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SUMMARY

A major breakthrough in the field of regenerative medicine is the possibility of cellular
reprogramming and extensive research in the recent years has brought to light the immense
potential this holds for replacement of damaged neurons in injury or disease conditions. Even
though considerable success has been achieved in converting several cell types to neurons in
vivo, much remains to be understood about the mechanisms underlying this process. Among
the different cell sources in the brain for direct neuronal reprogramming, astrocytes are the most
favored as they display a dormant neurogenic capacity. In addition, astrocytes are also integral
to a multitude of homeostatic functions across the central nervous system. However, we are yet
to understand the diverse nature of astrocyte identity and functions, how this is altered in the
pathological context of disease or inflammation. Bridging the gaps in our understanding of
astrocyte identity and functions (in homeostatic and disease conditions) and their impact in the
outcome of reprogramming would be crucial to moving this field forward.

In pursuit of this, my first PhD project focused on understanding the metabolic and
mitochondrial differences between astrocytes and neurons, how this information can be
exploited to improve reprogramming. A pivotal feature of astrocyte identity is their preference
for glycolysis and fatty acid P-oxidation while neurons are restricted to oxidative
phosphorylation for metabolism. Thus, we compared the mitochondrial proteome of astrocytes
and neurons. Expectedly, the proteomes differed significantly (Russo et al., 2021). We made
use of this data to understand if precocious expression of neuron-enriched mitochondrial
proteins aids the process of direct neuronal reprogramming. Interestingly, this improved the
efficiency by accelerating the speed of reprogramming, survival of the reprogrammed neurons
and even resulted in cells with more mature morphology. Incidentally, disrupting an astrocyte
specific metabolic pathway, fatty acid B-oxidation, also improved the efficiency of neuronal
reprogramming, highlighting that metabolic and mitochondrial remodeling is a crucial step

while converting astrocytes to neurons (Russo et al., 2021).

In the second project, we delved deeper into the molecular mechanisms dictating astrocyte
identity and functions by focusing on the roles of two key astrocyte transcription factors (TFs),
Sox9 and Trpsl1. After characterizing their expression pattern in the cortical gray matter (GM)
at single cell protein and RNA level, we set out to identify how the astrocyte functions are

altered upon deletion of Sox9 and Trpsl. Our study revealed novel and hitherto unknown



functions of these two factors in cortical GM astrocytes, loss of these TFs affected vital

astrocyte functions like immune response, glial crosstalk and synapse maintenance.

In summary, we observed that astrocytes have specialized mitochondria with a distinct
mitochondrial proteome to meet their unique metabolic requirements, which would be hallmark
feature of astrocyte identity. In addition to establishing neuron specific programs, these
astrocyte specific features would have to be downregulated for efficient conversion of cell fate
from astrocyte to neuron. Further, we show that important astrocyte TFs may display intra-
regional variations in their expression levels at RNA and protein level. We were able to identify
how these TFs may be involved in dictating several vital astrocyte functions, as loss of these

TFs may have widespread effects, even on the surrounding cells in the tissue microenvironment.

1. INTRODUCTION

The functional impairment in Central Nervous System (CNS) is the main result of irreversible
loss of neurons, both in degenerative diseases or traumatic brain injury (TBI). Though the
mammalian brain exhibits high levels of plasticity at the level of synapses and circuits, its
potential for regeneration in case of TBI/ disease is limited and this further decreases with age.
Regenerative therapies thus aim to replace the damaged neurons and restore the original
circuitry for functional rescue and such strategies can also be potentially used to rectify
malformed circuits in case of developmental disorders. Several methods have been tried so far
for this purpose, like transplantation of embryonic cells/ induced pluripotent stem cells (iPSCs),
recruitment of endogenous cells either locally or from neurogenic niches and direct neuronal
reprogramming of the cells in the local environment. Considerable success has been achieved
by transplantation of cells, even resulting in integration of the transplanted cells into pre-
existing circuitry and functional rescue (Falkner, Grade et al., 2016), also in a primate model of
Parkinson’s (Kikuchi et al., 2017). One major risk of cell transplantations is graft rejection when
the cells are derived from exogenous origin. Although this can be overcome by using patient-
derived autologous cells for transplantation (Schweitzer et al., 2020), it can be expensive and
time-consuming to generate personalized iPSCs of consistent quality for transplantation. On
the other hand, direct reprogramming of endogenous cells from the local environment
overcomes this disadvantage, making it an attractive therapeutic strategy. Direct

reprogramming refers to the conversion of a terminally differentiated cell of one type (like
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astrocyte, oligodendrocyte or microglia) into another functionally distinct cell type (like
neurons of a desired subtype), often by forced expression of transcription factors (TFs) without
having to undergo an intermediate multipotent cell stage. This is an exciting strategy because
in case of brain injury and inflammation, it can simultaneously reduce the formation of non-
functional glial scar by converting the reactive glial cells itself into neurons. So far, direct
neuronal reprogramming of non-neuronal cells such as astrocytes (Chen et al., 2020; Gascon,
Murenu et al., 2016; Guo et al., 2014; Mattugini, Bocchi et al., 2019), oligodendrocytes
(Heinrich et al., 2014; Pereira et al., 2017; Torper et al., 2015), microglia (Matsuda et al., 2019)
and pericytes (Karow, Camp et al., 2018) into functional neurons has been demonstrated
successfully in vitro and in vivo (for an extensive list, see reviews Bocchi et al., 2022; Gascon
et al., 2017). In general, successful reprogramming involves establishment of the desired end
cell type, and the simultaneous erasure of the starter cell identity. I will first introduce some of
the existing approaches in the field of direct neuronal reprogramming and the general hurdles

faced in this process.

Even if we can convert one cell type to another with relative ease, the identity of a cell is
maintained stably and such conversions do not happen naturally. It is imperative to understand
the mechanisms that maintain the functions and identity of the starter cell type. This will help
us overcome the road blocks faced in the process of neuronal reprogramming and improve the
outcome. In addition, several studies implicate astrocytes in disease etiology (Bustos and
Sattler, 2023; Caldwell et al., 2022; Franklin et al., 2021; Monterey et al., 2021) and the
therapeutic options are not only from a neuronal perspective anymore. Accordingly, it has
become even more important to understand the biology of these cells in greater detail and I will

introduce about astrocytes, our starter cells of interest.

1.1  Manipulation of cell fate

All the cells in an organism arise from a single cell, which over the course of development
divides and gives rise to many diverse cell types with unique functions. Such fate specification
requires precise and concerted spatiotemporal changes in transcriptional and epigenetic
programs. For a long time, it was believed that once specified during development, the fate of
a cell is irreversible. Seminal studies in the 1950s changed this idea; in amphibians, the transfer
of nuclei from various stages of development into an unfertilized egg could give rise to new

organisms that underwent normal development (Briggs and King, 1952; Gurdon, 1962; Gurdon

6



et al., 1958). Further developments in the field established the possibility of converting a
terminally differentiated cell of one type into another functionally distinct cell type even
without having to undergo an intermediate multipotent cell stage, a process referred to as “direct
reprogramming”. Initially it was explored to convert cells that were developmentally closer,
and by using TFs that were known to be essential for the developmental cell fate specification
of the desired end cell type. For example, fibroblasts were converted to muscle cells, both of
which are of mesodermal origin; by forced expression of MyoD which is essential for
myogeneis during development (Davis et al., 1987). Similarly, non-neuronal cells of the brain
could be converted into neurons by forced expression of TFs such as Pax6, Ascll, DIx2 or
Neurogenin2 (Ngn2) successfully, generating even the subtypes of neurons that these factors
would instruct during development (Heinrich et al., 2010; Heins, Malatesta et al., 2002). Such
conversion was shown to be possible even in vivo, reactive glial cells from the region of brain
injury could be converted into immature neurons (Buffo et al., 2005; Heinrich et al., 2014). Yet
another breakthrough in this field was when it was shown that cells could even be converted
across germ layers. For example, fibroblasts that are of mesodermal origin could be converted
into neurons that developmentally arise from the ectoderm (Vierbuchen et al., 2010). Together,
these studies shed light on the immense translational potential direct reprogramming has, either
to target local non-neuronal cells for direct neuronal reprogramming or to potentially use patient
derived fibroblasts that can be used for cell transplantation based regenerative therapies. Indeed,
direct reprogramming of fibroblasts into several other cell types has also been accomplished

with a cocktail of TFs (see reviews Carter et al., 2020; Morris, 2016).

1.2 Direct neuronal reprogramming of astrocytes

While the direct reprogramming with patient derived fibroblasts is an exciting strategy for
disease modelling and potential cell transplantation based regenerative approaches, the use of

endogenous non-neuronal cells in the environment is even more alluring.

Among all the cell sources, astrocytes are highly attractive as they are known to have a latent
neurogenic potential (summarized in Figure I). Upon injury, some cortical reactive astrocytes
can proliferate and give rise to multipotent neurospheres when cultured in vitro (Buffo et al.,
2008; Sirko, Behrendt et al., 2013). Interestingly, these cells also share similarities with neural
stem cells (NSCs) in gene expression (G6tz et al., 2015). Similar to cortical astrocytes, even
striatal astrocytes have a latent neurogenic potential, which is regulated by Notch signaling

(Magnusson et al., 2014). In general, striatal astrocytes could give rise to Dcx+ neuroblasts after
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stroke; downregulation of Rbpj-k to interfere with the Notch signaling activated the latent
neurogenic potential of striatal astrocytes giving rise to neuroblasts even in the absence of stroke
(Magnusson et al., 2014). Manipulation of the same pathway in cortical astrocytes did not
automatically have the same effect (Magnusson et al., 2020), but the plasticity of these cells
could be elicited when ablation of Notch signaling was combined with a stab wound injury
(SWI) (Zamboni et al., 2020). These data highlight the unique nature of astrocytes that makes
them an attractive cell source for further manipulation. Furthermore, this also highlights the
diversity and versatility of these cells between different brain regions, the understanding of

which would be essential to exploit them for regenerative purposes.
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Figure 1. This image is from Falk and Gétz, 2017, an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY-NC-ND 4.0). This illustrates
the differences in the neurogenic potential of astrocytes between brain regions. Some cortical
astrocytes proliferate after injury in response to Sonic hedgehog signaling, their neurogenic
potential is activated when cultured in vitro, giving rise to multipotent neurospheres (Sirko,
Behrendt et al., 2013). In contrast, striatal astrocytes can give rise to neuroblasts in vivo and
this is regulated by Notch signaling (Magnusson et al., 2014), similar to the ependymal cells
(Carlén et al., 2009).

As mentioned earlier, several studies have demonstrated successful in vivo direct neuronal
reprogramming of astrocytes (Chen et al., 2020; Gascon, Murenu et al., 2016; Guo et al., 2014;

Mattugini, Bocchi et al., 2019; Niu et al., 2015), achieving even generation of layer and subtype
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specific neurons (Mattugini, Bocchi et al., 2019). However, much of the understanding of direct
neuronal reprogramming comes from in vitro studies that shed light on several fundamental
concepts underlying this process. For example, direct neuronal reprogramming of cortical
astrocytes with DIx2 or Ngn2 gives rise to GABAergic and glutamatergic induced neurons (iNs)
respectively (Heinrich et al., 2010). Similarly, Ascll and Ngn2 instruct distinct neurogenic
cascades in murine astrocytes, which also vary depending on the region of origin within the
CNS, i.e., cortical or spinal cord astrocytes (Kempf, Knelles, Hersbach et al., 2021; Masserdotti
etal., 2015).

Even when using the same reprogramming TF, the source of starter cell plays an important role
in the efficiency of reprogramming and influences the subtype of iNs that can be obtained. For
example, while reprogramming of striatal astrocytes with Ascll gives rise to iNs that are
glutamatergic and GABAergic (Liu, Miao et al., 2015), Ascll gives rise to predominantly
glutamatergic iNs when fibroblasts are the starter cells (Chanda et al., 2014). Even if Ascll can
reprogram fibroblasts alone, the efficiency of conversion is much higher when a cocktail of TFs
(Ascll, Brn2 and Mytll) are used (Vierbuchen et al., 2010; Wapinski, Vierbuchen et al., 2013).
This could stem from the fact that fibroblasts are more developmentally distant from neurons,
thus requiring more factors. Overall, the efficiency and outcome of reprogramming varies
depending on the starter cells and the TFs used for reprogramming, hinting at cell type specific

hurdles that are faced during this process.

1.3  Challenges faced during direct neuronal reprogramming

Although considerable success has been achieved in the field of neuronal reprogramming, the
reprogramming efficiency can be improved further by understanding the mechanisms
underlying the process of cell fate conversion. Furthermore, we are yet to understand in detail
how specific neuronal subtypes that successfully integrate into the host circuitry can be obtained
and the impact astrocyte heterogeneity may have in this process. So far, several hurdles that can
be detrimental to the process of direct neuronal reprogramming have been identified

(summarized in Figure 2) and I will elaborate on some of them below.

1.3.1 Reprogramming TF and DNA accessibility
The first challenge during this process is the genomic accessibility to the reprograming TF,
which dictates successful instruction of the neuronal fate and this is highly dependent on the

chromatin landscape in the starter cell type. As shown in Figure 3a, most of the common
9



neuronal reprogramming TFs such as Ascll, Ngn2 and NeuroD1 are thought to be pioneer
factors, that can bind to closed chromatin and induce downstream target gene expression during
reprogramming (Matsuda et al., 2019; Wapinski, Vierbuchen et al., 2013; Wapinski, Lee et al.,
2017) or during differentiation (Aydin et al., 2019; Pataskar et al., 2016). Even so, the
epigenetic environment in different starter cell types heavily influences the binding of these
TFs. For example, Ngn2 that reprograms astrocytes very efficiently (Berninger et al., 2007;
Heinrich et al., 2010; Masserdotti et al., 2015), can do so in fibroblasts only in the presence of
small molecules such as forskolin (activator of adenylate cyclase) and dorsomorphin (inhibitor
of BMP signaling) that increase Ngn2 binding to chromatin (Smith et al., 2016). Even with
astrocytes as starter cells, the efficiency of reprogramming is drastically reduced when the Ngn2
target sites are gradually blocked by REST, which accumulates as astrocyte grow more mature
and older (Masserdotti et al., 2015). Thus, epigenetic barriers are among the foremost of hurdles

encountered during reprogramming.
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Figure 2. Summary of the hurdles faced during direct neuronal reprogramming (Gascon et al.,

2017, permission to use the figure for the non-commercial purpose granted by Elsevier)
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In some cases, due to similar binding motifs or chromatin accessibility, certain reprogramming
TFs may bind to promiscuous sites and induce expression of genes not related to the intended
cell type (as depicted in Figure 3c). For example in fibroblasts, ideally Myodl would induce
the expression of myogenic transcriptional program while Ascll would induce a neurogenic
program. However, it has been shown that Ascll can induce expression of myogenic genes like
Myo18b, Tnnc2 during direct neuronal reprogramming of fibroblasts (Treutlein et al., 2016;
Wapinski et al.,, 2017). Similarly, Myodl can induce expression of neurogenic genes in
fibroblasts and in the presence of Mytll, the neurogenic potential is further increased (Lee et
al., 2020). Thus, the choice of reprogramming TF and the chromatin landscape of the starter
cell type can pose several challenges. Using additional reprogramming factors like Brn2 or
Mytll has been shown to overcome these (Lee et al., 2020; Treutlein et al., 2016; Wapinski et
al., 2013). Alternatively, a cocktail of small molecules can be used to promote chromatin
accessibility (Smith et al., 2016; Wang et al., 2022). In fact, many studies have even
demonstrated direct reprogramming by use of a combination of small molecules alone, without
even the need for exogenous expression of a bonafide neurogenic TF (Yin, Zhang et al., 2019;

Zhang et al., 2015).

1.3.2 Erasure of starter cell identity

As mentioned earlier, successful conversion requires establishment of new cell fate
accompanied by erasure of the starter cell identity. While most focus has been on understanding
establishment of neuronal fate, the dynamics of starter cell identity erasure is yet to be
unraveled. The TFs used for direct reprogramming (may) have different propensities to erase
the starter cell identity, similar to the differences in (but independent of) their ability to induce
successful reprogramming in fibroblasts (Hersbach et al., 2022). Neuronal reprogramming of
human adult fibroblasts with miRNAs show erasure of fibroblast identity followed by
consequent establishment of neuronal fate (Cates et al., 2021). Such a systematic mechanistic
breakdown of fate erasure has not yet been carried out in the context of astrocyte to neuron
reprogramming. However, it has been noticed that several genes related to astrocytes (/d3,
Slcla3, Trpsl, Aqp4, Gjal, Bhlhe40, Fgfi3, KIf15, Aldoc, Ank2) are downregulated in Ascll or
Ngn2 mediated astrocyte to neuron reprogramming (Kempf, Knelles, Hersbach et al., 2021),
highlighting the potential of the pioneer reprogramming TFs to suppress various aspects of the
starter cell identity (as depicted in Figure 3b). Understanding the dynamics of astrocyte identity
erasure could help in faster and more efficient reprogramming in vivo, which may be key to

functional restoration of damaged neuronal circuits.
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Figure 3. Overview of how reprogramming factors such as Ascll, Ngn2 bind to closed
chromatin and induce expression of neuronal genes, how multiple reprogramming factors (or
reprogramming factors along with some co-factors) may act in tandem to either activate the
desired cell type specific genes or inhibit genes related to starter cell identity, In some cases,
reprogramming TFs may induce expression of genes unrelated to the starter cell and desired

cell type. This image is from Wang et al., 2021, License number 5603650390639.

1.3.3 Cell proliferation

Another challenge during reprogramming could be proliferation. While proliferation can be
beneficial for reprogramming into proliferative fates like iPSCs (Ruiz et al., 2011; Velychko et
al., 2019), live imaging during direct neuronal reprogramming of astrocytes showed
proliferation is not necessary (Gascon , Murenu et al., 2016; Heinrich et al., 2010). As neurons
are non-proliferating post-mitotic cells, absence of proliferation may in fact be beneficial to
reprogramming. In line with this, Ascll mediated reprogramming elicits the expression of anti-

proliferative genes such as Cdknlic in astrocytes (Kempf, Knelles, Hersbach et al., 2021;
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Masserdotti et al., 2015). Similarly, neuronal reprogramming of fibroblasts with microRNAs
miR-9/9* and miR-124 elicits cell cycle exit prior to establishment of neuronal identity (Cates,
McCoy, Kwon, Liu et al., 2021). While proliferation may not be necessary for successful
neuronal reprogramming, it may be beneficial under certain contexts; a subset of fibroblasts
that have high levels of proliferation in addition to high levels of transcription reprogrammed
more effectively than fibroblast populations that had only high levels of either proliferation or
transcription (Babos et al., 2019). Active transcription is essential for establishment of the
neuronal identity, and proliferation (at least in the earlier stages of reprogramming) maybe
beneficial as activation of topoisomerases could alleviate the genomic DNA stress induced by
overexpression of reprogramming TF. Thus, cell proliferation may play context dependent

roles, acting either as a barrier or as a promoter of reprogramming.

1.3.4 Cell death

The live-imaging experiments by Gascon , Murenu et al., 2016 identified yet another major
hurdle during astrocyte reprogramming: cell death. The process of cell fate conversion results
in an increase in the production of reactive oxygen species (ROS) and peroxidised lipids. Such
increase in ROS has also been observed during stem cell differentiation (Khacho et al., 2016),
which is also accompanied by mitochondrial remodeling.

This bottleneck could be overcome by expression of anti-apoptotic genes like Bcl2 or by
treatment with anti-oxidants such as vitamin E (a-Tocotrienol) during the process of
reprogramming (Gascon, Murenu et al., 2016). Interestingly, among the cell death pathways, it
was found that ferroptosis posed the largest hurdle, as both cell survival and reprogramming
efficiency were maximally improved only when an inhibitor of this pathway (liproxstatin-1)
was applied. Inhibition of apoptosis in general with a pan-caspase/apoptosis inhibitor (ZVAD),
or inhibition of necroptosis (Necrostatin-1) only improved cell survival, but no improvement in

the reprogramming efficiency was observed (Gascon, Murenu et al., 2016).

1.3.5 Metabolic and mitochondrial changes

Astrocytes though capable of oxidative phosphorylation, predominantly use fatty acid -
oxidation (FAO) and glycolysis (Rose et al., 2020). FAO is a hallmark of astrocytes (Eraso-
Pichot et al., 2018) and it is one of the ways in which astrocytes contribute to neuronal health
and brain homeostasis (Ioannou et al., 2019), but this is absent in neurons. On the other hand,
neurons predominantly use oxidative phosphorylation. Similar to astrocytes, NSCs have higher

levels of glycolysis and FAO. Activation of adult NSCs and subsequent neuronal differentiation
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is accompanied by a shift from glycolysis to oxidative phosphorylation (Llorens-Bobadilla et
al., 2015; Zheng et al., 2016). Direct differentiation of human embryonic stem cells into iNs
using Ngn2 also shows dynamic remodeling of mitochondria over the time course of
differentiation (Ordureau et al., 2021). Thus, conversion of cell fate from astrocyte to neuron
would also involve a metabolic shift from glycolysis and FAO to oxidative phosphorylation.
This would require dynamic mitochondrial changes, which in addition to the metabolic burden
of increased ROS could be a major hurdle. In fact, reprogramming astrocytes in media
containing Oligomycin A, an inhibitor of oxidative phosphorylation (thereby forcing
glycolysis) drastically reduces the neuronal reprogramming efficiency (Gascon, Murenu et al.,
2016).

Expectedly, the different cell types in the brain have a distinct mitochondrial proteome to suit
their unique metabolic requirements (Fecher et al., 2019). Similarly, we found that the
mitochondrial proteome of cortical astrocytes and neurons are distinct (Russo et al., 2021).
Indeed, successful metabolic and mitochondrial remodeling are critical to efficient neuronal
reprogramming (Russo et al., 2021), I will be elaborate on this in detail in later sections as one
of the key findings of the work done during my PhD. Likewise, other organelles may also have
to undergo extensive remodeling during the course of reprogramming to suit the needs of the

end cell type.

While most of the above-mentioned aspects describe the hurdles faced during the process of
neuronal reprogramming, one primary challenge is also to understand the nature of astrocytes,
the mechanisms that maintain the functions and identity of the starter cell type.

In the following section, I will discuss about the role of astrocytes in health and disease or
injury, astrocytogenesis and the importance of astrocyte heterogeneity and how TFs may be

important in mediating key astrocyte functions and maintaining cell identity.

1.4 Astrocytes

Astrocytes play key roles in brain functions as summarized in Figure 44A-C (image from
Linnerbauer and Rothhammer, 2020). They are integral to ion homeostasis (Chever et al., 2010;
Djukic et al., 2007; Kelley et al., 2018) and play key roles in synapse formation and
maintenance (Blanco-Suarez et al., 2018; Caldwell et al., 2022; Lee et al., 2021), see review
Allen and Eroglu, 2017. Astrocytes are also involved in cross-talk with other glial and immune

cells (see review Han et al., 2021), required for maintenance of blood brain barrier (BBB)
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(Heithoff et al., 2021; Hosli et al., 2022) and aid in metabolism via fatty acid oxidation (Ioannou
et al., 2019; Rose et al., 2020) and by shuttling lactate to neurons (Magistretti and Allaman,
2018). Indeed, several of these homeostatic functions may be affected in the context of disease

(as depicted in and Figure 4D-F).
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14.1 Astrocytogenesis

Like all events in development, astrocytogenesis requires precise expression of several
transcriptional cascades (Tiwari, Pataskar et al., 2018). During development, the end of
neurogenesis is accompanied by a gradual switch to gliogenesis, and many cortical astrocytes
arise from radial glial cells, a large fraction of which expand by local proliferation during early
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postnatal days (Clavreul et al., 2019; Ge et al., 2012; Ge and Jia, 2016). A fraction of the cortical
astrocytes also arises from oligodendrocyte lineage cells (Olig2 or NG2 expressing cells) and
progenitors from the ventral forebrain (Clavreul et al., 2019; Sanchez-Gonzalez et al., 2020;
Zhu et al., 2008), but the exact contribution is yet to be deciphered. In fact, a small proportion
of Olig2+ cells (around 5-8%) gives rise to astrocytes even in the adult cortical grey matter
(GM) (Dimou et al., 2008).

At the molecular level, astrocyte fate specification requires timely expression of Sox9 and
subsequent induction of Nfia, which then together instructs expression of several genes like
Apcddl, Mmd2, Zcche24 that are required for migration and metabolism of astrocyte precursors
(Kang, Lee et al., 2012). Sox9 is not just essential for astrocyte fate specification, but may also
be essential to prevent precocious astrocyte and oligodendrocyte gene expression (Klum,
Zaouter et al., 2018), to suppress neurogenesis and facilitate the gliogenic switch (Vong et al.,
2015). Over the years, more TFs like Zbtb20 (Nagao et al., 2016), Atf3, Runx2 (Tiwari,
Pataskar et al., 2018) that are essential for various stages of astrocytogenesis have been
identified. Overexpression of these factors by in-utero electroporation (IUE) at embryonic day
(E) 15.5 resulted in an increase in the number of Sox9 expressing astrocytes by postnatal day
(P) 5 or 7, at the expense of Satb2 or Cux1 expressing neurons (Nagao et al., 2016; Tiwari ,

Pataskar et al., 2018).

1.4.2  Astrocyte heterogeneity

Astrocytes display significant heterogeneity between (Boisvert et al., 2018; Endo et al., 2022)
and even within (Batiuk et al., 2020; Bayraktar et al., 2020; Ohlig, Clavreul et al., 2021) various
brain regions, perhaps to meet the local metabolic and functional demands of each region. This
heterogeneity, at least partly, endows astrocytes also with special region-specific functions, like
prolonged astrogenesis in the diencephalon (Ohlig, Clavreul et al., 2021), increased cholesterol
biosynthesis in cortical astrocytes in contrast to higher lipid metabolism in hypothalamic
astrocytes (Boisvert et al., 2018) etc.

Such heterogeneity could arise partly from differences in developmental origin. For example,
the expression of Pax6 or Nkx6.1 determines the positional heterogeneity of the astrocytes in
ventral spinal cord, giving rise to only Reelin+ or ReelintSlitl+ or only Slitl+ astrocytes
(Hochstim et al., 2008). Such heterogeneity due to developmental position can have a
functional relevance, the ventral spinal cord astrocytes express higher levels of Sema3a than
the dorsal counterparts and this influences motor neuron survival, synaptogenesis and axon

guidance for the sensory neurons (Molofsky et al., 2014). The heterogeneity may also be
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influenced local environmental cues. For example in the cortical GM, it was shown that
neuronal layer specific expression of Sarb2 is important for the astrocyte identity specific to
superficial layers and in Reelin deficient mice, both neuronal and astrocyte layer specificity is
inverted (Bayraktar et al., 2020; Lanjakornsiripan, Pior, Kawaguchi et al., 2018).

Recent studies have highlighted that there may be (at least) two distinct astrocyte precursor cell
types characterized by the expression of Sparc or Sparcll, which appear at distinct
developmental time points (Liu, Wu et al., 2022). Sparc+ cells emerge in both the ganglionic
eminence and the dorsal forebrain during embryonic development, Sparcll+ cells emerge in
restricted regions of the ventral brain and the pallium-subpallium boundary during embryonic
development, and later appear in the dorsal brain postnatally. Even so, both the astrocyte
precursor populations are present in the dorsal and ventral forebrain, showing that the astrocyte
heterogeneity may not be solely dependent on the region of origin, but heterogeneity may
already be present prior to gliogenesis (Liu, Wu et al., 2022). Such a convergence between
dorsal and ventral astrocyte precursors has also been observed at the single cell transcriptome
level, an extensive single cell sequencing with lineage tracing technique has also pointed that
the astrocytes from the dorsal and ventral forebrain converge transcriptomically (Bandler, Vitali
et al., 2022).

Similar to astrocyte heterogeneity between different brain regions, neurons have a region
specific transcriptional signature, some of which are regionally shared between astrocytes and
this has an impact on the outcome of direct neuronal reprogramming as well (Herrero-Navarro
et al., 2021; Hu et al., 2019; Kempf, Knelles, Hersbach et al., 2021). Thus, understanding the
relevance and importance of astrocyte heterogeneity would be essential to deciphering its
impact in direct neuronal reprogramming. Furthermore, astrocyte heterogeneity is also present
in their response to injury (Koupourtidou, Schwarz et al., 2023), inflammation (Hasel et al.,
2021), disease (Sadick, O'Dea et al., 2022) and in ageing and it may have both neuroprotective
and neurotoxic effects. As mentioned earlier, astrocytes from different brain regions may have
different neurogenic potential regulated by different signaling pathways (Magnusson et al.,
2020, 2014; Sirko, Behrendt et al., 2013; Zamboni et al., 2020). Thus, understanding astrocyte
heterogeneity in response to injury and disease in detail would give us significant insights into

developing successful regenerative therapy strategies.

14.3 Astrocytes in the context of injury and disease
In addition to their diverse roles in healthy CNS, astrocytes also respond to injury and disease

(similar to the depiction in Figure 3D-F). Upon injury or in disease, astrocytes become
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“reactive”, a process characterized by gene expression and functional changes. Such reactive
astrocytes also have unique functions, they become hypertrophic and some astrocytes located
at juxtavascular sites even proliferate (Bardehle et al., 2013; Buffo et al., 2008). The extent of
proliferation and the in vitro potential of these astrocytes to form multipotent neurospheres is
dependent on the type of injury, with fewer proliferating astrocytes and a lower neurosphere
forming capacity in an Alzheimer’s mouse model (APPPS1) than in a SWI paradigm (Sirko,
Behrendt et al., 2013).

Astrocyte response to injury or disease is controlled in a temporal manner. In case of SWI,
astrocyte reactivity peaks at 5 days post SWI (dpSWI) while microglia reactivity, immune cell
infiltration and oligodendrocyte proliferations are higher earlier, at 3dpSWI (Frik et al., 2018;
Koupourtidou, Schwarz et al., 2023). In addition, astrocytes interact with the invading immune
cells and coordinate with other glial cells to respond to the injury (Frik et al., 2018;
Koupourtidou, Schwarz et al., 2023) and contribute to scar-forming tissue (Anderson et al.,
2016, see reviews Sofroniew, 2020; Yang et al., 2020). In case of spinal cord injury, monocyte
invasion seems to be more beneficial for promoting functional recovery (Wattananit et al.,
2016) but in case of SWI injury in the cortical GM, blocking monocyte invasion promoted
astrocyte proliferation and reduced scar formation (Frik et al., 2018). This highlights region and
injury specific differences in astrocyte response and how glial crosstalk influences different
outcomes.

In general, neurotoxic astrocytes are thought to be induced by activated microglia (Liddelow et
al., 2017) and such neurotoxic astrocytes induce oligodendrocyte and neuronal cell death by
producing long-chain saturated free fatty acids (Guttenplan et al., 2021). Even though the
astrocyte response to injury and inflammation is diverse, the exact sub-states that are
specifically neurotoxic or neuroprotective are yet to be distinguished in finer detail.

Targeting the more detrimental sub-states of astrocytes for neuronal reprogramming or for other
astrocyte based therapies may help in a more favorable prognosis of the disease. It is thus
essential to understand the basis and effects of astrocyte heterogeneity and their response in

disease or injury to unravel their implications in regenerative therapies.

1.4.4 TFs influencing astrocyte functions

Long after astrocytogenesis, mature astrocytes continue to express some TFs like Sox9, Nfia
that are required for astrocyte fate specification in addition to expressing genes and TFs unique
to the identity and functions of adult astrocytes. These TFs would dictate specific downstream

transcriptional cascades that maintain astrocyte identity. Understanding the roles of these TFs
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in astrocyte functions and identity would be an important step in furthering our understanding
of astrocytes in health and disease. This will help us decipher how the starter cell identity can
be erased to improve neuronal reprogramming.

Interestingly, even pan-astrocyte TFs may have unique and region-specific functions during
astrocyte maturation (Cheng et al., 2023), in adult astrocytes (Huang, Woo et al., 2020; Ung,
Huang et al., 2021), astrocyte response to injury and disease (Glasgow et al., 2017; Laug, Huang
et al., 2019; Sardar, Chen et al., 2022). This could be partly due to region specific expression
of other key TFs that may act as co-factors or chromatin remodelers, which will heavily
influence the region-specific functions of pan-astrocyte TFs.

Though Sox9 and Nfia are required for astrocyte fate specification during development, they
have region specific roles during postnatal astrocyte maturation. Sox9 or Nfia deletion during
postnatal development impairs astrocyte response to inhibitory neurons by influencing the
levels of Gabbrl in olfactory bulb and cortical astrocytes respectively and this reduces the
morphological complexity of astrocytes in the respective regions (Cheng et al., 2023).
Surprisingly, Sox9 or Nfia rescue by overexpression restored Nfia dependent Gabbrl
expression in the cortex, but Sox9 overexpression alone failed to restore Gabbrl expression in
the olfactory bulb highlighting the complexity of transcriptional cascades controlling astrocytic
functions in different brain regions.

In adult astrocytes, loss of Nfia has a prominent effect only in the astrocytes of the
hippocampus, the astrocytes become less complex morphologically and results in an impaired
neuron-astrocyte cross talk in the region (Huang, Woo et al., 2020). Even though Nfia is
expressed in other brain regions such as the olfactory bulb, its deletion does not have an
observable effect here, as the transcriptional cascades are less dependent on Nfia which
preferentially binds Nfib instead of DNA (Huang, Woo et al., 2020). Similarly, loss of Sox9 in
adult astrocytes has a prominent effect only in the astrocytes of the olfactory bulb and not
elsewhere (Ung, Huang et al., 2021). Sox9 deletion reduces the morphological complexity of
olfactory bulb astrocytes, reduces calcium signaling and neuronal activity, influencing sensory
processing circuits in the olfactory bulb (Ung, Huang et al., 2021).

Apart from the unique roles Nfia has during astrocyte development and in adult astrocytes, Nfia
also dictates unique astrocyte functions in response to injury. Nfia deletion affects the BBB and
reduces oligodendrocyte differentiation, remyelination in the context of lysolecithin induced
spinal cord injury, but a similar effect is not observed in the corpus callosum (Laug, Huang et
al., 2019). On the other hand, in a photothrombotic model of cortical ischemic stroke, Nfia

deletion resulted in reduced reactive astrogliosis (measured based on GFAP expression on
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astrocytes at the site of injury). This highlights that these TFs have region specific and even
injury specific roles in astrocytes. In conclusion, it would be vital to understand how TFs
influence astrocyte functions in the different brain regions and in various injury or disease

conditions to devise better treatment strategies.

Along this line, we were mainly interested in two TFs, Sox9 (SRY-Box Transcription Factor 9)
and Trps1 (Transcriptional Repressor GATA Binding 1 or Tricho-Rhino-Phalangeal Syndrome
Type I Protein). The role of Sox9 in astrocytes has been relatively well established. As outlined
in the above sections, Sox9 is required for astrocyte fate specification during development
(Kang, Lee et al., 2012; Klum, Zaouter et al., 2018; Stolt et al., 2003) and has prominent roles
in the astrocytes of adult olfactory bulb (Ung, Huang et al., 2021). In contrast, the role of Trps1
in astrocytes is unknown. Although initially identified as a transcriptional repressor (Elster,
Tollot et al., 2018; Fantauzzo et al., 2012; Malik, 2001), Trpsl may act as a transcriotional
activator as well (Fantauzzo and Christiano, 2012; Witwicki, Ekram et al., 2018; Wuelling et
al., 2020). The function of this TF has been studied in the context of breast cancer survival
(Cornelissen et al., 2020; Elster et al., 2018; Witwicki et al., 2018; Yang et al., 2021) and
chondrogenesis (Tan, Niu et al., 2018; Wuelling et al., 2020, 2009) and hair epithelium
(Fantauzzo et al., 2012; Fantauzzo and Christiano, 2012). Interestingly, Sox9 and Trps1 may
be involved in similar transcriptional cascades; Trpsl is predicted to be upstream of Sox9 in the
context of hair follicle development (Fantauzzo et al., 2012) or vice-versa in the context of
chondrocyte differentiation (Tan, Niu et al., 2018). Thus, it was of interest to understand the
roles of these two TFs in astrocytes simultaneously. I will be elaborate on this in detail in later

sections, as the second key finding of the work done during my PhD.
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1.5 Aims of the study

The first aim of my PhD was to understand the impact of mitochondrial remodeling and
metabolic shift during direct neuronal reprogramming of astrocytes. First, the mitochondrial
proteome of astrocytes and neurons was characterized. Interestingly, the expression of these
proteins changed during the course direct neuronal reprogramming. Using this information, I
was able to demonstrate that astrocyte to neuron conversion can indeed be improved by
CRISPRa (Clustered Regularly Interspaced Short Palindromic Repeats activation)/ dCas9
mediated precocious expression of neuron enriched mitochondrial proteins.

In addition, I interfered with the starter cell specific metabolic pathway, i.e., impaired fatty acid
oxidation in astrocytes during reprogramming and observed that this too helped in the process

of reprogramming.

As asecond aim,  wanted to explore the concept of manipulating the starter cell identity further.
The effects of deleting key TFs that are essential in maintaining cell identity may have a higher
impact in reprogramming, instead of just interfering with the astrocyte metabolism. However,
even before understanding the impact of astrocyte fate manipulation in reprogramming, I first
wanted to explore how deletion of key TFs affects astrocyte identity and functions in cortical
astrocytes in vivo. I decided to focus on Sox9, a well-known astrocyte TF and Trps1, a novel
TF and understand how they influence astrocyte functions. The roles of Sox9 in astrocyte
development and some of its functions in the adult astrocytes have been studied (and outlined
in previous sections), but its functions in adult cortical astrocytes is not known. Similarly, the
role of Trps1 in astrocytes is unknown even though it has been identified in several astrocyte
transcriptomic studies before (Endo et al., 2022; Ohlig, Clavreul et al., 2021; Sirko et al., 2015).
In other lineages, Sox9 and Trpsl participate in related transcriptional cascades, frequently
engaging other elements associated with Hedgehog signaling pathway (Fantauzzo et al., 2012;
Tan, Niu et al., 2018). Thus, it was of interest to understand the roles of these two TFs in
astrocytes simultaneously.

For this, I deleted these TFs in the adult somatosensory cortex either one at a time, or both
simultaneously using a CRISPR/ Cas9 based approach. This has led to the discovery of how
these TFs may be essential for key astrocyte functions, glial crosstalk which is a very important

feature of astrocytes in both healthy brain homeostasis and in mediating response to injury.
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2. RESULTS

2.1 Project1

The aim of the first project was to understand the metabolic and mitochondrial changes during
direct neuronal reprogramming of astrocytes and how manipulation of the same can influence

this process.

CRISPR-Mediated Induction of Neuron-Enriched Mitochondrial Proteins Boosts Direct

Glia-to-Neuron Conversion

https://doi.org/10.1016/j.stem.2020.10.015

Russo, G. L., Sonsalla, G.#, Natarajan, P.#, Breunig, C. T., Bulli, G., Merl-Pham, J., Schmitt,
S., Giehrl-Schwab, J., Giesert, F., Jastroch, M., Zischka, H., Wurst, W., Stricker, S. H., Hauck,
S. M., Masserdotti, G.*, & Go6tz, M.* (2021) “CRISPR-Mediated Induction of Neuron-
Enriched Mitochondrial Proteins Boosts Direct Glia-to- Neuron Conversion” Cell Stem Cell,

28(3): 524-534.¢7.
# These authors contributed equally

*Co-last author

For this paper, I performed and analyzed the data of the following experiments; Giacomo

Masserdotti contributed to statistical analysis and data visualization of the same.

e [ performed neuronal reprogramming experiments of astrocytes in vitro, demonstrating
that early expression of neuron enriched mitochondrial proteins by a CRISPRa strategy
increases the efficiency of reprogramming and gives rise to neurons that are more
morphologically mature (Figure 3).

e By live imaging experiments, [ was also able to demonstrate that early induction of these
mitochondrial proteins accelerated the speed of reprogramming and the survival of the
induced neurons (Figure 4).

e Furthermore, | validated the specificity of all the gRNAs used for activation of the
selected candidate mitochondrial proteins (Figure S4).
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e In addition, I was also able to show that interfering with astrocyte metabolism by using
a chemical inhibitor of Cptla (etomoxir) which is essential for FAO in astrocytes,

enhances both Ascll and Ngn2 mediated reprogramming of astrocytes (Figure S2).

The results of this project have been published as Russo et al., 2021 in the journal Cell Stem
cell. This is an open access article, and is available under the terms of the Creative Commons
Attribution License (CC BY-NC-ND 4.0). As a co-author, I have the right to include it in my

dissertation, provided it is not commercially published.

Due to elevated number of pages, Supplementary Table 1 (List of differentially enriched
mitochondrial proteins), Supplementary Table 2 (GO, GSEA analysis of differentially enriched
proteins) and the live imaging videos demonstrating CRISPRa-Mediated Direct Neuronal
Reprogramming are not included in the PDF version of this thesis, but they are provided

separately.
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SUMMARY

Astrocyte-to-neuron conversion is a promising avenue for neuronal replacement therapy. Neurons are partic-
ularly dependent on mitochondrial function, but how well mitochondria adapt to the new fate is unknown.
Here, we determined the comprehensive mitochondrial proteome of cortical astrocytes and neurons,
identifying about 150 significantly enriched mitochondrial proteins for each cell type, including transporters,
metabolic enzymes, and cell-type-specific antioxidants. Monitoring their transition during reprogramming
revealed late and only partial adaptation to the neuronal identity. Early dCas9-mediated activation of genes
encoding mitochondrial proteins significantly improved conversion efficiency, particularly for neuron-
enriched but not astrocyte-enriched antioxidant proteins. For example, Sod1 not only improves the survival
of the converted neurons but also elicits a faster conversion pace, indicating that mitochondrial proteins act
as enablers and drivers in this process. Transcriptional engineering of mitochondrial proteins with other func-
tions improved reprogramming as well, demonstrating a broader role of mitochondrial proteins during fate
conversion.

INTRODUCTION Bcl2 or pharmacological application of antioxidants could dras-

tically improve neuronal generation in vitro and in vivo (Gascon

The ability to regenerate lost neurons after an injury or in neuro-
degenerative disease is still a key challenge in the field of regen-
erative medicine. Among different therapeutic approaches
(Barker et al., 2018; Grade and Gotz, 2017), direct conversion
of local glia into neurons has become a viable option to replace
functional neurons (Vignoles et al., 2019). Because direct
neuronal conversion is dramatically hindered by increased gen-
eration of reactive oxygen species (ROS) during the process,

524 Cell Stem Cell 28, 524-534, March 4, 2021 © 2020 The Author(s). Published by Elsevier Inc.

et al., 2016). At the same time, neurons rely on oxidative phos-
phorylation (OxPhos) (Harris et al., 2012; Herrero-Mendez
et al., 2009), so an increase in mitochondrial activity is required
during neuronal conversion. Mitochondria perform a plethora
of additional functions (Spinelli and Haigis, 2018), and specific
mitochondrial proteins may be required to implement the cell-
type-specific metabolic needs (Calvo and Mootha, 2010; Folmes
et al.,, 2012; Pagliarini et al., 2008). Because changes in

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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mitochondrial proteins have not yet been investigated in
neuronal reprogramming, we assessed the similarities and differ-
ences in mitochondrial composition for cultured neurons and as-
trocytes and aimed to improve mismatching during reprogram-
ming by regulating the respective genes by CRISPRa
(clustered regularly interspaced short palindromic repeat activa-
tion)-mediated transcriptional engineering.

RESULTS

Mitochondrial Morphology Changes during Cortical
Astrocyte-to-Neuron Reprogramming In Vitro

We first monitored morphological changes of mitochondria dur-
ing reprogramming. Astrocytes isolated from postnatal day 5
(P5) murine cerebral cortex (Heinrich et al., 2011) were
transduced with a retrovirus encoding mitochondrion-targeted
green fluorescent protein (mitoGFP) with or without the reprog-
ramming proneural factor Achaete-scute homolog 1 (Ascl/1-
ires-mitoGFP, ires [intra ribosome entry site]), shown previously
to reprogram astrocytes into GABAergic neurons (Heinrich
et al., 2010; Masserdotti et al., 2015). MitoGFP co-localized
with Tomm20, a pan-mitochondrial marker protein, revealing
an elongated and ramified mitochondrial network in astrocytes
(Figure 1A, left panel). This was maintained in Ascl1-transduced
astrocytes failing to reprogram (positive for the astroglial protein
glia fibrillary acidic protein [Gfap], negative for neuron-specific
Blll-tubulin; Figure 1A, center panel), whereas successfully con-
verted neuronal cells (Blll-tubulin+, Gfap—) had smaller mito-
chondria with shorter and rounder morphology (Figure 1A, right
panel). These data are in line with neurons in vivo possessing
smaller mitochondria and higher fission properties (Misgeld
and Schwarz, 2017), whereas astrocytes have more elongated
mitochondria and fusion events (Motori et al., 2013). To gain a
better understanding of mitochondrial restructuring during the
reprogramming process, we investigated the proteins that
mediate morphological and functional changes in mitochondria.

Astrocytes and Neurons Differ in Mitochondrial
Structure and Function In Vitro

To determine the comprehensive mitochondrial proteome of
neurons and astrocytes, we chose highly pure neuronal cultures
derived from embryonic day 14 (E14) cerebral cortex, cultured
for 7 days (Walcher et al., 2013); i.e., young neurons comparable
with reprogrammed neurons at 7 days post-transduction (DPT)
in reprogramming) and primary cultures of astrocytes as used
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in direct neuronal reprogramming. Functional bio-energetic dif-
ferences of neurons and astrocytes from these cultures were
confirmed by Seahorse analysis (Figures S1A-S1C). A cell frac-
tionation-based method (Schmitt et al., 2013) enriched mito-
chondria, as assessed by western blot (Figure S1D) and electron
microscopy (EM) (Figure S1E), and functional assays confirmed
the isolation of intact mitochondria from both cell types (Figures
S1F and S1G). EM confirmed the cell-type-specific differences in
mitochondrial morphology (Figures 1A and 1E) and also revealed
some other organelles in the neuronal samples, probably
because small mitochondria are tightly linked to the cytoskeleton
in the thin neuronal processes and the endoplasmic reticulum
(ER) (Fecher et al., 2019).

Astrocytes and Neurons Exhibit Profound Differences in
Their Mitochondrial Proteome

We then used liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS) to identify proteins in neuronal and astrocytic
mitochondria. A t-distributed stochastic neighbor embedding
(t-SNE) plot for all identified proteins normalized for abundance
(Figures S1J; normalization in Figure S1H) or mitochondrion-
specific proteins (Figure 1B; normalization in Figure S1K), as
classified by MitoCarta 2.0 (Table S1; Calvo et al., 2016),
revealed clear separation of neurons and astrocytes. Unsuper-
vised cluster analysis confirmed the cell type dependent similar-
ity, considering whole proteins (Figure S1l) or only mitochondrial
proteins (Figure S1L). Overall, we detected 757 (x1) mitochon-
drial proteins in astrocytes and 738 (+1) in neurons (Figures
S1M and S1N) of which 164 (22%) were more abundant in astro-
cytes and 141 (19%) more abundant in neurons (p < 0.05 and
2-fold enrichment; Figure 1C; Table S1), with high reproducibility
across samples (Figure 1D). Thus, about a fifth of the mitochon-
drial proteome differs significantly between these cell types.
Western blotting of whole-cell lysates from independent cultures
confirmed enrichment of Sfxn5 and Cpox in astrocytes (Fig-
ure S10, left and center panel) and glutaminase (Gls) in neurons
(Figure S10, right panel).

Gene Ontology (GO) term analysis of mitochondrial proteins
significantly enriched in astrocytes (Figure 1E, left panel; top
10 enriched biological processes [BPs]; Fisher's exact test <
0.01; see Table S2A for a complete list) revealed terms such as
fatty acid catabolic process, fatty acid B-oxidation, and lipid
catabolic process, also relevant pathways for astrocytes in vivo
(van Deijk et al., 2017). This was supported by the analysis of mo-
lecular function (MF) GO terms (Figure 1E, right panel; Table

Figure 1. Astrocytes and Neurons Differ in Mitochondrial Structure and Proteome
(A) Micrograph of mitochondrial morphology in control (mitoGFP) astrocytes (left panel), Ascl1-non-reprogrammed astrocytes (center panel), and Ascl1-induced
neurons (right panel, Ascl1-mitoGFP), 7 DPI. Scale bars, 20 um and 6 um (insets).

(B) t-SNE plot of samples considering only mitochondrial proteins.

(C) Volcano plot of mitochondrial proteins with log, ratio of abundance of neurons/astrocytes (x axis) and the —log1o of the corresponding significance value
(p value, y axis); 2-fold changes (vertical lines), significance cutoff p = 0.05 (horizontal line). Proteins significantly more abundant in astrocytes are shown in blue
and more abundant in neurons in red. Names highlight proteins covered in this study.

(D) Unsupervised heatmap cluster analysis of all detected mitochondrial proteins. Astrocytes, blue; neurons, red. n = 3 for each group. The color scale indicates
Z score.

(E and F) GO terms of the top 10 biological processes (BPs; blue, left panels) and molecular functions (MFs; green, right panels) for astrocyte-enriched (E) and
neuron-enriched (F) mitochondrial proteins. The color bar represents the fold change compared with the expected number of genes for each term. Terms were
considered if exact Fisher test < 0.01.

(G-J) Examples of 2 terms identified by gene set enrichment analysis (GSEA) (G and 1) and barplots (H and J) of the main genes associated with the respective
terms (in G or I).
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S2A), including terms such as fatty-acyl-coenzyme A (CoA) bind-
ing, in line with a recent study of mitochondria of Bergmann glia
from adult mice (Fecher et al., 2019). Likewise, gene set enrich-
ment analysis (GSEA) identified fatty acid B-oxidation-related
proteins in astrocytes (Figure 1G; Table S2E), comprising key
regulators such as Acads, Cptla, and Cpt2 (Figure 1H; Tables
S1 and S2E).

To explore the functional relevance of the fatty acid p-oxida-
tion pathway in direct reprogramming, we blocked this pathway
using etomoxir, an inhibitor of Cpt1a (Jernberg et al., 2017), early
during the conversion process (Figure S2A). Medium to high
doses of etomoxir (25 uM and 100 pM, respectively) improved
reprogramming compared to the control (no etomoxir) upon
Ascl1 (Figures S2B and S2C) or Neurogenin2 (Neurog?2) expres-
sion (Figures S2D and S2E). Interestingly, co-treatment with
a-tocotrienol, an analog of the ROS scavenger vitamin E,
reduced Ascl1-mediated reprogramming efficiency, suggesting
that the positive effect of etomoxir might be partly due to an in-
crease in ROS, as shown previously (O’Connor et al., 2018).
Thus, pB-oxidation is a general hurdle in glia-to-neuron
reprogramming.

GO terms significant for neuron-enriched mitochondrial pro-
teins were associated with RNA metabolism and function (BP
in Figure 1F, left panel, and Table S2C; MF in Figure 1F, right
panel, and Table S2D) and further supported by GSEA (Figures
11 and 1J, tRNA metabolic process; full list in Table S2E). This
highlights the notion that tRNA biogenesis is an important activity
in neuronal mitochondria and its dysfunction is associated with
neurodevelopmental disease (Schaffer et al., 2019). Among
neuron-enriched mitochondrial proteins, we also detected Gis,
the enzyme regulating glutamine metabolism and glutamate
neurotransmitter levels (Marquez et al., 2009), and ATP citrate
lysate (Acly), involved in production of cytosolic acetyl-CoA
(Lin et al., 2013; Table S1).

Enrichment of the mitochondrial fusion protein Mitofusin 1
(Mfn1) in astrocytes is in line with the presence of more elon-
gated mitochondria in such cells (Figure 1A), whereas the fission
master regulator Dynamin-related protein (Dnm1l, also known as
Drp1) is more prevalent in the neuronal mitochondrial proteome
(Table S1). Interestingly, the antioxidant proteins Gpx1, Gpx4,
Prdx6, and Mgst1 were more enriched in astrocytes (Table S1),
whereas Mgst3, Prdx2, and Sod1 were more abundant in neu-
rons (Table S1), suggesting that different members of antioxidant
protein families (e.g., peroxiredoxins and microsomal gluta-
thione S-transferases) are enriched in specific cell types. This
raised the intriguing question of whether these proteins (Prdx2
and Prdx6 or Mgst1 and Mgst3) are functionally similar and
only expressed in a cell-type-specific manner or whether the
neuron-enriched antioxidant proteins may be specifically
required in neurons and, hence, during the direct conversion
process.

We also compared our data with mitochondrial proteins iso-
lated from adult murine cerebellum (Purkinje cells, granule cells,
and astrocytes; Fecher et al., 2019). Despite the very different
experimental conditions (in vivo versus in vitro, adult versus post-
natal, cerebellum versus cortex, immunoprecipitation [IP]-based
versus fractionation-based-method), we found 117 proteins
enriched in both astrocyte-derived samples; i.e., 60% of all mito-
chondrial proteins identified by Fecher et al. (2019) were also
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present in our astrocyte-enriched mitochondrial proteome (Fig-
ure S1P). Likewise, 46% of neuron-enriched mitochondria
identified by Fecher et al. (2019) were common to our neuronal
dataset (Figure S1Q).

Thus, the mitochondrial proteome already differs profoundly in
astrocytes and neurons in vivo and in vitro, comprising broad
categories of protein functions from metabolism to tRNA synthe-
sis and mitochondrial translation.

Mitochondrial Protein Changes during Astrocyte-to-
Neuron Reprogramming

To determine whether and when astrocytes downregulate their
characteristic mitochondrial proteins and express neuron-
enriched ones during reprogramming, we chose differentially
enriched functionally relevant candidates detectable by immu-
nostaining (Table S1). The immunofluorescence intensity of the
candidates was quantified and normalized to the signal intensity
of the pan-mitochondrial protein Tomm20, preventing any bias
of the total mitochondrial mass on quantification.

Sfxn5, a mitochondrial transporter of citrate (Miyake et al.,
2002), an essential intermediate of the tricarboxylic acid cycle
(TCA), was enriched in astrocyte-derived mitochondria (Table
S1). Accordingly, its level was much higher in astrocytes or
DsRed-transduced controls than in reprogrammed neurons (Fig-
ures 2A, 2B, and 2D). During Ascl/1-mediated reprogramming,
Sfnx5 was similar to control astrocytes at early stages (Figures
2A and 2D), whereas BllI-tubulin+ reprogrammed neurons had
significantly lower levels (Figures 2B and 2D). Notably, Sfxn5
and Tomm20 showed a greater colocalization in Ascl/7-trans-
duced cells at 1 than 7 DPT (Figure 2C), supporting the notion
that Sfxn5 is mitochondrially localized in astrocytes and disap-
pears in induced neurons (iNeurons). Likewise, the astrocyte-en-
riched mitochondrial protein Cpox (Mori et al., 2013), highly ex-
pressed in astrocytes (Figures S3A, S3B, and S3D) was
downregulated significantly in Ascl1-transduced cells (Figures
S3B and S3D, center panel), but to a lower degree in Ascl1-
transduced astrocytes than in Ascl7-iNeurons (Figures S3C
and S3D). These data show a relatively late (5-7 DPT) regulation
of Sfnx5 and Cpox. The lack of downregulation in reprogram-
ming-resistant astrocytes prompts the suggestion that this
may contribute to failure of reprogramming.

Among neuron-enriched mitochondrial proteins, we examined
Prdx2, which catalyzes the reduction of peroxides and, hence,
protects against oxidative stress (Boulos et al., 2007). Prdx2
was not detected in astrocytes (Figures 2E, 2F, and 2H), while
Ascl1-transduced cells had some Prdx2 signal at 3 DPT, with
the strongest increase at 5-7 DPT in Ascl/7-iNeurons (Figures
2F and 2H). At 7 DPT, Prdx2 reached a level similar to that
observed in primary neurons (Figure 2H) and co-localized with
Tomm20 (Figure 2G). Similarly, Gls, fundamental for glutamate
production and glutamate and GABA transmitter levels as well
as neuronal differentiation (Velletri et al., 2013), showed the
strongest expression in iNeurons (5-7 DPT; Figures S3F and
S3H), where it colocalized with Tomm20 (Figure S3G). Notably,
its upregulation started earlier, at 1 DPT (Figure S3H), but did
not reach the levels of primary cortical neurons (Figure S3H, right
panel).

Mitochondrial proteins enriched in astrocytes (Sfxn5 and
Cpox) or neurons (Prdx2 and Gls) change relatively late during

Cell Stem Cell 28, 524-534, March 4, 2021 527




¢? CellPress Cell Stem Cell

A Tomm20 || Sfxns

™

DsRed |[ Tomm20 || Prdx2

DsRed
DsRed

|

I Reg
[
1 Re@

Ascl1
Ascli

™

DsRed

Ascli |

Day 7 -iNeuron

Pearson R: 0.16 £ 0.02

/ feq
/ keg

O | Ascli-iNeuron || Ascli-Astro DsRed

o ‘Ascl‘[—iNeuron H Ascl1-Astro H

Day 1

Pearson R: 0.65 + 0.01

Pearson R: 0.11 £ 0.02

Tomm20
Tomm?20

Sfxn5 Sfxn5 Prdx2 Prdx2
D Dsred Ascl1 Control Astrocytes H Dsred Ascl1 Neurons
KX KK DsRed ok DsRed
Asclt Asclt
2 * Ascli-iNeuron 0 <§>  Ascl1-iNeuron
& * Ascl1-Astro . * Ascl1-Astro
*
E « Control § :Ii :|§ « Control
g o E |
2 ! B g -
£ * fod q .
o 3 {
T £ i
5 Fof ¥ |
bt = |
B :
—
%
D1 D3 D5 D7 D1 D3 D5 D7 D7 D1 D3 D5 D7 D1 D3 D5 D7 D7
Days Days

Figure 2. Mitochondrial Protein Changes during Astrocyte-to-Neuron Reprogramming

(A, B, E, and F) Micrographs showing immunostaining in astrocytes transduced with DsRed or Ascli-ires-DsRed as indicated. Scale bars, 20 um.

(C and G) Examples of scatterplots of the pixel intensity correlation between Tomm20 and Sfxn5 (C) or Prdx2 (G) in Ascl1-transduced cells on day 1 (left panel) and
in reprogrammed cells on day 7 (right panel). Pearson’s coefficient as average of 3 cells/biological replicate; n = 3 biological replicates.

(D and H) Violin plots of the log, ratio of the intensity of the expression of Sfxn5 (D) or Prdx2 (H) normalized to Tomm20 intensity over time. Each dot represents 1
cell. 10 cells analyzed/biological replicate/condition/day. n = 3 biological replicates; ***p < 0.001.
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neuronal reprogramming. Remarkably, the changes correlated
with the degree of conversion, prompting the hypothesis that
they may be functionally relevant.

CRISPRa-Mediated Induction of Neuron-Enriched
Mitochondrial Proteins Improves the Efficiency of Direct
Neuronal Reprogramming

To test the above prediction, we chose 8 candidates enriched in
neuronal mitochondria (Figures S4A and S4B; Table S1; Fecher
et al., 2019): Sod1 and Prdx2 for their antioxidant activity in neu-
rons (Liu et al., 2020; Rosen, 1993), acyl-CoA thioesterase 7
(Acot7), arginase 2 (Arg2), Gls, microsomal Gst3 (Mgst3), mito-
chondrial serine/threonine protein phosphatase (Pgam5), and
solute carrier 25 member 22 (Slc25a22) (Figure 3A). Among
astrocyte-enriched antioxidant mitochondrial proteins, we
selected Prdx6 (Fisher, 2011) and the microsomal glutathione
S-transferase Mgst1, a member of the membrane-associated
proteins in eicosaonid and glutathione metabolism (MAPEG)
family, as Mgst3 (Bresell et al., 2005). Dynamin 3 (Dnm3) was
included as a protein with mitochondrion-unrelated functions
(Gu et al., 2010; Figure 3A).

Quantitative RT-PCR from cells isolated by fluorescence-acti-
vated cell sorting (FACS) 48 h after transfection of the dCas9-
VPR coding plasmid (Breunig et al., 2018b) and non-targeting
control gRNAs or gRNAs designed to target the promoter region
of the above candidates showed different levels of induction
(Figure 3C; Arg2, ~94-fold; Acot7, Prdx2, Sod1, Slc25a22,
Dnm3, Mgst1, and Prdx6, ~ 5-fold; Gis, Mgst3, and Pgamb,
~2-fold). Multiple gRNAs targeting different genes (e.g., Arg2+-
Gls) did not alter the induction levels of their specific targets,
and no significant induction was detectable for six putative off
targets of each gRNA (Figure S4C).

gRNAs for the selected candidates were cloned in a plasmid
with a GFP reporter module whose activation depends on the
presence of the self-transcribed gRNAs (e.g., for Sod1) and
dCas9-CAM (Figure 3B). Then, primary cultures of astrocytes,
obtained by crossing a transgenic mouse line in which the
dCas9 gene is fused to three transactivating domains (VP64,
p65, and RTA[R transactivator]) and SAM (synergistic activator
Mediator) components (dACAM) (Chavez et al., 2015; Konermann
etal., 2015; STAR Methods) with the astrocyte-specific Aldh111:-
Cre mouse line (Tien et al., 2012; Figure 3B), were co-transfected
with the constructs for Ascl7-ires-DsRed and the control STAgR-
GFP (gRNA-GFP) or gene-specific gRNA, and neuronal conver-
sion was examined 8 DPT. Strikingly, the induction of many, but
not all, genes coding for neuron-enriched mitochondrial proteins

Cell Stem Cell

improved the reprogramming efficiency (Figures 3D and 3E). In-
duction of Sod1 resulted in the highest reprogramming efficiency
alone or in combination with Prdx2 (Figure 3D and 3E; Fig-
ure S4D). In addition, induction of Arg2 and Mgst3 as well as
Pgam5 and Sic25a22, which do not have any reported antioxi-
dant activity, significantly improved the conversion efficiency
(Figures 3D and 3E). Remarkably, the induction of genes coding
for astrocyte-enriched mitochondrial proteins, even with antiox-
idant function (Mgst1 and Prdx6), was not beneficial for reprog-
ramming, like Dnm3 (Figures 3D and 3E). This highlights the need
for neuron-enriched antioxidants (e.g., Sod1 and Mgst3) and
shows that members of the same family (e.g., Mgst1 and
Mgst3) are clearly not functionally redundant. The expression
of neuron-enriched candidates also resulted in a more complex
morphology of iNeurons, with more neurite outgrowth in Ascli-
Sod1+Prdx2-co-expressing neurons and more branches in
Ascl1-Slc25a22-co-expressing neurons (Figures 3F and 3G).

These data suggest that neuron-specific mitochondrial pro-
teins are particularly important during the conversion process
and that their earlier and/or higher expression improves
reprogramming.

CRISPRa-Mediated Induction of Prdx2 and Sod1
Improves Neuronal Reprogramming by Faster
Conversion into Neurons with a Longer Lifespan

To investigate the effect of the early activation of mitochondrial
proteins on neuronal conversion, we followed single cells by
live imaging as described before (Costa et al., 2011), from 28 h
after the transfection for 6 days with GFP/DsRed pictures taken
every 4 h (Figure 4A; Figure S2F; Video S1). Ascl1-Prdx2-Sod1-
co-transfected cells with neuron-like morphology (smaller cell
soma and processes longer than 3x the soma length; Gascon
et al., 2016) were already increased significantly at 75 h
compared with Ascl/7-only cells (Figure 4B). Prdx2 and Sod1
co-activation significantly increased the lifespan of all tracked
cells (Figure 4C), mainly because of an increased lifespan of
the converted neurons (Figures 4E and 4F), but not of non-re-
programmed astrocytes (Figure 4D), consistent with the cell-
type-specific role of antioxidants. Measuring the conversion
speed (when cells first acquire a neuron-like morphology)
showed a bi-phasic distribution in Ascl/7-transfected cells (Fig-
ure 4G). Cells turning into neurons fast (red dots) typically died
before the end of the experiment, whereas those that reprog-
rammed at a slower pace (blue dots) survived until the end of
the video session at 6 DPT (Figure 4G). This was remarkably
different in Ascl1-Prdx2-Sod1-expressing cells: many cells

Figure 3. CRISPRa-Mediated Activation of Neuron-Enriched Mitochondrial Proteins Improves Neuronal Reprogramming
(A and B) Schemes of the selected candidates in mitochondria and the dCas9-CAM-STAgR (string assembly gRNA) system employed here.
(C) Real-time quantitative PCR (qPCR) of the candidates in dCas9-CAM gene-specific gRNA-expressing cells. Data are shown as log, fold change over the gRNA

scramble control (mean + SEM). n = 3 for each group.

(D) Micrographs showing reprogrammed cells (BllI-tubulin*-DsRed*-GFP*) upon co-transfection of Ascl1-ires-DsRed (red) and different STAgR constructs

(green). Scale bar, 100 um.

(E) Reprogramming efficiency as the percentage of Blll-tubulin”/DsRed*/GFP* at 7 DPT. Data are shown as mean + SEM. *p < 0.05, **p < 0.001. n = 5 per

experimental condition.

(F) Examples of the morphology of reprogrammed neurons co-expressing Ascl1 and the indicated gRNAs.
(G) Morphological analysis of reprogrammed neurons upon induction of selected candidates (x axis). Data are shown as mean + SEM. Paired t test, *p < 0.05;

n = 4 biological replicates.

(H) Sholl analysis of reprogrammed neurons co-expressing Ascl1 and the indicated candidates. Data are shown as mean + SEM. Paired t test, *p < 0.05;n =4

biological replicates.
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Figure 4. Continuous Single-Cell Live Imaging Reveals Several Roles of Prdx2-Sod1 Activation in Neuronal Reprogramming

(A) Scheme of continuous live imaging and the analysis performed.

(B) Time course analysis of the percentage of cells acquiring neuronal morphology over double-transfected cells at the indicated time points. Data are shown as

mean + SEM. *p < 0.05. n = 3 biological replicates for each group.

(C and D) Violin plot showing the lifespan of all cells analyzed irrespective of their final identity (C) and cells that died without converting (D), following expression of
Ascl1-gRNA-GFP or Ascl1-gRNA-Prdx2-Sod1. n = 5 biological replicates for each group. *p < 0.05

(E-G) Violin plots showing the lifespan (E and F) and speed of reprogramming (G) upon expression of Ascl/1-gRNA-GFP or Ascl1-gRNA-Prdx2-Sod1. n =5
biological replicates (color-coded) for each group. “p < 0.05, *p < 0.01, **p < 0.001.

reprogrammed fast and survived until the end of the experiment
(Figure 4G). Importantly, this is not due to improved survival of
the fast-converting cells that would die under the Asc/7-only
condition because a similar number of cells converting fast
and dying (blue dots and curve in Figure 4G) was observed
among Ascl1-Prdx2-Sod1 cells. Rather, many more cells were
recruited for reprogramming under the Ascl71-Prdx2-Sod1 condi-
tion and in a fast manner (Figure 4G). We therefore conclude that
activation of these neuron-enriched mitochondrial proteins
speeds up the conversion process in addition to its role in pro-
tecting neurons from cell death.

DISCUSSION

Here we describe the comprehensive mitochondrial proteomes
of cortical astrocytes and neurons that show quantitative differ-
ences in a fifth of the identified proteins. The functional relevance
of these differences is shown by the fact that cells failing to up-
regulate neuron-enriched mitochondrial proteins often do not
reprogram; activating their expression improved the reprogram-
ming efficiency, and astrocyte-enriched mitochondrial proteins,
even with known antioxidant function, have no such effects.

Astrocyte Metabolism and Its Influence on Neuronal
Reprogramming

Astrocytes share similarities with neural stem cells (NSCs) (Gotz
et al., 2015). For example, we and others (Fecher et al., 2019)
found the mitochondrial proteome of astrocytes to be enriched
for the GO terms lipid metabolism and fatty acid B-oxidation,
also highly represented in neural stem cells (NSCs) and downre-

gulated during adult neurogenesis (Knobloch et al., 2017; Llo-
rens-Bobadilla et al., 2015). Despite the fast transcriptional
changes at early stages of reprogramming (Gascon et al.,
2016; Masserdotti et al., 2015), genes associated with lipid
metabolism (e.g., Cpt1a) are not yet downregulated after 48 h
(Gascon et al., 2016; Masserdotti et al., 2015), suggesting slow
metabolic conversion, a limiting factor in induced pluripotent
stem cell (iPSC) reprogramming (Wu et al., 2016). Accordingly,
etomoxir-mediated reduction of fatty acid B-oxidation improved
neuronal reprogramming (Figure S3), indicating that the manipu-
lation of specific metabolic pathways might substantially
contribute to remove hurdles during the conversion. The addition
of ROS scavenger reduced the reprogramming efficiency com-
bined with etomoxir, suggesting potential beneficial effects of
ROS under this condition. It will be interesting to determine the
level of ROS above which it shows deleterious effects.

Early Activation of Neuron-Enriched Mitochondrial
Proteins with a Wide Functional Spectrum Improves
Astrocyte-to-Neuron Conversion

The comprehensive mitochondrial proteome revealed cell-type-
specific enrichment of antioxidant proteins; e.g., Mgst1 and
Mgst3 were enriched in the mitochondrial proteome of astro-
cytes and neurons, respectively. Remarkably, early CRISPRa-
mediated induction of the latter, but not the former, improved
direct neuronal conversion, demonstrating the key functional
role of cell-type-specific but similar antioxidant proteins. Sod1
activation had the most potent effect, in line with its functional
relevance in neurodegeneration (Kaur et al., 2016). However,
other mitochondrial proteins with antioxidant functions, such
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as Prdx6 and Prdx2 (enriched in astrocytes and neurons, respec-
tively) did not improve reprogramming, showing that only some
antioxidants perform highly cell-type-specific functions relevant
in direct neuronal reprogramming.

The early activation of neuron-enriched mitochondrial proteins
without any reported antioxidant activity also significantly
increased direct reprogramming efficiency. Pgam5, a mitochon-
drial phosphatase that associates with the RIP1/RIP3/MLKL
(Mixed lineage kinase domain-like pseudokinase) complex,
doubled Ascl/7-induced reprogramming efficiency, possibly by
inhibiting necroptosis (Gascon et al., 2016; Lu et al., 2016). In
addition, Pgam5 regulates mitochondrial homeostasis and dy-
namics by dephosphorylating Drp1, BCL-xL (B-cell ymphoma
extra large), and FUNDC1 (Ma et al., 2020), a key process for
neuronal function and survival (Lu et al., 2014). Likewise, the
mitochondrial glutamate transporter Slc25a22, which also
improved reprogramming by 2-fold, is important for brain func-
tion (Cohen et al.,, 2014; Molinari et al., 2005, 2009; Poduri
et al., 2013) by regulating glutamate levels (Goubert et al., 2017).

Conversely, the activation of Gls did not significantly improve
reprogramming, suggesting that glutamate biogenesis does not
have a major role in this process. Likewise, the activation of a
non-mitochondrial protein, Dnm3, expressed at similar levels in
astrocytes and neurons, had no effect. These results confirm
our cutoff criteria and highlight a potent role of only some
neuron-enriched mitochondrial proteins in direct conversion by
influencing several functional pathways.

Notably, astrocyte-enriched mitochondrial proteins, like Sfnx5
and Cpox, were only partially downregulated in reprogramming
and maintained a higher expression in cells that failed to convert.
This indicates that these cells face a “confused” metabolic state
that may hinder reprogramming and highlights the importance to
further ease the metabolic transition for proper conversion.
Indeed, “on-memory” genes not shut off during reprogramming
from the original starter cell limit the conversion process (Hor-
manseder et al., 2017).

Neuron-Enriched Mitochondrial Protein Activation as an
Enabler and Driver in Reprogramming

Most improvement in reprogramming efficiency was achieved by
early expression of the neuron-enriched mitochondrial proteins
Sod1 and Prdx2: they increased recruitment of more cells into
the conversion process and improved survival only of reprog-
rammed neurons and their differentiation. Thus, early activation
of these neuron-enriched mitochondrial antioxidants protects
neurons, but not astrocytes, against aberrant ROS levels
(Gascon et al., 2016).

Remarkably, Ascl/1-expressing cells showed a significant dif-
ference in conversion speed between neurons that survive and
those that do not survive for 6 days, with the former converting
much slower. This is reminiscent of natural neurogenesis, where
the transition from progenitors to neurons often occurs more
gradually via intermediate progenitors (Khacho et al., 2016; Llo-
rens-Bobadilla et al., 2015), suggesting the need for a period of
adaptation to support the new identity. Surprisingly, the expres-
sion of Prdx2 and Sod1 speeds up the conversion process in
cells surviving until the end of the time lapse, similarly to co-
expression of Bcl2 (Gascon et al., 2016). Thus, different mito-
chondrion-dependent pathways may speed up the conversion
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rate by improving cell survival and/or protecting against ROS
damage. We therefore propose that failure or late activation of
neuron-enriched mitochondrial proteins may impair the conver-
sion process at several levels, ultimately causing cells to die.
Importantly, this occurs despite the expression of a multitude
of antioxidant and metabolic proteins present in astrocytes.
Thus, direct neuronal reprogramming sheds new light on the
function of cell-type-enriched mitochondrial proteins.

Limitations of Study

Clearly, it would be desirable to follow the mitochondrial prote-
ome in a comprehensive manner during the reprogramming pro-
cess, which will be made easier by newly developed mouse lines
with tagged mitochondrial proteins (Fecher et al., 2019), also in
the murine brain in vivo or human cells in vitro. Ideally, these
could be compared with fully differentiated neurons; here we
choose culture conditions and time points to match the reprog-
ramming protocol.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rabbit anti-CS Novus Biologicals NBP2-13878

Rabbit anti-VDAC

Goat anti-ANT

Total Oxphos Rodent Ab cocktail
Mouse anti-B-lll-Tubulin
Mouse anti-GFAP

Rabbit anti-GFAP

Rat anti-RFP

Rabbit anti-RFP

Chicken anti-GFP

Rabbit anti-CPOX

Rabbit anti-Prdx2

Rabbit anti-Gls

Rabbit anti-Sfxn5
Anti-Aldh1l1

Anti-Tomm20
Anti-Mouse-HRP linked
Anti-Mouse, HRP linked
Anti-Rabbit, HRP linked
Anti-Rabbit, HRP, linked
Anti-Goat, HRP linked
Anti-Mouse Alexa Fluor 488
Anti-Chicken Alexa Fluor 488
Anti-Rat Cy3

Anti-Mouse 1gG2b 633
Anti-Mouse IgG1 647
Anti-Rabbit Alexa Fluor 488

Cell Signaling
Santa Cruz
Abcam
Sigma-Aldrich
Dako
Sigma-Aldrich
Chromotek
Rockland

Aves Labs
Abcam

Abcam
Proteintech
Abcam

Merck Millipore
Abnova
Invitrogen

Cell Signaling
Cell Signaling

GE Healthcare
Santa Cruz
Molecular Probes
Thermo Fisher
Dianova
Innovative Research
Molecular Probes
Molecular Probes

Cati# 4866; RRID: AB_2272627

Cat# sc.9299; RRID: AB_671086

Cat# ab110413; RRID: AB_2629281
Cat# T8660; RRID: AB_477590

Cat# Z0334; RRID: AB_100013482
Cat# G3893; RRID: AB_477010

Cat# 5F8; RRID: AB_2336064

Cat# 600-401-379; RRID: AB_2209751
Cat# GFP-1020; RRID: AB_10000240
Cat# Ab169766

Cat# Ab109367; RRID: AB_10862524
Cat# 20170-1-AP; RRID: AB_10665373
Cat# Ab172971

Cat# MABN495; RRID: AB_2687399
CAt# H00009804-M01; RRID: AB_1507602
Cat#626520; RRID: AB_2533947

Cat# 7076; RRID: AB_330924

Cat# 7074; RRID: AB_2099233
Cat#NA934; RRID: AB_2722659

Cat# sc-2020; RRID: AB_631728

Cat# A-21202; RRID: AB_141607

Cat# A-11039; RRID: AB_2534096
Cat# 112-165-167; RRID: AB_2338251
Cat# A21146; RRID: AB_1500899
Cat# A21240; RRID: AB_141658

Cat# A21206; RRID: AB_141708

Anti-Mouse IgG1 Biotin Southernbiotech Cat# 1070-08; RRID: AB_2794413
Streptavidin Alex Fluor 405 Thermo Fisher Cat# S32351
Bacterial and Virus Strains

RV CAG-Neurog2-ires-DsRedExpress2 Gascon et al., 2016 N/A

RV CAG-Ascl1-ires-DsRed Gascon et al., 2016 N/A

RV CAG-DsRedExpress2 Gascon et al.,, 2016 N/A

RV CAG-mitoGFP This study N/A

RV CAG-Ascl1-ires-mitoGFP This study N/A

RV CAG-Ascl1-ires-mitoRFP This study N/A
Chemicals, Peptides, and Recombinant Proteins

EGF GIBCO Cat# PHGO0311
bFGF GIBCO Cat# 13256029
Poly-D-Lysine Sigma-Aldrich Cat# P0899
B27 GIBCO Cat# 17504044
HBSS medium Thermo Fisher Cat# 24020117
HEPES Thermo Fisher Cat# 15630080
DMEM/F12 Thermo Fisher Cat# 10565018

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
trypsin/EDTA 0,25% Thermo Fisher Cat# 25200056
Neurobasal Medium GIBCO Cat# 21103149
Glucose GIBCO Cat# A2494001
GluataMAX GIBCO Cat# 35050061
OptiMEM - GlutaMAX Thermo Fisher Cat# 51985-026
EGTA Sigma-Aldrich Cat# E3889
Lipofectamine 2000 Thermo Fisher Cat# 11668019
Rhodamine 123 Thermo Fisher Cat# R302
Oligomycin A Sigma-Aldrich Cat# 73351
FCCP Sigma-Aldrich Cat# C2920
Rotenone Sigma-Aldrich Cat# R8875
Antimycin A Sigma-Aldrich Cat# A8674
2-Deoxy-D-glucose Sigma-Aldrich Cat# D8375
Triton X-100 Sigma-Aldrich Cat# T9284
Etomoxir Sigma-Aldrich Cat# E1905
Bovine Serum Albumine (BSA) Sigma-Aldrich Cat# A9418

Critical Commercial Assays

Arcturus PicoPure RNA Isolation Kit

Thermo Fisher

Cat# 12204-01

Bradford Protein Assay Kit BioRad Cat# 5000201

First Strand cDNA Synthesis Kit Thermo Fisher Cat# K1621

PowerUp SYBR Green Master Mix Thermo Fisher Cat# A25742
Agencourt AMPure XP Beckman Coulter Cat# 10136224

RC DC Protein assay BioRad N/A

Deposited Data

mitoProteomic data, identifier: PXD014886 This study https://www.ebi.ac.uk/pride
Experimental Models: Organisms/Strains

C57BL/6 LMU animal Facility N/A

Aldh1l1-Cre LMU animal Facility N/A
Rosa26-LoxP-Stop-LoxP-dCAM HMGU N/A

Oligonucleotides

See Methods S1 This study N/A

Recombinant DNA

STAgR_Neo Addgene RRID:Addgene_102992
STAGR_gRNAScaffold_hU6 Addgene RRID:Addgene_102843
STAGR_gRNAScaffold_hH1 Addgene RRID:Addgene_102841
STAGR_gRNAScaffold_h7SK Addgene Addgene_102841
STAGR_gRNAScaffold_mU6 Addgene RRID:Addgene_102844
pCDNA-miniCMV-GFP This study N/A

STAgR_cntrl This study N/A

STAgR_Acot7 This study N/A

STAgR_Arg2 This study N/A

STAgR_Gils This study N/A

STAgR_Mgst3 This study N/A

STAgR_Pgam5 This study N/A

STAgR_Sod1 This study N/A

STAgR_SIc25a22 This study N/A

STAgR_Dnm3 This study N/A

STAgR_Mgst1 This study N/A

STAgR_Prdx6 This study N/A
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STAgR_Arg2-Gls (A-G) This study N/A

STAgR_Prdx2-Sod1 (P-S) This study N/A

STAgR_Arg2-Dnm3 (A-D) This study N/A

Software and Algorithms

ZEN software Zeiss https://www.zeiss.com/microscopy/en_us/products/microscope-
software/zen.htm| RRID:SCR_013672

ImageJ ImageJ https://imagej.net/Downloads RRID: SCR_003070

Morphometric analysis SNT Ferreira et al., 2014

Sholl Analysis ImageJ N/A

Co-localizatioin Coloc2 https://imagej.net/Coloc_2

Proteome discoverer 2.2 software

SwissProt Database Mouse
mitoCARTA 2.0 database
Perseus Software
GraphPad Prism 7.0
Adobe lllustrator

Zeiss AxioVision 4.7 software

Microsoft Excel
Seahorse Wave

Thermo Fisher

NCBI Protein

Calvo et al., 2016)
Perseus

GraphPad Software
Adobe lllustrator

Zeiss

Microsoft Excel
Agilent Technologies

https://www.thermofisher.com/order/catalog/product/
IQLAAEGABSFAKJMAUH RRID:SCR_014477

https://www.ncbi.nlm.nih.gov/protein RRID:SCR_003257
N/A

http://maxquant.net/perseus/ RRID:SCR_015753
https://www.graphpad.com:443/ RRID:SCR_002798

https://www.adobe.com/de/products/catalog.html
RRID:SCR_010279
http://www.zeiss.com/microscopy/us/products/microscope-
software/zen-core.html?vaURL=www.zeiss.com/microscopy/
us/products/microscope-software/axiovision.html
https://www.microsoft.com/en-gb/ RRID:SCR_016137

https://www.agilent.com/en-us/products/cell-analysis-(seahorse)/
software-download-for-wave-desktop RRID:SCR_014526

RStudio https://rstudio.com
DHARMa https://cran.r-project.org/web/packages/DHARMa/vignettes/
DHARMa.html
DEP https://www.bioconductor.org/packages/release/bioc/html/
DEP.html
ggplot2 https://ggplot2.tidyverse.org
Pheatmap https://www.bioconductor.org/packages/release/bioc/html/
heatmaps.html
fgsea https://bioconductor.org/packages/release/bioc/html/fgsea.html
TopGo https://bioconductor.org/packages/release/bioc/html/topGO.html
Other
Aqua Poly/Mount Polysciences Cat# 18606-20

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Prof.
Magdalena Gotz (magdalena.goetz@helmholtz-muenchen.de).

Materials Availability

@ Plasmids generated in this study are available upon request.

® gRNA sequences used to activate gene-specific loci are listed in Methods S1.
@ Aldh1-Cre transgenic mice are available at Jackson Lab (stock n.023748).
® There are restrictions to the availability of dCAM mice due to MTA request.

Data and Code Availability

® Mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE, partner repos-
itory, with dataset identifier PXD014886.
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EXPERIMENTAL MODEL AND SBJECT DETAILS

Wild-type mice (Primary Cell culture, Proteomics, IHC)

All experimental procedures in this study, done at the LMU Miinchen, were performed in accordance with German and European
Union guidelines and were approved by the government of Upper Bavaria. For most of the experiments, primary cultures of astro-
cytes were obtained from brains of C57BL/6J mice of 5-7 days of age; no specific gender was considered. Primary cultures of cortical
neurons were obtained from brains of C57BL/6J embryos at 14.5 days post conception (14.5 dpc or E14.5). Mice were fed ad libitum
and housed with 12/12 h light and dark cycle and kept under specific-pathogen-free (SPF) conditions.

Aldh1-Cre and Cre-inducible dCas9-VPR mice

The activation of specific mitochondria-coding genes was performed in primary cultures of astrocytes obtained from Aldh1l1-Cre
(Tien et al., 2012) crossed with dCAM mice (Rosa26-loxP-Stop-LoxP-dCas9VPR-SAM mice (J.G.-S., unpublished data). Both strains
were used as heterozygotes. The background strain of the mice was C57BL/6.

Primary cultures of cortical astrocytes

Astrocytes were isolated and cultured as previously described, with small changes (Heins et al., 2002). After removal of the meninges,
gray matter tissue from cerebral cortex of C57BL/6J mice at postnatal day 5-7 (P5-P7) was dissected and dissociated mechanically.
Subsequently, cells were centrifuged for 5 min at 1,300 rpm, re-suspended, and plated in a T25 flask in medium consisting of DMEM/
F12 (1:1), 10% fetal bovine serum (FBS), penicillin /streptomycin, and 1x B27 serum-free-supplement, 10 ng/ml epidermal growth
factor (EGF), and 10 ng/ml basic fibroblast growth factor (bFGF) (astro-medium). Cells were passaged at 80%-90% confluency after
7-10 days using trypsin/EDTA and plated on poly-D-lysine coated glass coverslips at a density of 50,000-60,000 cells per coverslip (in
24-well plates) in fresh astro-medium. The vast majority of the cells (> 90%) in these cultures were positive for glial fibrillary acidic
protein (Gfap) as previously described. Primary cultures of astrocytes were maintained in an incubator for 6-8 days at 37°C and
5% COs,.

Cells undergoing direct neuronal conversion

One day after transduction or transfection, astro-medium was replaced with fresh medium consisting of DMEM/F12 (1:1), penicillin/
streptomycin, supplemented with 1x B27 and Glutamax, but not FBS, EGF and FGF (differentiation medium). Small molecules were
added once, at the time of medium replacement (24h after transduction or transfection). Cultures were maintained in an incubator for
6-8 days at 37°C and 9% COs..

Primary cultures of cortical neurons

Cerebral cortices were dissected from embryonic day (E) 14 mice as described before (Hartfuss et al., 2001; Walcher et al., 2013).
Cortices were isolated, meninges removed and samples mechanically dissociated in 1x HBSS medium containing 10mM HEPES, on
ice. Subsequently, cells were digested for 15 min in trypsin-EDTA (0.05%) and centrifuged for 5 min at 1,000 rpm. The pellet was
resuspended in medium containing 10% FBS to stop trypsin, then centrifuged again and resuspended in 1x Neurobasal Medium,
supplemented with 1x Glutamax, penicillin/streptomycin, and 1x B27. Cells were counted and plated at a density of 600,000 cells
per well in 6-well plates, pre-coated with poly-D-lysine. After one week in culture the cells had mostly differentiated into neurons,
with a high purity and little contamination by other cell types.

METHOD DETAILS

Transfection and Transduction

For transfection, DNA-liposome complexes were prepared in OptiMem medium using the retroviral plasmids described below
and Lipofectamine 2000. Astrocytic cultures, plated the day before in 24-well plates at a density of 60,000-80,000 cells per
well, were transfected with DNA-liposome complexes composed of 0.6 pg total DNA, mixed with 0,75ul of Lipofectamine2000
per well, in 400ul of OptiMem medium for 4 hours. Then, transfection medium was replaced by a solution composed to 1:1 ratio
of fresh astro-medium and astro-medium collected from the same cells before the transfection (and filtered). One day later, the
medium was replaced with differentiation medium and cells maintained in culture until 6-7 days post-transfection in 9% CO, incu-
bator. For FACSorting, RNA extraction and RT-PCR, astrocytes were plated in 6-well plates pre-coated with PDL at a concentra-
tion of 350,000 cells per well. The following day, cells were transfected with DNA-liposome complexes containing 1ug total DNA
and 1,25l Lipofectamine 2000 per 1ml of OptiMem medium for 4 hours and cultured in astro-medium for 48hours before sorting.
For STAgR experiments, primary cultures of astrocytes, obtained from double positive Aldh1l1-Cre dCAM mice (Rosa26-loxP-
Stop-LoxP-dCas9VPR-SAM mice (Giehrl-Schwab J. et al., in revision), were transfected with plasmids encoding the indicated
STAgR and Ascl1 with a molar ratio 1:1. For transduction, astrocytes were infected with 1pl of virus per well one day after plating.
The viruses used are listed in the key resource table and were produced as previously described (Gascon et al., 2016).
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Fluorescence-activated Cell Sorting

WT astrocytes were transfected with gRNAs-GFP and dCas9-VPR-DsRed plasmids. Cells were collected 48 hours after transfection
and sorted for RFP*/GFP™, using the FACSAria Ill (BD Bioscience) system at high purity mode and a flow rate lower than 600 cells per
second. Alternatively, astrocytes obtained from Aldh111-Cre x dCAM transgenic mice were transfected only with gRNA-expressing
plasmids and subjected to FACS analysis at 48 hours, collecting GFP+ cells. Cells were washed twice with 1x PBS, treated with
trypsin (0,05% in EDTA) for 5%, then astro-medium was added. Cells were harvested by centrifugation (1,000 rpm, 5min, 4°C),
washed twice with 1x PBS and, then, resuspended in 400ul of DMEM/F12 (1:1), phenol-red-free. Single cell suspension was filtrated
using a 70-um cell strainer. Cells were sorted using the FACS Aria lll (BD). Gates were set by using un-transfected cells, as well cells
expressing GFP or DsRed as positive control. 15,000 cells were sorted directly in extraction buffer (Picopure RNA isolation kit) to
enhance RNA quality and efficiency, for subsequent extraction and gRT-PCR.

Mitochondria isolation

Mitochondria isolation from cultured astrocytes and neurons was performed as previously described (Schmitt et al., 2013) using the
pump-controlled cell (PCC) rupture method; a cell homogenizer (Isobiotec, Germany) combined with 1 mL Luer Lock Gas-Tight
Syringes (4.608 mm i.d., SGE Supelco, USA) and a high-precision pump (Pump 11, Harvard Apparatus, USA). The homogenizer
was pre-cooled on ice to ensure cooling of the samples during the isolation, the tungsten carbide ball (6Bum diameter) was inserted
and the homogenizer was equilibrated with isolation buffer (300 mM sucrose, 5 mM TES, and 200 uM ethyleneglycoltetraacetic acid
[EGTA], pH 7.2). The sample of dissociated astrocytes or neurons was added to 1 mL of isolation buffer and passed three (neurons) to
six (astrocytes) times through the system at a constant rate (700 pl/min). To recover the homogenate, the system was rinsed once
with 1 mL of isolation buffer. The sample preparation and the tunable parameters of the PCC, such as the clearance and the number
of strokes, were optimized for each sample. Yield and functionality (mitochondrial transmembrane potential, Ays,,) of the isolated
mitochondria were used to assess the optimal parameters. Around 1 million astrocytes and neurons respectively were used to obtain
a sufficient amount of mitochondria for further processing. The pooled homogenate was cleared from cell debris and nuclei by centri-
fugation (800 x g, 5 min at 4°C), and mitochondria were pelleted at 9000 x g (10 min at 4°C). After the isolation, syringes were rinsed
3-4 times with double distilled water (ddH,0). The tungsten carbide ball and the cell homogenizer were cleaned with isopropanol
followed by ddH,O to allow processing of the next sample without contamination.

Characterization of isolated mitochondria

The functional analysis of isolated mitochondria was performed by measuring Rhodamine 123 (Rh123) fluorescence quenching in
order to determine A, as well as measuring the absorbance change at 540nm (Synergy 2, BioTek, USA) to determine mitochondrial
swelling, as described previously (Schmitt et al., 2013). Protein concentrations were determined by the Bradford assay. For immu-
noblotting analysis, 10 ng of protein was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and
separated proteins were transferred onto PVDF membrane. Equal protein loading and proper transfer were controlled by Ponceau
red staining. The primary and secondary antibodies used for Western Blot analysis are listed in the Key Resource table.

Electron microscopy analysis of the isolated mitochondria was done as described previously (Zischka et al., 2008). ZE-FFE-
separated mitochondrial fractions were immediately pelleted, fixed in 2.5% glutaraldehyde, post-fixed with 1% osmium tetroxide,
dehydrated with ethanol and embedded in Epon. Ultrathin sections were negatively stained with uranyl acetate and lead citrate
and then analyzed on a Zeiss EM 10 CR electron microscope.

Seahorse experiments

Primary cortical astrocytes or neurons were plated onto XF24 V3 PET cell culture microplates from Seahorse biosciences, pre-coated
with PDL, and analyzed the day after plating. Cells were seeded at 20,000, 30,000, 50,000 for neurons; and 15,000, 25,000 or 40,000
for astrocytes. The final cell number was assessed by counting DAPI* nuclei and measuring DNA content to normalize the data to ug
DNA or 1000 cells. Before measuring cellular respiration, cells were washed twice with assay medium (XF DMEM + 25 mM glucose)
and then incubated in 750 pL of assay medium for 10 min in an air incubator without CO, at 37°C. The XF24 plate was then transferred
to the XF24 Extracellular Fluxanalyzer (Seahorse Bioscience). Basal respiration was determined with 4-5 assay cycles (2 min. mix,
2 min. measuring), and all parameters were obtained after the respective drug application. Basal OCR and PPR were measured prior
to oligomycin treatment. For the measurement of different mitochondrial respiration states, oligomycin A (Oligo, 5 pg/ml) was used to
inhibit the ATP synthase, followed by Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP, 1 uM) to induce maximal sub-
strate oxidation capacity, and a cocktail containing rotenone (Rot, 5 M) and antimycin A (Ant, 2 uM) to inhibit ETC activity and deter-
mine non-mitochondrial oxygen uptake. Finally, 2-deoxyglucose (2-DG, 100mM) was added to block glycolysis. Extracellular acid-
ification rate (ECAR) was converted to proton production rate (PPR) based on machine algorithms and the buffer capacity of the
medium. The OCR/PPR ratio was calculated over the averaged basal values. Each value is calculated averaging 3-5 time points
from 3 technical replicates.

Proteome analysis

Isolated mitochondria (10 pg) were used per biological replicate. SDS was added to a final concentration of 2% for efficient solubi-
lization, prior to tryptic protein digest using a modified FASP protocol (Wisniewski et al., 2009). Proteomic measurements were per-
formed on a Q-Exactive HF mass spectrometer (Thermo Scientific) online coupled to an Ultimate 3000 nano-RSLC (Dionex). Peptides
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were separated on a C18 nanoEase MZ HSS T3 column (1 OOA, 1.8 um, 75 um x 250 mm; Waters) in a 95 min non-linear acetonitrile
gradient. Precursor (scan range 300 — 1500 m/z) and TOP10 fragment spectra of charges 2-7 were acquired in the orbitrap mass
detector of the mass spectrometer, at resolutions of 60,000 and 15,000 respectively with a maximum injection time of 50 ms and
a dynamic exclusion of 30 s for each one. The individual raw-files were loaded to the Proteome discoverer 2.2 software (Thermo
scientific) allowing for peptide identification and label-free quantification using the Minora node. Searches were performed using
Sequest HT as a search engine in the Swissprot mouse database with the following search settings: 10 ppm precursor tolerance,
0.02 Da fragment tolerance, two missed cleavages allowed, carbamidomethyl on cysteine as fixed modification, deamidation of
glutamine and asparagine allowed as variable modification, as well as oxidation of methionine and Met-loss combined with acety-
lation at the N terminus of the protein. Proteins were quantified by summing up the abundances of allocated unique and razor pep-
tides; resulting protein abundances are given in Table S1. Mitochondrial proteins were classified using the mitoCARTA 2.0 database
(Calvo et al., 2016). Data were analyzed in RStudio (version 3.5.3), using the package DEP (Zhang et al., 2018). First, we filtered for
proteins identified in all replicates of at least one condition; then, data were normalized using variance stabilizing transformation (vsn).
Differential enrichment analysis was performed based on linear model. Identified proteins were considered as enriched in neurons if
the log2(fold-change value) was > 1 and enriched in astrocytes if the log2(fold-change value) was < —1 and pvalue < 0.05 (according
to DEP output). Differentially enriched proteins (DEP) data are provided in Table S1. T-Distributed Stochastic Neighbor Embedding
(t-SNE) was computed from data normalized in DEP package in RStudio, as well as the heatmap of all considered proteins and the
distance matrix including hierarchical clustering. Gene Ontology analysis was performed in RStudio using the package “TopGO,”
using exact Fisher test. Proteins were considered differentially enriched if log2(fold-change) > |1| and pval < 0.05. Complete list of
GO term is provided in Table S2. For Gene Set Enrichment Analysis (GSEA) the package “fgsea” in Rstudio was employed (Korot-
kevich et al., 2019). Complete list of GSEA term is provided in Table S2E.

Western Blot Analysis

Primary cultures of astrocytes or neurons were collected and lysed in RIPA buffer. Protein concentration was evaluated with RC DC
Protein assay (Bio-Rad Laboratories); 60ug of lysate was loaded in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred onto a polyvinylidene fluoride (PVDF) membrane. Depending on the size of the protein analyzed, different gel
concentration was used. The primary and secondary antibodies used for Western Blot analysis are listed in Key Resources Table.

Immunocytochemistry

Cells were fixed in 4% paraformaldehyde (PFA) in PBS1X for 10 min. at room temperature, washed in PBS1X twice for 5 minutes, and
stored up to a month at 4°C before staining. For Prdx2 staining, cells were fixed in ice-cold Methanol 20% for 10 minutes, washed
twice in PBS1X for 10 minutes, and subsequently stored and treated as other samples. Specimen were incubated in primary anti-
bodies (for concentration see Key Resources Table) in PBS1X containing 3% Bovine Serum Albumin (BSA) and 0.5% Triton
X-100 for 2 hours at room temperature or overnight at 4°C. After washing twice for 5 minutes with PBS, cells were incubated with
the appropriate species- or subclass-specific secondary antibodies, with or without DAPI to label nuclei (blue), diluted 1:10000,
for 1 hour in the dark at room temperature. Optionally, after incubating with primary antibodies and washing with PBS, biotin-labeled
secondary antibodies were used at a dilution of 1:200 for 1 hour, followed by streptavidin-coupled fluorophores (1:500) for another
hour. Coverslips were then mounted with Aqua Poly/Mount (Polysciences, Warrington, PA). Samples were imaged at the LSM710
laser-scanning confocal or Axio Observer Z1 epifluorescence microscope (Carl Zeiss). Digital images were acquired using the
ZEN software (Carl Zeiss) at 80X, 40X or 25x.

RNA extraction, retro-transcription and Real Time Quantitative PCR (qRT-PCR)

RNA was extracted using Arcturus PicoPure RNA Isolation Kit (Thermo Fisher Scientific) according to the manufacturer’s instruc-
tions, including removal of genomic DNA. 100ng RNA was reverse transcribed using the ThermoFisher cDNA first strand kit. Each
cDNA sample was diluted 1:5. gPCR reactions were performed on an Applied Biosystems QuantStudio 6 Flex Real-Time PCR Sys-
tem, or Roche LightCycler 480. Each 10 puL reaction consisted of 5 uL of PowerUp SYBR Green Master Mix (Thermo Fisher), 0.05 uL
of forward and reverse primer (100 uM) and 5 pL of DNA appropriately diluted. gRT-PCR primers can be found in Key Resource table.
The expression of each gene was analyzed in triplicate. Data were subjected to normalization by using Gapdh as housekeeping
genes and expressed as mRNA fold change compared to control. Quantification was performed on 3 independent biological sam-
ples, each time as technical triplicate. Off targets were selected from the UCSC genome browser, potentially targeting intergenic as
well as exon regions. Primers are listed in Methods S1.

STAgR cloning

For generation of STAgR cloning fragments, we followed previously published protocols (Breunig et al., 2018a, 2018b; Gibson, 2011).
In particular, we generated individual cloning fragments for Gibson assembly by PCRs on 10 ng of vector templates (STAgR_Neo,
STAGR_gRNAScaffold_hU6, STAGR_gRNAScaffold_hH1, STAGR_gRNAScaffold_h7SK and/or STAGR_gRNAScaffold_mU®6). The
mix contained 10 pl of high fidelity (HF) buffer, 1 pl of 10 mM dNTPs, 0.25 ul of overhang-primers (see key resources), 0.5 pl of HF
polymerase, 1.5 ul of dimethyl sulfoxide (DMSO) and enough H,O to reach a final volume of 50 pl. Reactions were incubated on a
thermocycler as follows: 1 cycle of 98°C for 1 min 30 s; 38 cycles of 98°C for 10 s, 59°C (for gRNA scaffold)/ 68°C (for SAM loop)
for 10 s, 72°C for 30 s (for inserts) / 1 min 30 s (for vectors); 1 cycle of 72°C for 10 min. 44.5 pl of the PCR reaction were mixed
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with 0.5 ul of Dpnl enzyme (10 units) and 5 pl of buffer, then incubated for 1 h at 37°C. DNA purification was achieved through incu-
bation with 90 pl of magnetic beads for 2 min at room temperature (RT). Beads were pelleted through a magnet and washed twice
with 70% ethanol without complete resuspension. The pellet was then dissolved in 20ul H,O and separated from the beads. DNA
concentration was measured using a spectrophotometer. Gibson Assembly has been performed following a homemade Gibson as-
sembly mix. The 5x isothermal reaction buffer is composed as follows: 1 M Tris (Tris(hydroxymethyl)aminomethane)-HCI (pH 7.5),
300 ul of 1 M MgCl, 60ul of 100 mM dGTP (deoxyguanosine triphosphate), 60 pul of 100 mM dATP (deoxyadenosine triphosphate),
60 pl of 100 mM dTTP (deoxythymidine triphosphate), 60 pl of 100 mM dCTP (deoxycytidine triphosphate), 300 pl of 1 M DTT (dithio-
threitol), 1.5 g of PEG-8000 (polyethylene glycol), 300 pl of 100 mM NAD (nicotinamide adenine dinucleotide) and enough H,0 to
obtain 6 ml. For the assembly master mix, 320 pl of 5x isothermal reaction buffer was combined with 697 pl of H,O, 3 pl of
10 U/ul T5 exonuclease, 20 pl of 2 U/ul DNA polymerase and 160 pl of 40 U/ul Tag DNA ligase. 7.5 pl of assembly master mix
have been mixed with 2.5 ul of insert and vector. A vector to insert ratio of 1:3 was used. Samples were incubated at 50°C for
60 min and subsequently transformed into E. Coli. Resulting plasmids have been sequenced by the Sanger sequencing method
with the following primers: StAgR_seq_fwd1 (GAGTTAGGGGCGGGACTATG), StAgR_seq_fwd2 (ACTGGATCCGGTACCAAGG)
and StAgR_seq_rev (TTACGGTTCCTGGCCTTTTG). Verified inserts have been cut with Kpnl and subcloned into pPCDNA-miniCMV-
GFP. Primers for gRNA are listed in Methods S1 table.

Live-lmaging Microscopy

Continuous live imaging was performed with a Cell Observer (Zeiss) at a constant temperature of 37°C and at 5% CO,. Phase-
contrast images were acquired every 10 min and fluorescence pictures every 4 hours for 6 days using a 10x phase contrast objective
(Zeiss) and an AxioCam HRm camera with a self-written VBA module remote controlling Zeiss AxioVision 4.7 software (TAT, Prof.
Dr. Timm Schroeder). Movies were assembled and analyzed using ImageJ (NIH) software, as also described in Gascon et al.
(2016). In Figure 4B data are shown as pool of five independent biological replicates; in Figures 4C-4G all cells considered from
all biological replicates are shown, indicated by different colors; statistics was performed on the 5 biological replicates using linear
regression in Rstudio (see below).

QUANTIFICATION AND STATISTICAL ANALYSIS

When virus was used to induce neuronal conversion (Figure 1; Figure S2; Figure 3; Figure S3; Figure 4), astrocytes were fixed at the
days after transduction, as indicated in the figures. Quantification for neuronal cells was based on B-llI-tubulin immunoreactivity and
morphological parameters, e.g., appearance of processes longer than 3x the cell soma as in Gascon et al. (2016). Astrocytes were
quantified based on morphological features and Gfap expression, though Gfap is downregulated following direct conversion. For
quantification in Figure 2 and Figure S2, we selected 10 transduced cells per each condition (DsRed, Ascl1-ires-DsRed at day 1
and day 3, and DsRed, Ascl1-ires-DsRed with neuronal morphology or astrocytic morphology at day 5 and 7). ImagedJ (v1.52p)
was used to define a region of interest (ROI) outlining a selected cell in order to measure the signal intensity for a given protein.
To prevent a possible bias due to the different mitochondrial content in astrocytes and neurons, we also evaluated the intensity of
Tomm20, a pan-mitochondrial protein. For each ROI, after subtracting the background value, we divided the intensity of the protein
of interest by the corresponding Tomm20 expression, and log transformed the value. The colocalization analysis was conducted us-
ing the Coloc2 plugin for Imaged.

For time-lapse experiment quantifications (Figure 4 and Figure S4), cells were tracked in every frame of the movie. GFP*/DsRed”
cells acquiring neuronal morphology, with processes longer than 3x the cell soma, were quantified among the total GFP*/DsRed*
cells, as previously published (Gascon et al., 2016). In total, 158 cells were tracked in controls and 177 in Ascl1+Prdx2-Sod1 over
n = 5 biological replicates.

Morphological analysis of reprogrammed neuronal cells (Figures 3F-3H) was performed with the ImageJ plugin SNT (simple Neu-
rite tracer) (Ferreira et al., 2014) and different parameters were measured. Sholl analysis, also in ImageJ, was performed on each of
the traced neurons: a step size of 10pum was maintained constant, with the first radius defined according to the soma of each cell. We
evaluated 3-4 neurons per condition, in 4 biological replicates. Data were analyzed with Microsoft Excel, GraphPad Prism 7.0 soft-
ware and linear regression using “Im” function (R Stats package) in RStudio. Evaluation of the residuals for fitted linear models was
performed with the package “DHARMa” (Hartig and Lohse, 2020) in RStudio.

Statistics on the reprogramming efficiency in Figure S2 and Figure 4 was performed as follows: reprogramming efficiency was log2
transformed, in order to reduce differences in variance across experiments and to fit the data to a normal distribution. Then, linear
regression model was used, together with “DHARMa” package to evaluate the residuals. Statistics on Figure 2 and Figure S3 was
perfomerd log2-transformed ratio. Statistics on Figure 4 was evaluated using paired t test. The number of biological replicates is indi-
cated in the corresponding Figure legends. Data are plotted as mean + standard error of the mean (SEM). Significance is based on the
p value indicated on the graphs as *p < 0.05, ™ p < 0.01, ™p < 0.001.
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SUPPLEMENTAL MATERIAL
Figure S1, related to Figure 1. Astrocytes and neurons from cerebral cortex differ in mitochondrial function

(A-B) Longitudinal traces of extracellular flux analysis measured by Seahorse XF analyzer, comparing the

Oxygen Consumption Rate (A) and the Proton Production Rate (B) of astrocytes (blue) versus neurons (red)

over time, after challenging the cells with different ETC inhibitors. Values are normalized per 1000 cells. Each

time point is shown as mean + SD. n=3 experimental batches for each group.

(C) Barplot showing OCR/PPR ratio in cultures of primary astrocytes versus neurons, as measured by Seahorse

XF analyzer. * p <0.05. n=3 for each group.

(D) Immunoblot detection of mitochondrial proteins in different fractions (800g, nuclear; S.N., cytosolic;
9000g, mitochondria and other organelles) isolated from astrocytes or neurons.

(E) Electron Microscopy images of mitochondria isolated from astrocyte and neuron cultures. Scale bar: Spm.
Magnifications scale bar: 500nm.

(F) Graphs showing the membrane potential of mitochondria isolated from astrocytes (upper panel) and
neurons (lower panel) measured by Rhodamine 123 assay, indicating their healthy functional state.

(G) Graphs showing the swelling parameter of mitochondria isolated from astrocytes (upper panel) and
neurons (lower panel) by absorbance at 540nm indicating their healthy functional state.

(H) Boxplot depicting abundances of all proteins before (upper panel) and after (lower panel) normalization.

(I) Unsupervised cluster analysis of the samples considering all quantified proteins.

(J) --SNE of the samples, based on all proteins after normalization.

(K) Boxplot depicting abundances of mitochondrial proteins selected according to mitoCarta before (upper
panel) and after (lower panel) normalization.

(L) Unsupervised cluster analysis of the samples considering only mitochondrial proteins.

(M) Barplot showing the number of mitochondrial proteins identified by mass spec in astrocytes (blue) and
neurons (red). Each dot represents a biological replicate.

(N) Barplot depicting the percentage of mitochondrial protein abundance over total protein abundance in
astrocytes (blue) and neurons (red). Each dot represents a biological replicate.

(O) Western blots of total lysates from cultured astrocytes or neurons confirming the selective cell enrichment
by high amounts of Adlhl111 in astrocyte lysates, equal mitochondrial protein loading by Tomm20 and the higher
amount of Sfxn5 and Cpox in astrocytes and Gls in neurons.

(P,Q) Venn Diagrams of all astrocyte-enriched (I) and neuron-enriched (J) mitochondrial proteins detected by
Fecher et al. and our analysis showing a high degree of overlap given that mitochondrial proteins were isolated at
different stages (adult versus postnatal), from different regions (cerebellum versus cortex) and in different
conditions (in vivo versus in vitro).
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Figure S2, related to Figure 1 and 4. Etomoxir treatment improves direct neuronal reprogramming.

(A) Schematic drawing of the experimental setup.

(B) Micrographs showing the Ascll-transduced cells (DsRed+) that are BIII-tubulin+ neurons (in white), nuclei
labeled in DAPI (Blue), in the treatment conditions indicated. Scale bar: 50um.

(C) Histogram depicting the percent of BIII-tubulint cells amongst Ascll-transduced DsRed" cells at 8 DPI.
Data are shown as mean+SEM. Each dot represents a biological replicate (n=3 for experimental condition). *p <
0.05

(D) Micrographs showing the efficiency of neuronal conversion in upon Neurog?2 expression together with
treatment of different concentration of Etomoxir. Reprogrammed neurons (DsRed+) are BIII-tubulin+ (in white).
Nuclei labeled in DAPI (Blue). Scale bar: 50um.

(E) Histogram depicting the percentage of BIII-tubulin+ cells amongst Neurog2-transduced DsRed" cells at 8
DPI. Data are shown mean+SEM. Each dot represents a biological replicate (n=3 for experimental condition). *p
<0.05

(F) Example of fluorescent pictures acquired during the imaging and used for analysis (related to Figure 4).
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Figure 83, related to Figure 2. Mitochondrial protein changes during astrocyte-to-neuron reprogramming

(A, B) Micrographs showing immunostainings of the astrocyte-enriched mitochondrial protein Cpox in
astrocytes transduced with DsRed (control) or Ascll-ires-DsRed at 1 (A) or 7 (B) DPI as indicated. Mitochondria
are identified by the expression of Tomm20. Scale bar: 20pm.

(C) Example of scatter plot of the pixel intensity correlation between Tomm20 and Cpox in Ascll-transduced
cells at 1 (left panel) and 7 (right panel) DPI. Pearson’s coefficient as average of 3 cells/biological replicate; n=3
biological replicates.

(D) Violin plot depicting the log2-ratio of the intensity of the expression of Cpox versus Tomm20 over time
(D1, D3, D5, D7) and in cortical astrocyte cultures at day 7. Each dot represents 1 analyzed cell. 10 cells analyzed
per biological replicate, each condition. n=3 biological replicates; ***p < 0.001.

(E, F) Micrographs showing the expression of the neuron-specific mitochondrial protein Prdx2 in astrocytes
transduced with DsRed (control) or Ascll-ires-DsRed at 1 (E) and 7 (F) DPI. Mitochondria are identified by the
expression of Tomm20. Scale bar: 20pum.

(G) Example of scatter plot of the pixel intensity correlation between Tomm20 and Gls in Ascll-transduced
cells at 1 (left panel) and 7 (right panel) DPI. Pearson’s coefficient as average of 3 cells/biological replicate; n=3
biological replicates.

(H) Violin plot depicting the log2-ratio of the intensity of the expression of Gls versus Tomm20 over time (D1,
D3, D5, D7) and in E14 cortex-derived cultures at 7 days in vitro. Each dot represents 1 analyzed cell. 10 cells
analyzed per biological replicate, each condition. n=3 biological replicates; ***p < 0.001.
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Figure 84, related to Figure 3. Characterization of selected candidates

(A) Unsupervised heatmap depicting the relative expression of the selected candidates.

(B) Graphs depicting the log2-normalized abundance of the astrocyte-enriched (blue dots) and neuron-enriched
(red dots) candidates, as analyzed in Figure 2. Each dot represents a biological replicate.

(C) Real Time quantitative PCR (RT-qPCR) showing the fold change of putative off-targets following the
transfection of gene-specific gRNA. Data are shown as fold change over the gRNA-scramble control (mean +
SEM). None of this is significant over Paired t-test used. control. n=3 biological replicates for each group.

(D) Single channel immunofluorescence images showing reprogrammed neurons (BIII-tubulin™-DsRed*-GFP*)
transfected by Ascll-ires-DsRed (red) and different STAgR constructs (green). Scale bar: 100pum.



2.2 Project 2

The aim of the second project was to understand the molecular mechanisms governing astrocyte
identity and functions better. In this regard, we studied how the diverse functions of astrocytes

in cortical GM is mediated by key TFs such as Sox9 and Trpsl.
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Abstract

Astrocytes play many roles in brain function, yet it is still poorly understood how these are
orchestrated by pan-astrocyte transcriptions factors (TFs). Here we examined the function of a
well-known pan-astrocyte TF Sox9 and the novel astrocyte TF Trpsl (Transcriptional
Repressor GATA Binding 1) by Cas9-mediated deletion in vivo using Mokola-pseudotyped
lentiviral delivery into the adult cerebral cortex. The consequences of deletion of either Sox9,
Trps1 alone or simultaneously were explored at single cell level (by patch-seq based single cell
transcriptomics) and tissue level (by spatial transcriptomics). This revealed TF-specific
astrocyte functions like synapse maintenance and immune response and generally reduced
effects when both TFs were deleted, implicating them in common regulatory networks. Most
importantly, we noticed unexpected changes in oligodendrocytes and other immune cells upon
astrocyte specific TF deletion. Our study reveals hitherto unknown functions of Sox9 and Trps1

in astrocytes and their communication with neurons, other glial and immune cells.


mailto:magdalena.goetz@helmholtz-munich.de

Introduction

Astrocytes are integral to numerous homeostatic functions throughout the central nervous
system. While the importance of transcription factors (TF) is well documented in astrocyte fate
specification (Kang et al., 2012; Tiwari et al., 2018), their roles in mature astrocytes and their
involvement in astrocyte heterogeneity is largely elusive. For example, the TFs Sox9 and Nfia,
Nfib have been implicated in astrocyte specification (Deneen et al., 2006; Kang, Lee et al.,
2012; Klum, Zaouter et al., 2018) and are still rather ubiquitously expressed in adult astrocytes
(Sun et al., 2017). Such pan-astrocyte TFs may play unique and region specific roles in
astrocytes during postnatal development (Cheng et al., 2023), in the intact adult brain (Huang,
Woo et al., 2020; Ung, Huang et al., 2021), in astrocyte response to injury (Laug, Huang et al.,
2019) or disease (Glasgow et al., 2017; Sardar, Chen et al., 2022). Interestingly, Sox9 was
shown to have a role only in specific brain regions, and no role for Sox9 has been discovered

yet in the cerebral cortex (Cheng et al., 2023; Ung, Huang et al., 2021).

We therefore set out to explore the function of Sox9 at the single cell level in the cortical grey
matter (GM) astrocytes, thereby taking into account possible cellular heterogeneity. We further
examined the expression and function of a novel TF Trps1 (Transcriptional Repressor GATA
Binding 1 or Tricho-Rhino-Phalangeal Syndrome Type I), that has been found in many gene
expression studies in astrocytes (Endo et al., 2022; Ohlig, Clavreul et al., 2021; Sirko et al.,
2015). Notably, in other cell types such as chondrocytes or hair follicle epithelium, Trps1 and
Sox9 are involved in similar transcriptional cascades (Fantauzzo et al., 2012; Tan, Niu et al.,
2018) and this prompted us to explore the roles of Sox9 and Trpsl in the adult cortical GM
astrocytes. Furthermore, Trpsl was also predicted to be a TF driving both astrocyte and
oligodendrocyte fate during development (Weng, Wang et al., 2019), but its precise expression,

especially at the protein levels, and function in adult astrocytes is entirely unknown.

In pronounced difference to previous analysis of adult astrocyte TF functions, we scrutinized
the expression and performed functional analysis at the single cell level to unravel possible
subtype-specific functions. To explore the possible intra-regional heterogeneity, we
characterized the Sox9 and Trps1 expression in the adult cortex GM and noticed a remarkable
degree of heterogeneity at protein level. This highlights the need to explore their function at the
single cell level. To do so, we deleted Sox9 and Trpsl either alone or simultaneously using
Cas9-mediated strategy, targeted to astrocytes by use of pseudotyped lentiviruses and analyzed

the effects at the single cell level using Patch-seq based single cell RNA-sequencing (scRNA-



seq). This analysis revealed TF-dependent alterations in gene expression related to unique
astrocyte functions, involved in synaptic regulation and the immune reaction elicited by the
viral vector injection. As these pointed to non-cell autonomous functions, we performed spatial
transcriptomics (10x Visium, stRNA-seq) which revealed unexpected effects of astrocyte
specific TF deletion in their surrounding onto oligodendrocytes as well as several cell types
from the immune system. Most strikingly, we found that Sox9 and Trpsl function is often
antagonistic with the double deletion abolishing effects of the single deletions. Their most
prominent roles affect synaptic maintenance, oligodendrocyte differentiation and immune cell
reaction to injury. Thus, Sox9 and Trps1 are involved in governing several functions of mature
cortical astrocytes with widespread effects upon their loss, placing them at the nexus of brain

homeostasis.

Results

Cortical astrocytes show heterogeneity in Sox9 and Trps1 levels

As Trps1 has been detected in several RNA-seq studies of astrocytes, but never explored at the
protein level in the brain, we examined its expression along with Sox9 and S100p (as a general
marker for astrocytes) by immunohistochemistry in the cerebral cortex of young adult mice (2-
3 months old) (Figure 1A and B). First, we monitored the distribution of immunopositive cells
across a cortical column divided into five equal bins and quantified the percentage
Sox9+S100B+ or Trps1+S100B+ astrocytes per bin (Figure 1D and E). Most S1008 astrocytes
were also positive for Sox9 (Figure 1H) and this did not vary much across the bins (Figure 1D).
Conversely, only 40% of the S100B+ astrocytes were immunopositive of Trps1, most of which
were also Sox9+ (Figure 1H). We also observed a non-significant trend of S100B+ astrocytes
positive for Trps1 higher in the upper than lower bins (Figure 1E). Among all the Sox9+ cells
in the cortical GM, most were immunopositive for SI00B or Trps1 (ED Figure 1A), but only
35.5% of the Trps1+ cells were immunopositive for S100B or Sox9 (ED Figure 1B). To verify
if other glial cells express Trpsl, we performed immunostainings for Trps1, Olig2 and S1008
in the adult cortex. To our surprise, about 50% of the Olig2 positive oligodendroglial lineage
cells were also positive of Trps1 (ED Figure 1C) suggesting that like in the developing brain,
Trps1 is expressed in both astrocyte and oligodendrocyte lineage also in the adult brain.

To evaluate whether Sox9 and Trps1 show heterogeneity at the protein level we measured their
fluorescence intensity within each bin of the cortical column. The normalized corrected total

cell fluorescence (CTCF) for Sox9 and Trpsl showed remarkable heterogeneity (as observed



in the color- coded dot plot; Figure 1C). While the fluorescence intensity of Sox9 did not show
considerable variation across the bins (Figure 1F), Trpsl expression was more layer dependent
(Figure 1G). More cells with lower levels of Trpsl were present in the upper layers (UL, bins
1-2), while Trps1-high cells were present in the deeper layers (DL, bin 4 & 5, with significantly
more Trps1-high cells in bin 5 than bin 1, p<0.05). This suggests that more S100p+ astrocytes
expressing Trpsl but at lower level are present in the UL, while Trps1-high cells located in
cortical DL are likely not astrocytes but rather oligodendrocyte lineage cells.

As intra-regional heterogeneity in astrocytes at the level of transcriptome has been observed
before (Bayraktar et al., 2020; Lanjakornsiripan, Pior, Kawaguchi et al., 2018; Ohlig, Clavreul
et al., 2021), we wanted to explore if Sox9 and Trps1 RNA are also expressed heterogeneously
within cortical GM astrocytes. For this, we made use of scRNA-seq data (10x) from Bocchi et
al., (submitted) where cells from cortical GM, white matter (WM) and sub-ependymal zone
(SEZ) were taken by means of a biopsy punch without any specific selection for astrocytes. We
subsetted this dataset for cells from the cortical GM that were annotated as astrocytes and re-
clustered this data. This resulted in 3150 cells which separated into 6 clusters (ED Figure 1D)
showing a clear astrocyte signature (“Astrocyte score”, genes shown in Data Table S6).
Interestingly Sox9 and Trpsl show a huge variation; cells in cluster C expressed lowest levels
of both Sox9 and Trpsi, while clusters A and E expressed high levels of both (ED Figure 1E).
These express almost no, or very low levels of other glial lineage specific genes such as Olig2
or Sox10 for the oligodendrocyte lineage and Tmem 119 or Aifl (Ibal) for microglia (ED Figure
1F). Remarkably, each cluster had unique gene expression profile (ED Figure 1G; Data Table
S1), Gene Ontology (GO) for genes enriched in each cluster revealed specialized functions (ED
Figure 1H). For example, cluster C astrocytes (with low levels of Sox9 & Trpsl) expressed
genes involved in pathways like “mitochondrial respirasome” and “myelin sheath formation”,
while cluster E (with high levels of both Sox9 & Trpsl) expressed genes involved in

“gliogenesis”, “fatty acid metabolic process”.

CRISPR mediated deletion of Sox9 and Trpsl in astrocytes

Given the interesting heterogeneity observed above, we aimed to explore the effects of Sox9
and Trps1 deletion in cortical GM astrocytes at the single cell level. To do so we used a CRISPR
(Clustered Regularly Interspaced Short Palindromic Repeats)/ Cas9 mediated strategy,
delivering the respective gRNAs to astrocytes by Mokola- pseudotyped lentivirus (Mok-LV)
(Watson et al., 2002) in a transgenic mice expressing Cas9-GFP ubiquitously (Platt et al., 2014).

Two gRNAs per gene, targeting different exons for efficient knockdown were used and



multiplexed (Breunig et al., 2018) targeting either only Sox9, only Trpsl or Sox9 and Trpsl
simultaneously, in a vector also expressing a fluorescent reporter in the transduced cells under
a CMV promoter (Figure 2A). First, we confirmed the specificity of Mok-LV to target
astrocytes injecting with the control gRNA (g-Control) Mok-LV at a titer of 1-5 x 108 titer units
per milliliter (TU/ml) into the somatosensory cortex. This resulted in a substantial number of
infected cells in the injected region both at 7 or 21 days post injection (dpi, Figure 2B); more
than 80% of the transduced cells were immunopositive for astrocyte markers such as S100p or
GFAP (Figure 2C) at both time points. Thus as previously shown, the Mokola pseudotype
targets astrocytes with high specificity and efficiency.

We next injected Mok-LV expressing gRNAs against Sox9 (g-Sox9) or Trps1 (g-Trps1) or both
(g-Sox9+Trpsl) and examined the protein levels of these TFs in the targeted astrocytes.
Animals injected with g-Sox9 or g-Sox9+Trps1 showed a significant reduction in the number
of Sox9+ cells at 7 (Figure 2D and D’) and 21dpi (ED Figure 2C and E); likewise, almost no
Trps1+ astrocytes were found in animals injected with g-Trps1 (Figure 2E and E’; ED Figure
2D and F). Conversely, Trpsl levels were more variable in the g-Sox9+Trps| injections (Figure
2E).

Next, we examined if astrocytes retain their main hallmarks, such as their morphology and pan-
astrocyte marker expression. Indeed, most astrocytes had their normal bushy morphology
(Figures 2D, E). Likewise, most infected cells retained S100p and GFAP protein at 7dpi (Figure
2F & G, ED Figure 2A) and 21dpi (ED Figure 2B).

Patch-seq based scRNA-seq reveals changes in a multitude of astrocyte functions after
deletion of Sox9, Trpsl

To examine the consequences of Sox9 and Trps1 deletion in astrocytes at the single cell level,
we performed Smart-seq2 based Patch-seq of astrocytes (Cadwell, Palasantza et al, 2015;
Cadwell et al, 2017). For this, individual astrocytes were patched establishing a gigaOhm seal
in acute cortical slices of animals injected with g-Control, g-Sox9, g-Trps1 and g-Sox9+Trps1
to collect their cytoplasm and nucleus (Figure 3A). Overall, we collected 40 g-Control, 57 g-
Sox9, 45 g-Trpsl and 39 g-Sox9+Trps] cells across the two time points (7 and 21dpi). For a
systematic and comprehensive analysis, we also collected 56 astrocytes from the intact cortex
of Aldh111-eGFP animals, and several “slice-controls”, in which the patch-clamp pipette was
briefly in touch with the brain slices, but no gigaOhm seal was established and no cells were
intentionally collected. Among the collected slice-controls, less than half (12 samples out of

30) had sufficient RNA and passed the quality control steps (ED Figure 3A). The cells could



broadly be divided into four clusters (PSO, PS1, PS2, PS3; Figure 3B). Surprisingly, though we
collected cells over multiple batches, there was no apparent batch effects (ED Figure 3B) and
the slice-control samples were distributed mostly in clusters PS1, PS2, and PS3. Further
grouping based on the individual TF deleted (Figure 3B) or the time point (ED Figure 3B) could
not be clearly inferred.

The intact astrocytes were distributed mostly in cluster PSO and PS2, which show some level
of astrocyte heterogeneity even within such few cells. Cluster PS1 appeared only in the
condition of gRNA injection (irrespective of whether the cells were from control or deletion
conditions), which pointed to the possibility that this signature may partly arise as a response
to the mild injury of the Mok-LV injection. Expectedly, GO analysis for the differentially
expressed genes (DEG) between g-Control cells and intact astrocytes show upregulation of

2 (13

terms like “positive regulation of response to external stimulus”, “response to interferon-
gamma”, “antigen processing and presentation” in the g-Control cells (Figure 3D). This
indicates an injury response signature that arises because of our mild injury during Mok-LV
gRNA injection, also reflecting the reaction to injection of viral vectors (see also Mattugini,
Bocchi et al., 2019 for reaction to different viral vectors).

To get a general overview of the effect of Sox9/ Trpsl deletion, we performed pairwise
comparison of the deletion conditions with the g-Control cells to understand the gene
expression changes irrespective of the time point. Indeed, the deletion of each TF elicited
profound changes in gene expression changes unique to each condition (Figure 3C). Upon
Sox9 deletion, 646 significant DEGs were detected (457 upregulated, 189 downregulated).
Remarkably, most g-Sox9 downregulated genes were also downregulated after Trpsl or
Sox9+Trpsl deletion (ED Figure 3E), suggesting a common signature following deletion of
either of these TFs. Conversely, most of the up-regulated genes were exclusive to the Sox9
deletion condition (Figure 3D, ED Figure 3D). Trps1 deletion resulted in 767 significant DEGs
(414 up-, 353 down regulated), many of which were significant only in the g-Trps1 condition.
Following g-Sox9+Trps1 deletion, fewer significant DEGs were detected, most of which were
downregulated (70%, 266 genes) only in this condition (Figure 3D, ED Figure 3D and E). These
data suggest that Sox9 may be involved in upregulation of the DEGs after Trps1 deletion. Vice
versa, Trps1 seems to help upregulating, directly or indirectly, the DEGs upregulated upon Sox9
deletion, as these upregulated DEGs virtually vanished in the double-deletion (Figure 3C).
Although Sox9 is traditionally known as an activator of transcription, it may be involved in
indirectly repressing genes by competing for co-factors (Yang, Gomez et al., 2023). Similarly,

Trpsl1 although initially identified as a transcriptional repressor (Fantauzzo et al., 2012; Malik,



2001), it has also been found to act as a transcriptional activator (Fantauzzo and Christiano,
2012; Witwicki, Ekram et al., 2018; Wuelling et al., 2020). Thus, both Sox9 and Trpsl may

function as either an activator or a repressor depending on the context.

To get a better idea about possible direct targets of Sox9 and Trpsl, we overlapped the
significant DEGs with the known targets of Sox9 and Trpsl based on ChIP data for Sox9 in
chondrocytes (Ohba, He et al., 2015) and Trps1 in breast cancer cells (Witwicki, Ekram et al.,
2018). Notably, a number of genes were commonly predicted as Sox9 and Trps]1 targets (3293
genes, 1.e., 53% of Trps| targets were shared with 33.3% of Sox9 targets) (ED Figure 3F). More
than 50% of the up or downregulated genes were predicted to be either an exclusive Sox9 target
or a common predicted target of Sox9 and Trpsl in all conditions (ED Figure 3G). Very few of
the DEGs were predicted to be an exclusive target of Trpsl (10% or lesser), suggesting that

more genes may be regulated by Sox9 or co-regulated by Sox9 and Trpsl in astrocytes.

To gain more function-oriented insights into the consequences of deleting these TFs, we
performed GO analysis for the significant DEGs in each condition. Interestingly, in all the three
deletion conditions (g-Sox9, g-Trps1 and g-Sox9+Trpsl), pathways related to immune response
such as “response to interferon-gamma” and “response to interferon-beta” were downregulated
(i.e., Igtp, Gbp3; Figure 3F-H), as well as “antigen presentation” when deleting Trps1 (Figure
3G) or “regeneration” was downregulated when deleting Trps1 and Sox9 (Figure 3H). This may
imply an attenuated injury response upon deletion of these TFs.

Common pathways related to the astrocytic function of synapse maintenance (like “synapse
organization”, “neurotransmitter transport” or “secretion’’) were upregulated in the g-Sox9 and
g-Trpsl conditions, albeit with different genes enriched in both the cases (Figure 3E, F, Data
Table S2). Interestingly, pathways related to gliogenesis (with genes such as Fgfr3, Hes5, Nfix,
Zfp365 in case of g-Sox9, Figure 3E) or glial cell differentiation (with genes such as Zfp363,
Hes1 in case of g-Trpsl, see Data Table S2) were also upregulated. The deletion of both, Sox9
and Trps1, showed upregulation of genes related to GTPase activity and morphogenesis (Figure
3H). Thus, both of these TFs regulate synaptic functions, signaling and gliogenesis. Specifically
for the Sox9 deletion, however, mostly terms related to metabolic functions were upregulated
(Figure 3F). This is of interest as the cluster C of cortical GM astrocytes with endogenously
low levels of Sox9 and Trps1 had mostly metabolic functions.

To understand the dynamics of gene regulation better, we distinguished the early and late time
points (7 and 21dpi). The comparison of the TF deletions at 7 and 21dpi with the g-Control

cells of the corresponding time points showed dynamic change in the direction of up- and down



DEGs. While most of the DEGs were exclusively upregulated in the g-Sox9 condition at 7dpi,
very few genes were upregulated by 21dpi, suggesting that repressive functions, possibly
indirect, dominate the earlier time point, while gene activation dominates the later time point
of Sox9 deletion (ED Figure 4A and B). Notably at 21dpi, more than half of the DEGs
upregulated in the g-Sox9 condition were also upregulated in the g-Trps1 condition. Notably,
the Trps1 deletion profile was opposite of Sox9 with most downregulated DEGs in the g-Trps1
condition at 7dpi, while a large fraction of the DEGs were upregulated by 21dpi. At both the
time points, fewer genes were among significant DEGs in the g-Sox9+Trpsl condition,
suggesting that Sox9 and Trpsl mediate some of the DEGs in the single deletion conditions,
respectively. GO analysis of the DEGs specific to each condition and time point showed
consistent downregulation of immune response related pathways such as “response to
interferon-gamma”, “response to interferon-beta”, “antigen processing and presentation” in all
the conditions, at both 7 & 21dpi (ED Figure 4C-E). On the other hand, many pathways related

to translation and signal transduction by p53 class mediator were only transiently regulated in

both g-Sox9 and g-Trpsl conditions (see Data Table S3).

Loss of Sox9 and Trpsl1 triggers alteration in the surrounding synapses

As GO terms related to pathways involved in synapse organization were regulated after Trps1
(Figure 3F) and Sox9 (Data Table S2) deletion, we explored if the number of synapses may be
affected in any of the conditions. Towards this aim, we immunostained for the pre-synaptic
protein synaptophysin, and excitatory post-synaptic protein Homerl1 in sections from animals
injected with the gRNAs. Confocal images were taken at a magnification of 40X (with a 2.5x
zoom) and each image contained 1-3 infected astrocytes. The images were deconvolved and the
astrocyte surface was reconstructed on Imaris. Following this, we calculated the number of pre-
and post-synaptic puncta in the regions surrounding the astrocyte (within a distance of 0-1.5um
from the astrocyte surface). All post-synaptic puncta closest to a pre-synaptic puncta (within a
distance of 0.2um) was considered as a “synapse”. While we did not see any change in the
number or pre-synaptic puncta and post-synaptic puncta individually (data not shown), we see
a trend towards decrease in the number of synaptic puncta where both synaptic markers coincide

within 1.5 pm distance around astrocytes after Trps1 deletion (Figure 3H).

Non-cell autonomous effects of Sox9 and Trps1 deletion in cortical astrocytes revealed by

spatial transcriptomics



Astrocytes are essential for brain homeostasis and we noticed changes in the synapse numbers
at the tissue level upon Trpsl loss in astrocytes. To gain unbiased insights into how alterations
of astrocytes lacking Sox9 and/or Trpsl may affect the surrounding cells and tissue
microenvironment, we performed spatial transcriptomics (10x Visium, stRNA-seq) of the adult
mouse cortex after injection of g-Control, g-Sox9, g-Trpsl or g-Sox9+Trpsl Mok-LVs. We
chose the 7dpi time point to also gain insights into the astrocyte response to the injury and
reaction to the Mok-LV injection.

Brains of the animals injected with the Mok-LVs were dissected at 7dpi, and 10um thick
sections were made at the cryostat. The sections were briefly checked for the presence of
infected cells (Tdtomato+ cells) in the expected injection region (somatosensory cortex). Once
in the region of injection, two consecutive sections containing infected cells were placed in one
capture area each. The region of injection for each condition was defined based on the
fluorescence images taken before tissue processing (Figure 4B). These are referred to as g-
Control, g-Sox9, g-Trpsl or g-Sox9+Trps] injection and the remaining regions are defined as
the background tissue for the respective tissues henceforth. After quality control steps to remove
spots with low gene numbers, counts or high mitochondrial or hemoglobin reads (ED Figure
5A and B), we performed clustering of the data. The initial clustering highlighted differences
in the sub-cortical tissue regions (data not shown), and this can indeed be seen also in the
anatomical position, the tissue was more rostral in one of the conditions (g-Sox9). As the
injection of the Mok-LV was limited to the cortical GM, in line with our interest to understand
the role of Sox9/ Trps1 in this region, we subsetted for spots located in the cortex GM in all
four tissues and performed further downstream analysis. Clustering of these spots gave rise to
11 clusters, which were present in distinct anatomical regions, such as the different cortex layers
(Figure 4C). These spatial clusters were rather unique, and had their own gene expression
signature (Figure 4D). Of particular interest were clusters 0 and 4, which dominated the Mok-
LV injection region, but the representation of these clusters was dependent on the condition in
consideration (ED Figure 5C). The spots from the g-Control and g-Sox9 injection were
represented in clusters 0 and 4 at comparable levels. On the other hand, cluster 4 dominated the
region of g-Sox9+Trpsl injection with very few spots of cluster 0 in this condition. In the g-
Trpsl injection, cluster 4 was completely absent, and most spots were represented by cluster 0.
Thus, deleting Sox9 or Trpsl in astrocytes resulted in gene expression differences at tissue
level. Apart from cluster 0 and 4, cluster 8 also seemed to be a possible “injury” or Sox9/ Trps1
deletion specific feature. Unlike cluster 0 and 4, which were concentrated at the injection site,

cluster 8 seemed to be more sparsely located. Overall, there were very few genes specific to



cluster 8 and only a small fraction of the genes unique to the injury specific clusters showed
overlap (ED Figure 5D).

GO analysis showed that terms such as “antigen processing and presentation of peptide antigen”
were upregulated in all three injury specific clusters, while terms such as “synapse
organization”, “ion transport” and “microglial cell activation” were upregulated only in clusters
0 and 4, i.e. the clusters mostly found after Trpsl or Trpsl and Sox9 deletion. The GO term
“response to interferon-gamma” was upregulated in clusters 4 and 8. These data thus
demonstrate that Sox9 and/or Trpsl deletion in astrocytes affects the entire reaction of the
cortical tissue to injury. Interestingly, only in the cluster 0 dominant after Trps1 deletion genes
involved in metabolism such as “cellular respiration”, “mitochondrial metabolism” were
upregulated (ED Figure SE and Data table S4). This is particularly intriguing as such GO terms
were also observed in the cortical GM astrocyte cluster C with endogenously low level of Sox9
or Trpsl (ED Figure 1).

Interestingly, the canonical cortical layering was largely maintained in the background tissue
across all the four conditions. While clusters 7, 5, 9 and 1 represented the DL, clusters 2 and 3
represented the UL (Figure 4C). The expression pattern of known or predicted UL and DL
neuronal and astrocyte markers (ED Figure 5F) in these clusters pointed to the same. A
prominent exception to this was in the tissue of g-Sox9+Trps1, where the cluster 10 replaced
the UL cluster 2. Even though located in the same anatomical position as cluster 2, cluster 10
showed a unique gene expression signature with only 8% of the genes being common with
cluster 2 (ED Figure 5G). GO analysis of genes unique to this cluster showed enrichment of
pathways like “cytoplasmic translation”, “antigen processing and presentation”, “exocytosis”,
etc. (ED Figure SH and Data table S4), pointing to possible widespread tissue level effects
unique to the simultaneous deletion of Sox9 and Trps1 in astrocytes.

To get a general overview of the differences in the Mok-LV injection regions after deletion of
Sox9 or Trpsl, we performed pairwise-comparisons of g-Sox9, g-Trpsl and g-Sox9+Trpsl
injection regions with the g-Control injection region. Fewer genes were significantly
upregulated in all three conditions with more than 50% of the upregulated DEGs significant
only in one of the conditions (Figure 4E). The condition of g-Trps1 and g-Sox9+Trpsl elicited
downregulation of more genes, most of which were significant only in the respective conditions
(Figure 4G). On the other hand, the g-Sox9 injection area showed downregulation of fewer
genes, most of which were also downregulated in the g-Trps1 or g-Sox9+Trps1 injection region

(Figure 4G). We performed GO analysis for the significant DEGs and this revealed some

intriguing changes, some of which were in line with the observations from the Patch-seq data



(Figure 4F & H). We first focused on the comparison to the Patch-seq data (i.e. largely
occurring in astrocytes), to separate changes in the targeted astrocytes from non-cell-
autonomous changes and gain insights into the tissue wide non-cell-autonomous changes.
Patch-seq had shown downregulation of immune response in all three conditions, but the
stRNA-seq data indicated downregulation of immune response related pathways only in the g-
Sox9 and g-Trpsl injection regions (Figure 4H), and the same was upregulated in the g-
Sox9+Trpsl condition (Figure 4F). Similarly, the astrocytes analyzed by Patch-seq showed an
upregulation of synapse related pathways, but terms such as “synapse organization”, “learning
and memory” were actually downregulated in the g-Sox9 and g-Sox9+Trpsl1 injection region
(Figure 4H). This is particularly intriguing given the tendency to a reduced synapse number

observed by immunostainings.

Most interestingly, the stRNA-seq also revealed new GO terms like “oligodendrocyte
differentiation” (with genes such as Oligl, Enpp2, Tspan2, etc.) upregulated in the g-Sox9 and
g-Sox9+Trps] injection (Figure 4F). This suggests that astrocyte specific deletion of Sox9/
Trpsl affects oligodendrocyte differentiation in a crosstalk between glial cells governed by

these TFs in astrocytes.

Crosstalk of astrocytes after Sox9 and Trps1 deletion with other cell types after injury
To exploit the stRNA-seq further towards a better understanding how astrocyte-specific
manipulations affect other cell types, we used gene module scores as previously done in other
studies (Hasel et al., 2021; Sadick, O'Dea et al., 2022). Indeed, the spots in the UL and DL
showed a higher score for the corresponding modules of UL and DL neuronal markers (ED
Figure 6A).

We then computed the module score for genes known to be specifically upregulated in reactive
astrocytes (Figure SA) and as expected, this was significantly upregulated in all the injection
regions in comparison to their corresponding background tissue (Figure 5B, see Table 2 for
summary of injection specific changes). Among the injection regions, only the g-Sox9 scored
significantly less in this module than the g-Control injection (see Table 1 for summary of
changes unique to Sox9/ Trpsl deletion in comparison to control). However, the g-Trpsl
background tissue scored significantly less in this module when compared to the g-Control
background tissue, suggesting some more wide-spread effects in the sections. On the other

hand, the g-Sox9+Trpsl background tissue scored significantly higher. This conveyed a



possible broader tissue level inflammatory effect, more idiosyncratic to the simultaneous
deletion of Sox9 and Trpsl.

GFAP in astrocytes is a good measure of general tissue pathology (Escartin et al., 2021; Hol
and Pekny, 2015). We therefore examined the level of GFAP by fluorescence intensity
measurement after immunostainings. While there were no differences in the GFAP intensity
between cells from the g-Sox9 and g-Sox9+Trps1 condition, cells from the g-Trps1 condition
showed significantly higher levels of GFAP at 7dpi (ED Figure 6B). Given that the dynamics
of gene regulation could differ at the RNA and protein level, we performed the same analysis
at the later time point of 21dpi. At 21dpi, cells from the g-Sox9 and g-Trpsl, but not g-
Sox9+Trpsl showed significantly lower levels of GFAP (ED Figure 6C). Overall, these data
demonstrated reduced astrocyte reactivity upon Sox9 and/or Trps1 deletion and changes in the
immune response in the region after Sox9 and Trps1 deletion.

These changes are likely due to a crosstalk with other cell types. A multitude of invading
immune cells enter the brain as a result of compromised blood brain barrier (BBB), and
contribute to the immune response in injury and disease (Mira et al., 2021; Puntambekar et al.,
2018). The responses from the various cell types are orchestrated in a temporal manner and
would involve significant crosstalk between the cells in the environment (Frik et al., 2018), all
of which would be essential for eventual recovery and circuit restoration after injury. The
impaired immune response in case of g-Sox9 and g-Trps|1 injection regions and the exacerbated
nature of the same in g-Sox9+Trpsl injection region could thus arise from altered crosstalk
between Sox9, Trpsl deleted astrocytes and other cells contributing to immune response after
injury. To check this, we made use of the scCRNA-seq dataset generated by Koupourtidou,
Schwarz et al., 2023. While they characterized responses to stab wound injury (SWI) in the
cortical GM at 3- and 5-days post SWI (dpSWI), we made use of the 5dpSWI data as it is closer
to our time point of 7dpi. In addition to several clusters of neurons, astrocytes, microglia and
oligodendrocytes, several cell types like B cells, NKT (natural killer T cells)/ T cells, border-
associated macrophages (BAM), dendritic cells (DC), vascular endothelial cells (venous)
(VECYV), vascular smooth muscle cells (VSMCs), etc. were present in this dataset. Apart from
the scRNA-seq data, this study also identified the presence of an injury specific spatial cluster
in their stRNA-seq. We first computed module score for the top 50 genes of their injury specific
cluster to verify that their experimental paradigm was comparable to ours. Indeed, we noticed
that the expression of these injury specific genes were significantly higher in all the regions that
we defined as injection regions in comparison to the corresponding background regions (ED

Figure 6D and E).



To understand if the representation of the different cell types from 5dpSWI scRNA-seq data
were altered in the tissue regions after Sox9, Trpsl deletion, we computed module scores based
on the top DEGs for each of these annotated cell type clusters. While the module score for genes
known to be upregulated in reactive astrocytes was significantly higher in all the injection
regions (Figure 5A and B), the module scores for the various astrocyte clusters were largely
unaltered (ED Figure 6F-I). Only the g-Sox9 injection region showed a significant
downregulation in two of the astrocyte clusters (4 Astrocytes and 10 Astrocytes), while the g-
Trps1 injection region scored slightly higher in one of the astrocyte clusters (8 Astrocytes).
Module score for the various oligodendrocyte lineage clusters reiterated the effects observed
earlier in the GO term analysis, of increased oligodendrocyte differentiation (Figure 4F). Only
the g-Trpsl injection region showed a slightly elevated score for the OPCs module
(oligodendrocyte precursor cells, Figure 5D). Interestingly, both g-Sox9 and g-Sox9+Trpsl
scored significantly higher in the modules for committed oligodendrocyte progenitors (COPs,
Figure 5E), and mature oligodendrocytes (MOL, Figure 5F).

To understand the effects on microglia and other immune cell types, we computed module
scores for these as well. Similar to the reactive astrocyte module, all the injection regions
showed a significantly elevated microglia module score (for all three microglia substates) in
comparison to the corresponding background tissue region, indicating injury specific microglial
activation (Figure 5G-I, Table 2). Among the injection regions, g-Sox9 injection scored
significantly lesser than the g-Control injection in all the microglia cluster modules (Table 1),
while the g-Trps1 background tissue scored less than the g-Control background tissue in all.
Thus, we observed a generally reduced microglia reaction upon deletion of Sox9 or Trpsl in
astrocytes, which was not apparent in the double deletion condition. Notably, the reduced
immune response in astrocytes upon Sox9 or Trpsl deletion may thus also be due to reduced
microglial activation.

Similar to the reactive astrocyte module, the immune cell types such as B cells (Figure 5J),
monocytes and macrophages (Figure 5K, L), T cells (ED Figure 6J), BAM (ED Figure 6K),
and DC (ED Figure 6L) showed significant elevation in all the injection regions in comparison
to the corresponding background tissue, indicating this is an injury specific response (Table 2).
Interestingly, the g-Sox9+Trpsl injection and background region scored higher than the g-
Control injection and background tissue respectively in the B cells module, indicating broad
tissue level increase in B cell representation (Figure 5J, Table 1). While neither of the
monocytes (13 _Macrophages/Monocytes and 29 Monocytes) modules were altered

significantly in the g-Sox9+Trps1 injection in comparison to the g-Control injection region, the



g-Sox9+Trpsl background tissue scored significantly higher in both these modules in
comparison to the g-Control background tissue (Figure 5K, L). The background tissue is
especially relevant here, as the immune cells are migratory and may well spread beyond the
lesion area (see Data Table S6 for summary of changes in background tissue). In contrast, the
g-Trpsl injection and background tissue scored less than the g-Control tissue in all these
modules (Figure 5J-L). The module scores of NKT/ T cells (ED Figure 6J) was not significantly
altered between the injection regions, but the g-Trps1 background region scored significantly
less than the g-Control background region. Both the BAM and DC modules were significantly
reduced in the g-Sox9 injection region in comparison to the g-Control injection region (ED
Figure 6K, L), while only the DC module was reduced in the g-Trps1 injection region. Thus,
Sox9 and Trpsl mediate communication with immune cells after the injury caused by viral
vector injection which is mostly reduced upon deleting these TFs.

Taken together (see Table 1 & 2 or Data table S6 for summary), Trps1 deletion in astrocytes
resulted in a generally reduced immune cell activation or invasion (microglia, B cells,
macrophages, monocytes), while the background tissue showed a general increase in the
immune cell scores in the double deletion of Sox9 and Trpsl in astrocytes, lending further
support to a partially antagonistic function of Sox9 and Trps1 in astrocytes and the ensuing
signaling to immune cells. All of these data demonstrate clear tissue level changes in immune
cell responses, depending on the TF being manipulated. This reveals that manipulation of
astrocytes by deleting key TFs elicits a multitude of non-cell autonomous effects, affecting the
injury response by attenuating astrocyte, microglia and immune cell reactions in various

combinations, but promoting oligodendrocyte differentiation and thus most likely repair.

Table 1. Comparison of cell type specific module scores between gRNA injection regions

Module scores

g-Sox9 injection
vs g-Control

g-Trps] injection
vs g-Control

g-Sox9+Trpsl
injection vs g-

injection injection Control injection
Reactive astrocyte module . NS NS
(Figure 5A, B)
Injury specific gene
expression module -- NS NS
(ED Figure 6D, E)

0_Astrocytes (ED Figure 6F) NS NS NS
4 Astrocytes (ED Figure 6G) -- NS NS




8 Astrocytes (ED Figure 6H) NS + NS

10_Astrocytes (ED Figure 61) -——- NS NS
14_OPCs (Figure 5D) NS + NS
18 COPs (Figure 5E) + NS ++++
7 MOL (Figure 5F) +++ NS ++++

1 Microglia (Figure 5G) - NS NS

5 Microglia (Figure SH) -- NS NS

11 Microglia (Figure 5I) - NS NS

26 B cells (Figure 5J) NS NS ++++

13 Macrophages/

Monocytes (Figure 5K) NS - NS
29 Monocytes (Figure 5L) NS S NS
16 NKT/ T cells (ED Figure NS NS NS

63)
19 BAM (ED Figure 6K) - NS NS
27 DC (ED Figure 6L) --- -——- NS

Table 2 Comparison of cell type specific module scores between gRNA injection region and

corresponding background tissue (indicative of the presence of injury response)

g-Control | g-Sox9 g-Trpsl g-Sox9+Trpsl
Module scores injection vs | injection vs | injection vs | injection vs
background | background | background | background
Reactive astrocyte module S N R Ly
(Figure 5A, B)
Injury specific gene
expression module ++++ ++++ ++++ ++++
(ED Figure 6D, E)
0_Astrocytes (ED Figure 6F) --- NS NS NS
4 Astrocytes (ED Figure 6G) NS NS NS NS
8 Astrocytes (ED Figure 6H) NS NS NS NS
10_Astrocytes (ED Figure 61) NS NS TH==E NS
14_OPCs (Figure 5D) NS NS TH==E NS
18 COPs (Figure 5E) - NS NS NS
7 MOL (Figure 5F) --- NS = NS
1 Microglia (Figure 5G) ++++ ++++ ++++ ++++
5 Microglia (Figure SH) ++++ ++++ ++++ ++++




11 Microglia (Figure 5I) ++++ ++++ ++++ ++++

26 B cells (Figure 57) - ot e o
13_Macrophages/ Monocytes Sy . it nnn
(Figure 5K)

29 Monocytes (Figure 5L) ++++ ++++ ++++ ++++
16 NKT/T g;lls (ED Figure . gty St ninin
19 BAM (ED Figure 6K) - -+ e -
27 DC (ED Figure 6L) -+ e NS 4+

(“+” and “-” indicates higher or lower module score; Values of statistical significance are

denoted as: +p < 0.05, ++p= 0.005, +++p < 0.0005, ++++ p < 0.0001; -p < 0.05, - -p= 0.005, -
--p<0.0005, - - - -p <0.0001)

Discussion

Here we unraveled novel functions of the TFs Sox9 and Trpsl in astrocytes of the cerebral
cortex GM by astrocyte-specific deletion followed by single cell and tissue-wide transcriptome
analysis. This reveals a common role in regulating synapse function with only Trpsl loss
reducing synapse numbers and pathways incolved in oligodendrocyte differentiation. Notably,
both factors regulate immune cell reaction and invasion after a mild injury. Interestingly, we
find fewer genes regulated when both factors are deleted highlighting their function within the

same molecular pathway.
Sox9 and Trpsl are expressed heterogeneously in cortical GM astrocytes

Given that Trpsl was never characterized in astrocytes at the protein level, despite its
expression in several astrocyte datasets (Endo et al., 2022; Sirko et al., 2015; Weng et al., 2019;
Zhang et al., 2014), we first showed that about 40% of the S100pB+ astrocytes are Trpsl-
immunopostive and always also Sox9+ (Figure 1H). Thus, Trps1 levels sufficiently high to be
detected by immunostaining are in a subset of astrocytes, and we observed highest Trps1 levels
in the DL of the cortex (Figure 1C and G). Astrocyte diversity at the level of cortical layers has
already been characterized (Bayraktar et al., 2020; Lanjakornsiripan, Pior, Kawaguchi et al.,
2018) and is influenced by neurons when establishing the layers. While the cause and effect of
the layer specific expression of Trpsl is not known yet, it is intriguing to note that it is highest
in the layers with highest myelination in the cortex (refs). This is of interest, as Trps1 has been
reported as a possible transcriptional regulator of both astrocyte and oligodendrocyte fate in

development (Weng et al., 2019). In line with this, we observed that around 50% of the Olig2+



oligodendrocyte lineage cells were also immunopositive for Trpsl. In addition, we noted
Trpsl+ cells that are neither positive for S100B nor Olig2. While formally these could be
astrocytes that express neither S100f3 nor Sox9 or oligodendrocytes that do not express Olig2,
it is also possible they are a non-glial cell type as Trps1 has been observed, at least at the level

of RNA in some neuronal cell types (Bakken et al., 2021) or they may be non-neural cells.

In contrast to Trpsl protein, Sox9 immunostaining was widespread, in all astrocytes and
throughout the cortex, even though with varying levels throughout the cortical column (Figure
1C). Interestingly, the heterogeneity at the protein level may relate to heterogeneity as the
mRNA level (Bocchi et al., submitted) where we identified a cluster of cortex GM astrocytes
with low Sox9 and Trpsl expression (ED Figure 1D, E). It is interesting to note that GO term
analysis highlighted metabolic functions to be specific in these astrocytes, and we also detected

such a function after deleting Trps1 (see below).

Several studies in the recent past have highlighted the substantial heterogeneity of astrocytes in
their morphology and gene expression patterns between brain regions (Boisvert et al., 2018;
Endo et al.,, 2022) and even within the same brain region (Bayraktar et al., 2020;
Lanjakornsiripan, Pior, Kawaguchi et al., 2018; Ohlig, Clavreul et al., 2021). In addition to this
diversity in the intact brain, astrocyte response to injury (Koupourtidou, Schwarz et al., 2023),
inflammation (Hasel et al., 2021) or disease (Sadick, O'Dea et al., 2022) is also quite diverse.
In general, TFs unique to the variety of astrocyte subsets may play a key role in conferring
heterogeneity by dictating specific downstream cascades. Alternatively, the heterogeneity itself
may bestow pan-astrocyte TFs with region or subset specific functions due to differences in
availability of co-factors, chromatin remodelers, etc., which might further reinforce the
existence of distinct astrocytes subsets. Thus, it is exciting that variations in the expression
levels of key TFs like Sox9 and Trpsl can be seen at single cell protein and RNA levels. The
levels of TFs may regulate the extent of downstream cascade expression, this may be important
in fine-tuning astrocyte functions or even identity, as has been observed in other cell types

previously (Palii et al., 2019).

Sox9, Trps1 deletion sheds light on their functions in cortical GM astrocytes

We were able to demonstrate that Mokola pseudotyping is an efficient way to achieve astrocyte
specific targeting, as most infected cells are immunopositive for S1008, GFAP and even Sox9

(in case of g-Control injection) at 7 and 21dpi (Figure 2B and D, ED Figure 2E). CRISPR/ Cas9



mediated deletion of these TFs was efficient and rather quick, we could see a considerable

reduction in the number of cells expressing Sox9 or Trps1 already at 7dpi (Figure 2D and E).

Patch-seq based scRNA-seq revealed more genes to be upregulated after Sox9 deletion while
Trps1 deletion resulted in a comparable number of up and downregulated genes, which fits with
the versatile role of Trpsl as a transcriptional repressor (Fantauzzo et al., 2012; Malik, 2001)
and activator (Fantauzzo and Christiano, 2012; Witwicki, Ekram et al., 2018; Wuelling et al.,
2020). Interestingly, simultaneous deletion of Sox9 and Trps1 resulted in fewer DEGs, with the
least number of upregulated genes, hinting at a possible requirement of Sox9 to activate the
targets de-repressed by Trpsl. In the hair follicle epithelium, Trpsl has been shown to
negatively regulate Sox9 expression (Fantauzzo et al., 2012) while in chondrocytes, Sox9 has
been shown to induce Trps1 expression (Tan, Niu et al., 2018), highlighting that these TFs may
be involved in related transcriptional cascades in several lineages. Indeed, here we show that
deletion of Sox9 and Trps1 show interacting effects and partial overlapping functions with the
GO terms detected in Sox9 and Trpsl low astrocytes. GO analysis of Sox9/ Trpsl deleted
astrocytes show that both Sox9 and Trps1 deletion seems to affect several astrocyte functions
like synapse organization and immune response. Both Sox9 and Trpsl loss triggered
upregulation of genes related to gliogenesis (like Fgfr3, Hes5, Zfp365 or Hes 1, Zfp365), which
possibly indicate that the glial identity is reinforced by upregulation of alternate glial specific

genes, thus maintaining astrocyte identity even in the absence of Sox9 or Trpsl.

Astrocyte specific Sox9, Trpsl1 loss triggers non-astrocyte specific tissue level changes

While the Patch-seq based scRNA-seq revealed upregulation of synapse related pathways both
in the g-Sox9 (Data Table S2) and g-Trps1 (Figure 3F) condition, the number of synaptic puncta
in close proximity to Trps1 deleted astrocytes condition was significantly reduced (Figure 3H).
It could be hypothesized that Trps1 deleted astrocytes upregulate synapse related pathways to
compensate for the fewer synapses in the surroundings. This implicates the role of pan-astrocyte
TFs in intrinsic astrocyte functions such as synapse maintenance and highlights broad tissue
level changes upon astrocyte manipulation. While synaptophysin is a generic pre-synaptic
marker, Homer1 specifically labels excitatory post-synapses. It is possible that Sox9, Trps1 loss
has a specific or more pronounced effect on inhibitory post-synapses. Sox9 (in the olfactory
bulb) and Nfia (in the cortex) have been shown to regulate astrocyte response to inhibitory
neurons during development (Cheng et al., 2023). Thus, it would be interesting to see if Sox9

loss in the adult cortical astrocytes has a selective effect on inhibitory synapses and characterize



the effect of Sox9 and Trpsl in synapse maintenance by electrophysiological characterization

of the surrounding neurons.

Sox9, Trps1 loss in astrocytes creates an imbalance in glial and immune cell response

Our stRNA-seq after Sox9, Trps1 deletion revealed novel and widespread tissue level changes
upon astrocyte manipulation. Among the injury responsive spatial clusters, cluster 0 was
characterized by expression of known reactive glial genes like Gfap, Serpina3n, Vim; while
cluster 4 was characterized by expression of genes like Igtp, Cxcll0 involved in interferon
response (Figure 4D). Similar to the prediction of patch-seq based scRNA-seq, stRNA-seq
indicated dampened immune responses in the tissue where Sox9 or Trpsl was deleted. In
contrast, simultaneous deletion of Sox9 and Trpsl showed an exacerbated immune activation
at the level of whole tissue. It is possible that in the case of g-Sox9+Trpsl, the inability of
astrocytes to coordinate the immune response either results in, or is compensated by activation
of other cells like microglia, invading monocytes which results in a broader tissue level

exacerbated immune response in that region.

Indeed this was the case, comparison of our stRNA-seq data after astrocyte specific Sox9,
Trpsldeletion with the scRNA-seq data of cells from cortical GM after a SWI (Koupourtidou,
Schwarz et al., 2023) revealed an increase in the representation of B cells, monocytes and DC
in the tissue after simultaneous Sox9, Trpsl deletion. On the other hand, the tissue with only
Sox9 or Trpsl deletion (i.e., in g-Sox9 or g-Trpsl condition) had significantly lesser

representation of microglia or monocytes or T cells or DC (see Table 1.1 and 1.2 for summary).

Most intriguingly, astrocyte specific Sox9 or Sox9+Trps1 deletion elicited a prominent increase
in representation of oligodendrocytes (18 COPs and 7 MOL), upregulation of GO terms
“oligodendrocyte differentiation”. In the zebrafish brain, increased OPC proliferation and
accumulation at the site of injury was shown to be influenced by immune response (T1r2, Cxcr3)
pathways (Sanchez-Gonzalez et al., 2022). Reactive astrocytes may also influence the rate of
oligodendrocyte differentiation via endothelin-1/ Ednrb signaling (Hammond, McEllin et al.,
2015). While we observe an increase in the representation of oligodendrocytes, we do not know
whether this is mediated directly by astrocytes lacking Sox9 or if it is a protracted side effect
of the alterations in the immune response in the region. Future experiments with BrdU/ EdU

based lineage tracing to see if there is an increase in OPC proliferation following Sox9 or



Sox9+Trpsl deletion would give us more definitive answers about the changes in glial cell

dynamics when astrocyte specific TFs are deleted.

In conclusion, we observe remarkable heterogeneity in the expression levels of pan-astrocyte
TF Sox9 and pan-glial TF Trps] at both single cell protein and RNA level within the cortical
GM. The role of Sox9 by deletion has already been explored in the adult brain (Ung, Huang et
al., 2021) and postnatal development (Cheng et al., 2023), however these studies noticed no
prominent effects in cortical astrocytes, but rather had a significant impact in the astrocytes of
the olfactory bulb. Nonetheless, these previous studies did not carry out a systematic analysis
of the transcriptomic changes after Sox9 deletion. Conversely, we studied the transcriptomic
changes resulting from Sox9, Trpsl loss at both the single cell and tissue level, which helped
us unravel the previously unidentified roles of these TFs in the cortical GM astrocytes. It is to
be noted that our experimental paradigm for Sox9 (and Trps1) deletion is significantly different
from the Cre mediated deletion performed by Ung, Huang et al., 2021. Our experiment involves
injection of Mok-LV encoding gRNAs against the TF of interest for eventual deletion by
CRISPR strategy. This may be disadvantageous on certain accounts: only a limited number of
cells are targeted and there may be a relative unpredictability in the nature of indels in each
targeted cell. However, in our case, the TF deletion is accompanied by a “mild injury” like
condition. It is possible that this challenges the astrocytes and the effect of TF loss is more
prominent and sheds light on astrocytic functions that are compromised in the absence of key
TFs like Sox9 and Trpsl. Even previously, Rbpj-k knockdown in cortical astrocytes had an
observable effect only when combined with a SWI (Zamboni et al., 2020), and cortical
astrocytes may in general be more resistant to gene perturbations (at least in the context of genes

like Rbpj-k, Sox9 and Nfia that have been studied so far).

Thus, our study provides an overview of the roles of Sox9 and Trpsl in the cortical GM
astrocytes, the deletion of which affects several astrocyte functions like synapse maintenance
and response to injury, with a pronounced effect on oligodendrocyte differentiation and other

immune cells in the tissue microenvironment.
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Figure Legends

Figure 1. Characterization of Sox9 and Trps1 expression in the cortical GM

A. Overview of Sox9, Trpsl and S100p expression in the cortex shown by immunostaining
(scale 50um).

B. Zoomed image of area highlighted in yellow box of the overview image, yellow arrowheads
point to cells positive for Sox9, Trps1 and S100p while the white arrowheads point to cells
positive for Trpsl alone.

C. The cortical column is divided into 5 bins, the variation in Sox9 and Trpsl expression
(measured by fluorescence intensity) along the bins is shown in a color-coded dotplot.
D-G. Boxplots showing bin-wise percentage of S100b+ astrocytes expressing (F) Sox9 and (G)
Trpsl (n = 4). Quantification for the normalized (H) Sox9 and (I) Trps1 intensity across bins

(n=4).

H. Percentage of Sox9, Trps1 or S100p positive cells normalized to the total number of S100B+

cells in the cortical GM (n= 4, data labels indicate %Mean+ SEM cells throughout the length

of the cortical GM, irrespective of bins or layers

Data in D-G shown as box plots, showing median, minimum and maximum values. Statistics
for comparison of normalized Trps1 intensity across the bins was done with Friedman test and
Dunn’s multiple comparison test, *p < 0.05. Bar plots depict Mean = SEM, n = 4 for g-Control,
g-Sox9 and g-Sox9+Trpsl, n = 3 for g-Trpsl; statistics for comparison was performed with

One-way Anova and Dunnett’s multiple comparison test: *p < 0.05, **p<0.01, ***p <0.001.

Figure 2. CRISPR mediated deletion of Sox9 and Trps1 in adult cortical astrocytes

A. Scheme for mokola pseudotyped lentivirus (Mok-LV) constructs expressing control gRNA
(g-Control) or gRNAs against Sox9 and Trpsl which are injected into the adult cortex,
analysis is performed at 7 or 21dpi.

B. Overview images of g-Control injection in the cortex and expression of astrocyte specific
markers S100p, GFAP at 7 and 21dpi shown by immunostaining (scale = 50um).

C. Barplots showing the quantification for the percentage of g-Control infected cells
expressing S100B, GFAP at 7 and 21dpi.

D-E. Images showing gRNA infected cells expressing (D) Sox9 or (E) Trps1 at 7dpi (yellow

arrowheads point to gRNA infected cells positive for Sox9/ Trps1, while the white arrowheads



point to cells negative for Sox9/ Trpsl, scale = 20um). Barplots showing quantification for the
percentage of gRNA infected cells expressing (D’) Sox9 and (E’) Trps1 at 7dpi respectively.
F-G. Barplots showing the quantification for the percentage of gRNA infected cells expressing
(F) S100B and (G) GFAP at 7dpi in all conditions.

Figure 3. Patch-seq based single-cell sequencing of Sox9 and Trps1 deleted astrocytes

A. Scheme for patch-seq of gRNA infected astrocytes from adult cortex.

B. UMAP plots depicting clusters and distribution of experimental conditions across the
various clusters.

C. Stacked barplots showing number of significantly up and downregulated genes (pval < 0.05)
in g-Sox9, g-Trpsl, and g-Sox9+Trpsl condition in comparison to g-Control.

D-G. Barplots depicting top 5 up- and down-regulated pathways enriched in (D) g-Control

astrocytes compared to intact astrocytes collected and processed by the same method; in

astrocytes after (E) Sox9 deletion, (F) Trpsl deletion, (G) Sox9+Trps1 deletion in comparison

to g-Control (the number of genes enriched in each pathway is shown as ‘Count’, enrichGO

was performed on genes enriched in each condition with pval < 0.05, and further simplified

with Rrvgo package. See Data table S2 for more details)

H. Representative images showing synaptic puncta (in green, post-synaptic puncta co-
localizing with pre-synaptic puncta) in close proximity to gRNA (red) infected astrocytes,
across all conditions and quantification of the same shown in violin plots for several ROIs (each
containing 1-3 infected astrocytes) and in barplots for the average of all cells from each
biological replicate. Statistics for comparison performed with Kruskal-wallis test with Dunn’s

test for multiple comparison, p-values mentioned above lines denoting groups in comparison.

Figure 4. Tissue level effects of Sox9 and Trpsl loss in cortical astrocytes explored by

Spatial transcriptomics

A. Scheme for Spatial transcriptomics (10x Visium, stRNA-seq) in the cortex of adult animals
injected with Mok-LV expressing gRNA (Brains from animals injected with either g-
Control, g-Sox9, g-Trpsl or g-Sox9+Trpsl were manually resected and two consecutive

sections with infected cells were placed in one capture area each of a 10x Visium slide).



B. Spatial location of the gRNA injection region (defined based on the fluorescence signal in
the images taken before tissue processing steps) is highlighted for each condition, and the
remaining tissue is considered as background tissue for each condition.

C. Spatial distribution of clusters for spots specific to cortical GM across all conditions.

D. Dotplot showing expression of top 5 genes for each of the spatial clusters.

E-H. Pie charts depicting overlap of (E) up- and (G) down-regulated genes in the injection

regions after Sox9/ Trpsl1 deletion in comparison to Control injection.

Barplots depicting top 5 (F) upregulated and (H) downregulated pathways enriched in the

injection regions after Sox9/ Trpsl1 deletion in comparison to Control injection (the number of

genes enriched in each pathway is shown as ‘Count’, enrichGO was performed on genes
enriched in each condition with pval <0.05 and further simplified with Rrvgo package, see Data
table S5 for more details).

Figure 5. Altered immune response after Sox9, Trps1 deletion
A-B. The extent of ‘Reactive astrocyte module’ gene expression in different conditions shown
in (A) SpatialFeatureplots and (B) Violin plots (stratified based on region of gRNA injection

and corresponding background tissue) respectively.

C. Umap plot depicting distribution of cells collected Sdays post stab wound injury (dpSWI) in
the cortex GM, clusters are color coded according to the cell type annotation (Koupourtidou,

Schwarz, et. al. 2023)

D-L. Violin plots (stratified based on region of gRNA injection and corresponding background
tissue) depicting module scores for various cell types like (D) 14 _OPCs, (E) 18 COPs, (F)
7 MOLs, (G) 1 Microglia, (H) 5 Microglia, (I) 11 Microglia, (J) 26 B cells, (K)
13 Macrophages/ Monocytes, (L) 29 Monocytes contributing to injury response. Module
scores computed based on the top 25 DEG for each of the annotated cell type clusters present

in the SdpSWI scRNA-seq of Koupourtidou, Schwarz, et. al.

Statistics for comparing module scores B, D-L. done using Kruskal-wallis test and Dunn’s
multiple comparison. Significance for comparisons of the injection regions with the
corresponding background tissue depicted with lines and * above; significance for comparisons
of experimental injection regions with the control-injection or experimental background tissue
with Control-background tissue depicted with * above the respective violins; *p < 0.05, **p<

0.005, ***p < 0.0005, **** p < 0.0001.



Refer to Data table S6 for the list of genes used for module score calculation and a summary
of the changes in different conditions; Abbreviations: dpSWI = days post stab wound injury,
OPCs = oligodendrocyte progenitor cells, COPs = committed oligodendrocyte progenitors,
MOL = mature oligodendrocytes

Extended data figures
Extended data Figure 1 (for Figure 1).

A-B. Percentage of Sox9, Trps1 or S100p positive cells normalized to the total number of (A)
Sox9+ cells, or (B) Trps1+ cells in the cortical GM (n= 4, data labels indicate %Mean+ SEM
cells throughout the length of the cortical GM, irrespective of bins or layers).

C. Barplot indicating the percentage of Olig2+ cells expressing S100f or Trps1 in the cortex
GM (n=3, as Mean +SEM)

D. UMAP plots depicting sub-clusters of cortical GM astrocytes, astrocyte score.

E. UMAP plots depicting heterogeneity in expression of Sox9 and Trps/ RNA across the

clusters.

F. UMAP plots depicting expression of markers for other cell types such as Olig2, Sox10
(oligodendroglial lineage) and Tmemel 19, Aifl (microglia) in the cortical GM astrocytes.

G. Dotplot depicting expression of known astrocyte genes and top ten genes specific to each of

the cortical GM astrocyte subclusters.

H. Barplots depicting top 5 pathways enriched in the different clusters of cortical GM astrocytes
(the number of genes enriched in each pathway is shown as ‘Count’, enrichGO was performed

on genes enriched in each cluster with padj < 0.05, see Data table S1).

Extended data Figure 2 (for Figure 2).
A. Overview images of g-Sox9, g-Trpsl and g-Sox9+Trpsl injection in the cortex and
expression of astrocyte specific markers S100p3, GFAP at 7dpi shown by immunostaining

(scale = 50um).



B. Overview images of g-Sox9, g-Trpsl and g-Sox9+Trpsl injection in the cortex and
expression of astrocyte specific markers S1008, GFAP at 21dpi shown by immunostaining
(scale = 50um), and the corresponding quantifications as barplots

C-F. Images showing gRNA infected cells expressing (C) Sox9 or (D) Trps1 at 21dpi (yellow

arrowheads point to gRNA infected cells positive for Sox9/ Trps1, while the white arrowheads

point to cells negative for Sox9/ Trps1, scale = 20um). Barplots showing quantification for the
percentage of gRNA infected cells expressing (E) Sox9 and (F) Trpsl1 at 7dpi respectively.

Extended data Figure 3 (for Figure 3).

A. Violin plot showing number of counts and genes detected per cell.

B. UMAP plots showing distribution of cells by experimental batch and time point of analysis.
C. Dotplot showing expression of top five genes specific to each condition.

D-F. Venn diagram showing overlap of (D) up- and (E) down-regulated genes after Sox9,
Trpsl, or Sox9+Trpsl deletion, (F) overlap in the genes predicted to be targets of Sox9 and
Trpsl, based on ChIP data for Sox9 from Ohba, He et al., 2015, for Trpsl from Witwicki,
Ekram et al., 2018.

G. Stacked barplots showing number of genes that are predicted Sox9, Trps1 or common targets
among the significantly up and downregulated genes (pval < 0.05) in g-Sox9, g-Trpsl, and g-

Sox9+Trps1 condition in comparison to g-Control.

Extended data Figure 4 (for Figure 3)

A-B. Venn diagrams showing overlap in the significantly (pval < 0.05) up and downregulated

genes at (A) 7 and (B) 21dpi after Sox9, Trpsl or Sox9+Trps1 deletion.

C-E. Barplots depicting top 5 up- and down-regulated pathways enriched at 7 and 21dpi after
(C) Sox9 or (D) Trpsl or (E) Sox9+Trpsl deletion (the number of genes enriched in each
pathway is shown as ‘Count’, enrichGO was performed on genes enriched in each condition

with pval <0.05, and further simplified with Rrvgo package, see Data table S3 for more details).

Extended data Figure S (for Figure 4)



A. Violin plots showing the number of genes, number of counts, percentage mitochondrial
and hemoglobin reads for all the spots in the stRNA-seq, across the four conditions.

B. SpatialFeaturePlot showing the number of genes detected in individual spots, across the
four conditions.

C. Distribution of tissue regions specific to gRNA injection and the corresponding background
tissue from each condition, across the spatial clusters (for spots specific to cortical GM).

D. Venndiagram showing overlap in genes enriched in injury specific spatial clusters.

E. Barplots depicting top upregulated pathways enriched in spatial clusters specific to injection
region or Sox9/ Trps1 deletion.

F. Dotplot showing expression of known/ predicted UL, DL neuronal and astrocyte markers
across the spatial clusters (clusters ordered based on their anatomical location as follows:
injury specific (4, 0, 8), medial (6), upper layer (2/ 10, 3), lower layers (1, 5, 9, 7).

G. Venndiagram showing overlap of DEG specific to spatial cluster 2 and 10 (in comparison
to clusters 0, 1, 3-9).

H. Barplot depicting top upregulated pathways enriched in spatial cluster 10 (which is unique
to the background tissue of Sox9+Trps1 condition and anatomically similar to spatial cluster

2).

E & H: the number of genes enriched in each pathway is shown as ‘Count’, enrichGO was
performed on genes enriched in each spatial cluster with pval <0.01 and simplified futher with

Rrvgo package, see Data table S4 for more details.

Extended data Figure 6 for Figure 5

A. SpatialFeature plots showing the expression pattern of UL and DL Neuron module, for
validation of the use of ‘Module score’.
B-C. GFAP expression by fluorescence intensity measurement in control or Sox9/ Trpsl
deleted sections immunostained for Gfap and Tdtomato (gRNA), shown in a violin plot for
individual cells or in a bar plot for showing the average intensity of all cells per mice at (B)
7dpi and (C) 21dpi. Intensity values are normalized to the area of the individual cells and
expressed as a fold-change in comparison to the control condition. Statistics for comparison at
the individual cell level is done with Kruskal-wallis test with Dunn’s test for multiple
comparison, for averaged data at the level of mice is not significant; *p <0.05, **p< 0.01, ***p

<0.001.



D-E. SpatialFeatureplot (D) and the corresponding violin plot (E) showing the expression of
genes expressed in the injury specific spatial cluster (based on Koupourtidou, Schwarz et al.,

2023)

F-L. Violin plots (stratified based on region of gRNA injection and corresponding background
tissue) depicting module scores for various cell types like (F) 0_Astrocytes, (G) 4 Astrocytes,
(H) 8 Astrocytes, (I) 10 Astrocytes, (J) 16 NKT/ Tcells, (K) 19 BAM, (L) 27 DC that

contribute to injury response.

Module scores computed based on the top 25 DEG for each of the annotated cell type clusters
present in the 5dpSWI scRNA-seq of Koupourtidou, Schwarz, et. al. See Data table S6 for the

list of genes and summary.

E-L: Statistics for module scores comparison done using Kruskal-wallis test and Dunn’s
multiple comparison. Significance for comparisons of the injection regions with the
corresponding background tissue depicted with lines and * above; significance for comparisons
of experimental injection regions with the control-injection or experimental background tissue
with Control-background tissue depicted with * above the respective violins; *p < 0.05, **p<
0.005, ***p <0.0005, **** p < 0.0001.

(Abbreviations: dpSWI = days post stab wound injury, NKT = natural killer T cells, BAM =

border-associated macrophages, DC = dendritic cells).



Materials and Methods

Animals

For immunostainings to characterize the expression of Sox9 and Trpsl in the adult cortical GM,
2-5 month old C57BL/6J mice (Charles River Laboratories; Sulzfeld, Germany) were used.
R26-Cas9-Fezh mice (Platt et al., 2014, Jackson Laboratories; Gt(ROSA)26Sortm1.1(CAG-
cas9* -EGFP)Fezh/J, JAX stock #024858 ) expressing Cas9-GFP in all cells constitutively were
used for Sox9, Trpsl deletion experiments. Animals were bred as homozygotes and housed
under specified pathogen-free conditions and a 12:12h light/dark cycle, with 2—3 adult animals
per filter top cages. All experimental procedures were performed in accordance with animal

welfare policies and approved by the Government of Upper Bavaria (Germany).

gRNA cloning and viral vector preparation

For cloning multiple gRNAs targeting the TFs, we used the STAgR approach (Breunig et al.,
2018). In brief, the gRNA-insert and gRNA-vector fragments were generated by PCR with
gRNA-scaffold-Fwd and gRNA(rev)-hU6-Rev primers (see Resources Table) as described in
(Breunig et al., 2018). The PCR amplified gRNA-insert and gRNA-vector fragments were
purified using AMPure XP Beads and assembled into a 2X-STAgR or 4X-STAgR construct
by use of Gibson assembly (Gibson, 2011). The assembled fragments were transformed into
chemically competent TOP10 E. coli bacteria and gRNA positive clones were selected by
colony PCR and the isolated plasmids were further verified by Sanger sequencing using
StAgR seq fwd2 and StAgR seq rev primers. The gRNA sequences were further sub-cloned
into a lentiviral construct as following: gRNA containing sequences were cut out from the
STAgR plasmids by Kpnl or Afel+BsrBI digestion and ligated into a similarly generated
lentiviral sticky or blunt end fragment (LTR-CMV-TdTomato-WPRE-LTR) using T4 DNA
ligase (incubated at 16°C overnight) and transformed into chemically competent TOP10 E. coli
bacteria. gRNA positive clones were selected by colony PCR and further verified by Sanger
sequencing using either of the following primers: lentiSeq fwd, StAgR seq fwd2,
seqWPRE Fwd, STAGRseq pLKOI rev. The final assembled lentiviral constructs are as
depicted in Figure 2A.

The lentiviral production was carried out as described in Heinrich et al., 2014, with few
improvements. The gRNA lentiviral plasmids were transfected into HEK293T cells along with
the pMokola-G plasmid (for pseudotyping) and pCMVdRS8.91 packaging plasmid. The viral



particles were harvested from the medium 4 days after. The media was collected in 50ml tubes,
spun down at 3500rpm for 5Smin, and filtered with a 0.45um filter into a conical-bottom
ultracentrifuge tube containing Optiprep. After ultracentrifugation at 24000rpm for 2 h, most
of the supernatant was removed without disturbing the Optiprep interface and re-suspended
thoroughly in cold TBS-5 buffer (ensuring complete mixing with OptiPrep now) and subject to
a second round of ultracentrifugation at 24000 rpm for 2 h. After discarding the supernatant,
the viral pellet was re-suspended in an appropriate volume of TBS-5 buffer and stored at -80°C
until further use. The titer of the Mok-LVs was determined by infecting primary astrocyte
cultures with serial dilutions of the concentrated viral stock, the titer was calculated based on
the number of cells expressing TdTomato 3d after transduction, expressed as titer units per

milliliter (TU/ml).

The gRNA sequences and primer sequences are:

gRNA sequences
g-Control (non-targeting sequence) | GCTGCATGGGGCGCGAATCA
g-Sox9 exonl GTACCCGCATCTGCACAACG
g-Sox9 exon2 GCTGGTACTTGTAATCGGGG
g-Trpsl_exonl TAGGACTGCATAATCGCACC
g-Trpsl exon3 AGAGGGGCAGACATCCTACG

Primers for gRNA cloning
g-Sox9 exonl_Scaffold- GTACCCGCATCTGCACAACGGTTTTAGAGCTAGAAA
fwd TAGCAAGTT
g-Sox9 exonl hU6 Rev CGTTGTGCAGATGCGGGTACCGGTGTTTCGTCCTTT
g-Sox9_exon2_Scaffold- GCTGGTACTTGTAATCGGGGGTTTTAGAGCTAGAAA
fwd TAGCAAGTT
g-Sox9 exon2 hU6 Rev CCCCGATTACAAGTACCAGCCGGTGTTTCGTCCTTT

g- TAGGACTGCATAATCGCACCGTTTTAGAGCTAGAAA
Trpsl _exonl Scaffold fw | TAGCAAGTT
d

g-Trpsl_exonl_hU6 Rev | GGTGCGATTATGCAGTCCTACGGTGTTTCGTCCTTT




g_
Trpsl _exon3 Scaffold fw
d

AGAGGGGCAGACATCCTACGGTTTTAGAGCTAGAA
ATAGCAAGTT

g-Trpsl _exon3 hU6 Rev

CGTAGGATGTCTGCCCCTCTCGGTGTTTCGTCCTTT

g-Control_Scaffold-fwd

GCTGCATGGGGCGCGAATCAGTTTTAGAGCTAGAAA
TAGCAAGTT

g-Control hU6 Rev

TGATTCGCGCCCCATGCAGCCGGTGTTTCGTCCTTT

Primers for Sanger sequencing

StAgR seq fwd2 ACTGGATCCGGTACCAAGG
StAgR seq rev TTACGGTTCCTGGCCTTTTG
STAGRseq pLKOI rev ACCAATGACTTACAAGGCAGC
seqWPRE Fwd TCCTTCTGCTACGTCCCTTC
lentiSeq fwd ATCGTTTCAGACCCACCTCC

Viral injection in R26-Cas9-Fezh mice

Adult (2- 4months old) animals homozygous for Cas9 were used for lentiviral injection to
achieve CRISPR mediated deletion of astrocyte TFs. Briefly, animals were anesthetized and
injected with the Mok-LV virus at a titer of 1-5 x 10® TU/ml in one hemisphere, Bregma: RC:
-0.4 to -1.4 mm; ML: -1.0 mm; DV: -0.65mm. The animals were killed 7 or 21 days after the
Mok-LV injection by transcardial perfusion with phosphate-buffered saline (PBS), followed by
4% paraformaldehyde (PFA) in PBS. The brains from these animals were removed and post-
fixed for 24 h in 4% PFA, following which the 40pum thick sections were cut at the vibratome
and the brain slices were stored in PBS with azide at 4°C until further analysis by
immunostainings. The animals used for Sox9, Trps1 characterization by immunostainings were

perfused and processed in a similar manner, but without any viral injections.

Immunohistochemistry

For immunohistology, sections stored in PBS with azide were washed with PBS three times,
for 10 minutes each and pre-incubated for 90 minutes in blocking solution (3% bovine serum
albumin, 0.5% Triton X-100 in PBS). The primary antibodies were diluted in the blocking

solution (as mentioned in the Resources Table); the and the sections were incubated with the



appropriate combination for 48 hours at 4°C. Then, the slices with PBS three times, 10 minutes.
Following this, the slices were incubated for 2 hours with the appropriate species- or subclass-
specific secondary antibodies and 4’°, 6-diamidino-2-phenylindole (DAPI, to label the nuclei)
diluted in the blocking solution (as mentioned in the Resources Table). After washing the slices
in PBS again, they were mounted with Aqua Poly/Mount (Polysciences, Warrington, PA). For
Trpsl, synaptophysin and Homerl immunostainings, antigen retrieval steps with 0.01 M
Sodium citrate (pH 6) at 90°C for 20 min was performed before incubation with the
corresponding primary antibodies. The following primary and secondary antibodies were used

at the mentioned dilutions:

Primary antibody Dilution Company/ Catalogue number
Rabbit anti-Sox9 1: 1500 Merck/ Millipore (AB5535)
Rabbit anti-Trps1 1: 300 Abcam (ab209664)
Mouse IgG1 anti-S100p 1: 300 Sigma (S2532)
Goat anti-Sox9 1:500 AF3075-SP
Mouse IgG1 anti-Gfap 1:300 Sigma (G3893)
Mouse IgG1 anti-Synaptophysin 1: 500 Synaptic Systems (SYSY101011)
Rabbit anti-Homer1 1: 500 Synaptic systems (SYSY 160 003)
Goat anti-mcherry 1: 1000 Acris/ Origene (AB0081-200)
Rabbit anti-RFP 1: 1000 Rockland (600-401-379)
Mouse IgG2a anti-Olig2 1: 250 Merck/ Millipore (MABNS50)
Secondary antibody Dilution Company/ Catalogue number
Donkey anti mouse IgG A488 1: 250 Life Technologies (A21202)
Donkey anti-goat A594 1:1000 Life Technologies (A-11058)
Donkey anti-rabbit Cy3 1: 1000 Dianova, 711-165-152
Donkey anti-Rabbit IgG Alexa Fluor | 1: 1000 Jackson (Biozol) JIM-711-165-152
647
Goat Anti-Mouse IgG1 Alexa Fluor | 1: 1000 Life Technologies (A21121)
488
Goat anti-Mouse IgG2a Antibody, | 1: 1000 Invitrogen A21241
Alexa Fluor 647
DAPI (nuclear staining) 1: 1000 Sigma, D9564

(0.1 pg/ml)




Quantification and statistical analysis for Inmunohistochemistry

Images were obtained using Confocal laser scanning (Zeiss LSM710) microscope and analyzed

using ImagelJ or Imaris (for synapse analysis).

Images for Sox9 and Trpsl characterization in adult cortex were taken as a tiled image at a
magnification of 25X to cover the entire cortical column in the somatosensory cortex area, with
12-20 um thick z stacks. The proportion of Sox9 or Trpsl positive (or double positive cells)
was obtained by counting all the S100B+ astrocytes or Olig2+ oligodendroglial lineage cells.
To understand the layer wise distribution, the cortical GM was divided into five equal bins,
with bins 1, 2 corresponding to the upper cortical layers and bin 3 in the middle and bins 4 and
5 corresponding to the deeper cortical layers. The intensity of Sox9 and Trpsl was calculated
for all the cells in the cortical column, based on ROIs drawn for DAPI signal. A cell was
considered positive for Sox9 or Trpsl if the normalized corrected total cell fluorescence was

more than 0.3 or 0.15 respectively.

Images for validation of Sox9, Trpsl deletion after Mok-LV injection were taken as tiled
images at a magnification of 25X to cover the entire region of injection along the cortical
column, with 12-20 um thick z stacks. The proportion of infected cells (TdTmato+) cells
expressing Sox9, Trpsl, S100B or Gfap was expressed as a percentage of gRNA-Tdtomto+

cells.

Images for synapse analysis were taken at a magnification of 40X (+2.5x zoom) with 4.5-7um
thick z stacks. Each image contained on to three infected astrocytes, and at least five ROIs were
imaged for each animal. The images were deconvolved and the astrocyte surface was
reconstructed on Imaris. Following this, the number of pre- and post-synaptic puncta in the
regions surrounding the astrocyte (within a distance of 0-0.5um, 0.5-1.5 pm from the astrocyte
surface) were calculated with the “Spots” option on Imaris. All post-synaptic puncta closest to

a pre-synaptic puncta (within a distance of 0.2um) were considered as a “synapse”.

All statistical tests were performed with GraphPad Prism 9.5. Parametric One-way Anova with
Tukey’s test for comparison was performed if all the conditions in a comparison passed
Shapiro-Wilk test for normality. Otherwise Kruskal-wallis test with Dunn’s test for multiple
comparison was performed. The exact test used for each graph is also mentioned in the

corresponding figure legends, all barplots are represented as Mean + SEM.

Patch-seq based scRNA-seq



Smart-seq2 based Patch-seq of astrocytes was performed using a protocol similar to the one
established for neurons (Cadwell et al., 2017, 2016). Animals injected with g-Control, g-Sox9,
g-Trpsl or g-Sox9+Trps1 Mok-LVs were killed at 7 or 21dpi and acute cortical slices of 300pm
thickness were cut on a Vibratome. The brain slices were incubated in oxygenated ACSF for
30min at 37+0.5 °C and subsequently, infected astrocytes (identified based on signal for
TdTmato in the Mok-LV construct) were collected using a patch-clamp pipette, in individual
tubes containing the lysis buffer (Cadwell et al., 2017). Subsequent reverse-transcription and
cDNA amplification steps were carried out using Superscript II Reverse Transcriptase
(SSIIRT; Thermo Fisher Scientific, cat. no. 18064014) and KAPA Biosystems HiFi HotStart
Ready Mix (Thermo Fisher Scientific, cat. no. NC0295239) respectively. The generated cDNA
wass purified with Axygen AxyPrep mag PCR clean-up kit (Thermo Fisher Scientific, cat. no.
14223151) using a ratio of 0.6:1 (vol beads: vol PCR reaction) and the purified cDNA was
checked by running 1l of the sample on an Agilent Bioanalyzer or Qubit, as per manufacturer’s
instructions. Samples with good quality cDNA were sent to Laboratory for Functional Genome
Analysis (LAFUGA), Gene center Munich, where further downstream steps such as
Tagmentation reaction and sequencing were carried out as mentioned in the protocol by
(Cadwell et al., 2017). After sequencing, raw reads were de-multiplexed on in-house high-
performance-cluster (HPC) using Je (version 2.0.2). The raw sequencing reads were aligned to
Ensembl GRCm38 mouse reference genome using STAR aligner (version 2.7.1) with the
GeneCounts parameter on. See “Data analysis for scRNA-seq of cortical GM astrocytes, Patch-

seq based scRNA-seq and stRNA-seq” for details about data analysis.

Spatial transcriptomics (stRNA-seq) analysis

Animals injected with Mok-LV gRNAs were killed at 7dpi and the extracted brains were
embedded and snap frozen in an isopentane and liquid nitrogen bath as recommended by 10x
Genomics (Protocol: CG000240). The brains were resected to generate smaller samples (as
shown in Figure 4B) at the cryostat (in Thermo Scientific CryoStar NX50) and 10um thick
coronal sections of the dorsal brain were cut. The sections were checked for the presence of
infected cells (Tdtomato+ cells) briefly. After confirming that we were at the region of injection,
two consecutive 10um thick sections containing infected cells were placed in one capture area
each. The tissue was stained using H&E staining and imaged with the Carl Zeiss Axio
Imager.M2m Microscope using 10x objective (Protocol: CG0001600). The libraries were
prepared with Visium Spatial Gene Expression Reagent Kits (CG000239) with 18min



permeabilization time and sequenced on an Illumina HiSeq1500 instrument and a paired-end
flowcell (High output) according to manufacturer protocol. Sequencing was performed in the
Laboratory for Functional Genome Analysis (LAFUGA). Data was mapped against the mouse
reference genome mm10 (GENCODE vM23/Ensembl 98; builds versions 1.2.0 and 2020A
from 10xGenomics) with Space Ranger 1.2.2. Further downstream analysis of this data was
performed in Rstudio using Seurat and Bioconductor packages. For quality control, spots with
less than 30% mitochondrial reads, less than 20% hemoglobin reads and at least 250 detectable
genes were selected for further analysis. The four samples were merged on Seurat and spots
specific to the cortical GM were selected based on the anatomical position. Data was analyzed

as explained below.

Data analysis for scRNA-seq of cortical GM astrocytes, Patch-seq based scRNA-seq and
stRNA-seq

All the scRNA-seq and stRNA-seq data were analyzed on Rstudio, using packages from
Bioconductor and Seurat and the GO analysis was performed with the enrichGO function and
simplified with the Rrvgo package to avoid redundant GO terms. scRNA-seq for cortical GM
astrocytes (10x) was kindly provided by Bocchi et al., (submitted). Cells annotated as
astrocytes in this dataset was subsetted to select astrocytes from the cortical GM, which resulted
in 3150 cells. The FindClusters function was used at a resolution of 0.5 and this gave rise to 6
clusters with distinct gene expression patterns. For the Patch-seq based scRNA-seq data and
the stRNA-seq data, the cells were clustered similarly with a resolution of 0.8. For comparison
of our stRNA-seq data with response after SWI, we used the scRNA-seq dataset (10x) for cells
from cortical GM at 5dpSWI, which was kindly provided by Koupourtidou, Schwarz et al.,
2023. The module scores for each of the annotated cell type were calculated based on the top
25 DEGs using the AddModulescore function in Seurat. The statistics for comparison was
performed with GraphPad Prism 9.5 with Kruskal-wallis test and Dunn’s test for multiple

comparison was performed.

Other Resources

Software and Algorithms

Resource Identifier

Imagel https://imagej.net/Downloads



https://imagej.net/Downloads

Imaris 9.7.2

Access to software provided by Core Facility Bioimaging,

Biomedical Center, LMU (https://imaris.oxinst.com/)

ZEN software, Zeiss

https://www.zeiss.com/microscopy/en us/products/microscopesof

tware/zen.html

Microsoft Excel

https://www.microsoft.com/en-gb/

GraphPad Prism 9.5

https://www.graphpad.com/

Affinity Designer 1.1

https://affinity.serif.com/en-us/designer/

RStudio

https://rstudio.com

R ggplot2 https://ggplot2.tidyverse.org

Seurat (v4.3) https://github.com/satijalab/seurat/blob/HEAD/vignettes/install.R
md

enrichGO https://bioconductor.org/packages/release/bioc/vignettes/clusterPr

(ClusterProfiler) ofiler/inst/doc/clusterProfiler.html

ITvgo https://www.micropublication.org/journals/biology/micropub-

biology-000811



https://imaris.oxinst.com/%20(Access%20to%20software%20provided%20by%20Core%20Facility%20Bioimaging,%20Biomedical%20Center,%20LMU)
https://imaris.oxinst.com/%20(Access%20to%20software%20provided%20by%20Core%20Facility%20Bioimaging,%20Biomedical%20Center,%20LMU)
https://www.zeiss.com/microscopy/en_us/products/microscopesoftware/zen.html
https://www.zeiss.com/microscopy/en_us/products/microscopesoftware/zen.html
https://www.graphpad.com/
https://www.micropublication.org/journals/biology/micropub-biology-000811
https://www.micropublication.org/journals/biology/micropub-biology-000811
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Figure 2

A Mokola pseudotyped Lentiviral vectors (Mok-LV) to target astrocytes in the intact cortex Injection of LV gRNA
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Figure 3

A Injection of Mok-LV on Day 0:
g-Control/ g-Sox9/ g-Trps1/ g-Sox9+Trps1
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Figure 4
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Extended data Figure 1 (Related to Figure 1)
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Extended data Figure 2 (Related to Figure 2)
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Extended data Figure 3 (Related to Figure 3)
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Extended data Figure 4 (Related to Figure 3)
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Extended data Figure 5 (Related to Figure 4)
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Extended data Figure 6 (Related to Figure 5)
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3.  DISCUSSION

My PhD projects focused on identifying methods to improve direct neuronal reprogramming of
astrocytes and understanding the molecular mechanisms governing the starter cell (astrocyte)

identity and functions.

3.1 Metabolic and mitochondrial remodeling are crucial to the success of

astrocyte to neuron fate conversion

Metabolic plasticity characterized by a shift from aerobic glycolysis to oxidative
phosphorylation has been observed during developmental differentiation of neuronal
progenitors (Lorenz and Prigione, 2017; Zheng et al., 2016). Similarly, a shift in metabolism
has also been observed during adult neural stem cell activation (Knobloch et al., 2017; Llorens-
Bobadilla et al., 2015; Wani et al., 2022), showing this to be an essential step in adult
neurogenesis as well. Astrocytes have been shown to be metabolically similar to NSCs (Gotz
et al., 2015), they have a higher preference for glycolysis and FAO while neurons prefer
oxidative phosphorylation (Bolafios, 2016; Magistretti and Allaman, 2018; Rose et al., 2020).
Thus, conversion of astrocytes to neurons by direct reprogramming would require this
successful metabolic shift. As explained earlier, direct neuronal reprogramming of astrocytes
also elicits massive cell death due to ROS production, thus it was of interest to understand how

the mitochondria and metabolism affects direct neuronal reprograming of astrocytes.

3.1.1 Astrocytes and neurons have a distinct mitochondrial proteome

To understand how the mitochondria of astrocytes and neurons differ to support their preferred
metabolic pathways, we characterized the mitochondrial proteome of in vitro cultured postnatal
cortical astrocytes and E14 derived cortical neurons by liquid chromatography-tandem mass
spectrometry (LC-MS/MS). Analysis revealed significant differences in the entire proteome as
well as the mitochondrial proteome of astrocytes when compared to neurons. In general, around
20% of the mitoproteome showed an enrichment in either astrocytes or neurons. Gene ontology
analysis to understand the functional relevance of the differences in the mitoproteome revealed
that astrocytes had proteins specific to processes like “fatty acid beta-oxidation”, “cellular lipid

catabolic process” in line with known astrocyte functions of metabolic support of neurons by

these pathways (loannou et al., 2019; Van Deijk et al., 2017). On the other hand, proteins
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enriched in the neuronal mitoproteome showed enrichment for terms like “mitochondrial RNA

metabolic process” and “tRNA metabolic process”.

A previous study had characterized the mitoproteome of astrocytes and neurons (Purkinje cells
and granule cells) of the cerebellum. Similar to our findings, they identified that the
mitoproteomes differed significantly, even between the two neuronal cell types (Fecher et al.,
2019). There were similarities between the mitoproteome of cortical astrocytes from our study
and that of the cerebellar astrocytes in their study (with around 60% overlap), and pathways
like fatty acid oxidation with common regulators like Cptla, Cpt2 enriched in both. The
differences in the mitoproteome between the two studies likely arise from the fact that
astrocytes and neurons are distinct between the brain regions (Endo et al., 2022; Herrero-

Navarro et al., 2021).

3.1.2. Mitochondria undergoes dynamic remodeling during direct neuronal
reprogramming of astrocytes

First, we observed that the morphology of astrocyte mitochondria was vastly different from that
of reprogrammed neurons. Astrocytes had ramified and elongated mitochondria, while the
successfully reprogrammed iNs had smaller and round mitochondria. Neurons are known to
have smaller and round mitochondria, especially in the axonal compartment (Mendelsohn et
al., 2022; Misgeld and Schwarz, 2017), while astrocytes have more ramified mitochondrial
networks (Gollihue and Norris, 2020; Motori et al., 2013). This is also supported by the
enrichment of mitochondrial fusion protein Mitofusin 1 (Mfn1) in the astrocyte mitoproteome.
Thus, successful reprogramming also involves structural remodeling of the mitochondria. Such
structural remodeling of mitochondria has been observed even during neurogenesis, cells with
higher levels of mitochondrial fission are indicative of a neuronal fate while cells with higher

levels of mitochondrial fusion are primed for self-renewal (Iwata et al., 2020).

It can be hypothesized that conversion of cell fate from astrocyte to neurons must involve
downregulation of astrocyte-enriched mitoproteins and a concomitant increase in the
expression of neuron-enriched mitoproteins. To validate if this hypothesis holds true, we
verified if the expression of proteins detected in the mitoproteome show a dynamic change in
expression over the course of neuronal reprograming. By immunostainings, we characterized
the expression levels of astrocyte-enriched mitoproteins Sfxn5 and Cpox or neuronal
mitoproteins Prdx2 and Gls, in astrocytes transduced with either control or Ascll for

reprogramming in vitro, over a period of 7 days. Cells transduced with the control virus
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continued to express Sfxn5 and Cpox throughout. On the other hand, Ascll transduced cells
undergoing successful reprogramming showed downregulation of these proteins on Day 5 and
Day 7, but not earlier. Interestingly, Ascll transduced cells that continued to display a
characteristic astrocyte morphology (i.e., cells that failed to reprogram) continued to express
Sfxn5 or Cpox. Upregulation of the neuron-enriched mitoproteins was observed already on Day
3 and significant differences in the expression of these proteins could be clearly seen between
successfully reprogramming cells and others on Day 5 and Day 7. This suggests that changes

in the mitoproteome is a crucial step for successful neuronal reprogramming.

Previous studies have demonstrated that Ascll and Ngn2, the commonly used reprogramming
TFs induce neurogenic programs rapidly, as early as 24 and 48h after transduction (Kempf,
Knelles, Hersbach et al., 2021; Masserdotti et al., 2015). Time-lapse analysis of astrocytes
undergoing reprograming had revealed cell death of astrocytes between 25 and 75h of
reprogramming (Gascon, Murenu et al., 2016). Our time course analysis of the expression of
neuron specific mitoproteins showed significant upregulation of Prdx2 only on Day 3 (72h).
Although Gls was significantly upregulated on Day 1 itself, the expression levels of this protein
did not match that of endogenous neurons. This inadequate and delayed expression of neuronal
mitoproteins along with persistent low-level expression of astrocyte-enriched mitoproteins
could be a reason for inefficient reprogramming. Thus, we explored if earlier expression of

neuronal mitoproteins improves the efficiency of reprograming.

3.13 Early induction of neuron-enriched mitoproteins aids direct neuronal
reprogramming

Among the neuron-enriched mtioproteins, we chose Prdx2 (Peroxiredoxin 2) and Sodl
(Superoxide Dismutase 1), that are known to plays protective antioxidant roles (Boulos et al.,
2007; Eleutherio et al., 2021; Liu et al., 2020). Additionally, we chose Acot7 (Acyl-CoA
Thioesterase 7), Slc25a22 (Solute Carrier Family 25 Member 22), Pgam5 (PGAM Family
Member 5, Mitochondrial Serine/Threonine Protein Phosphatase), Arg2 (Arginase 2), Gls
(Glutaminase) and Mgst3 (Microsomal Glutathione S-Transferase 3). For comparison, we also
chose two astrocyte-enriched mitoproteins that have an antioxidant role, Prdx6 (Peroxiredoxin
6, paralog to the neuron enriched Prdx2) and Mgst1 (Microsomal Glutathione S-Transferase 1,
paralog to the neuron enriched Mgst3) and chose Dnm3 (Dynamin 3), which is not
mitochondrially enriched, but may still be higher expressed in neurons. We induced expression

of these genes by a CRISPRa (dCas9) mediated strategy. For this, we used mice expressing
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Aldh111-Cre driven astrocyte specific dCas9-VPR (Rosa26-loxP-Stop-LoxP-dCas9VPR-SAM
mice, generated in the study Giehrl-Schwab et al., 2022). Two gRNAs per candidate gene,
targeting regions in close proximity to the transcriptional start sites (TSS) were multiplexed
(targeting either one or two candidates at a time) in a single construct (Breunig et al., 2018).
The gRNAs plasmids were transfected along with the plasmid expressing Ascll to understand

the effects on direct neuronal reprogramming of astrocytes in vitro.

Interestingly, Ascll mediated neuronal reprogramming was significantly improved by early
induction of neuron enriched Sod! alone or Sodl along with Prdx2 (but not by Prdx2 alone).
While this showed the highest improvement in reprograming efficiency, induction of other
neuronal mitoproteins like Arg2, Mgst3, Pgam5 and Slc25a22 improved the reprogramming
efficiency moderately. Surprisingly, not all neuron-enriched mitoproteins improved the
efficiency, early induction of Acot7, Gls or Prdx2 alone had no effect. Even though Prdx6 and
Mgstl have antioxidant functions and are very similar to the neuronal Mgst3 and Prdx2,
induction of these astrocyte-enriched mitoproteins did not improve reprogramming,
highlighting the need for not just any protein with anti-oxidant function. Similarly, induction
of Dnm3 that is not enriched in the mitochondria had no beneficial effect. Apart from increasing
the reprograming efficiency, we observed that early induction some of the selected mitoproteins
resulted in iNs with more complex morphology, which can be a measure of neuronal maturity.
In addition to improving the reprogramming efficiency maximally, the condition of
Ascl1+Prdx2+Sodl1 resulted in iNs that had longer cable length and branches. While the
condition of Ascl1+Slc25a22 improved the reprogramming efficiency minimally, this resulted

in neurons with the most complex morphology.

In addition to aiding in the mitochondrial remodeling during the process of neuronal
reprogramming, the combination of Prdx2+Sod1 most likely improves reprogramming by also
conferring antioxidant effects (Boulos et al., 2007; Eleutherio et al., 2021; Liu et al., 2020). By
similarity to Mgstl (Maeda et al., 2005), Mgst3 may also have an anti-oxidative effect, and this
could contribute to the mild improvement in reprogramming in the condition of Ascl1+Mgst3,
at least partly. On the other hand, the improvement in the condition of Ascll+Pgam5 could be
due to its ability to promote mitophagy, thus helping in structural remodeling of mitochondria
which is required during neuronal reprogramming and also protect from cell death (Lu et al.,
2016, 2014; Ma et al., 2020). Slc25a22, a mitochondrial glutamate carrier, has been implicated
in epilepsy and seizures (Molinari et al., 2009; Poduri et al., 2013), and the combination of

Ascl1+SIc25a22 gives neurons with the most morphological complexity. Slc25a22 has been
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shown to prevent ferroptosis in other cell types (Liu et al., 2023), and may have similar
functions in reprogrammed neurons. While early induction of Slc25a22 may not be involved in
establishment of neuronal fate, this may provide the reprogrammed neurons with higher
resistance to metabolic stress which may permit higher level of morphological maturation.
Interestingly, the condition Ascll+Gls showed no improvement in reprogramming,
highlighting that the process of glutamine synthesis does not affect neuronal reprogramming.
On the other hand, not much is known about Acot7 or Arg2; Acot7 may regulate lipid retention
in neurons (Ellis et al., 2013) but the condition of Ascll+Acot7 did not improve
reprogramming, and we did not observe an impact on the neuronal morphology of iNs in this
condition either. Overall, although we have demonstrated that early induction of certain neuron
enriched mitochondrial proteins can be beneficial, the exact roles and mechanisms by which

each of them may impact this process is yet to be explored in finer detail.

To gain further understanding of how early induction of neuron-enriched mitoproteins
influences the dynamics of neuronal reprogramming, we performed continuous single-cell live
imaging of astrocytes undergoing Ascll mediated reprogramming, starting at 28h after
transfection and monitored the process until 168h (7 days). We chose the condition that
improved the reprogramming efficiency maximally, i.e., the condition of Ascl1+Prdx2+Sod1

and compared it to the reprogramming dynamics of astrocytes transfected only with Ascll.

Surprisingly, we could identify more cells with a neuronal morphology already by 72h in the
condition of Ascl1+Prdx2+Sod1 and many of these survive until the end of the experiment. In
the condition of Ascll only, many neurons acquired a neuronal morphology by this time point
as well, but they did not survive; only the slow-reprogramming cells (cells that begin to exhibit
neuronal morphology after 72h) survived until the end of the experiment. Thus, the duration of
survival (lifespan) of the iNs (both of the cells that die before the end of experiment and the
ones that survive till the end of experiment) is significantly increased in the condition of
Ascl1+Prdx2+Sod1 than in the reprogramming condition with Ascll only. This indicates that
co-activation of Prdx2 and Sod1 with Ascll confers the cells with better mechanisms to cope
with the sharp increase in ROS and the increased metabolic demand associated with the process
of direct neuronal reprogramming. Intriguingly, Prdx2 and Sod1 had a positive effect only on
the lifespan of the reprogrammed cells and had no significant impact on the non-reprogrammed
cells. This highlights that the beneficial role of these mitoproteins may be limited to the cell-
type they are enriched in. Notably, the cell death of reprogrammed iNs was not completely

abolished in the condition of Ascl1+Prdx2+Sod1, many of the fast-reprogramming cells died
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also in this condition. The difference in the efficiency arises from more cells being recruited for
reprogramming at the earlier time points in this condition. These results are similar to the
observation made earlier; both Bcl2 and the drug forskolin improved Ascll mediated
reprogramming by accelerating the speed of the process and improved the survival of the iNs

(Gascon, Murenu et al., 2016).

Thus, reprogramming efficiency and the quality/ maturity of the reprogrammed neurons
(measured here based on morphological criteria) can be improved by helping the process of
metabolic and mitochondrial remodeling, highlighting this to be a crucial step in cell fate

conversion.

3.14 Inhibiting astrocyte specific metabolic pathways improves direct neuronal
reprogramming

While early induction of neuron-enriched mitoproteins improved reprogramming, we also
wanted to understand if downregulation of an astrocyte specific metabolic pathway would
improve reprogramming. Astrocyte mitoproteome was highly enriched for genes related to fatty
acid B-oxidation (FAQ), both in our data of the cortical astrocytes and in the mitoproteome data
of cerebellar astrocytes (Fecher et al., 2019). Thus, we decided to block FAO by
pharmacological inhibition of Cptla (carnitine palmitoyltransferase 1A, which is required for
transport of long chain fatty acids into mitochondria) with the drug etomoxir (Jernberg et al.,
2017) to understand the impact on direct neuronal reprogramming.

We performed in vitro reprogramming experiments with Ascll and Ngn2 and etomoxir was
added at varying concentrations (1, 25 and 100uM). Addition of etomoxir resulted in a sharp
increase in the efficiency of both Ascll and Ngn2 mediated reprogramming. In the case of
astrocytes undergoing Ngn2 mediated reprogramming, 1pM of etomoxir showed a slight
increase in the reprogramming efficiency, and this was significantly increased at the
concentration of 25 uM; but further increase in etomoxir concentration was not beneficial. On
the other hand, in the Ascll mediated reprogramming, 1uM of etomoxir showed no
improvement, but the improvement was sustained at both 25 and 100uM of the drug
concentration. This shows a context dependent effect of etomoxir in improving reprogramming
efficiency. Interestingly, etomoxir has been shown to have a dose dependent effect in other cells
as well. Above a concentration of 5SuM, etomoxir triggered acute ROS production in T cells
and was no longer just an inhibitor of FAO (O’Connor et al., 2018). However, it is to be noted

that the dose limit may also be cell type dependent, as concentrations in the range of 50-200uM
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have been used in other studies before (Knobloch et al., 2017). Nonetheless, if etomoxir induced
an increase in ROS production at the concentrations we used, we might not observe an increase
in reprogramming. To see if the effect of FAO inhibition is masked by etomoxir induced ROS
production, we treated astrocytes undergoing Ascll mediated reprograming with etomoxir (1,
25uM) and vitamin E (a-tocotrienol, ROS scavenger). However, we observed no improvement
in the efficiency of reprogramming. In fact, addition of a-tocotrienol abolished the
improvement in reprogramming efficiency observed with etomoxir alone. Thus, low levels of

ROS may in fact be beneficial to successful reprogramming.

Similar to astrocytes, adult NSCs display high levels of FAO and downregulation of the same
was shown to promote exit from quiescence (Knobloch et al., 2017). Impaired FAO has been
observed in autism and rare inherited metabolic diseases where NSC self-renewal is affected
(Xie et al., 2016). Interestingly, blocking FAO by inhibiting Cptla was not beneficial to adult
hippocampal neurogenesis, as it induced cell death (Knobloch et al., 2017). Instead, increasing
levels of a metabolite malonyl-CoA was more beneficial in NSC activation, as it only decreased
FAO and did not block the pathway entirely. Given how similar astrocytes are to adult NSCs
(Gotz et al., 2015), this alternate strategy for FAO inhibition may be more beneficial during

direct neuronal reprogramming as well, and would have to be explored in the future.

In conclusion, we were able to demonstrate that astrocytes and neurons have a distinct
mitoproteome, which is more suited to cater to the metabolic needs of these different cell types.
Cell fate conversion from astrocytes to neurons would thus require efficient and timely
remodeling of mitochondria and the metabolic pathways. This has also been observed in direct

neuronal differentiation of embryonic stem cells recently (Ordureau et al., 2021).

The absence of timely upregulation of the neuron specific mitoproteins and failure to
downregulate astrocyte specific mitoproteins could be a major contributor to the failure of
reprogramming. Downregulation of starter cell type specific metabolic pathways (like FAO
inhibition) or early induction of neuron specific mitoproteins could help the cells undergoing

reprogramming to adapt to the increased metabolic burden during the conversion process.
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3.2 Astrocyte specific Sox9, Trpsl deletion affects glial crosstalk and

injury response

As explained earlier, it is imperative to understand the mechanisms governing astrocyte identity
and functions to eventually device better strategies for both astrocytes based regenerative
therapies and for improving direct neuronal reprogramming of astrocytes. While the roles of
TFs in astrocyte development have been studied in quite some detail (Kang, Lee et al., 2012;
Tiwari, Pataskar et al., 2018), how they influence the functions and identity of mature astrocytes
remains poorly understood.

In Natarajan et al., we decided to focus on two TFs Sox9 (SRY-Box Transcription Factor 9)
and Trpsl (Transcriptional Repressor GATA Binding 1), to understand how they influence

astrocyte functions.

3.2.1 Intra-regional heterogeneity in the expression of individual TFs at protein and

RNA levels

As Trpsl is a novel TF in the context of glial cells, we first characterized its expression in the
adult cortical GM by immunostaining with other astrocyte specific proteins. We observed that
around 40% of the S100B+ astrocytes or Sox9+ astrocytes were immunopositive for Trpsl.
Intriguingly, around 50% of Olig2+ cells were also found to be immunopositive for Trpsl.
Previously, Trps1 was found to be expressed in both astrocytes and oligodendroglial lineage
(PDGFRo+) cells during early postnatal development and was predicted as a transcriptional
regulator of both these cell types (Weng, Wang et al., 2019). Olig2 mainly labels
oligodendrocyte lineage cells in the adult cortex (Dimou et al., 2008), and this points to the
possibility that Trpsl may be expressed in both astrocyte and oligodendroglial lineage cells
even in the adult brain. This reveals that Trps1 may be a pan-glial TF and not just an astrocyte
specific TF. However, it must be noted that a small fraction of Olig2+ cells have been shown
to give rise to astrocytes (Dimou et al., 2008). Thus, it would be interesting to study if Trps1 is
explicitly expressed in Olig2+ cells that give rise to astrocytes in the adult cortex, or if it is

independent of the fate.

Bin-wise characterization of the distribution of Sox9 or Trpsl positive S100B+ astrocytes
revealed no layer specific bias for the number of S100B+ astrocytes expressing S0x9. On the
other hand, the number S100B+ astrocytes expressing Trpsl was slightly higher (although not
significant) in the upper layers (UL) than in the deeper layers (DL) of the cortex. Several studies
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have noted cortical layer specific astrocyte gene expression (Bayraktar et al., 2020;
Lanjakornsiripan, Pior, Kawaguchi et al., 2018) and they are influenced by the layer specific
signaling from the cortical neurons during postnatal development. In the future, it would be
interesting to explore the potential cause and the impact of this mild UL bias for Trpsl
expression in the astrocytes of the adult brain, and if this bias can be detected already during

early postnatal stages, or if this is specific to mature astrocytes in the adult cortex.

In addition, we also characterized the expression level of these TFs at single cell protein level
by fluorescence intensity quantifications after immunohistochemistry. This revealed a
widespread variation in the expression of these TFs throughout the cortical GM. Similar to the
percentages of S100B+ astrocytes expressing Sox9, the Sox9-low or Sox9-high cells displayed
no bias in their distribution across the bins. Nevertheless, significantly more Trpsl-low cells
were present in Binl (UL) than in Bin5 (DL). While most previous studies have demonstrated
inter- and intra-regional astrocyte heterogeneity at the transcriptome level (Bayraktar et al.,
2020; Boisvert et al., 2018; Endo et al., 2022; Lanjakornsiripan, Pior, Kawaguchi et al., 2018;
Ohlig, Clavreul et al., 2021), such heterogeneity in the levels of individual TFs at the level of
protein has not been observed before. This could be an important feature, as the levels of a TF
expression may dictate the extent to which downstream gene cascades are activated or inhibited.
For example, in chondrocytes, Sox9 has been shown to promote gene expression by engaging
with promoter regions indirectly via a basal transcriptional complex (referred to as Class I
engagement), or by directly binding enhancer elements as a Sox9 dimer (referred to as Class II
engagement) (Ohba, He et al., 2015). It can be hypothesized that the expression levels of TFs
like Sox9 may confer a preference for the type of engagement and thus influence different
downstream cascades. Similarly Trps1, though initially identified as a transcriptional repressor
(Fantauzzo et al., 2012; Malik, 2001) can act as a transcriptional activator. The activator
function of Trpsl may be achieved by binding directly to promoter regions of its targets
(Fantauzzo and Christiano, 2012), or may be achieved by association with a transcriptional
activator like Gli3 (Wuelling et al., 2020). The function of Trps1 as an activator or as a repressor
may be highly dependent on the cell type and the availability of transcriptional complexes. In
some breast cancer cell lines, Trpsl has been shown to bind open chromatin regions, with
H3K27ac mark. However, Trpsl1 loss in this context resulted in both activation and repression
of some of these genes (Witwicki, Ekram et al., 2018). Given this versatile nature of Trps1 in
controlling downstream cascades, the levels of Trps1 expression may influence the nature of

interactions as well.
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We also observed that the cortical GM astrocytes displayed remarkable intra-regional
heterogeneity, similar to the astrocytes of the diencephalon (Ohlig, Clavreul et al., 2021).
Strikingly, we also observed variations in the levels of Sox9 and Trps1 at the RNA level within
the astrocytes of the cortical GM. Due to technical limitations, we have been unable to directly
draw a correlation between the RNA and protein levels, to see if the cells/ clusters with lower
levels of Sox9 and Trps1 RNA correspond to cells with lower Sox9 and Trps1 protein levels or
vice versa; and if the predicted cluster specific functions are related to Sox9 and Trps1 levels.
Even still, it is exciting that we can observe intra-regional heterogeneity in the expression levels

of key TFs at the level of single cell protein and RNA in cortical GM.

While we have focused mainly on cortical GM astrocytes so far, it would be interesting to
characterize Trpsl expression in other brain regions as well in the future. In other lineages,
Trpsl has been shown to influence cell proliferation and survival (Elster, Tollot et al., 2018;
Witwicki, Ekram et al., 2018; Yang et al., 2021). Thus it would be interesting to see if there are
more astrocytes expressing Trpsl1 in the diencephalon, where adult astrogenesis persists at low
levels (Ohlig, Clavreul et al., 2021); or if the cortical juxtavascular astrocytes that proliferate
upon injury (Sirko, Behrendt et al., 2013) express higher levels of Trpsl1.

3.2.2 Sox9 and Trps1 deletion reveals crucial roles in adult cortical astrocytes

To shed light on the roles of Sox9 and Trps1 in adult cortical GM astrocytes, we deleted these
TFs either one at a time or both simultaneously using a CRISPR/ Cas9 approach. Astrocyte
targeting was achieved by use of Mokola pseudotyped lentivirus (Mok-LV) (Watson et al.,
2002). Our study demonstrates that this is an efficient way to target astrocytes in the adult
cortex.

While we observed a quick and efficient loss of the targeted TFs, loss of Sox9 and Trps1 did
not alter the identity of astrocytes visibly as they continued to express bonafide astrocyte
markers like S100p and GFAP at both 7 and 21dpi. Cell identity may be tightly regulated by
the presence of several elaborate TF networks that reinforce the cell identity (Holmberg and
Perlmann, 2012). Thus, loss of Sox9 or Trpsl may not have altered the astrocyte identity
drastically. Nonetheless, Patch-seq based single cell sequencing (scRNA-seq) of control and
Sox9/ Trpsl deleted astrocytes revealed that the loss of these key TFs triggered significant

changes in the astrocyte transcriptome.

Sox9 deletion resulted in more upregulated genes, while Trps1 deletion resulted in comparable

number of up and downregulated genes, fitting with Trpsl’s versatile role as both a
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transcriptional activator (Fantauzzo and Christiano, 2012; Witwicki, Ekram et al., 2018;
Wuelling et al., 2020) and repressor (Elster, Tollot et al., 2018; Fantauzzo et al., 2012; Malik,
2001) in other lineages. Interestingly, simultaneous Sox9 and Trpsl deletion resulted in fewer
differentially expressed genes (DEGs), with much lower number of genes significantly
upregulated. This raises the possibility that Sox9 may be required to activate genes that are de-
repressed upon loss of Trps1. In other cell types, Sox9 and Trps1 have been shown to regulate
each other; Trps1 has been shown to repress Sox9 (Fantauzzo et al., 2012; Shibata et al., 2016),
while Sox9 has been shown to activate Trps1 (Tan, Niu et al., 2018). This implicates that Sox9
and Trps1 are involved in similar transcriptional cascades, often involving other factors related
to Hedgehog signaling pathway. In our Patch-seq based scRNA-seq, we did not see a significant
direct regulation of Sox9 or Trpsl upon deletion of the other. Nevertheless, the fact that
simultaneous deletion of Sox9 and Trpsl abolishes the effects seen by single deletion of Sox9
or Trps1 points to their involvement in related transcriptional cascades in astrocytes too. In the
future, it may be interesting to study the interplay between these two TFs at the molecular level
in astrocytes, by performing ChIP for Trpsl and Sox9 in Sox9 or Trpsl deleted astrocytes
respectively. This may give us more insights into how they influence astrocyte identity,

functions and heterogeneity.

Gene ontology (GO) analysis to understand the functional relevance of Sox9, Trpsl deletion
revealed that several pathways related to key astrocyte functions such as synapse organization
and immune response were regulated in all the conditions (Sox9, Trpsl or Sox9+Trpsl
deletion). Interestingly, Sox9 and Trpsl deletion conditions showed upregulation of the GO
term “gliogenesis” (with enrichment of genes like Fgfr3, Hes5, Zfp365, Hesl). We had
previously noticed that Sox9 and Trpsl deleted cells continue to express hallmark astrocyte
proteins like S1008 and GFAP, and this further reinforces the possibility that the glial identity
is maintained rather stably even in the absence of Sox9 or Trpsl, by upregulation of alternate

glial specific genes.

As the Patch-seq based scRNA-seq revealed upregulation of synapse related pathways, we
verified the effect of astrocyte specific Sox9, Trpsl loss on the surrounding synapses by
performing immunostaining for synaptophysin and Homerl. Although the number or pre- and
post-synaptic puncta were not affected by astrocyte specific Sox9 or Trps1 deletion, the number
of synaptic puncta (i.e. pre-synaptic puncta co-localizing with post-synaptic puncta) was
significantly reduced in the immediate vicinity of Trps1 or Sox9 and Trps1 deleted astrocytes.

It is indeed surprising that the number of synaptic puncta seem to reduce in the neurons while
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the Patch-seq scRNA-seq data revealed upregulation of synapse related pathways from the point
of astrocytes. It is possible that Sox9, Trpsl deleted astrocytes upregulate synapse related
pathways to compensate for the fewer synapses in the surroundings. Nevertheless, this indicates
a broad tissue level effect of astrocyte manipulation by TF deletion. So far, we have mainly
focused on changes in excitatory synapses, as an excitatory post-synaptic marker (Homer1) was
used for this analysis. It is possible that Sox9, Trps1 loss has a different effect on inhibitory
post-synapses, especially because Sox9 has been shown to regulate response to inhibitory
neurons during postnatal development of olfactory bulb astrocytes (Cheng et al., 2023). Thus,
it would be interesting to see the effect of Sox9, Trpsl loss on inhibitory synapses in the adult
cortex. Furthermore, the effects of Sox9 and Trps1 in synapse maintenance may also be verified

by electrophysiological characterization of the surrounding neurons in the future.

The role of Sox9 by deletion has already been explored in the adult brain (Ung, Huang et al.,
2021) and during postnatal astrocyte development (Cheng et al., 2023). However, both these
studies noticed a significant impact only in the astrocytes of the olfactory bulb. During postnatal
astrocyte development, Sox9 deletion reduced the expression of Gabbrl in the olfactory bulb
astrocytes, reducing their sensitivity to respond to the synaptic activity of inhibitory neurons in
the surrounding, which consequently affected the morphological maturation of the astrocytes
in this region (Cheng et al., 2023). In the adult olfactory bulb astrocytes, Sox9 deletion resulted
in impaired calcium signaling and affected the sensory processing neural circuits and no
prominent effects were observed in the adult cortical astrocytes. On the other hand, we notice
several intrinsic astrocyte functions related to synapse maintenance and immune response being
impacted upon Sox9, Trps1 deletion. It is to be noted that our experimental paradigm for Sox9
(and Trpsl1) deletion is drastically different from the Cre mediated deletion performed by Ung,
Huang et al., 2021. Our experiment involves injection of Mok-LV encoding gRNAs against the
TF of interest for eventual deletion by CRISPR strategy. This may be disadvantageous on
certain accounts: only a limited number of cells are targeted and there may be a relative
unpredictability in the nature of indels while targeting mostly post-mitotic cells. However, in
our case, the TF deletion is accompanied by a “mild injury” like condition. Our Patch-seq based
scRNA-seq revealed an injury response signature in all our experimental conditions (Control,
Sox9/ Trpsl deletion) in comparison to adult astrocytes collected from the intact cortex of
Aldh111-eGFP animals. Although our experimental paradigm does not involve an invasive
injury like that of a SWI, the mild injury of Mok-LV injection and the response to lentivirus

(Mattugini, Bocchi et al., 2019) seems to be sufficient to trigger this response. As a result, Gene
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ontology (GO) terms like “response to interferon- gamma”, “antigen processing and
presentation” were upregulated in the gRNA control (g-Control) astrocytes in comparison to
the intact astrocytes. Thus, our experimental paradigm can also be used to understand how Sox9
and Trpsl mediate astrocyte response to injury and inflammation caused by the Mok-LV
injection. It is possible that this injury/ inflammatory environment challenges the astrocytes and
the effect of Sox9, Trps1 loss is more prominent and sheds light on astrocytic functions that are
compromised in the absence of key TFs like Sox9 and Trps1. Cortical astrocytes may in general
be more resistant to gene perturbations, deletion of Rbpj-k (Magnusson et al., 2020), Sox9 (Ung,
Huang et al., 2021) and Nfia (Huang, Woo et al., 2020) elicited no significant change, Rbpj-k
knockdown in cortical astrocytes had an observable effect only when combined with a SWI

(Zamboni et al., 2020).

3.2.3 Astrocyte specific Sox9 and Trps1 loss affects injury response of several cells in the
tissue microenvironment

As we observed a broader tissue level effect in the number of synapses in the regions
surrounding Sox9/ Trpsl deleted astrocytes, we wanted to understand how the tissue
microenvironment is affected upon astrocyte manipulation by TF deletion. Another motivator
for this was that the Patch-seq based scRNA-seq had indicated downregulation of immune
response related pathways in astrocytes after Sox9, Trps1 deletion. While astrocytes respond to
injury (Koupourtidou, Schwarz et al., 2023), inflammation (Hasel et al., 2021), degenerative
diseases (Sadick, O'Dea et al., 2022) and ageing (Boisvert et al., 2018; Clarke et al., 2018);
other glial and immune cells respond to these conditions as well (Mira et al., 2021). Even more
importantly, astrocytes play a key role in signaling to the other glial and immune cells and
modulate response in the injury environment (Domingues et al., 2016; Frik et al., 2018;
Guttenplan et al., 2021; Hammond, McEllin et al., 2015; Koupourtidou, Schwarz et al., 2023;
Linnerbauer et al., 2020; Linnerbauer and Rothhammer, 2020). Thus, we wanted to understand
how impaired immune response in Sox9, Trpsl deleted astrocytes affect the tissue
microenvironment.

In our effort to understand the tissue level changes upon Sox9/ Trps1 deletion in astrocytes, we
performed spatial transcriptomics (10x Visium, stRNA-seq) of the adult mouse cortex. This
revealed a very unexpected effect on oligodendrocytes; deletion of Sox9 alone or Sox9 along
with Trps1, but not Trps1 resulted in upregulation of genes related to the term “oligodendrocyte

differentiation” (Oligl, Enpp2, Tspan2, etc). In addition, comparison of the Mok-LV injection
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regions for Sox9 or Trpsl deletion with the control injection region revealed downregulation
of immune response related pathways in the entire region. On the other hand, concomitant
deletion of Sox9 and Trpsl revealed upregulation of the same at the tissue level. It is possible
that when both Sox9 and Trpsl are deleted, other immune cells in the tissue environment
upregulate immune response, either because of or as a compensation for the astrocyte’s inability
to mediate immune response. Overall, this reveals dynamic changes in the tissue

microenvironment upon astrocyte specific TF deletion, possibly due to altered glial crosstalk.

To understand the overall changes in all the cell types that respond to injury, we compared our
stRNA-seq data after astrocyte specific Sox9, Trps1 deletion with the scRNA-seq data of cells
from cortical GM after a SWI (Koupourtidou, Schwarz et al., 2023). Our Patch-seq based
scRNA-seq had already revealed the presence of an injury associated transcriptional signature
in all the conditions. Further comparison of our stRNA-seq data with the scRNA-seq data of
cells from cortical GM at 5dpSWI (days post SWI) revealed the same, and confirmed the
presence of injury specific spatial clusters, presence of reactive astrocytes, activated microglia
and other immune cells at the site of Mok-LV injection. However, the extent to which these
glial or immune cell types were present changed drastically depending on which TF was
deleted. In conditions where only Sox9 or Trps1 was deleted, significantly less representation
of microglia, monocytes, T cells or DC was observed, and this could be the reason behind the
attenuated immune response in these conditions. The changes in microglial activation in Sox9
or Trps1 deletion condition is intriguing, as microglia are thought to induce astrocyte reactivity
(Liddelow et al., 2017). Reduced microglial activation would be expected to result in reduced
astrocyte activation as well, but we observe a reduction in astrocyte reactivity only after Sox9
deletion and not Trps1 deletion. It has been shown that limiting monocyte invasion in a cortical
SWI paradigm is beneficial as it promotes astrocyte proliferation and faster recovery of the
BBB (Frik et al., 2018). Thus, reduced activation of microglia and the reduced representation
of monocytes and other immune cells may point towards faster resolution of the injury response

in tissue where Sox9 or Trpsl is deleted.

On the other hand, we observed an increased representation of B cells, monocytes and dendritic
cells (DC) in the tissue after simultaneous Sox9, Trpsl deletion, possibly contributing to the
exacerbated immune response at the tissue level in this condition. Although we could previously
not detect T or B cells among the invading immune cells at 3dpSWI based on fluorescence
activated cell sorting (FACS) for CD19 and CD3+ cells respectively (Frik et al., 2018), we
detect the presence of cells with T and B cells transcriptional signature in the SdpSWI scRNA-
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seq data (Koupourtidou, Schwarz et al., 2023). It is interesting that we see an increase in the
representation of B cells; they may have beneficial or detrimental roles in the CNS. In case of
stroke, migrating B cells may support functional recovery (Ortega et al., 2020), but in
autoimmune diseases like multiple sclerosis (MS), B cell depletion may be beneficial (Li et al.,
2018; Sabatino et al., 2019). Thus, in the context of Sox9 and Trps1 where immune response is
exacerbated at the tissue level also due to an increased representation of monocytes and DC, it

is difficult to assess whether this may be beneficial or not.

In line with the observation that GO terms related to “oligodendrocyte differentiation” was
upregulated in Sox9 or Sox9+Trpsl deletion conditions, we observed an increase in the
representation of genes enriched in committed oligodendrocyte progenitors and myelinating
oligodendrocytes in these conditions. In healthy conditions, astrocytes signal to
oligodendrocyte progenitor cells (OPC) and promote proliferation or differentiation and
subsequent myelination (see reviews Domingues et al., 2016; Nutma et al., 2020). Several
astrocyte secreted factors promote oligodendrocyte development (Pang et al., 2013), like
fibroblast growth factor (FGF) (Oh et al., 1997), Timp-1 (Jiang et al., 2016), semaphorins (Su
et al., 2023), extracellular vesicles (Willis et al., 2020). On the other hand, in inflammatory or
injury conditions astrocytes may promote OPC proliferation and differentiation by expression
of Cxcl12 (Patel et al., 2012), or inhibit the same by expressing high levels of Ednrb (Hammond,
McEllin et al., 2015); see Figure 5 for an overview of signaling pathways that may be beneficial
or detrimental to OPC differentiation and remyelination under inflammatory conditions. It
would be interesting to understand which (of these known or a novel) pathway contributes to
increased oligodendrocyte differentiation after Sox9 or Sox9+Trpsl deletion. Overall, one
could hypothesize that deletion of Sox9 alone, may be beneficial by limiting monocyte invasion

and promoting oligodendrocyte differentiation, and thus most likely repair.
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respectively). This image is from Domingues et al., 2016, an open-access article distributed

under the terms of the Creative Commons Attribution License.

In conclusion, we observed striking variations in the levels of individual TFs like Sox9 and
Trpsl at single cell protein and RNA levels within the astrocytes of the cortical GM and
demonstrate their importance in mediating key astrocyte functions. While loss of these TFs did
not alter the identity of the astrocytes (by inducing de-differentiation into neural stem cells or
trans-differentiation to other glial cell types), it severely influences astrocytic functions and we
unveiled unexpected widespread effects on other cells such as oligodendrocytes and immune
cells in the tissue microenvironment. Understanding the downstream targets that seem to
increase oligodendrocyte differentiation in Sox9 deletion conditions may be beneficial to
identifying therapeutic targets for diseases like multiple sclerosis where demyelination is a
hallmark feature. Indeed, these downstream targets can also be exploited to improve

myelination of reprogrammed or transplanted neurons and improve the therapeutic outcome.

3.3 Concluding remarks

We would benefit greatly by bridging our gap in the understanding of astrocyte identity,
heterogeneity and the mechanisms that underlie the process of direct neuronal reprogramming.
Recent work demonstrating that the regional identity of astrocytes is carried over to the
reprogrammed neurons (Herrero-Navarro et al., 2021) and the dynamics of reprograming is
highly dependent on the source of astrocyte origin within the CNS (Kempf, Knelles, Hersbach
et al, 2021) reiterate this. Most interestingly, even during in vivo direct neuronal
reprogramming, layer specific neurons may arise from layer specific astrocytes of the cortex
(Mattugini, Bocchi et al., 2019), but the exact nature of this is yet to be understood. Given the
diverse roles of astrocytes in brain homeostasis, and the growing recognition of their
implications in disease etiology (Franklin et al., 2021), astrocytes themselves can be a target of
therapy in certain conditions. All of these advocate for the need of further studies into astrocyte

identity, heterogeneity and functions and their impact on neuronal reprogramming.

My PhD studies demonstrate the need for understanding astrocyte identity and functions as

well. In the first project, we showed that one unique facet of astrocyte identity, their preference
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for glycolytic and fatty acid B-oxidation is supported by a distinct mitochondrial proteome that
supports these metabolic pathways. Successful fate conversion from astrocytes to neurons
would require downregulation of these unique astrocyte functions accompanied by
simultaneous upregulation of factors that are unique and supportive of metabolic pathways
emblematic to neurons. Aiding the establishment of neuronal mitochondria by early expression
of neuron enriched mitochondrial proteins or downregulation of astrocyte specific metabolic

pathways improved the outcome of direct neuronal reprogramming of astrocytes.

To understand the identity and functions of astrocytes better, we studied the role of two central
astrocyte TFs in the cortex GM. We noticed that these TFs are heterogeneously expressed and
future studies to explore their relevance in conferring intra-regional heterogeneity may be
essential. In our current study, we unraveled the roles of these TFs by deleting them in the
cortex GM and observed that several astrocyte functions related to synapse maintenance and
immune response were altered. Unexpectedly, deletion of these factors resulted in non-cell
autonomous effects, with increased oligodendrocyte proliferation and altered immune cell
response in the tissue microenvironment. It can be hypothesized that in the Sox9 deletion
condition, functional recovery may be improved due to diminished immune response and
increased oligodendrocyte differentiation. In the future, it would be interesting to extend this
study to the context of reprogramming and see how the dynamics is altered when
overexpression of neurogenic TFs is combined with astrocyte specific deletion of TFs essential

for principal astrocyte functions.
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