampal neurons. Our procedure to stain living neurons in the absence of
fixative and detergents has been described (Herrera-Molina et al., 2012, 2014). Briefly, living rat neurons were directly treated with each of the KO-controlled
anti-ganglioside monoclonal antibody diluted in culture media (1:500) for 20 min at 37°C, 5% CO». Then, neurons were carefully washed with culture media, fixed
with PFA for 10 min at 37°C, stained with Alexa 488-conjugated secondary antibodies for 1 h, and mounted with Mowiol. All four gangliosides displayed a specific

patched signal.
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as inappropriate conditions produce artifacts as drastic as loss
and re-distribution of several ganglioside types. As described
by Ronald Schnaar’s lab, the use of some bench detergents,
including CHAPS, SDS, and Triton X-100 in PFA-fixed wild-
type brain sections, results in a major extraction of gangliosides
from their original location (Heffer-Lauc et al., 2005, 2007). The
latter effect of detergents was so dramatic that a clear transfer
of wild-type gangliosides to the white matter of brain slices
of B4galntI-null mice was observed. Authors have optioned to
avoid any detergent in ganglioside staining of brain sections.
These studies have shown that GM1 is normally concentrated
in white matter tracts throughout the adult mice brain, whereas
GDla staining displays a complementary distribution in gray
matter. GT1b and GD1b have been found in both gray and white
matter (Heffer-Lauc et al., 2005, 2007; Vajn et al., 2013; Schnaar
et al,, 2014). Unfortunately, in these experimental conditions,
uneven antibody diffusion cannot be completely ruled out
limiting high-resolution imaging approaches. Lately, we have
assessed the visualization and subcellular distribution of the four
main brain gangliosides in neurons by combining KO-controlled
monoclonal antibodies (Schnaar et al, 2002; Supplementary
Figure S1) and high-resolution confocal microscopy. As
mentioned before, gangliosides cannot be directly fixed using
PFA and they are sensitive to detergent extraction. Therefore, as a
first approach, we have used these specific monoclonal antibodies

to perform live cell staining either at room temperature or
37°C. Then, one-to-one ganglioside-antibody complexes are
fixed with PFA. No detergent is ever used throughout the
procedures. Surprisingly, we have obtained a good staining
of cell surface located gangliosides (Figure 2). Also, we have
visualized the distribution of patches of GMI1, GD1la, GD1b,
and GT1b throughout soma, dendrites and axons (Figure 2).
This promising and simple procedure will be applied to further
study these distributions of gangliosides in combination with
super-resolution STED microscopy in living neurons. It would be
particularly interesting to study the distribution and composition
of, what could be, nanodomains differentially enriched with
particular gangliosides on the neuronal surface.

WHAT CAN GANGLIOSIDES TELL US
ABOUT RAFTS?

Visualization of the nano-landscape of randomly scattered
GM1 patches has been performed with near-field scanning
optical microscopy (NSOM). This technique takes advantage
of the evanescent field exiting a subwavelength excitation
source, therefore being particularly suited for nanoscale optical
imaging (>80 nm of lateral resolution) on intact biological
membranes (van Zanten et al., 2010). In particular, organized
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FIGURE 3 | Thy-1 distribution in sucrose density gradients of wild-type and B4Galnt1-null brain membranes. (A) Representative Western blots of sucrose gradient
fractions obtained from total membrane homogenates of wild-type and B4Galnt1 KO brain cortices as indicated. Lipid rafts isolation is based on published protocols
(Persaud-Sawin et al., 2009; Hattersley et al., 2013) with some modifications. After homogenization, nuclear fraction was removed and cell membrane pellet was
obtained by centrifugation (30 min, 100,000 x g). This pellet was further homogenized in a lysis buffer containing BrijO20 and ultracentrifuged at 140,000 x g in a
discontinuous sucrose gradient (85% mixed with sample, 35 and 3%). Next day, all fractions were collected for analysis. B4galnt1-null mice lacking GM2/GD2
synthase have been previously characterized (Takamiya et al., 1996, 1998; Sheikh et al., 1999; Chiavegatto et al., 2000; Li et al., 2008) and they cannot synthesize
any of the four most abundant brain gangliosides GM1, GD1a, GD1b, and GT1b. We confirmed complete absence of GM1 (this Figure) and GT1b (Supplementary
Figure S1) in B4Galnt1 KO brain material using cholera toxin and specific primary antibodies, respectively. Isolation of lipid raft fractions (3 and 4 in red color) was
confirmed by detection of flotilin. (B) Quantification of accumulative distribution of Thy-1 in bulk membrane fractions (F10 + F11, no lipid rafts: No LR) and in lipid raft
fractions (F3 + F4, lipid rafts: LR) of each genotype. (C) Quantification of the distribution of Thy-1 in each of the two lipid raft fractions. Distribution of Thy-1 between
the raft fractions 3 and 4 seems modified due to the alteration of ganglioside content in B4Galnt1-null brain membranes (**P < 0.01 for fraction 4 comparing
genotypes, Mann-Whitney test). (D) Quantification of accumulative distribution of flotilin was performed as for Thy-1 in (B). (E) Distribution of flotilin between the raft

fractions 3 and 4 was performed as for Thy-1 in (C). Data are expressed as mean + SD of 5 independent gradients.

GM1 nanodomains with a size < 120-nm, separated by an
inter-nanodomain distance of approximately 300 nm, were
found in the plasma membrane of fibroblasts. Furthermore,
this nanodomain organization was not dependent on the
temperature, but on the presence of cholesterol and an intact
actin-based cytoskeleton (van Zanten et al., 2010). In other
studies using antibodies conjugated to gold particles and electron
microscopy, either ganglioside GM1 or GM3 were observed
forming patches separately and only co-localizing with each other
(GM1 and GM3 containing patches) in less than 15% of the cases
on the cell surface of fibroblasts (Fujita et al., 2007). Therefore,
although composition of lipid rafts can be very divers, their
formation and localization seems to be organized throughout the
plasma membrane.

Direct visualization of gangliosides and GPI-anchors in living
cell membranes has been achieved using chemically synthetized
fluorescent analogs and super-resolution STED microscopy
(Eggeling et al.,, 2009; Polyakova et al,, 2009; Komura et al,
2016; Suzuki et al., 2017). In 2009, Hell’s lab demonstrated that
both Atto647N-conjugated GPI-anchors and GM1 have similar
diffusion properties and confinements in rafts (called “trapping”;

Eggeling et al,, 2009). Notably, the addition of cholesterol-
depleting agents similarly reduced the trapping of GPI-anchors
and GM1 (Eggeling et al, 2009). Despite recent criticism
pointing to insufficient characterization of the fluorescent analogs
(Komura et al,, 2016; Suzuki et al., 2017), these studies suggest
that GPI-anchored proteins and GM1 may share similar lateral
diffusion properties in cholesterol rafts. Very recently, a new
generation of super-resolution-suited fluorescent analogs has
been developed to visualize the relationship between raft-
associated GPI-anchored proteins and gangliosides. The authors
claimed that the main strength of the new analogs is that
they partition in rafts just as the endogenous molecules do
(Komura et al., 2016; Suzuki et al., 2017). Furthermore, this
method allowed direct observation of positioning and movement
of ganglioside and GPI-anchored protein molecules as well as
their co-localization without effects of crosslinking. When the
raft structure was analyzed by single-molecule imaging, it was
determined that ganglioside fluorescent analogs dynamically
enter and leave rafts. Inside rafts, ganglioside analogs were
immobile for approximately 100 ms, while outside the raft
they were constantly moving. The arrest of the ganglioside
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FIGURE 4 | Hypothetical participation of gangliosides in the nanoclustering of neuronal Thy-1 induced by astroglial a,f3 integrin. Soma, axon, and dendrites of one
neuron are contacted by end feet of one astrocyte (middle drawing). We propose gangliosides could be important for correct positioning and signaling functions of
Thy-1 in rafts in the plasma membrane of neurons. If this turns out to be true, then, gangliosides should influence the diffusion and clustering properties of Thy-1
along the neuronal surface (N, left circle) as well as the clustering of Thy-1 molecules induced by ay B3 integrin expressed by astrocytes (A, right circle). a,f3
integrin-bound Thy-1 might be integrated in nanodomains with particular ganglioside composition to initiate signaling which may differently impact the functioning of
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analogs inside rafts was dependent on actin cytoskeleton and
cholesterol integrity (Komura et al, 2016). Additionally, the
authors have proposed that cholesterol rafts provide a nano-
environment for different proteins, and that gangliosides may
have regulatory effects on the recruitment of these proteins.
Furthermore, gangliosides could also strengthen interactions
between GPI-anchored proteins and other lipids in rafts (Komura
et al., 2016; Suzuki et al., 2017).

DO GANGLIOSIDES INFLUENCE
CLUSTERING/DISTRIBUTION OF Thy-1
IN NEURONS?

In  eukaryotes, gangliosides assemble with  other
glycosphingolipids and cholesterol to form lipid rafts (Sonnino
et al., 2007). It is known that depletion of cholesterol causes
deficient clustering of GPI-anchored proteins, including Thy-1
and CD59 (Simons et al., 1999; Sharma et al, 2004; Chen
et al.,, 2006; Chen Y. et al, 2009; Komura et al., 2016; Suzuki
et al., 2017), and impairs lipid raft structure (Kabouridis et al.,
2000; Buschiazzo et al, 2013). Although, gangliosides have
been found to be permissive with the formation of GPI-yellow
fluorescent protein clusters in living cell membranes (Crespo
et al., 2002), neither deficient nor altered ganglioside content
that leads to lipid raft disruption and/or impairs the clustering of
GPI-anchored proteins have been studied in detail.

As mentioned, studies have suggested that gangliosides are
important for positioning and clustering of GPI-anchored
proteins in cholesterol rafts, rather than being necessary for the
raw structuring of the raft itself (Eggeling et al., 2009; Komura
et al., 2016; Suzuki et al., 2017). Indeed, authors have reported
that positioning of Thy-1 within rafts depends on ganglioside
composition as concluded after experiments using cerebellum
membrane preparations from wild-type and double mutant mice
lacking GM2/GD2 and GD3 synthases (Ohmi et al., 2009).
In this study, most Thy-1 immunoreactivity drastically shifted
from one to another raft fraction obtained by sucrose gradient
centrifugation (Ohmi et al., 2009). Ohmi et al. (2009) concluded
that the precise positioning of Thy-1 inside rafts seems to depend
on gangliosides. In agreement with Ohmi et al. (2009) we have
observed that Thy-1 is present in B4galntI-null lipid rafts (lacking
the four main brain gangliosides, see before and Figure 2), but
shifted from raft fraction 4 to the lighter fraction 3 (Figure 3).
Interestingly, the total content of Thy-1 in B4galntI-null rafts
(fraction 3 + 4) was not different to wild-type rafts (also fraction
3 + 4) (Figure 3). Considering that the total content of both
cholesterol and sialic acid bound to simpler gangliosides do
not differ between B4galntl-null and wild-type mice (Li et al,
2008), our results suggest that altered ganglioside production
impaired fine distribution of Thy-1 within B4galntI-null rafts.
Supporting this idea, incubation with exogenous GM1 directly
and acutely added to the kidney cell line MDCK cells diminished
the clustering of the GPI-anchored protein GH-DAF in rafts
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(Simons et al., 1999). In constructed monolayers of synthetic lipid
mixtures with defined lipid composition, the presence of Thy-1
in artificial rafts was found to be reduced when GM1 was added,
most likely because GM1 and Thy-1 competed for positioning
inside rafts (Dietrich et al., 2001). Thus, it is possible to speculate
that exogenously added GM1 formed aggregates reducing Thy-1
mobility in raft-like domains (Marushchak et al., 2007). Although
it will be also necessary to proof the potential influence of
other lipids as cholesterol, additional available evidence supports
the possibility that ganglioside milieu influences Thy-1 location
in rafts. Indeed, the literature shows that the distribution of
flotilin in raft fractions from neurons, brain tissue, myocites, and
erytrocytes is strongly sensitive to cholesterol alterations (Samuel
et al.,, 2001; Kokubo et al., 2003; Jia et al., 2006; Domingues et al.,
2010; Sones et al., 2010). These studies consistently show that
flotilin distribution reflects and/or reports cholesterol-dependent
raft integrity. We shown that the distribution of flotilin is
not changed in the B4galntl-null raft fractions with altered
ganglioside composition pointing to a rather specific change in
raft composition rather than a general modification in the raft
integrity (Figure 3).

CONCLUSION

For decades, the small GPI-anchored molecule Thy-1 had
hidden its charms and remained an orphan in silence. For
years, the discovery of Thy-1 as a raft-associated protein served
to study these nanoscopic domains. Finally, the development
and popularization of super-resolution microscopy techniques
allowed to access Thy-1 properties such as lateral mobility,
cluster formation, and partition features within the lipidic
environment of the cell membrane. The characterization of
an endogenous ligand for Thy-1, the ayfs integrin, made
it possible to reveal detailed mechanisms involved in Thy-
1-dependent cis signaling in neurons. As experiments show,
intracellular signaling emanated from ayf3; integrin-Thy-1
binding in neurons depends on the initial enrolling of the raft-
associated transmembrane transducer CBP and Src kinase to
regulate the stability of neuronal cytoskeleton. However, it is still
a mystery whether these molecular events are actually occurring
in neuronal rafts. The fine-tuning of protein-protein interactions
in the outer layer of the cell membrane may be influenced by the
lipid environment, in particular by cholesterol and gangliosides,
which are two key components of rafts.

We propose that the correct ganglioside composition is
necessary for distribution, clustering, and function of Thy-
1 in neurons (Figure 4). The potential significance of this
putative association could be reflected on the capacity of
Thy-1 to initiate signaling mechanisms in rafts. In particular,
this could be additionally tested by analyzing the oyfs3
integrin-Thy-1-dependent cis signaling events that occur at
the plasma membrane (Figure 4; Herrera-Molina et al., 2013;
Maldonado et al., 2017) in neuronal systems where ganglioside
composition is, ideally, acutely modified. Finally, the pieces of
the puzzle displayed are waiting to be gathered together into
correct assembly.
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Healthy bone remodeling results from a balanced bone formation and bone
resorption realized by bone-forming osteoblasts and bone-resorbing osteoclasts,
respectively. Recently, Thy-1 (CD90) was identified as positive regulator of osteoblast
differentiation and activation, thus, promoting bone formation while concurrently
inhibiting adipogenesis and obesity in mice. Additionally, Thy-1 did not affect bone
resorption. An obesity-related co-morbidity that is increasing in prevalence is a disturbed
bone formation resulting in an increased fracture risk. The underlying mechanisms
of obesity-induced bone alterations are not yet fully elucidated and therefore therapy
options for efficient bone-anabolic treatments are limited. Therefore, we investigated
the impact of Thy-1 on bone metabolism under obese conditions. Indeed, high fat
diet (HFD) induced obese mice lacking Thy-1 (Thy-1~/~) showed increased body fat
mass compared to wildtype (WT) mice while bone mass (—38%) and formation (—57%)
were decreased as shown by micro-computed tomography (wCT) measurement,
histological analysis, and fourier-transform infrared spectroscopy (FTIR). Interestingly,
under obese conditions, lack of Thy-1 affected both osteoblast and osteoclast
function. Number (—30%) and activity of osteoblasts were decreased in obese Thy-
17/~ mice while osteoclast number (+39%) and activity were increased. Facilitated
bone marrow fat accumulation (+56%) in obese Thy-1~/~ mice compared to obese
WT mice was associated with upregulated tumor necrosis factor a (Tnfa, +46%)
and colony stimulating factor 1 receptor (Csf1r) expression, strong promoters of
osteoclast differentiation. Moreover, lack of Thy-1 was accompanied by a reduction of
osteoprotegerin (Tnfrsf11b) expression (—36%), an inhibitor of osteoclast differentiation.
Altered Tnfa, Csflr, and Tnfrsf11b expression might be responsible for elevated
osteoclast activity in obese Thy-1-deficient mice. In summary, our findings show that
lack of Thy-1 promotes obesity under HFD conditions while concurrently decreasing
bone mass and formation. Mechanistic studies revealed that under obese conditions
lack of Thy-1 impairs both bone formation and bone resorption.
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Picke et al.

Thy-1-Deficiency Augments Bone Loss in Obesity

INTRODUCTION

Healthy bone remodeling is a result of balanced bone formation
realized bone-forming osteoblasts and bone-resorption mediated
by bone resorbing osteoclasts (Crockett et al., 2011). Recently,
Thy-1 (CD90) was identified as a critical molecule for the
differentiation of osteoblasts and, thus, promoting osteogenesis
and bone formation while inhibiting adipogenesis and obesity.
Thy-1 is a glycosylphosphatidyl-anchored protein located
on the cell surface of mesenchymal stem cells (MSCs),
fibroblasts, activated microvascular endothelial cells, neurons, a
subpopulation of hematopoietic stem cells (HSCs) and mouse
T-cells (Vitetta et al., 1973; Craig, 1993; Wetzel et al., 2004;
Schmidt et al, 2015; Picke et al, 2018a). Recently, it was
discovered that Thy-1 controls fate decision of MSCs regarding
differentiation into mature bone-forming osteoblasts or fat-
storing adipocytes in vitro and in vivo (Hosoya et al., 2012;
Chung et al., 2013; Woeller et al., 2015; Paine et al., 2018; Picke
et al., 2018a). Mice lacking Thy-1 display a reduced osteogenic
and increased adipogenic differentiation capacity, resulting in
decreased bone mass and quality and concurrently, elevated body
and bone marrow fat mass (Woeller et al., 2015; Paine et al., 2018;
Picke et al., 2018a). Reduced osteogenesis in Thy-1 deficiency was
linked to increased serum concentrations of the Wnt signaling
inhibitors Dickkopf-1 (Dkk-1) and sclerostin, diminished Wnt
ligand expression and attenuated Wnt signaling (Picke et al,,
2018a). However, Thy-1 did not affect bone resorption in lean
mice. The translational potential of these findings was underlined
by the detection of strongly reduced levels of soluble Thy-1 in
serum of patients with diminished bone formation such as in
osteoporotic and obese patients (Picke et al., 2018a).

Worldwide, obesity is a major health problem negatively
affecting bone metabolism. Obese patients often show increased
bone mass and paradoxically suffer from an highly elevated
fracture risk (Kling et al., 2014; Greco et al., 2015). Interestingly,
in obesity bone remodeling is elevated in early phases due
to increased mechanical loading by high body weight, which
results in elevated bone mass (Greco et al., 2015). Later on, the
massive amount of adipose tissue, especially bone marrow fat
and visceral fat depots, leads to an increased production of pro-
inflammatory cytokines such as tumor necrosis factor a (TNFa)
and interleukin 6 (IL-6) resulting in chronic inflammatory
response (Hotamisligil, 2006; Sharma et al., 2014; Palermo et al,,
2016). This abnormal cytokine production results in altered bone
mass and highly increased fracture risk in obese patients (Hsu
et al,, 2006; Nielson et al., 2012; Greco et al., 2015; Palermo et al,,
2016).

Tumor necrosis factor a has the potential to increase the
osteogenic differentiation capacity of MSCs or to reduce the
osteogenic differentiation of pre-osteoblasts, which have already
started their differentiation process (Gilbert et al., 2000; Osta
et al., 2014). In addition, TNFa also promotes the differentiation
of HSCs into osteoclasts by promoting actin ring formation
and inducing an elevated secretion of receptor activator of NF-
kB ligand (RANKL) by osteoblasts (Fuller et al., 2002; Osta
et al, 2014). RANKL binds to its receptor RANK, located
at the surface of osteoclast precursor cells, resulting in an

increase in osteoclastogenesis. TNFo and RANKL have also
been shown to operate synergistically on osteoclastogenesis
by increasing RANK expression via TNF type 1 receptor
(TNFRI1) signaling (Zhang et al, 2001). In addition, CSF1,
produced by osteoblasts, supports the positive effect of TNFa
on osteoclastogenesis. Consequently, inhibition of CSF-1 in mice
resulted in reduced osteoclastogenesis and osteolysis (Kitaura
et al., 2005). Osteoblasts also produce osteoprotegerin (OPG), a
decoy receptor of RANKL, and can therefore inhibit osteoclast
differentiation (Boyce and Xing, 2008). In mice, high fat diet
(HFD) reduces bone mass due to increased bone marrow
adipogenesis and osteoclastogenesis mediated by higher levels of
TNFa, RANKL, and PPARy (Shu et al., 2015). The underlying
mechanisms of HFD induced bone alterations are not yet fully
elucidated and therefore, therapy options for efficient bone-
anabolic treatments are limited (Tu et al., 2018).

In the present study, we analyzed the impact of Thy-1 on
disturbed bone metabolism in obesity. Thy-1-deficient (Thy-
1=/7) and wildtype (WT) mice were fed with a HFD to induce
obesity. We detected a reduced number and activity of osteoblasts
resulting in a decreased bone formation in obese Thy-17/~
mice. In parallel, in obese Thy-1~/~ mice, osteoclast number
and activity were increased. An elevated bone marrow adiposity
associated with an increased pro-inflammatory environment
including increased TNFa and CsfIr expression and an attenuated
gene expression of OPG (Tnfsf11B), the decoy receptor for
RANKL (Tnfsfl1) in obese Thy-17/~ mice contributed to
strengthened bone resorption. Thus, under obese conditions,
Thy-1 affects both the osteo-anabolic and -catabolic metabolism.

MATERIALS AND METHODS

Mice

Thy-1 deficient (KO) mice on C57BL/6] background [kindly
provided as a gift from Dr. R. Morris Kings College London,
(61)] and C57BL/6] wildtype (WT) mice were kept under a 12-h
light-dark cycle and given food and water ad libitum. All animal
experiments were performed in accordance with institutional
and state guidelines and approved by the Committee on Animal
Welfare of Saxony (TVV 03/16, T26/16). Four to five weeks old
male C57BL/6] mice were fed a HFD (EF R/M D12331 diet
modified by Surwit, ssniff, Soest, Germany). The second cohort
(Supplementary Figure 1; Picke et al., 2018a) were fed a standard
chow until the age of 12 weeks.

RNA Isolation, RT, and Quantitative Real
Time PCR (gRT-PCR)

Total RNA from bone samples (ulnae) was isolated using a Trifast
(PEQLAB, United States) method following the manufacturer’s
instructions. For first strand ¢cDNA synthesis with M-MLV
reverse transcriptase (Promega, Madison, WI, United States),
1 ng total RNA was used according to the manufacturer’s
protocol. Using GoTaq® qPCR Master (Promega) the real-
time qPCR was performed according to the manufacturer’s
instructions on Rotor-Gene Q (QIAGEN). Used primers are
listed in Supplementary Table 1. Quantitative gene expression
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was calculated from the standard curve of cloned cDNA and was
normalized to the unregulated reference genes Rs36 (ex vivo cell
culture) or Gapdh (bones).

Serum Analysis

Blood was drawn by heart puncture, centrifuged and frozen
at —80°C. Serum levels of type 1 procollagen amino-terminal
propeptide (PINP), C-terminal telopeptide (CTX and PINP:
Immundiagnostik Systems, Germany), sclerostin (ALPCO,
serum dilution 1:5), and Dkk-1 (R&D) were detected using
immunoassay kits according to the manufacturer’s protocols.

Assessment of Bone Mass,
Microarchitecture, and Bone Marrow Fat

Volume

Extracted bones were fixed for 48 h in 4% paraformaldehyde
(PFA, Carl Roth, Karlsruhe, Germany) and were afterward
dehydrated in 80% ethanol. By using the wCT vivaCT 40
(isotropic voxel size of 10.5 pm; 70 kVp, 114 pnA, 200 ms
integration time, Scanco Medical, Switzerland), femora and third
lumbar vertebral bodies were analyzed as previously described
(Picke et al., 2018a). The analysis of trabecular and cortical bone
volume per total volume (BV/TV), bone mineral density (BMD),
thickness (Tb.Th and Ct.Th for the trabecular and cortical
thickness, respectively), trabecular number (Tb.N), trabecular
separation (Tb.Sp) and cortical porosity (Ct.Po) was performed
using established analysis protocols and the wCT parameters
were reported according to international guidelines (63). To
analyze the total area (Tt.Ar), marrow area (Ma.Ar) and cortical
bone area (Ct.Ar) the periosteal and endosteal surfaces at the
femoral mid-shaft were identified and afterward computed as
the area within the periosteal boarder, the area within the
endosteal border, and the area between the periosteal and
endosteal borders, respectively (Picke et al., 2018a). Animations
of the trabecular microstructure were generated from the Digital
Imaging and Communications in Medicine (DICOM) image
files in Amira (v6.0.0, Thermo Fisher Scientific, Hillsboro, OR,
United States) and saved in gif format using Image]J (v 1.46 r, NIH,
United States; see Supplementary Animation 1 of the trabecular
bone compartment of femur of either WT or KO mice).

For assessment of the bone marrow fat content, fixed femora
were decalcified (OSTEOSOFT®) for seven d and afterward
scanned via WCT to ensure complete decalcification. They were
then washed with PBS for 5 min, stained for 2 h with 2% osmium
tetroxide (Electron Microscopy Science, United Kingdom)
diluted in 0.1 M sodium cacodylate buffer (pH 7.4) (Picke et al,,
2016), and were transferred into PBS. The complete femur was
analyzed with wCT (70 kVp, 114 1A, 300 ms integration time,
10.5 pm isotropic voxel size) to evaluate the fat volume using the
established protocols from Scanco Medical as previously reported
e (Picke et al., 2018a).

Fourier-Transform Infrared Spectroscopy
(FTIR) Analysis

Fourier-transform infrared spectroscopy spectra was measured
at a Spotlight 400 (PerkinElmer, Waltham, MA, United States)

attached to a Frontier FTIR spectrometer (PerkinElmer,
Waltham, MA, United States) in ATR-mode. Spectra were
acquired within a wavelength range from 4000 to 570 cm™~! with
a resolution of 4 cm™~!. For each pixel (6.25 um X 6.25 wm),
16 measurements were taken. SpectrumIMAGE software
R.1.8.0.0410 (PerkinElmer, Waltham, MA, United States) was
used for automatic background subtraction for each pixel
spectrum and for automatic ATR correction. Each region of
interest was 300 x 300 wm? in size and included the whole
cortical thickness. The spectra were post processed using a
customized MATLAB (MATLAB 2014b, The MathWorks, Inc.,
MA, United States) routine with PMMA subtraction and baseline
correction. Crystallinity was calculated by sub-peak fitting of the
entire phosphate peak (1154-900 cm™!) and calculation of the
ratio of the 1030 and 1020 cm ™! sub-peaks (27). The sub-peak of
1020 cm™! is linked to non-stoichiometric apatite, whereas the
sub-peak of 1030 cm™! is linked to stoichiometric apatite (64).
An increase of the crystallinity ratio reflects either an increase of
stoichiometric apatite or a decrease of non-stoichiometric apatite
(i.e., the crystallinity ratio reflects crystal size and perfection).

Reference-Point Analysis, Three-Point
Bending Test, and Femur Properties

The femora were shock frozen in liquid nitrogen after
sacrifice and thawed from —80°C 5 min before reference-point
indentation™ (BioDent2, Active Life Scientific, United States).
To avoid sample drying the bones were stabilized using an ex vivo
small bone stage, which was filled with PBS. The reference probe
was located at the anterior side of the femur shaft and indentation
measurements were performed (2 N, five cycles) in triplicates
for each bone sample by lifting up the measurement head unit
and keeping the movement of the sample to a minimum. The
total distance increase (TDI) was calculated. Promptly afterward,
the femora were mechanically tested in a three-point bending
(zwicki-Line 2.5 kN, Zwick, Germany). Load was applied at the
anterior site of the femoral shaft until failure and the maximum
load (Fyayx, N) was recorded as previously reported (Picke et al.,
2016, 2018a). The length (proximal to distal: greater trochanter
to condyles) and width (shaft) of femora were measured using a
caliper.

Bone Histology and Histomorphometry

WT and Thy-1-deficient mice received i.p. injections of calcein
(20 mg/kg) 5 and 2 days prior to sacrifice as previously
reported (Picke et al., 2018a). The right and left proximal tibia
were fixed in 4% PFA and dehydrated with 80% ethanol. For
examination of bone formation rate by analysis of calcein labels
(fluorescence), left tibiae were embedded in methyl methacrylate
(Technovit 9100, Heraeus Kulzer, GER) and cut into 7-pm
sections. BV/TV, bone formation rate per bone surface (BFR/BS),
mineralized surface per BS (MS/BS), and mineral apposition
rate (MAR) were determined in the trabecular part of the bone
using the OsteoMeasure® Software (OsteoMetrics, Atlanta, GA,
United States) following the international standards (Parfitt et al.,
1987). Mineralized bone areas (BV/TV) and osteoid surface
per bone perimeter (Osteoid.S/B.Pm) were visualized by von
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Kossa staining and van Gieson counter staining. Therefore, bone
sections were rehydrated using decreasing alcohol concentrations
and were then sequentially exposed to silver nitrate (Roth),
sodium carbonate (Merck), and sodium thiosulfate (Roth).
Afterward, the slides were stained with toluidine blue (Waldeck
GmbH, Germany) and dehydrated. The right proximal tibiae
were then decalcified using OSTEOSOFT® and embedded in
paraffin (Leica Biosystems, United States) for the analysis of
osteoclast numbers per bone surface (Oc.N/BS) and osteoclast
surface per bone perimeter (Oc.S/B.Pm). Bone slices of 2 pm
were stained at 37°C with tartrate resistant acid phosphatase
(TRAP) staining solution (Naphthol-AS-BI-Phosphate, Fast Red
Violet LB Salt, Triton X-100, dimethylformamide) and hemalum
(Picke et al., 2018a).

Ex vivo Experiments

Mesenchymal stem cells were isolated from femora and tibiae
of Thy-1-deficient and WT mice by enzymatic digestion using
26 U/ml of Liberase DL (Roche) for 2 h at 37°C and 5%
CO;. Cell suspension was filtered through a cell strainer
(70 pm) and cultured in a-MEM medium (Lonza) supplemented
with 10% fetal calf serum (FCS) (Thermo Fisher Scientific)
and 1% penicillin/streptomycin (Biochrom AG) at 37°C, 5%
CO,. CDll1b-positive cells were removed by magnetic cell
separation using anti-CD11b magnetic beads according to
the manufacturer’s protocol (Miltenyi). Purity was checked as
described previously (Picke et al., 2018a). MSCs were stimulated
with 10 ng/ml TNF (Miltenyi) for 24 h.

Statistical Analysis

The results are presented as mean =+ standard deviation
(SD). Distribution of data was assessed by Shapiro-Wilk test.
Depending on the normality of the data, analysis was performed
using the Mann-Whitney rank-sum test or the t-test. For
assessment of the effect of Thy-1 deficiency and TNFa treatment
on MSCs ex vivo, we performed two-way ANOVA with Tukey
post hoc test. P < 0.05 was considered significant.

RESULTS

Obese Thy-1-/~ Mice Display Decreased
Trabecular Bone Mass While Cortical
Bone Mass and Biomechanical
Properties Are Unaltered

Since diet-induced obesity alters bone remodeling leading to
decreased femoral trabecular bone mass in mice (Cao et al,
2009, 2010; Halade et al., 2011; Patsch et al., 2011; Picke et al.,
2018b), we investigated the impact of Thy-1 on the disturbed
bone remodeling in obesity. A significantly higher weight gain
was observed beginning 12 weeks after starting a HFD in Thy-
17/~ compared to WT mice. As control, one group of WT mice
was fed a standard chow diet (CHOW, Figure 1A). The impact
of Thy-1 deficiency on characteristics of the femoral and tibial
long bones as well as of lumbar vertebral bodies after 18 weeks
of HFD was analyzed. Similar to mice fed a HFD for 8 weeks

(Paine et al., 2018), lack of Thy-1 reduced femoral trabecular
bone mass (Figure 1B and Supplementary Animation 1 and
Supplementary Table 2A) due to a decreased trabecular number
and increased trabecular separation (Supplementary Table 2A).
In addition, we could show that in contrast to lean mice, Thy-
1 deficiency also reduced bone mass of the lumbar vertebral
bodies under obese conditions (Supplementary Figure 1 and
Supplementary Table 2D).

Because HFD-induced obesity often results in an elevated
cortical bone mass in humans while fracture risk is highly
increased (Cobayashi et al., 2005; Hsu et al., 2006; Zhao et al.,
2007; Hardcastle et al., 2015), we analyzed the bone mass and
biomechanical properties of the cortical bone compartment. The
cortical bone mass and cortical thickness were not altered in
obese Thy-1~/~ mice (Figure 1B and Supplementary Table 2B).
Cortical porosity was not affected by Thy-1 deficiency after HFD
(Figure 1C). Using reference-point indentation, we detected no
differences between WT and Thy-1~/~ mice regarding the total
indentation distance (TID, Figure 1D), a marker for hardness of
cortical bone (Thurner, 2009). In line with that, the moment of
inertia (MOI, Figure 1E), which is a geometrical parameter that
is indicative of resistance to load, and the total tissue area, cortical
area, and marrow area (Tt.Ar, Ct.Ar, Ma.Ar, Supplementary
Table 2B) as well as the femur length and width (Supplementary
Table 2C) were likewise unaffected by Thy-1 deficiency after
HEFD. By performing a three-point bending test, we could validate
the results of the geometric measurement. The same force
was needed to fracture the femora from WT and Thy-1=/~
mice (Figure 1F). Moreover, in Thy-17/~ mice, the collagen
amount within the bone matrix was decreased, indicated by
an elevated mineral-to-matrix ratio (MMR, +8%, Figure 1G)
analyzed by FTIR (Boskey and Pleshko Camacho, 2007). Taking
into account the decreased tissue mineral density measured by
WCT (Supplementary Table 2), the mineral age was younger
shown by a reduced carbonate-to-phosphate ratio (CPR, —5%,
Figure 1H).

In summary, in obesity, lack of Thy-1 resulted in reduced bone
mass while bone stiffness was not affected.

Lack of Thy-1 Reduces Osteoblast
Differentiation as Well as Bone
Formation and Increases Osteoclast
Differentiation and Bone Resorption in
Obese Mice

Bone remodeling is a result of the balanced activity of bone-
forming osteoblasts and bone-resorbing osteoclasts resulting in a
similar bone formation and resorption rate (Crockett et al., 2011).
Therefore, both the differentiation and activity of osteoblasts
and osteoclasts were analyzed in obese Thy-17/~ and obese WT
mice.

Concerning bone formation, we observed a diminished
number, differentiation and activity of osteoblasts (Figures 2A-
J). The number of osteoblasts (Ob.N/B.Pm, —30%, Figure 2A)
was decreased in obese Thy-17/~ mice, while osteoblast
surface per bone surface (Ob.S/BS, Figure 2B) showed
trends toward a reduction compared to the WT mice. In
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FIGURE 1 | Obese Thy-1~/~ mice display decreased trabecular bone mass while cortical bone mass and biomechanical properties are unaltered. Wildtype (WT)
(KO) mice were fed with a high fat diet for 18 weeks (HFD). As control group, WT mice were fed a standard chow (CHOW) for the same time period.
(A) The body weight of standard and HFD fed WT and KO mice over 18 weeks. Hashtags denote significance level of #P < 0.05, ###P < 0.001 between WT-HFD
and WT-CHOW and asterisks denote significance level of *P < 0.05 between WT-HFD and KO-HFD (Student’s t-test). (B) Representative 3D-images of the
trabecular (upper row) and cortical bone compartment (lower row) of the femur. Bone values are presented in Supplementary Table 2. (C) Cortical porosity (Ct.Po),
(D) total indentation distance (TID, reference-point indentation), (E) moment of inertia (MOI, wCT calculation), and (F) maximum force (Fmax, three-point bending test)
to fracture cortical bone were examined. (G) Mineral-to-matrix ratio (MMR) and (H) carbonate-to-phosphate ratio were analyzed using fourier-transform infrared
spectroscopy (FTIR). Each point represents one mouse and median + SD is presented. Asterisks denote significance level of *P < 0.05, ***P < 0.001 (Student’s
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accordance, the gene expression of the osteogenic markers
Runx2 (—27%, Figure 2C) and Tnalp (—60%, Figure 2D)
were decreased in bones of obese Thy-17/~ mice. Reduced
serum concentration of the bone formation marker PINP
(—27%, Figure 2E) indicated an attenuated osteoblast activity.
Decreased osteoid surface (OS/B.Pm, —43%, Figures 2EG),
which indicates impaired mineralization, and decreased
bone formation rate (BFR/BS, —57%, Figures 2H,])
due to a lower mineral apposition rate (MAR, —59%,
Figures 2LJ), substantiated these findings. These data
were validated in the lumbar vertebral body shown by a
reduced bone formation rate and mineral surface per bone

surface (BFR/BS, —51%,
Table 2F).

In parallel to the analysis of osteoblast differentiation
and activity in obese Thy-17/~ mice, we examined the
impact of Thy-1 on bone resorption. Indeed, osteoclast
number (Oc.N/B.Pm, +39%, Figures 2K,M) and surface
(Oc.S/BS, +36%, Figures 2L,M) were increased
the tibia and lumbar vertebral body (Supplementary
Table 2G) in obese Thy-17/~ mice. Additionally, the
concentration of CTX, a serum bone resorption marker,
was elevated (+30%, Figure 2N). Correspondingly, we
observed an elevated gene expression of Trap, a marker

MS/BS, —46%, Supplementary
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FIGURE 2 | Lack of Thy-1 reduces osteoblast differentiation as well as bone formation and increases osteoclast differentiation and bone resorption in obese mice.
Wildtype (WT) and Thy-1~/~ (KO) mice were fed with a high fat diet for 18 weeks (HFD). (A-J) Bone formation and (K-O) bone resorption were analyzed. The

(A) osteoblast number per bone perimeter (Ob.N/B.Pm), (B) osteoblast surface per bone surface (Ob.S/BS) were analyzed using histology methods. Gene
expression of the osteogenic markers (C) runt-related transcription factor 2 (Runx2), (D) and alkaline phosphatase (Thalp) was analyzed by RT-PCR technique.

(E) The serum concentration of total procollagen type 1 amino-terminal propeptide (P1NP) was analyzed using ELISA technique and the (F) osteoid surface per bone
perimeter (Osteid.S/B.Pm) by histology. (G) Representative sections of von Kossa/van Gieson staining of bone (black) and cartilage (dense red area close to the
bone). (H) The bone formation rate per bone surface (BFR/BS) as well as (I) mineral apposition rate (MAR) were determined by histomorphometric analysis (double
calcein labeling). (J) Representative images of calcein labeling (green). (K) Osteoclast number per bone perimeter (Oc.N/B.Pm) and (L) osteoclast surface per bone
surface (Oc.S/BS) were analyzed by staining of tartrate resistant acid phosphatase (TRAP). (M) Representative images of TRAP staining (red spots and black
arrows = TRAP-positive cell/osteoclast). (N) Serum concentration of the bone resorption marker carboxy-terminal collagen crosslinks (CTX) was measured by ELISA
technique. (O) Gene expression of Trap was evaluated via RT-PCR. Each point represents one mouse and median + SD is presented. Asterisks denote significance
level of *P < 0.05, **P < 0.01, ***P < 0.001 (Student’s t-test).

elevated adipocyte area (Adipo.Ar, +4-fold%, Figure 3B) as
well as an upregulated gene expression of the fat marker
Fabp in bone of obese Thy-1=/~ mice (+1-fold, Figure 3C).
Altogether an increased total fat volume (FV/TV, +56%,
Figures 3D,E) was observed indicating expanded bone marrow

of osteoclast activity (4-86%, Figure 20), in bone of obese
Thy-17/~ mice.

Lack of Thy-1 Promotes Obesity
Mediated Inflammation

There is accumulating evidence that excessive adipose tissue
accumulation in obesity is detrimental to bone health. Indeed,
Thy-17/~ mice gained more weight compared to controls
after HFD (Woeller et al., 2015; Paine et al., 2018; Picke
et al., 2018a; Figure 1A). In addition to an increased adipocyte
number (N.Adipo, +2.5-fold, Figure 3A), we observed an

adiposity in Thy-17/~ mice. Increased body fat mass is
associated with latent inflammatory response (Greco et al,
2015). Consistent with this, the gene expression of the potent
pro-inflammatory cytokines Tnfa and II6 (4-130 and +46%,
respectively, Figures 3EG) were elevated in obese Thy-17/~
mice. Indeed, TNFa strongly increased osteoclast differentiation
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FIGURE 3 | Lack of Thy-1 promotes obesity mediated inflammation. Wildtype (WT) and Thy-1~/~ (KO) mice were fed with a high fat diet for 18 weeks (HFD).
(A) Number of adipocytes per total area (N.Adipo/Tt.Ar) and (B) adipocyte area (Adipo.Ar) of adipocytes were analyzed by histology technique. (C) Gene expression
of the fat marker fatty-acid-binding protein (Fabp) in bone was assessed by RT-PCR. (D) Fat volume (FV/TV) in the femoral medullary cavity was analyzed by osmium
tetroxide staining. (E) Representative 3D-images of the fat volume of whole femur. (F,G) Gene expression of the pro-inflammatory markers tumor necrosis factor a
(Tnfa) and interleukin 6 (//6). (H) Osteoclast precursor cells from WT mice were cultured ex vivo without (w/0) and with TNFa and osteoclastogenesis was detected
via staining for tartrate resistant acid phosphatase (TRAP; giant, multinucleated, red cells = osteoclasts; indicated by arrows). Asterisks denote significance level of
*P < 0.05, **P < 0.01 (Student’s t-test).

shown by an increased number of multinucleated, TRAP positive
giant cells (Figure 3H).

Thy-1~/- in Obesity Does Not Alter the
Wnt and YAZ/TAZ Pathway

Osteogenic  differentiation and  bone  formation  is
strongly regulated by Wnt signaling that is controlled
by inhibitor molecules such as Dkk-1 and sclerostin

(Pinzone et al., 2009; Kim et al., 2013). However, gene
expression of Dkk-1 and sclerostin (Sost, Figures 4A,B)
as well as their serum concentrations (Figures 4C,D)
were unaffected in obese Thy-17/~ mice. In line with
these observations, the gene expression of non-canonical,
Wnt5a and Wntll, as well as canonical Wnt ligands,
Wnt3a and Wntl0b, were not altered in bone by Thy-1
deficiency after HFD (Figures 4E-H). The Hippo signaling
increases osteoblastogenesis (Pan et al, 2018). Neither
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FIGURE 4 | Thy-1=/~ in obesity does not alter the Wnt and YAZ/TAZ pathway. Wildtype (WT) and Thy-1-/— (KO) mice were fed with a high fat diet for a time period
of 18 weeks (HFD). Gene expression of the Wnt pathway inhibitors (A) dickkopf-1 (Dkk-1) and (B) sclerostin (Sost) and (C,D) their serum concentrations were
evaluated by RT-PCR and ELISA technique, respectively. Gene expression of Wnt ligands such as (E) Wnt5a, (F) 77, (G) 3a, and (H) 70b in bone was analyzed by
RT-PCR. MSCs from WT and Thy-1~/~ mice were treated with TNFa and expression of Yap and Taz of the hippo signaling were investigated. Statistical analysis was
performed by (A-H) Student’s t-test and by (I,J) 2-way ANOVA.

Thy-1 deficiency nor treatment with TNFa altered gene
expression of YAP or TAZ in wildtype and Thy-1=/— MSCs
(Figures 41,)).

In summary, Thy-1 does not alter bone formation by
modulation of the Wnt pathway nor the Hippo signaling in
Thy-17/~ mice.

Lack of Thy-1 in Obese Mice Alters the
Gene Expression of RANKL, OPG, and

CSF1 Under Inflammatory Conditions
Since the RANK-RANKL-OPG axis and binding of CSF1I to its
receptor CSFIR, located at surface of osteoclasts, play central

roles in osteoclastogenesis, we analyzed their gene expression
in bone of WT and Thy-17/~ mice. The gene expression of
Tnfsf11, which encodes for RANKL, was unaffected, while the
expression of its decoy receptor Tnfrsfl1b, encodes for OPG
(p = 0.07) showed trend toward reduction in bone of obese
Thy-1~/~ mice (Figures 5A,B). The expression of Csfl was not
detectable in bone, but the expression of its receptor CsfIr showed
a trend toward upregulation (p = 0.07, Figure 5C). Obesity
is characterized by latent inflammation shown by increased
TNFa levels. Since RANKL, OPG, and CSF1 are expressed
by stromal cells in bone, we stimulated WT and Thy-1=/~
MSCs with TNFa to mimic the pro-inflammatory environment.
Gene expression analysis revealed that Thy-1 does not affect
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FIGURE 5 | Lack of Thy-1 in obese mice alters the gene expression of RANKL, OPG, and CSF1 under inflammatory conditions. Wildtype (WT) and Thy-1~/~ (KO)
mice were fed with a high fat diet for a time period of 18 weeks (HFD). (A) Gene expression of receptor activator of NF-kB ligand (RANKL, Tnfsf11), (B) its decoy
receptor osteoprotegerin (OPG, Tnfrsf11b), and (C) receptor of Csf1 (Cfs1r) was analyzed in bone. MSCs from WT and KO mice were treated with TNFa for 24 h to
mimic an inflammatory environment and gene expression of Tnfsf11, Tnfrsf11b, and Cfs1 was determined (D-F). (G) Summary figure of the key findings. In mice,
Thy-1 deficiency results in a reduced osteoclastogenesis and increased adipogenesis leading to a decreased bone formation. Adipocytes produce more of the
pro-inflammatory cytokine TNFa and the RANKL-OPG ratio is reduced resulting in an elevated osteoclastogenesis and poor bone mass. Each point represents one

mouse and median + SD is presented. Asterisks denote significance level of *P < 0.05, **P < 0.01, ***P < 0.001 measured by (A-C) Student’s t-test and by (D-F)
2-way ANOVA.

Bone mass

the expression of Tnfsf11, Tnfrsf11b, and Csfl under basal
conditions (Figures 5D-F). Upon pro-inflammatory stimulation,
Thy-1=/~ MSCs expressed reduced levels of Tnfrs11b (—36%,
Figure 5E) while Csfl (437%, Figure 5F) expression was
elevated.

Taken together, Thy-1 leads to an unaltered Tnfsf11,
reduced Tnfrsfl1b, and increased Csfl expression in an
inflammatory environment that might contribute to increased
osteoclastogenesis in Thy-1~/~ mice.

DISCUSSION

Alterations in bone mass and quality caused by osteoporosis
and obesity are major health problems worldwide. They are
caused by an unbalanced differentiation capacity and activity
of bone-forming osteoblasts and bone-resorbing osteoclasts.
The underlying mechanisms are still not fully understood and
therefore sufficient therapy options are limited. One step toward
identifying these mechanisms was the recent discovery that
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the cell-surface protein Thy-1 is a major modulator of MSC
differentiation into the adipogenic or osteogenic lineage (Hosoya
et al, 2012; Chung et al., 2013; Picke et al., 2018a). In lean
mice, Thy-1 deficiency increases whole body adipogenesis while
decreasing osteoblast differentiation resulting in poor bone mass
and quality indicating Thy-1 as a protector of bone mass
(Woeller et al., 2015; Picke et al., 2018a). Therein, the activity
of osteoclasts was not altered. Here, we went one step further
and analyzed Thy-1 effects on bone under obese conditions. Thy-
17/~ and WT mice fed a HFD developed an obese phenotype
whereas Thy-1 deficiency exacerbated fat accumulation. Most
importantly, Thy-1 deficiency decreased the bone mass under
obese conditions by affecting both bone formation and bone
resorption.

Thy-1 has been shown to promote osteogenesis and
thereby inhibit adipogenesis (Hosoya et al, 2012; Chung
et al, 2013; Woeller et al., 2015; Picke et al., 2018a).
More specifically, inhibition of Thy-1 expression in MSCs
isolated from different sources resulted in increased adipogenic
differentiation mirrored by enhanced lipid droplet accumulation
(Moraes et al., 2016). Moreover, ectopic expression of Thy-1
in adipocyte-like 3T3 cells inhibits adipogenic differentiation
while depletion of endogenous Thy-1 in human fibroblasts
increases their ability to undergo adipogenesis (Woeller et al,
2015; Picke et al, 2018a). Correspondingly, Thy-1=/~ mice
show an increased weight gain and body fat mass caused
by inhibiting the activity of the Fyn kinase resulting in a
reduced expression of PPARy (Woeller et al., 2015; Picke
et al, 2018a). On the other hand, Thy-1-positive MSCs,
adipose-derived stromal cells and dental pulp cells show an
increased ALP activity and mineralization capacity in vitro
(Hosoya et al, 2012; Chung et al, 2013; Picke et al,
2018a). Upon subcutaneous injection, these cells increase
formation of bone-like matrix and improve the healing of
critical size defects (Hosoya et al., 2012; Chung et al., 2013).
In contrast, Moraes et al. (2016) demonstrated that Thy-1
downregulation supports osteogenic differentiation of dental
pulp cells and MSCs but, however, detected concurrently an
increased adipogenic differentiation of cells with decreased Thy-1
expression. Importantly, we recently demonstrated that Thy-
17/~ mice have a massive reduction of bone mass and quality
independent of the gender when fed a standard chow (Picke et al.,
2018a).

In the present study, we demonstrated that Thy-1 deficiency
augmented obesity-mediated bone loss. In agreement with Paine
et al. (2018) we found a reduced femoral bone volume and
microstructure due to a decreased trabecular number and
increased trabecular separation. Interestingly, bone mass of
vertebral bodies was not altered in lean Thy-17/~ mice, but
reduced in obese Thy-1~/~ mice. This is an interesting finding
as other studies also report varying effects on femur and vertebral
bodies in rodent experiments. The negative effect of osteoporosis
induced by ovariectomy on bone mass was found to be more
pronounced in femur neck compared to the spine (Jiang et al.,
1997). One reason could be that the spine of quadrupeds is in
a horizontal position and could be therefore exposed to less
mechanical loading in comparison to the femur (Smit, 2002).

The increased mechanical loading brought about by weight gain
in lean Thy-1=/~ mice may not have been sufficient to affect
trabecular bone mass at sites other than the femur.

In lean Thy-17/~ mice, the cortical bone mass and its
biomechanical properties were significantly reduced compared
to WT controls (Picke et al., 2018a). In contrast, HFD and Thy-
1 deficiency did not alter the cortical bone mass. Consequently,
bone quality markers such as cortical porosity and the moment
of inertia were not affected by Thy-1 deficiency under obese
conditions. Thy-1-mediated effects on cortical bone therefore
seem to be compensated by as yet unknown mechanisms
in obesity. In addition, in lean mice, Thy-1 deficiency was
accompanied by increased expression of Wnt inhibitors, reduced
expression of Wnt ligands and reduced responsiveness to Wnt
stimulation (Picke et al, 2018a). However, obesity seems to
overwrite these Thy-1-mediated effects on the Wnt pathway.
Further, osteo-anabolic Hippo signaling was also not altered by
neither Thy-1 deficiency nor mimicked the pro-inflammatory
environment ex vivo.

Bone remodeling is a result of the balanced bone formation
by bone-forming osteoblasts and bone resorption by bone-
resorbing osteoclasts (Crockett et al., 2011). As shown in lean
and obese mice Thy-1 deficiency reduced the number and activity
of osteoblasts and thus impaired bone formation (Paine et al.,
2018; Picke et al., 2018a). Interestingly, in lean mice, lack of Thy-
1 neither affected number nor activity of osteoclasts. In contrast,
upon 18 weeks of HFD Thy-1 deficiency enhanced the number
and activity of osteoclasts and, thus, might force bone resorption.
This might contribute to bone loss in obese Thy-1 deficient
mice. Interestingly, Paine et al. (2018) described a reduction
of osteoblasts in obese Thy-17/~ mice while osteoclasts were
unaffected. However, Paine et al. (2018) analyzed mice upon
8 weeks of HFD. In our study, Thy-1 deficiency induced an
enhanced weight gain from 12 weeks of HFD. Thus, Thy-1
deficiency impaired osteoblast differentiation and activity under
both lean (Picke et al,, 2018a) body composition and in the
early and late phase of obesity. In contrast, an impact of Thy-1
deficiency on osteoclasts was only seen in late, distinct obesity.

Obesity is associated with latent inflammatory responses
indicated by an elevated expression of pro-inflammatory
cytokines such as Il1, 116, and TNFa (Cao, 2011). Indeed, we
detected an increased bone marrow adiposity in obese Thy-
17/~ mice. Correspondingly, gene expression of Il6 and Tnfx
was up-regulated in the bone of obese Thy-17/~ compared
to obese WT mice. IL-6 can be produced by osteoblasts and
induces bone resorption (Ishimi et al., 1990). TNFa expression
has been shown to be increased in obesity, arthritis, and
osteoporosis. TNFa is able to affect both osteoclast differentiation
and osteogenesis. TNFa produced by adipocytes potently reduces
the differentiation of osteoblasts via TNFR1 or via upregulation
of autophagy and reduction of apoptosis (Gilbert et al., 2000,
2005; Zhao et al,, 2011; Abuna et al., 2016; Zheng et al., 2017).
In obesity, arthritis, and osteoporosis, which are diseases that are
characterized by a reduction of bone mass due to an increased
osteoclastogenesis (Cao, 2011; Halade et al., 2011; Shu et al,
2015). TNFa has the ability to increase osteoclast differentiation
by elevating the expression of RANKL, a master modulator
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of osteoclastogenesis, by osteoblasts via TNFR1 and/or by
the Pi3K/Akt pathway (Zhang et al,, 2001; Siggelkow et al,
2003; Kitaura et al., 2013; Osta et al., 2014; Wu et al., 2017).
TNFa alone does not increase the differentiation of osteoclast
precursor cells (Kobayashi et al., 2000; Lam et al., 2000), but
has been shown to act synergistically together with RANKL
on osteoclastogenesis (Azuma et al., 2000; Lam et al., 20005
Fuller et al., 2002). In addition, TNFa can also elevate osteoclast
differentiation when CSF1 is present (Kobayashi et al., 2000;
Kitaura et al., 2005). Ex vitro, we demonstrated the augmentation
of osteoclastogenesis by TNFa in the presence of RANKL and
CSF1. Thus, despite of similar expression of Tnfsfl1 (RANKL) in
bone of obese WT and Thy-1-deficient mice elevated amounts
of TNFa in Thy-1-deficient mice might contribute via the
synergistic action with RANKL to increased osteoclast number
and activity in Thy-1 deficient mice.

In addition to the RANK-RANKL-OPG axis, the presence
of CSF1 is essential for osteoclast differentiation (Kim and
Kim, 2016). The reduced expression of RANKL decoy receptor,
Tnfsfl1b (OPG) and increased expression of Csfl under pro-
inflammatory conditions in Thy-1~/~ MSC might contribute to
the increased osteoclastogenesis in obese Thy-1~/~ mice.

However, one limitation of our study is that we could not
demonstrate a direct relation in vivo between alteration of
TNFa, CSF1, and OPG expression in obese Thy-1~/~ mice and
increased osteoclastogenesis and diminished bone mass. Because
we were working with a global knockout mouse model, we
cannot fully exclude effects of other cell types expressing Thy-
1 on bone metabolism. Nevertheless, we showed previously that
isolated MSCs from lean Thy-1~/~ mice created less mineralized
matrix in a WT environment in vivo (Picke et al., 2018a).
However, we failed to discover the underlying mechanism of
reduced osteoblastogenesis in Thy-1 deficiency in obese mice. It
is known that obese patients have an increased concentration of
unsaturated fatty acids that negatively affect osteoblastogenesis
(Hardouin et al., 2016). In future, it should be addressed if this
could also affect differentiation and function of Thy-1~/~ MSCs.

Taken together, Thy-1 controls the balance between bone
formation and bone resorption. In lean mice and in the early
phase of obesity, a lack of Thy-1 impairs bone formation by
inhibition of osteoblast differentiation, while there is no effect
on bone resorption (Paine et al., 2018; Picke et al., 2018a).
In the present study, we show that a lack of Thy-1 under
manifest obese conditions affects both bone formation and
bone resorption. Obese Thy-1~/~ mice exhibited increased bone
marrow adiposity associated with an increased pro-inflammatory
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Fibroblasts are the primary mesenchyme cell types that provide structural support during organ
development and growth, and are the primary depositors of connective tissue matrix in response
to injuries such as those occurring during skin scarring, tissue/organ fibrosis, systemic sclerosis,
abdominal adhesions, just to name a few. Major efforts to study fibroblastic characteristics have
centered on identifying surface markers that allow fibroblast purifications from tissues/organs.

The glycoprotein CD90 is a widely expressed mesenchymal cell surface marker that is the subject
of almost 1,000 publications (PubMed). It is present on mesenchymal stem cells (Dominici et al.,
2006), fibroblasts of various organs (Kisselbach et al., 2009) and myofibroblasts (Saada et al., 2006),
and in connective tissues throughout anatomic locations, including skin (Jahoda et al., 2003; Nazari
etal., 2016), liver (Katsumata et al., 2017), heart (Nural-Guvener et al., 2014), eye (Khoo et al., 2008).
CD90 is also found on mesenchyme within tumors that promote tumor growth (True et al., 2010).
Based on CD90s expression on various mesenchyme cell types it has been considered as a defining
fibroblastic marker (Katsumata et al., 2017).

Fibroblasts were originally described as a single cell type (Ramon y Cajal, 1900). However,
recent studies by us and others have demonstrated that dermal fibroblasts are an assortment of
phenotypically and functionally heterogeneous cells (Driskell et al., 2013; Rinkevich et al., 2015;
Singhal et al., 2016; Jiang et al., 2018; Philippeos et al., 2018). The various dermal fibroblast subtypes
have drastically diverged functions, during skin development, upon wounding and at homeostasis.
These different dermal fibroblast cell types can be isolated based on unique gene expression or
profiles of combination of surface markers such as CD26, Blimp1, DIkl, Scal in mouse (Driskell
et al., 2013; Rinkevich et al., 2015), and CD26, CD39, CD36, RGS5 in human (Philippeos et al.,
2018). In addition, the a5 chain of collagen VI (COL6A5) is highly enriched in human papillary
fibroblasts (Fitzgerald et al., 2008), and the discoidin-domain receptor 2 (DDR2) enriches for
human cardiac fibroblasts (Goldsmith et al., 2004).

CD90 alone therefore is not an accurate marker to define fibroblasts in general or its subtypes,
because of the following reasons:

First, CD90 cannot distinguish dermal mesenchymal stem cells from dermal fibroblasts (Haniffa
et al., 2009; Chang et al.,, 2014). Although CD90 is used as a mesenchymal stem cell marker
(Dominici et al., 2006), it is identically expressed on the more differentiated dermal fibroblasts
(Halfon et al., 2011; Fang et al., 2017).

Second, CD90 does not discriminate between functionally unique fibroblast subtypes.
Fibroblasts are functionally heterogeneous, both between and within anatomic skin locations.
For example, the oral cavity skin quickly seals open wounds with minimal scarring, while
back-skin responds to injuries with an opaque plug of dense connective tissue. Fibroblasts
taken from various skin depths also diverge functionally (Sorrell and Caplan, 2004; Philippeos
et al., 2018). Fibroblasts from the upper skin layer (papillary) are pro-regenerative, whereas
the fibroblasts from the deeper skin layer (reticular) are pro-fibrotic (Driskell et al., 2013). In
addition to the anatomic heterogeneity, our group recently identified two additional different
fibroblasts lineages in mouse back-skin that can be distinguished based on their transient
early embryonic expression of Engrailed-1 (Enl) gene. The two fibroblast lineages either
do or do not have a past history of Enl expression, and are referred to as “Enl-Past”
Fibroblasts (EPFs) and “Enl-Naive” Fibroblasts (ENFs). Using genetic lineage tracing and live
imaging tools, we demonstrated that EPFs are the primary contributors to the scar phenotype
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in the back in all injury models tested, including cutaneous
wounding and irradiation-induced tissue fibrosis, whereas ENFs
do not participate or contribute to scarring (Rinkevich et al.,
2015). In early fetal wounds ENFs typically sculpt and regenerate
the original connective-tissue foundation (Jiang et al.,, 2018).
The relative proportion of the two fibroblastic lineages changes
radically during skin development, from an ENF-predominant to
an EPF-predominant dermis, which leads to the skin’s phenotypic
transition from regeneration to scarring (Jiang et al., 2018). The
flow cytometric analysis of CD90 surface expression on back-
skin fibroblasts from embryonic day 18.5 (E18.5) mouse embryos
reveals that CD90 is expressed on most, but not all, cells of both
the EPF and ENF lineages (Rinkevich et al., 2015). This indicates
that CD90 does not accurately mark any functional fibroblast
subtype, nor does CD90 discriminate between anatomically
distinct fibroblasts. For example, CD90 is expressed by fibroblasts
in all layers of dermis, including papillary dermis, reticular
dermis and hypodermis (Driskell et al., 2013), as well as different
anatomic sites with diverged scarring and regenerative outcomes
such as oral cavity and back-skin.

Thirdly, by large scale screening of surface markers we found
that CD90 does not mark a single defined skin fibroblast subtype,
and this was recently confirmed by single-cell transcriptome
analysis, in both human and mouse (Rinkevich et al., 2015;
Singhal et al., 2016; Philippeos et al., 2018). Therefore, future
charting fibroblast subpopulations cannot rely on markers like
CD90 but rather rely on lineage tracing studies that determine
the fibroblast subsets based on distinct cellular functions.

The functional role of CD90 on the surface of fibroblasts is
not well understood, with just a handful of intimations. CD90
on cancer-associated fibroblasts has been shown to contribute
to inflammation by promoting fibroblast release of IL-6, which
promotes tumor progression (Shiga et al., 2015; Huynh et al.,
2016). On dermal fibroblasts, recent studies suggest that CD90
functions to dampen the expressions of the adipogenic markers
PPARy, and the Src-family kinase Fyn (Woeller et al., 2015),
thereby blocking the differentiation of mesenchymal cells into
adipocytes. However, the conclusion was derived from the
experimental setup with a preadipocyte cell line under adipogenic
induction. A direct lineage relationship between fibroblasts and
adipocytes has not been directly proven so far. The observation
that primary human and mouse adipocytes do not express CD90
(Phipps et al., 2012; Woeller et al., 2015) may simply suggest
that adipocytes diverge from fibroblasts prior to and regardless
of CD90 expression. Interestingly, a recent study shows that
CD90 coupled with integrin regulates Src-family kinases at focal
adhesions. Thus, CD90 may play a role in fibrogenesis by
contributing to environmental rigidity sensing (Fiore etal., 2015).
However, it is not clear whether this is a unique function of CD90
or a common property of a family of structurally related proteins
that can bind integrins to trigger their conformational changes
and alter their signaling function.

The relationship of CD90 to fibrosis is indeed far from
clear. The loss of CD90 from lung fibroblasts is observed in
idiopathic pulmonary fibrosis (Sanders et al., 2008) and results

in a more severe fibrotic outcome (Hagood et al., 2005). In
contrast, CD90 expression positively correlates with fibrosis on
dermal fibroblasts in systemic sclerosis (Nazari et al., 2016)
and on liver fibroblasts in cholestatic liver injury (Katsumata
etal., 2017). The expression of matrix metalloproteinase inhibitor
Timpl is found to be upregulated in CD90™ fibroblasts near the
portal vein, suggesting these cells inhibit collagen degradation
and promote accumulation of extracellular matrix (Katsumata
et al,, 2017). In line with these observations, CD90 expression
is elevated in the capsular contracture and scar tissue after the
implant-based breast reconstruction, and CD90 expression is
essential for the myofibroblast phenotype in capsular fibroblasts
(Hansen et al, 2017). In addition, higher CD90 expression
is found to be accompanied by the increment of a-SMA™
stromal component in hepatocellular carcinoma (Sukowati et al.,
2013), implying for fibrotic and tumor promoting functions of
CD90.

Defining fibroblast subsets based on their specific function
could pave the way for clinical applications, and defining surface
markers that mark specific classes of fibroblasts is a first step
toward their cell enrichment. For examples, we have learned from
previous studies that upper dermis fibroblasts promote the hair
follicle regeneration, whereas lower dermis fibroblasts participate
in wound healing (Driskell et al.,, 2013; Rognoni et al., 2016).
Transplanted ENFs reduce skin scarring (Jiang et al.,, 2018).
The functions of the specific fibroblast subsets are derived from
animal studies, and the human homologous requires further
investigation. The shrouded functions of CD90 on fibroblasts
may arise from the heterogeneous compositions of fibroblasts in
tissues. In which, CD90 relays multiple or opposing functions
in distinct fibroblast lineages. The fibroblast lineage-specific
functions of CD90 await future investigations.

We anticipate that fibroblasts exhibit a panoply of functionally
distinct cell types, rivaling that of the hematopoietic system —
different subsets carry different physiological functions and
may display distinguishing surface markers. While the marker
definition for hematopoietic subsets has been well established,
the identification of markers for the various fibroblast subsets
has just begun. The accumulating single cell transcriptome data
on stromal cells from various tissues/organs including skin, may
shed light on the unique markers for fibroblast subsets, and
would pave the way toward cell enrichment strategies for clinical
use.
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Thy-1 as an Integrator of Diverse
Extracellular Signals

James S. Hagood*

Division of Pulmonology, Department of Pediatrics, University of North Carolina at Chapel Hill, Chapel Hill, NC, United States

Thy-1 was discovered over 50 years ago, and in that time investigators from a broad
variety of fields have described numerous and heterogeneous biological functions of
Thy-1 in multiple contexts. As an outwardly facing cell surface molecule, it is well
positioned to receive extracellular signals; previously reviewed studies have confirmed
an important role in cell-cell and cell-matrix adhesion, cell migration, and regulation
of outside-in signaling. More recent studies reviewed here expand the repertoire of
Thy-1 effects on signaling pathways, and reveal novel roles in mechanotransduction,
cellular differentiation, viral entry, and extracellular vesicle binding and internalization. Al
of these studies contribute to understanding Thy-1 as a context-dependent integrator
of a diverse range of extracellular information, and provide impetus for further studies,
some of which are suggested here.

Keywords: Thy-1, signaling, mechanotransduction, stem cells, viral entry, extracellular vesicles

INTRODUCTION

More than 50 years after its original description as a lymphocyte marker (Reif and Allen, 1964),
Thy-1 (CD90) remains an enigmatic molecule. It is expressed on the surface of numerous and
diverse cell types, and confers varied effects on cell phenotype, depending on context (reviewed
in Bradley et al., 2009). Accordingly, the functions of Thy-1 have been studied in a broad range
of fields, including immunology, neurobiology, cancer, stem cell biology, tissue remodeling and
aging, and have been the focus of multiple excellent reviews (Haeryfar and Hoskin, 2004; Rege and
Hagood, 2006; Herrera-Molina et al., 2013; Leyton and Hagood, 2014; Kumar et al., 2016). In this
mini-review, we consider some recent studies that reveal novel aspects of Thy-1 biology that have
not been extensively studied, attempt to synthesize these within an emerging view of this molecule,
and suggest future areas of exploration.

Thy-1 and INTRACELLULAR SIGNALING

The effects of Thy-1 on cell signaling have been intriguing. An excellent recent review by a pioneer
in the field details the signaling effects of Thy-1 relative to its abundance and location on cell
surfaces (Morris, 2018). Thy-1 does not function exclusively in a single classic receptor/ligand-type
interaction, but additionally can interact with a number of molecules either within the membrane of
the same cell (cis) or heterotypically with molecules on the surface of another cell (trans), and in the
latter case can affect signaling within the Thy-1-bearing cell or the interacting cell (Herrera-Molina
etal,, 2013). Known interacting partners include a number of integrin heterodimers, heparin sulfate
proteoglycans (e.g., syndecan 4), and some G-protein coupled receptors (Leyton and Hagood,
2014). Interactions of Thy-1 with integrin signaling, particularly though av heterodimers and Src
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family kinase (SFK) activation are perhaps the best characterized,
however much remains to be learned. An important challenge has
been understanding how Thy-1, as a gycosylphosphatidyl inositol
(GPI)-anchored molecule which lacks a transmembrane domain,
affects the activation of intracellular signaling molecules such
as Src family kinases (SFKs). A recent study carefully dissected
the molecular interactions by which Thy-1/avf3 interaction
regulated SFK activation and cytoskeletal rearrangement in
the context of neuron-astrocyte communication (Maldonado
et al, 2017). Astrocyte avf3 interacts with neuronal Thy-
1 in trans to induce neurite retraction. The authors applied
two-channel, super-resolution stimulated emission depletion
(STED) microscopy combined with single-molecule tracking
to show that This interactions slows movement of Thy-1 in
the neuronal membrane, promoting formation of aggregates
of Thy-1 composed of smaller nanoclusters. These clusters
include C-terminal Src kinase (Csk)-binding protein (CBP), a
transmembrane scaffolding protein that had previously been
shown to confine Thy-1 within lipid raft microdomains (Chen
etal., 2009). Cytoplasmic Csk associated with CBP-Thy-1 clusters
phosphorylates and inactivates Src, displacing it from these
clusters. Interestingly, inactive Src associates with Thy-1 in
separate clusters distinct from the Thy-1/CBP/Csk complex.
Downstream, inactive Src results in activation of p190RhoGAP,
which in turn results in activation of RhoA, resulting in
cytoskeletal alterations leading to neurite retraction. A similar
pathway downstream of Thy-1/integrin interaction in cis had
been previously demonstrated in fibroblasts (Fiore et al., 2015),
in which it regulates cell adhesion, cytoskeletal organization, and
myofibroblastic differentiation.

Thy-1 interacts with other, non-integrin signaling pathways to
modulate cellular phenotype. In fibroblasts, Fas ligand promotes
Thy-1/Fas interactions in lipid rafts to promote apoptosis
(Liu et al, 2017). This pathway appears important to the
resolution of fibrosis, as Thy-17/~ mice fail to resolve fibrosis
following bleomycin-induced lung injury, associated with the
persistence of apoptosis-resistant myofibroblasts. A study in
hepatocellular carcinoma cells showed that the presence of
Thy-1, which is a cancer stem cell marker in these tumors,
is correlated with enhanced Notch signaling (Luo et al,
2016). This study did not manipulate Thy-1 expression to
demonstrate whether this effect is direct or indirect, but this
is the first demonstration of an association of Thy-1 with
Notch signaling. The broader role of Thy-1 in cancer is
complex, as it has been shown to both promote tumorigenesis
and to function as a tumor suppressor; this conundrum has
been recently reviewed (Kumar et al., 2016). In the context
of liver fibrosis Thy-1 was recently found to interact with
TGFBRI, indicating a novel mechanism whereby Thy-1 affects
TGF-B1 signaling and myofibroblast differentiation (Koyama
et al, 2017). Previously, Thy-1 had been shown to inhibit
latent TGF-B1 activation in an av integrin-dependent manner
(Zhou et al., 2004, 2010). In liver portal fibroblasts, Thy-1
binding to TGFPRI was shown to be disrupted by mesothelin,
indicating two additional novel molecular interactions not
previously described for Thy-1 (Koyama et al.,, 2017). Besides
the known integrin- and heparin-binding motifs in the Thy-1

sequence, the mechanisms for many of Thy-1's molecular
interactions are not known.

Thy-1 and MECHANOTRANSDUCTION

In addition to responding to chemical signals, most living cells
alter their phenotype in response to mechanical stimuli from
the external environment. This involves a complex series of
molecular interactions from the cell surface to the nucleus
(Wang, 2017). Because Thy-1 interacts with numerous integrins
and modulates signaling pathways (SFKs, Rho kinases) involved
in mechanotransduction, it is well positioned to participate
in cellular responses to mechanical cues. Indeed, Thy-1 was
found to participate in mechanical signaling in melanoma cells,
where it forms a trimolecular complex with a581 integrin and
syndecan 4 (Fiore et al, 2014). Interestingly, this molecular
complex displays binding characteristics of what has been termed
“dynamic catch bonds,” characterized by rapid bond stiffening
and increased binding affinity when force is applied to the
bond. More recently, in lung fibroblasts, Thy-1 has been shown
to function as a mechanosensor, in that knockdown of Thy-1
results in an inability of fibroblasts to modulate signaling and cell
phenotype in response to either increased or decreased matrix
stiffness (Fiore et al., 2018). This mechanosensing function is
accomplished through Thy-1 interacting with avf3 integrin,
altering its avidity for ECM binding, while localizing SFKs
necessary for downstream mechanosignaling. Loss of Thy-1
in the context of lung injury thus leads to increased integrin
activation even in soft provisional ECM, which promotes strain
stiffening of matrix, further integrin activation, and progressive
fibrosis. In vivo, absence of Thy-1 leads to non-resolving fibrosis
in a mouse model of lung injury (Fiore et al., 2018). A recent study
used molecular force spectroscopy to characterize the mechanical
properties of the Thy-1/avB3 integrin interaction at the single-
molecule level using purified proteins (Burgos-Bravo et al., 2018),
and applying mathematical modeling to characterize the slip-
bond interaction between these two molecules.

Thy-1 and “STEMNESS”

Thy-1, also known as cluster of differentiation (CD)90, has
long been recognized and broadly utilized as a marker of
hematopoietic and mesenchymal stem cells. Until recently,
however, any mechanistic role in the stem cell phenotype
has not been appreciated. Reprogramming of differentiated
fibroblasts into induced pluripotent stem cells (iPSCs) using
a limited number of transcription factors is one of the major
milestones in 21st century biology (Takahashi and Yamanaka,
2006). A study exploring the role of microRNAs (miRs) in
fibroblast reprogramming found that after exposure of murine
embryonic fibroblasts (MEFs) to the pluripotency-inducing “four
factors” (4F), loss of Thy-1 (CD90) was a strong marker of early
reprogramming (Li et al., 2014). However, when 4F-infected
MEF were sorted into Thy-1T and Thy-1~ subpopulations,
fully pluripotent iPSCs were highly enriched in the Thy-1~
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FIGURE 1 | Thy-1 integrates diverse extracellular signals. Thy-1 has been known to participate, via interaction with integrins, in transducing signals from the
extracellular matrix (A); more recently this understanding has expanded to include mechanical signals. This type of signaling involves Thy-1 interacting in cis with
other molecules within the same cell membrane. Thy-1 is also known to interact in trans with molecules in other cells, in mediating cell-cell interactions (B), with
signaling effects in both cells. More recently, Thy-1 has been shown to facilitate binding and internalization of extracellular vesicles (EV; C) and cytomegalovirus (CMV;
D). Increasingly, Thy-1 has been shown to interact with a growing number of non-integrin signaling partners (E). Because the signaling associated with Thy-1
regulates many fundamental cellular processes (stemness, differentiation, migration, and survival), ongoing studies to better understand the molecular mechanisms
involved will continue to yield important biological insights about how cells integrate extracellular information.

é a Non-integrin

subpopulation. Loss of Thy-1 was associated with increased
expression of miR-135b, which targets a number of ECM-
associated genes, including genes involved in TGFp1 signaling.
MEFs which retained Thy-1 expression after 4F infection did
not induce miR-135b and retained expression of ECM-associated
genes, and had a more limited, multipotent MSC-like phenotype
compared to the truly pluripotent Thy-1~ iPSCs. This very
interesting set of findings suggests that Thy-1 may function
as a barrier to pluripotency, and that a mesenchymal Thy-1*
phenotype is associated with a microRNA and gene expression
profile associated with regulation of ECM-related genes.

Even in MSCs, for which Thy-1 is often used as a marker,
its role with regard to differentiation potential is complex. An
interesting recent study showed that in human MSCs cultured
from numerous sources, lentiviral suppression of Thy-1 increases
the capacity for osteoblastic and adipogenic differentiation
(Moraes et al., 2016). Complicating matters, MSCs isolated
from Thy-1~/~ mice were found to have decreased osteoblastic
differentiation and increased adipocyte differentiation compared
to those from WT mice, consistent with findings of increased
adiposity and decreased bone density in Thy-17/~ mice (Picke
et al,, 2018). These findings suggest that the relationship of Thy-
1 expression and mesenchymal differentiation is complex and
context-dependent, and that Thy-1 may have many different roles
in the pathway from pluripotent stem cells to fully differentiated
cells. ECM composition and stiffness are known to affect
“stemness,” and the roles of Thy-1 as a mechanotransducer and
sensor of ECM, as well as a regulator of TGF- signaling within
this context, has yet to be fully elucidated.

Thy-1 and VIRAL ENTRY

The co-evolution of viruses and animal cells has led to a complex
array of receptors and mechanisms for viral entry, with strong
significance for viral pathogenesis, transplantation, and virus-
mediated gene targeting (Baranowski et al, 2003). Many of

the viral entry pathways include molecules which regulate cell-
cell and cell-matrix interactions, such as integrins. Thus it is
not surprising that Thy-1 is involved in this area of biology
as well. human cytomegalovirus (HCMV) is a highly prevalent
virus that is responsible for human birth defects and organ
transplant complications. Thy-1 has recently been shown to play
a critical role in entry of HCMV into certain cell types, and
more recently this has been demonstrated to involve regulation of
clathrin-independent micropinocytosis (Li et al., 2016). Further
understanding of this likely primitive mechanism may lead to
development of novel inhibitors of viral infection.

Thy-1 and EXTRACELLULAR VESICLES

Membrane-bound vesicles are critical components of
intracellular trafficking and signaling. In the past decade
there has been tremendous growth in understanding of the
roles of secreted extracellular vesicles (EVs), such as exosomes,
larger microvesicles, and apoptotic bodies. We had previously
demonstrated release of Thy-1 from fibroblasts in response to
inflammatory stimuli, and antibody studies indicated that Thy-1
was likely released in a membrane-bound fraction (Hagood et al.,
2005; Bradley et al., 2013). Subsequently we demonstrated that
MSCs secrete large numbers of EVs, most of which have Thy-1
on the EV surface. These MSC-derived EVs bind to and are
internalized by lung fibroblasts, and modulate myofibroblastic
differentiation and response to TGFf1 (Shentu et al., 2017).
Antibody-mediated blocking of Thy-1 or P3/B5 integrins
prevents EV binding and uptake, as does shRNA-mediated
downregulation of Thy-1 and integrins on recipient cells. These
findings indicate that Thy-1, either on the EV surface or the
recipient cell surface, interacts with integrin on the opposite
(cell surface or EV) to facilitate binding, uptake, and delivery
of EV content, predominantly miRNA. This is likely similar to
the mechanisms for Thy-1-mediated viral entry discussed above.
The role of Thy-1 on intracellular vesicles is unknown, but it
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has been found in non-caveolar vesicles and neuronal synaptic
vesicles (Jeng et al., 1998; Yao et al., 2009).

SUMMARY AND INSIGHTS

How do these seemingly disparate new findings inform our
current view of Thy-1? The last half century has produced a
substantial body of work on this molecule, during which its roles
in a large number of biological fields have become apparent.
What insights can be gained from what is known about Thy-1,
and what are important questions for future studies? First, Thy-
1 is a primitive molecule, conserved to the level of chordates
(Mansour et al., 1987), and it is involved in very basic functions
(cell-ECM and cell-cell adhesion) important in multicellular
biology. The role of Thy-1 in viral entry, EV binding, and
signaling all support a broader role for Thy-1 in receiving and
processing information from the environment (Figure 1). It may
be enlightening to consider how Thy-1 might regulate trafficking
and processing such information intracellularly. For example,
does Thy-1 affect intracellular vesicular functions? Secondly,
Thy-1 regulates cell phenotype changes in response to external
stimuli, even fundamental characteristics such as pluripotency,
differentiation and survival. Understanding the mechanisms by
which it does so may yield novel insights into these fundamental
processes. Third, the nature of Thy-1’s effects seem critically
dependent on context, so that what Thy-1 does in one tissue or
cell type cannot be simply extrapolated to others. Finally, many
but not all of Thy-1’s effects involve interaction with integrins,
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but it is important to remember that Thy-1 also interacts with a
growing number of other molecules, and that it may function as
part of multi-molecular complexes which affect several important
intracellular signaling cascades.

Many unanswered questions remain. Little is known, for
example, about how the mode of anchorage of Thy-1 (i.e.,
its particular GPI anchor) affects its function. Is it merely by
regulating its proximity to integrins and other surface molecules,
or is the lipid moiety of Thy-1 itself able to interact with
other molecules to affect signaling? How important are other
post-translational modifications, most notably glycosylation, in
some of the seemingly discordant effects of Thy-1 in different
contexts? Many of the downstream effects of Thy-1 involve
cell phenotype and “identity.” These are likely regulated at the
level of transcriptional control and epigenetic modifications.
Does Thy-1 directly affect nuclear machinery, or are all its
effects secondary to its effects on cytoskeletal rearrangements
and signaling cascades? With improved understanding of
mechanisms comes the ability to target specific aspects of Thy-
1 function. However, the translational potential of manipulating
Thy-1 remain unexplored. Perhaps the next half century will see
important breakthroughs as a result of additional careful study of
this enigmatic integrator of extracellular information.
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The glycosylphosphatidylinositol (GPI) anchored glycoprotein Thy-1 has been prevalently
expressed on the surface of various cell types. The biological function of Thy-1 ranges
from T cell activation, cell adhesion, neurite growth, differentiation, metastasis and
fiorogenesis and has been extensively reviewed elsewhere. However, current discoveries
implicate Thy-1 also functions as a key mechanotransduction mediator. In this review,
we will be focusing on the role of Thy-1 in translating extracellular mechanic cues into
intracellular biological cascades. The mechanotransduction capability of Thy-1 relies on
trans and cis interaction between Thy-1 and RGD-binding integrins; and will be discussed
in depth in the review.

Keywords: Thy-1, integrin, trans interaction, cis interaction, mechanotransduction

As the smallest member of the immunoglobulin superfamily, Thy-1 (CD90) is a 25-37 kDa
glycosyl phosphatidylinositol (GPI) anchored cell membrane protein that bears critical biological
functions. The glycoprotein is expressed across many different cell types including fibroblasts,
endothelial cells, neuron and hematopoietic cells (Craig et al., 1993; Rege and Hagood, 2006b).Since
its discovery decades ago, extensive scrutiny on the glycoprotein has established Thy-1 as
an important player in almost every aspect in cellular biology including adhesion, migration,
apoptosis, wound healing, tumorigenesis and fibrogenesis (Barker et al., 2004; Sanders et al., 2007,
2008; Barker and Hagood, 2009; Lee et al., 2013). More recently, studies have connected Thy-1
with mechanotransduction, specifically through its interaction with integrins. This mini review
will focus on the role of Thy-1 in integrin mediated mechanotransduction, with a broader scope
on Thy-1 driven physiological responses via mediating conversion of extracellular biophysical cues
into intracellular biochemical signals.

THY-1-INTEGRIN INTERACTION, C/S AND TRANS

Integrins are a group of adhesion receptors connecting the extracellular matrix (ECM) with the
cell cytoskeleton through their bulky, dimeric head domain, a type I transmembrane domain
and a relatively small cytoplasmic domain (Luo et al., 2007). Integrins have long been regarded
as critical mechanotransducers since the direct engagement between integrins and their ECM
ligands is the prerequisite of formation of focal adhesions and cellular contractility. The evidence
of Thy-1-integrin interaction began to emerge in the past decade. Potential interactions between
Thy-1 and integrin avp5 has been proposed as the mechanism of Thy-1 mediated signaling that
blocks activation of TGF-B (Herrera-Molina et al., 2013). Similarly, Thy-1 positive lung fibroblasts
are resistant to TGF-p activation induced lung fibrosis, implicating possible role of Thy-1 in
suppressing avp6 mediated TGF-p activation (Zhou et al., 2004). Direct interactions have been
shown between Thy-1 and integrin avB3 on astrocytes (Leyton et al,, 2001). The interaction is
mediated through the RLD motif on the recombinant Thy-1-FC molecule and the engagement
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between Thy-1 and avp3 can promote focal adhesion formation
as well as FAK phosphorylation. Another study later discovered
that this trans interaction between Thy-1 and integrin avf3
induces Thy-1 microclustering and colocalization with Csk-
binding protein (CBP) while displacing Src kinase from these
clusters at the same time (Maldonado et al.,, 2017). Melanoma
cells have also been seen to exploit Thy-1 expressed by vascular
endothelial cells for adhesion and subsequent tumor metastasis,
presumably through Thy-1- avB3 interaction (Schubert et al.,
2013). avP3 is not the only integrin that has shown capability to
interact with Thy-1. Thy-1-a581 and syndecan4 can form triplex
and behave as a catch bond (Fiore et al., 2014).

While trans interactions between Thy-1 and integrin
apparently mediates mechanotransduction, little is known
regarding the impact of cis interaction until lately. In a study
published by Fiore and his colleagues, Thy-1 is found to interact
with integrin avp3 in cis on the surface of lung fibroblasts (Fiore
et al., 2015). The interaction helps to keep the integrin in a low
affinity, bent conformation. Moreover, the interaction facilitates
Fyn, a member of SFK critical in mechanosignaling, recruitment
to focal adhesions while also keeps c-Src activity under check
through recruitment of CBP.

TRANS INTERACTION BETWEEN THY-1
AND INTEGRIN «vf3 MEDIATES
MECHANOTRANSDUCTION

Thy-1 has been shown to support cell adhesion through trans
interaction with integrin. Immobilized Thy-1 is capable to
function as ligand for integrin avf3 and support cell adhesion in
a Mn?* dependent manner. On the cell membrane, interactions
between avB3 on DITNCI astrocytes and Thy-1 on neuron cells
support cell adhesion but inhibit neuron cell differentiation and
neurite extension (Herrera-Molina et al., 2012). Immobilized
recombinant avB3-FC functions similarly and induces clustering
of Thy-1 on neuron cell surface. It has been proposed that such
a trans interaction triggered redistribution/clustering of Thy-
1 leads to inactivation of Src through Thy-1 mediated CBP
recruitment. Thy-1 mediated cell-cell interaction has also been
found to be critical for melanoma cell adhesion and metastasis.
Thy-1 deficient mice showed significantly reduced metastasis
sites due to ablation of Thy-1 mediated melanoma cell adhesion
on Endothelial cells (Schubert et al., 2013). When mediating cell-
cell adhesion, Thy-1 not only needs to interact with integrin avf3,
but also need to bring in Syndecan4, a lipid raft protein that
binds to a heparin-binding domain on Thy-1. The interaction
between Thy-1 and Syndecan4 itself is not sufficient to induce
Rac-1 RhoGTPase activation; however, the binding is required
for the Thy-1- avp3 interaction to support cell adhesion and
migration (Kong et al., 2013). It's worth noting that the Thy-
1- avB3 interaction alone indeed triggers phosphorylation of
Akt, indicating that cell-cell trans interaction through Thy-1
and integrin could promote cell viability/survival but is not
sufficient to generate mechano-signal transduction. Interestingly,
while surface Thy-1 clustering induced by integrin avf3
generates inhibitory signal in neuron cells, Thy-1 crosslinking

by mAb induces Ca** influx and proliferation in T lymphocytes
(Kroczek et al., 1986; Conrad et al., 2009). The seemingly
paradoxical evidence implicates highly context dependent nature
of Thy-1 function.

Thy-1-FC conjugated beads are sufficient to induce
enhanced formation of focal adhesions and elevated tyrosine
phosphorylation of p130“® and FAK (Leyton et al., 2001). A Thy-
1-CBP-RhoA-ROCK axis has been proposed to induce astrocyte
retraction and RhoA dependent actin stress fiber formation
(Avalos et al., 2004; Maldonado et al., 2017). The phenomenon is
induced via Thy-1-FC conjugated protein A beads, implicating
that clustered Thy-1 is likely required to mediate the trans-
interaction based mechanotransduction through integrin avf3.
Unlike other traditional integrin ligands, Thy-1 is a monovalent
molecule and its RLD motif likely binds with integrin at lower
affinity. Therefore, clustering of Thy-1 and presence of potential
binding partners in addition to integrin (e.g., syndecan4)
could be essential for Thy-1 mediated cell-cell interaction and
mechanotransduction. This is particularly plausible considering
that immobilized Thy-1-FC can’t support cell adhesion without
the presence of Mn?* whereas conjugated (and thus “clustered”)
Thy-1-FC beads successfully induced focal adhesion assembly in
a RhoA-ROCK dependent pathway (Leyton et al., 2001; Avalos
et al,, 2004). Interaction with ECM ligands induces integrin
clustering which is the key event in cell adhesion and migration.
It is known that integrin clustering is dependent on PI(4,5,)P;
and Talin (Cluzel et al.,, 2005; Saltel et al., 2009) while syndecan4
helps retention of PI(4,5,)P, in cell membrane (Kwon et al,
2009). Therefore, Thy-1, integrin avf3 and syndecan4 work
synergistically to mediate mechanotransduction through cell-cell
interaction. Further downstream, this trimolecular complex also
regulates RhoA GTPase mainly through modulating p!'*°GAP
phosphorylation and distribution. Syndecan4 and integrin o581
have been shown to regulate p'”’GAP membrane distribution
and Src-dependent tyrosine phosphorylation, respectively (Bass
et al., 2008). The coordinated interaction subsequently leads
to suppressed RhoA activity and cell migration. However,
introduction of Thy-1 causes a reduction of Src activity and
downregulation of p!°*GAP, which leads to higher RhoA activity,
stable adhesion and enhanced stress fiber formation (Barker
et al,, 2004). The phenomenon can be attributed, in part, to the
recruitment of CBP by Thy-1 to integrin membrane proximity,
which leads to inhibitory phosphorylation of Src kinase by CBP
interacting Csk. More interestingly, the Thy-1- a581-Syndecan4
trimolecular complex not only delivers mechano-related
biochemical signaling coordinately but also physically interprets
force directly (Fiore et al., 2014). When Thy-1 binds to either
a5p1 integrin or Syndecan4 alone, both interactions behave as
classic slip bond, meaning that the lifetime of the interactions
decreases with force application. However, the trimolecular bond
expresses a unique catch bond feature-described as “dynamic
catch” by the authors. The mechanism behind the phenomenal
has been proposed as a sudden bond stiffening from an acquired
contribution of the syndecan4-Thy-1 interaction, once the force
load reaches a ~15 pN threshold. Before reaching the threshold,
a5p1-Thy-1 interaction bears the majority of the force whereas
after the threshold, due to force-induced extension of the GAG
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motif on Syndecan4, both a581 and Syndecan4 start to resist
force at full load. Taken together, the Thy-1-a5p1-Syndecan4
complex mediates mechanotransduction both at the single
molecule biophysical level and at the cell biochemical level.

MECHANOTRANSDUCTION IN C/S

In contrast to only the induction of focal adhesions and
promotion of FAK activation seen in trams, cis interaction
between Thy-1 and integrin is more complicated, providing both
a tonic inhibition, but also facilitating efficient mechanosignaling
in the focal adhesion (Fiore et al, 2015). The Thy-1-
avB3 interaction shifts the dynamic equilibrium of integrin
conformation toward a bent-closed state. This effectively
reduces integrin avidity for its extracellular ligand; Thy-1 is
a weak inhibitor of integrin in cis. Remarkably, the Thy-
1-avB3 interaction physically couples unbound integrin to
lipid raft microdomains containing critical signaling molecules.
Thus, Thy-1 facilitates co-clustering of lipid raft proteins with
focal adhesions enabling proper mechanosensing in fibroblasts.
Integrin mediated mechanotransduction relies on ECM ligand
engagement and subsequent integrin clustering, which leads
to self-activation of FAK and Src, resulting in downstream
RhoA activation and cellular contractility (Hu and Luo, 2013).
More specifically, by keeping integrin in the bend-low affinity
conformation, Thy-1 not only constraints the ligand accessibility
for integrin but also limits the likelihood of ECM ligand
binding independent self-clustering and thus reduces the overall
integrin avidity. Thy-1 keeps c-Src activity in check through
recruitment of the lipid raft protein CBP, which leads to
recruitment of Src inhibitor Csk; concurrently the lipid raft-
associated Src-family member Fyn is brought to the focal
adhesion enabling a prompt mechanosignaling response after
ligand engagement (Fiore et al.,, 2015). It is worth noting that
this Thy-1-mediated mechanosensing requires proper lipid raft
location, as replacing the GPI anchor with a CD8 transmembrane
domain greatly reduced the ability of cells to appropriately
respond to environmental rigidity. Lipid rafts have been widely
regarded as a critical participant in mechanotransduction (Head
et al., 2014). Colocalization of Fyn, CBP and another Thy-1
interacting protein Reggiel/2 on non-caveolar lipid raft has been
reported previously (Stuermer et al., 2001; Deininger et al., 2003).
Moreover, Fyn has been shown to be able to both interact with
FAK in early integrin mediated adhesion and phosphorylate
CBP, resulting in subsequent recruitment/activation of Csk
(Yasuda et al.,, 2002; Maksumova et al., 2005; Baillat et al.,
2008). Adding the evidence together, Thy-1 likely functions
as a lipid raft coupler, recruiting Fyn and CBP to the focal
adhesion to regulate basal Src activity through Csk. In addition to
promote RhoA activity through downregulating c-Src dependent
p'%°GAP activity, Fyn has also shown to directly phosphorylate
and activate Rho guanine nucleotide exchange factor (GEF)
in response to integrin mediated force transduction, resulting
in a more direct activation of RhoA (Guilluy et al., 2011).
Importantly, the activity of Rho GTPase is required for ECM
stiffness induced nucleus translocation of Yap/Taz, which drives

mechano-activation of fibroblast and fibrosis (Dupont et al.,
2011; Liu et al,, 2015). Taking together, the direct and indirect
regulatory role of Fyn over RhoA activity makes it a core
modulator of force-induced cellular response.

The third way Thy-1 appears to impact mechanotransduction
is through regulating the TGF-B pathway. TGF-B-SMAD2/3/4
is well established as the main signaling route to induce
mechano-related cellular responses including proliferation,
cellular contraction and ECM deposition. The signaling axis is
also the main driving force in fibrosis. It has been reported that
Thy-1 null c57BL/6 mice were more prone to develop severe lung
fibrosis after bleomycin treatment (Hagood et al., 2005). Thy-
1 negative fibroblasts are more responsive toward inflammatory
cytokines like TGF-f whereas Thy-1 positive cells are resistant to
similar treatments. The difference does not appear to be due to
downstream signal transduction of TGF-f but instead to higher
latent TGF-B activation in Thy-1 negative cells (Zhou et al,
2004), potentially through Thy-1 stabilization of integrin’s bent
conformation as described above. Likewise, induction of MMP9
by TGF- has been observed in Thy-1 negative fibroblasts but not
in Thy-1 positive fibroblasts, implicating Thy-1 as an important
suppressor in MMP9 induced latent TGF-f activation- the
positive feedback loop that efficiently enhances TGF-f signaling
(Ramirez et al, 2011). The interaction between Thy-1 and
integrin avf5 has been proposed as a mechanism to constrain
latent TGF-B activation by the integrin (Zhou et al,, 2010). The
study, however, failed to reveal if the inhibition is caused by cis
interaction between the two molecules or trans. It is conceivable
that by keeping TGF-§ activating integrins (avp5 and avp6)
in a low affinity conformation, Thy-1 can reduce activation of
endogenous TGF-p, enabling a cellular “brake” to TGF-f.

CONCLUSION

Thy-1 bears a vast range of functionality, affecting T cell
activation, proliferation, differentiation, neuron regeneration,
adhesion and fibrosis (Rege and Hagood, 2006a,b). Interestingly,
many of these functions are overlapping with integrin
functionalities such as immunological synapse formation (aLp2;
Springer and Dustin, 2012), proliferation, adhesion, etc. The dual
integrin interacting pattern (trans and cis) makes Thy-1a key
mechanoregulator through its integrin interaction capacity. The
subsequent biological impacts of Thy-1-integrin interactions can
be further categorized as either on the plasmamembrane or in
the cytosol.

On the plasma membrane, Thy-1 exerts profound impact
in a direct manner. On the surface of neurons, Thy-1 directly
binds to astrocyte integrin avp3 in trans. The interaction
triggers Thy-1 clustering and suppresses neuron outgrowth
(Leyton et al., 2001). Thy-1 dependent cell adhesion and
migration is also mediated through the trans interaction
between Thy-1 and integrin, namely avp3, aXp2, and aMp2
(Rege and Hagood, 2006a). Therefore, the trans interaction
mediates mechanotransduction in the context of cell-cell
interaction, which result in either clustering of Thy-1 and
subsequent suppression of c-Src (Figure 1®) or directly force
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FIGURE 1 | A global overview of Thy-1’s functionality in mechanotransduction through cis and trans interaction with integrin. @ Trans interaction with integrin induces
Thy-1 clustering and Src inhibition. @ Thy-1-integrin-Syndecan4 triplex directly responds to force by forming a dynamic catch bond. ® Direct cis interaction between
Thy-1 and integrin results in reduction of integrin affinity (a) and downstream regulation of integrin mediated mechanotransduction (b). @ Thy-1-integrin cis interaction

cSrc

transduction (Figure 1®). The cis interaction, on the other
hand, plays a more inhibitive/regulatory role in integrin
mediated mechanotransduction. Through direct binding to
integrin through its RLD motif, Thy-1 can restrict integrin

by promoting its bent conformation, due to the proximity of
the RLD motif against the plasma membrane. Furthermore,
through interaction with integrin, Thy-1 can also effectively
reduce overall integrin avidity toward ECM ligands (Figure 1®a)
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and at the same time, inhibit integrin-mediated latent TGF-f
activation (Figure 1®).

The impacts of Thy-1 on cytoplasmic mechanotransduction
pathway, on the other hand, are indirect due to the lack
of a Thy-1 cytoplasmic domain. In addition to regulating
integrin affinity/avidity through direct cis-interaction, Thy-1-
integrin binding also facilitates phosphorylation and recruitment
of CBP through Fyn, a lipid raft Src family kinase (SFK)
recruited to the focal adhesion by Thy-1. Subsequently, Csk is
recruited by CBP, leading to phosphorylate the c-terminus of
and inactivate c-Src. The c-Src inhibition subsequently leads
to reduced p'”GAP activity and elevated RhoA-dependent
actin stress fiber assembly. It has been widely described that
RhoA/ROCK controlled cellular G-actin pool dynamics directly
regulates nuclear translocation and activation of MRTF (Miralles
et al., 2003; Fan et al., 2007; Vartiainen et al., 2007). Therefore,
Thy-1 mediated downregulation of Src activity can result in
nuclear accumulation of active MRTF in response to extracellular
tension by reducing availability of MRTF-inhibitory G-actin
(Figure 1®b). Similarly, both Hippo dependent and independent
Yap/Taz signal transduction are also tightly regulated by RhoA
mediated F-actin stress fiber assembly (Dupont et al.,, 2011;
Sansores-Garcia et al, 2011; Wada et al,, 2011). Besides a
relatively “slower” pathway to regulate RhoA activity through
Src, Fyn has also been shown to directly activate Rho GEF LARG
and thus enables swift early cellular response toward extracellular
mechanic cues through RhoA. In sum, through indirectly
manipulating RhoA activity and subsequent equilibrium between
G-actin and F-actin, Thy-1 functions as a key regulator of
cellular mechanotransduction.

The impact of Thy-1 on mechanotransduction is likely the
fundamental mechanism behind its broad functionality. This
mechano-based regulatory mechanism not only affects cellular
behavior but also profoundly influence tissue development and
cell differentiation. Thy-1 negative fibroblasts are more sensitive
to inflammatory cytokines and more likely to differentiate into
myofibroblasts (Sanders et al., 2007). Thy-1 deficiency also leads
to poor osteogenesis in mouse due to altered Wnt pathway
(Picke et al., 2018). Without Thy-1, mouse mesenchymal stem
cells (MSC) are more likely to differentiate into adipocytes
instead of osteoblasts (Picke et al., 2018). These discoveries
strongly suggest that Thy-1, through integrin mediated
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CD90 is a membrane GPIl-anchored protein with one Ig V-type superfamily domain
that was initially described in mouse T cells. Besides the specific expression pattern
and functions of CD90 that were described in normal tissues, i.e., neurons, fibroblasts
and T cells, increasing evidences are currently highlighting the possible involvement
of CD90 in cancer. This review first provides a brief overview on CD90 gene, mRNA
and protein features and then describes the established links between CD90 and
cancer. Finally, we report newly uncovered functional connections between CD90 and
endoplasmic reticulum (ER) stress signaling and discuss their potential impact on
cancer development.

Keywords: THY-1, CD90, cancer, invasion, migration, ER stress, IRE1

INTRODUCTION

Thy-1/CD90 was first identified in 1964 on mouse T lymphocytes (Reif and Allen, 1964a,b) and
then on rat thymocytes and neural cells (Barclay et al., 1976). Since then, more than 10, 000
publications refer to CD90 mainly in rodent and human species (Figure 1A). The CD90 gene is
conserved from fish to mammal (vertebrates; Figure 1B), and homologs have been even described
in some invertebrates such as squids, tunicates, and worms (Cooper and Mansour, 1989). CD90
gene organization including promoter region and methylation sites was further described and
reviewed in Barclay et al. (1976); Seki et al. (1985); Cooper and Mansour (1989). Importantly,
the CD90 promoter is often considered to be specifically activated in the brain. Consequently,
the CD90 promoter has routinely been used to drive “brain specific” expression of proteins in
mice (Feng et al., 2000). The mouse and human CD90 protein are highly similar sharing 66%
identity (Figure 1C).

The CD90 protein is a small membrane glycophosphatidylinositol (GPI) anchored protein of
25 to 37 kDa, heavily N-glycosylated on two or three sites in human and mouse, respectively.
One third of the CD90 molecular mass is linked to its glycosylation level (Pont, 1987; Haeryfar
and Hoskin, 2004). CD90 is composed of a single V-like immunoglobulin domain anchored by
a disulfide bond between Cys 28 and Cys 104. CD90 lacks an intracellular domain but is located
in the outer leaflet of lipid rafts at the cell plasma membrane allowing signaling functions by
cis- and trans-interactions with G inhibitory proteins, the Src family kinase (SFK) members src
and c-fyn, and tubulin (Figure 1F; Rege et al., 2006; Avalos et al., 2009; Wandel et al., 2012).
Interestingly, similar to what is observed for other GPI-anchored proteins such as CD55 and
CD59, CD90 could be shed by specific phospholipases (i.e., PI-PLC or PLC-8) thus allowing
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Roles of CD90 in Cancers

cell to cell transfer, however, the physiological relevance of this
process remains to be discovered (Haeryfar and Hoskin, 2004).

Common and distinct cellular CD90 expression patterns are
observed in mouse and human. CD90 mRNA is highly expressed
in nervous and olfactory systems, and skin tissues in both species.
However, high CD90 mRNA expression is only found in mouse
spleen and thymus (Figure 1D). In the nervous system, CD90
protein expression is observed mainly in neurons but also in
some glial cells in vertebrates (Figure 1E). Recently, CD90 has
been touted as a stem cell marker in various tissues such as in
hematopoietic stem cells used in combination with the CD34
marker but also in hepatic, keratinocyte and mesenchymal stem
cells (Kumar et al., 2016). Distinct cellular distributions of CD90
protein expression are observed in mouse (i.e., thymocytes and
peripheral T cells) and human (i.e., endothelial cells and smooth
muscle cells) (Rege and Hagood, 2006; Barker and Hagood,
2009; Bradley et al., 2009; Leyton and Hagood, 2014). Another
important difference between the two species is the existence
of two distinct murine isoforms CD90.1 and CD90.2 that differ
at the residue 108 (Arg or Gln, respectively) whereas only one
isoform is described in human with a histidine at position 108
(Bradley et al., 2009).

Several functions of CD90 have been described so far in
physiological and pathological processes (Figure 1F). Most of
these functions involve CD90 interactions with ligands such
as integrins av/P3, ax/f2, syndecan-4, CD90 itself, and CD97
(Wandel et al., 2012; Kong et al., 2013; Leyton and Hagood, 2014).
CD90 plays a role in cell-cell and cell-matrix interactions, with
specific implications in the regulation of axon growth and nerve
regeneration, T cell activation and apoptosis, leukocytes and
melanoma cell adhesion and migration, fibroblast proliferation
and migration in wound healing, inflammation and fibrosis.
These functions were already extensively reviewed in Rege
and Hagood (2006); Barker and Hagood (2009); Bradley et al.
(2009); Leyton and Hagood (2014), and will not be developed
further here. Rather, we will focus on CD90 expression and
functions in cancers.

DIVERSE ROLES OF CD90 IN CANCERS

CD90 Expression in Various

Cancer Types

CD90 mRNA and protein expression was reported in several
cancer types including liver, myeloid, skin, and brain (Figure 2A).
According to The Cancer Genome Atlas (TCGA), CD90
transcripts were predominantly found in brain, kidney, and
pancreatic tumors (Figure 2B). CD90 mRNA and protein were
detected in glioma/GBM specimens (Wikstrand et al., 1985) and
immortalized glioma/GBM cell lines (Kemshead et al., 1982;
Seeger et al., 1982; Hurwitz et al., 1983; Wikstrand et al., 1983;
Rettig et al., 1986). In the past few years, CD90 has been
considered as a human GBM stem cell (GSC) marker (Liu
et al.,, 2006; Kang and Kang, 2007; Tomuleasa et al., 2010; He
et al., 2012; Nitta et al., 2015). CD90 is also expressed in GBM-
associated stromal cells (GASCs) (Clavreul et al., 2012) and
mesenchymal stem cell-like pericytes (Ochs et al., 2013), thereby

reflecting GBM cellular heterogeneity. We recently demonstrated
that CD90 expression is not only restricted to GBM stem-
like cells but is also observed in more differentiated GBM
cells (primary adherent lines) and in freshly dissociated GBM
specimens (Avril et al., 2017a). Using the recent single-cell RNA
sequencing datasets from stem-like and no-stem GBM cells
and tumor migrating cells (Darmanis et al.,, 2017; Cook et al.,
2018), we confirm herein that CD90 is expressed in tumor
cells from the cancer site but also in migrating tumor cells,
tumor-associated endothelial cells, and neighboring neuronal
cells (Figure 2C). CD90 expression in kidney cancers is currently
controversial. Primary cell lines and tumor stem cells from
pediatric Wilms’ tumors and metastatic renal tumors express
CD90 (Pode-Shakked et al., 2009; Royer-Pokora et al., 2010; Khan
et al.,, 2016) as observed in renal tumor-associated endothelial
cells (Mesri et al., 2013). CD90 is also highly expressed in renal
cell carcinoma tumor-initiating cells characterized by CD105
expression (Bussolati et al., 2008; Khan et al., 2016). Nevertheless,
CD90 expression could not be found in CSCs derived from
patients with clear cell renal cell carcinoma (Galleggiante et al.,
2014). The CD90 protein is expressed in almost all the pancreatic
adenocarcinoma (PDAC) (n = 98) and its metastatic forms tested
by tissues microarray (Zhu et al, 2014), not only in tumors
cells but also in stromal cells, including fibroblasts, and vascular
endothelial cells. In addition, CD90 was extensively studied
in liver cancers. Almost no CD90 expressing cells are present
in disease-free or in cirrhotic livers, whereas a significantly
higher expression is found in hepatocellular carcinoma (HCC)
cells (Yang et al., 2008; Sukowati et al., 2013). CD90 protein
is also found in esophageal squamous cell carcinomas mainly
in primary tumors and immortalized/primary cell lines (Tang
et al., 2013). Overexpression of CD90 is also detected in prostate
cancer. Indeed immunohistochemical analysis of prostate cancer
samples showed distinct and differential overexpression of CD90
in cancer-associated stroma compared with non-cancer tissue
stroma (True et al., 2010).

CD90 Somatic Mutations in Cancers

Mutagenesis is often associated with carcinogenesis. Protein
expression or functions could be altered by mutations leading
in turn to an oncogenic process. No study has yet reported
mutations in the CD90 gene or CD90-associated related
regulatory elements in any of cancer types (Kumar et al., 2016).
According to the “Catalog Of Somatic Mutations In Cancer”
(COSMIC; n = 47210 samples) and cBioPortal for Cancer
Genomics (n = 52770 samples), the mutation frequency of
CD90 in cancer is very low (0.001% with 51 and 54 mutations
according to COSMIC and cBioPortal, respectively) (Cerami
et al.,, 2012; Tate et al., 2018). Most of the CD90 mutations
are missense (60.8% and 92.6% according to COSMIC and
cBioPortal, respectively) and synonymous (35.3%, COSMIC)
substitutions mainly found in intestine, lung, and skin cancers
(Figure 2D). Only three mutations leading to sequence frameshift
were detected in neuroblastoma and renal cancers. In addition,
one RGS12/CDY0 fusion was detected in a breast invasive lobular
carcinoma. Further studies are needed to understand how these
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FIGURE 1 | Continued

V-type Ig domain (framed orange line), the N-glycosylation sites (n in rodents and N in primates), and the cysteines involved in the di-sulfite bond (C) are represented.
(D) CD90 mRNA expression patterns in normal tissues from human, mouse and rat were analyzed using the EMBL-EBI Expression Atlas
(https://www.ebi.ac.uk/gxa/home). (E) CD90 protein expression patterns from human normal tissues were tested using the Human Protein Atlas
(https://www.proteinatlas.org/). (F) CD9O0 signaling partners and ligands interacting in cis and trans were summarized including their involvement in different functions

and cell types.

mutations could impact on CD90 functions and to clarify the
potential roles of these mutations in cancers.

CD90 as a Cancer Stem Cell Marker

The cancer stem cell (CSC) concept has been proposed four
decades ago, and states that tumor development is driven by
a specialized cell subset, characterized by self-renewing, multi-
potent, and tumor-initiating properties (Batlle and Clevers,
2017). In recent years, the role of CD90 was extensively studied
in CSCs (Shaikh et al, 2016). The ability to form tumors
in vivo in immunodeficient mice is considered to be one of
the most important properties of CSCs. CD90+ tumor cells,
considered as CSCs, from several cancers, i.e.,, HCC (Yang
et al., 2008), gastric cancers (Jiang et al., 2012) and esophageal
squamous cell carcinomas (Tang et al., 2013) were reported to
form tumors in immunodeficient mice after injection of a very
small amount of cells in contrast to CD90 negative counterparts.
Another important feature of CSCs is their ability to grow
in vitro as spheroids in serum-free medium. This feature has
been recapitulated using CD90 expressing cells obtained from
esophageal squamous cell carcinomas (Tang et al., 2013), gastric
cancers (Jiang et al, 2012), gliomas (Kang and Kang, 2007;
He et al, 2012), and lung carcinomas (Wang et al, 2013).
Taken together, these studies identify CD90 as a potential CSC
marker in many types of cancers. However, we have recently
demonstrated in GBM that CD90 is not only a stem marker, as
its expression is also observed in more differentiated GBM cells
(Avril et al., 2017a).

CD90 as a Tumor Suppressive Molecule

or a Prognostic Marker in Cancers

The prognostic role of CD90 is dependent on the cancer type.
In GBM patients, high expression of CD90 in tumor specimens
is associated with invasive features as demonstrated by imaging
techniques (Avril et al, 2017a). These imaging features were
previously linked to shorter patients’ survival (Colen et al,
2014). Therefore, we proposed that CD90 expression could
represent a novel stratification tool for screening patients with
highly invasive tumors that could be treated with dasatinib, a
SFK inhibitor. Moreover, dasatinib could not only impair the
adhesion/migration of CD90M8" differentiated tumor cells but
also the proliferation of CD90"8" GSCs, thereby increasing its
therapeutic potential in CD90" tumors (Avril et al., 2017a).
In hepatoblastoma, increased expression of CD90 is significantly
correlated with advanced stages of the disease, poor response
to treatment and lower overall survival (Bahnassy et al., 2015).
CD90 overexpression was also identified as a poor prognostic
marker in acute myeloid leukemia (Buccisano et al., 2004) and
HCC (Lu et al, 2011). In contrast, CD90 was also shown to

exert tumor suppressor functions in several others cancers, as
its downregulation is associated with poor prognosis, disease
progression in ovarian adenocarcinoma (Gabra et al,, 1996;
Abeysinghe et al., 2003), neuroblastoma (Fiegel et al., 2008) and
nasopharyngeal carcinoma predominantly observed in metastatic
tumor cells in invaded lymph nodes (Lung et al, 2005).
CD90 inactivation is found associated with hypermethylation
of the CD90 gene promoter in CD90 negative nasopharyngeal
carcinoma cell lines. Furthermore, induction of CD90 expression
in nasopharyngeal carcinoma and ovarian cell lines leads to
inhibition of tumor growth in vitro and in vivo, respectively
(Abeysinghe et al, 2003; Lung et al, 2005). Overall, these
observations illustrate the ambivalence of CD90 functions
with either pro- or anti-tumoral properties depending on
the cancer type.

CD90 Regulates Tumor Migration
and Metastasis

Tumor invasion/migration is one of cancer hallmarks that
drives to tumor dissemination leading to disease aggravation. To
spread within the tissues, tumor cells use migration mechanisms
that are similar to those occurring in physiological processes,
including mesenchymal, amoeboid single migration or collective
movements, depending on the cancer type (Friedl and Wolf,
2003; Odenthal et al., 2016). Recent studies demonstrated
high invasive and metastatic capacities of CD90 expressing
cells in several cancers. Indeed, NOD/SCID mice implanted
subcutaneously with HCC tumor cells expressing both CD90
and CXCR4 developed distal metastatic tumors (Zhu et al.,
2015). Similarly, the high metastatic capacity of CD90 and
EpCAM expressing cells from primary HCC has also been
observed after subcutaneously injection in immune-deficient
mice (Yamashita et al., 2013). These cells have the capacity to
invade surrounding tissues, to form spheroids in vitro and to
exhibit high expression of TWIST1 and TWIST2, two important
transcription factors involved in activation of Epithelial to
Mesenchymal Transition (EMT) process. In addition, the
presence of CD90 positive cells in HCC patients was also
associated with a higher incidence of distant organ metastasis
(usually occurring in one third of HCC patients) including lung,
bone and adrenal gland; within 2 years after surgery (Yamashita
et al, 2013). In a recent study, we demonstrated the critical
role of CD90 in GBM migration/invasion mainly through the
activation of SRC signaling. The same study demonstrated CD90
association with a cell adhesion/migration gene signature and
with multifocal/multicentric MRI features in GBM patients.
Importantly, this adhesion/migration profile is also found in
other CD90-expressing tumors such as colonic, pancreatic and
ovarian cancers (Figure 2E). Moreover, orthotopic xenografts
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revealed that CD90 expression induced invasive phenotypes
in vivo that could be inhibited by dasatinib (Avril et al., 2017a).
In melanoma, CD90 expressing endothelial cells are mainly
associated with highly metastatic tumors (Ohga et al., 2012).
CD90 also mediates adhesion of melanoma cells to activated
human endothelial cells via its interaction with the av/f3
integrin on the tumor cells in vitro (Saalbach et al., 2005).
Furthermore, expression of av/B3 integrin (CD51/CD61), one of
the CD90 ligands, in melanoma cells is associated with tumor
progression and metastases formation (Ohga et al., 2012). As
VEGF and TNFa induce the expression of CD90 in endothelial
cells, it has been shown that mice lacking CD90 showed
markedly diminished experimental lung metastasis after injection
of B16/F10 melanoma cells compared to wild-type controls
(Schubert et al., 2013). Interestingly, a subpopulation of breast
cancer cell line MDA-MB-231 expressing CD90 and CD105,
exhibits mesenchymal stem cell-like characteristics such as high
migratory capacity as compared to the parental and CD90/CD105
negative cells (Wang et al., 2015). Remarkably, in breast tumor
specimens, tumor cells that express both CD90 and CD44 are
confined to the periphery of the tumor, representing the tumor
invasive front (Donnenberg et al., 2010).

EMERGING ROLES OF THE UNFOLDED
PROTEIN RESPONSE IN CANCERS: A
NOVEL LINK BETWEEN CD90 AND

ER STRESS ?

During tumor invasion/migration, dramatic changes occur in
cells present within the compact tumor core to become single
migrating cells, these transformations are described as the EMT
throughout which, cells lose their cell-cell junctions, change their
morphology and modify their functions leading to cell trans/de-
differentiation (Friedl and Wolf, 2003; Thiery et al., 2009).
Tumor development and aggressiveness including invasion and
EMT were recently linked to Endoplasmic Reticulum (ER)
stress signaling (Dejeans et al, 2015; Urra et al, 2016), a
topic that we will further document in the next sections. Since
both the signaling response triggered to cope with ER stress
[also named Unfolded Protein Response (UPR)] and CD90
expression promote tumor migration, we hypothesize that CD90
and the UPR could be somehow functionally linked to control
tumor cell invasive.

An Overview on UPR and Its Sensors

Despite an elaborate network of chaperones, foldases and
proteins involved in the quality control of newly synthesized
proteins, the ER capacity for protein synthesis and folding can
be overwhelmed upon various physiological and pathological
conditions, causing an accumulation on misfolded proteins
into the ER and a cellular stress called ER stress. To cope
with ER stress, cells activate an adaptive signaling pathway
named the UPR. The UPR activates a cascade of signals
leading to the attenuation of mRNA translation and to the
transcriptional increase of genes whose products are involved

in ER protein folding, ER protein quality control, ER-associated
degradation and protein secretion. If ER stress persists, the
UPR signaling shifts from adaptive to apoptotic signals thus
leading to the tumor cell death (Chevet et al, 2015; Avril
et al,, 2017b). The UPR activation relies on 3 ER resident
proteins/sensors ATF6a, IREla (for Inositol-Requiring Enzyme
1 alpha; referred to as IREl hereafter) and PERK. Initially,
it was postulated that the activation of these three sensors
was controlled by the ER resident chaperone GRP78/BIP and
misfolded proteins themselves, thoroughly reviewed in Chevet
et al. (2015); Urra et al. (2016); Avril et al. (2017b). More
recently, novel mechanisms and actors of ER stress sensors
activation have been described (Rojas-Rivera et al, 2018)
such as the involvement of the ATP binding pocket of BIP
(Carrara et al, 2015; Kopp et al, 2018); the involvement
of the chaperones ERDJ4 (Amin-Wetzel et al., 2017) and
HSP47 (Sepulveda et al., 2018), the ER oxidoreductase PDIA6
(Eletto et al., 2014; Groenendyk et al,, 2014), and the other
protein disulfide isomerase PDIA5 (Higa et al.,, 2014). During
cancer development, tumor cells are exposed to intrinsic
challenges (related to activation of their oncogenic program
or aneuploidy) and to extrinsic stresses (related to nutrient
and oxygen deprivation, but also anti-cancer treatments as
such irradiation or chemotherapy), which lead to an altered
balance between protein folding demand and the capacity
of transforming cells to cope with this, thus driving ER
stress (Chevet et al., 2015; Urra et al., 2016; Avril et al.,
2017b; Galmiche et al., 2017). UPR sensors have been largely
studied in regard to cancer diseases (Figure 3A). A strong
involvement of one of these UPR sensors, IRE1, has been
recently reported in GBM biology (Drogat et al., 2007; Auf
et al., 2010; Dejeans et al., 2012; Pluquet et al., 2013; Jabouille
et al., 2015; Obacz et al., 2017; Lhomond et al., 2018) and will
be now presented.

IRE1 Activation and Down-Stream
Signaling Pathways

IRE1 dimerizes/oligomerizes upon ER stress. This leads
to its trams-autophosphorylation which in turn induces a
conformational change to activate IRE1 endoribonuclease
domain (RNase) (Chevet et al., 2015). The activation of IRE1
RNase triggers two distinct signaling pathways that lead to
(i) the non-conventional splicing of the XBP1 mRNA into
a novel mRNA encoding a transcription factor XBP1s; and
(ii) the degradation of RNA (also called RIDD for regulated
IRE1-dependent decay of RNA). XBP1s is a transcription factor
that controls the expression of genes involved in protein folding,
secretion, ERAD, and lipid synthesis (Chevet et al., 2015). On
the other hand, RIDD targets mRNA, ribosomal RNA and
microRNAs. Importantly, the selectivity of IRE1 RNase activity
is highly dependent on its oligomerization state; a concept
still debated as to its specificity and application (Chevet et al.,
2015). IRE1 activation has also been shown to lead to c-Jun
N-terminal protein kinase (JNK) phosphorylation through either
the recruitment of TRAF2 (Urano et al., 2000) or the cleavage of
miR17 (Lerner et al., 2012).
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A Key Role of IRE1 in GBM Pathology

One of the central hallmarks of GBM is the diffuse infiltration
of tumor cells into the cerebral neighboring parenchyma (Louis
et al, 2007), making a complete tumor resection almost
impossible (Zhong et al., 2010; Vehlow and Cordes, 2013).
Interestingly, inhibition of IRE1 reduces GBM growth in vivo
(Drogat et al.,, 2007; Auf et al., 2010) but alters tumor cell
migration/invasion properties (Dejeans et al., 2012; Jabouille
etal,, 2015), acting for instance on SPARC expression, a molecule
associated with the extracellular matrix (Dejeans et al.,, 2012).
Furthermore IRE1, through its dual XBP1s and RIDD activities,
exerts antagonistic effects on GBM aggressiveness influencing
both tumor invasion, neo-angiogenesis and inflammation
(Lhomond et al, 2018). Remarkably, GBM patients bearing
tumors characterized by high IRE1 activity (and more precisely
high XBP1s) exhibit a worse prognosis and display increased
immune infiltration, angiogenesis and migration markers. This
also opens interesting perspectives of connections between IRE1
activity and the growth and the invasion of GBM cells; however,
further studies are required to understand how IRE1 downstream
signaling impacts on these features.

Possible Links Between IRE1 and CD90
in Controlling GBM Cell
Migration/Invasion

As our two recent studies independently demonstrated that
CD90 and IRE1 could regulate GBM migration/invasion features,
specific functional connections between these two proteins were
considered herein. For instance, when tumors developed in
mouse brain in our orthotopic mouse model, similar features
of tumor infiltration, i.e., small but highly invasive tumors
have been observed in CD90 expressing (Avril et al., 2017a)
and IREI1 defective (Dominant Negative, DN; Auf et al., 2010)
U87 cells. Due to its RNase activity, one could speculate that
a functional regulatory link might exist between IREl and
CD90 which in turn could therefore impact on GBM CD90-
dependent migration. Ongoing studies from our laboratory
aim at directly investigating the link between CD90 and IRE1
activity. Preliminary data indicate that ER stress inducers (such
as tunicamycin, thapsigargin, and dithiothreitol) decrease the
expression of cell surface CD90 in GBM cells. Intriguingly,
transient expression of IREl defective form (DN) in U251
cells also decreased membrane CD90 expression, underlining
a complex regulatory mechanism occurring between ER stress
sensors (including IRE1) and CD90. Importantly, applying our
recent classification of GBM patients according to IRE1 gene
signature on the GBM TCGA cohort, we observed that tumors
with high IRE1 activity expressed higher levels CD90 mRNA
than tumors exhibiting low IREI activity. Importantly, this
could be applied to others cancer types including renal and
pancreas (Figure 3B). Furthermore, a CD90 associated gene
signature described in Avril et al. (2017a) was also associated
with IRE1 activity. Overall, these observations highlight the
potential effect of IRE activity on CD90 expression and its
potential role in functions linked to tumor migration/invasion.
Interestingly, IRE1 has already been associated with molecules

involved in cell migration, i.e., by controlling SPARC expression
(Dejeans et al., 2012) and interacting directly with filamin A
(Urra et al., 2018). Further functional and molecular studies are
needed to better understand the connections between CD90 and
IRE1 in cancer development, and in particular migration and
invasion (Figure 3C).

CONCLUSION

Increasing evidence supports the importance of CD90 in cancer
development. CD90 has been mainly considered as a useful
CSC marker in various cancer types such as kidney, brain,
and liver. However, even despite the absence of intracellular
domain, CD90 is also able to transmit intracellular signals
that lead to the activation of tumor cell migration/invasion
program in liver and lung cancers, in GBM and in melanoma.
In contrast, CD90 is described as a tumor suppressor molecule
in nasopharyngeal carcinoma. Although further studies are
required to clearly demonstrate the connections between ER
stress signaling and CD90 expression, initial transcriptome
analyses from cancer patients indicate that CD90 expression
appears to be dependent on the activation of the UPR, a
key event in various oncological clinical settings including
brain, kidney, and pancreatic cancers. These different elements
underline the complexity of CD90 functions in cancer, depending
on both the cellular context and on the tumor microenvironment.
Future studies will lead to the better understanding of
CD90 regulation and functions adding to the information
already available such as the CD90 mutation spectrum as
seen in COSMIC/cBioPortal; the IRE1-controlled CD90 tumor
expression and functions with a clarification of the involvement
of the IRE1 downstream signaling pathways XBP1s and/or RIDD
branches; and the relevance of cleaved CD90 released in the
tumor microenvironment.
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