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Abstract

Microglia are the resident macrophage population of the central nervous system
(CNS), arising early during development from CX;CR1" progenitors in the embryonic yolk
sac and, remarkably, persisting throughout life. Microglia function as immune sentinels to
cope with infection or tissue damage, but these cells are also involved in the establishment
and maintenance of neuronal circuits, regulating neurogenesis, neuronal differentiation and
synaptic remodeling. To protect the CNS from harmful inflammation, the microglia activity
is believed to be tightly regulated by various factors including microRNAs (miRs).
Inadequate miR regulation is an emerging mechanism involved in various
neurodegenerative disorders, as demonstrated by the respective small animal models. Here,
we generated a conditional miR deficiency in microglia by crossing Cx3cr/““ and
Cx3crl“ ™ mice with mice harboring a conditional allele of Dicer, the main miR-
processing enzyme. In Cx3cr1“":Dicer™" animals, microglia are targeted during embryonic
development, while Cx3cri““*®:Dicer”” microglia were targeted postnataly, upon
tamoxifen administration. Strikingly, a microglial Dicer deficiency introduced during
embryonic development, but not at adulthood resulted in strong microglia activation, as
well as the development of motoric impairment of the hind limbs. In contrast, the
introduction of the microglial Dicer deficiency in adult microglia did not yield any overt
phenotype in unchallenged animals. Interestingly though, the Dicer deficiency turned the
otherwise radio-resistant adult microglia into radio-sensitive. Collectively, our results
highlight the importance of miRs in microglia-dependent establishment and maintenance of
neuronal networks during embryonic development, but suggest that adult microglial
homeostasis is uniquely robust in that it can be maintained in absence of post-

transcriptional control by miRs.
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1. Introduction
1.1. Microglia are the resident macrophages of the CNS.

Microglia are hematopoietic cells that develop independently of neuroectoderm-
derived neurons, astrocytes and oligodendrocytes. They are members of the
mononuclear phagocyte system (MPS) alongside other macrophages monocytes and
dendritic cells [1]. Sequestered behind the blood brain barrier (BBB) in the unique
neuronal/microglial context, microglia display a gene expression profile that
significantly differs from other tissue macrophages [2]. The microglia compartment is
established before birth from an early “primitive” hematopoietic wave originating from
CX;CR1" yolk sac macrophages populating the CNS as early as embryonic day 9.5 (E
9.5) [3] (Scheme 1). The mature microglia pool subsequently maintains itself
throughout adulthood due to longevity and limited self-renewal [4]. Microglia share
this prenatal ontogeny with other resident tissue macrophage populations [1], however
the latter seem less secluded and more promiscuous with respect to the incorporation
of monocytic cells derived from the fetal liver during embryonic development, as well
as monocytes derived from the bone-marrow (BM) during challenge [5]. Nevertheless,
BM derived monocytes were also shown to populate the injured central nervous system
(CNS) giving rise to a macrophage-type of cells [3] (Scheme 1). Depending on the
time and route of their arrival to the tissue and on the local milieu, they contribute to
both pro- and anti-inflammatory activities [5, 6]. However, these cells do not seem to
permanently seed the CNS; rather, an homeostatic state relying solely on microglia
seems to be restored after inflammation is resolved [5].

Steady state microglia, that are present throughout the normal adult CNS
parenchyma, actively sample their surroundings by extending and retracting processes
[7, 8]. They were shown to play pivotal homeostatic roles during development and
adulthood, related to synaptic remodeling and phagocytosis of dying neurons [9-11].
During neurodegenerative disease, however, microglia become activated and acquire a
distinct phenotype with pleiotropic functions [12], mostly harmful, depending on
disease model and stage. Little is known about molecular patterns controlling the
microglia phenotype in homeostasis and disease. In addition, due to lack of
experimental systems allowing targeted manipulation of microglia in vivo, much of our

knowledge about the function of microglia is obtained from in vitro culture studies.



Under these conditions, microglia were shown to loose much of their uniqueness and

turn into prototype macrophages [13].
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Scheme 1: Microglia precursors populate the brain during embryonic development. Primitive
macrophages exit the yolk sac blood islands at the onset of circulation and colonize the neuroepithelium
from E9.5 to establish the microglia population. The blood brain barrier starts to form from E9.5 and
may isolate the developing brain from the contribution of fetal liver hematopoiesis. Embryonic
microglia expand and colonize the whole CNS until adulthood. Importantly, in steady state conditions,
embryo-derived microglia maintain themselves with limited self-renewal and are not dependent on
blood-derived cells for their replenishment. Nevertheless, during certain inflammatory conditions, the
recruitment of monocytes or other bone marrow-derived progenitors can supplement the microglial
population to some extent, but they are eventually cleared from the CNS environment [14]. [3]

1.2. Microglia regulate neuronal wiring in the developing and adult CNS.

As the principal CNS immune cells, microglia represent the first line of defense in
response to exogenous threats. Past studies have largely been dedicated to defining the
complex immune functions of microglia. However, novel insights about microglia
involvement in neuronal wiring have accumulated recently. It is now clear that
microglia are critically involved in shaping neural circuits pre-natally [15, 16], in early

life [9, 10, 17] and adulthood [18-20].

1.2.1 Microglia are involved in embryonic development.

Microglia are the first glial cells appearing in the CNS [4, 21], prior to astrocytes
and oligodendrocytes, suggesting the existence of exclusive microglia-neuron
interactions. This early brain colonization by microglia is a highly conserved feature

across vertebrate species [22-26]. Embryonic neural development involves
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programmed cell death of various neuronal sub-types [27, 28], and microglia are
critical for the phagocytosis and removal of these dying neurons in order to prevent
tissue damage [15, 27, 29]. In addition to their role in clearing debris, microglia are
considered critical players in brain development and neural circuitry formation [30,
31]. They are associated with brain vascularization, neuronal proliferation, and neural
cell differentiation to a neuronal or astrocyte lineage [32-34]. Examples for neuronal
fate regulation are shown by the ability of microglia to facilitate neurogenesis of
embryonic cortical cells [35], and differentiation of basal forebrain progenitors into
cholinergic neurons [36]. In addition, microglia were shown to act on neuronal
connectivity via processes termed synaptic pruning and axonal guidance. The later was
displayed by their ability to attenuate dopaminergic axon outgrowth in the striatum,
suggesting microglia deficiencies might cause abnormal forebrain wiring.
Interestingly, this regulatory function of microglia was dependent on CX3;CR1
expression [16]. Synaptic pruning is a process of neuronal circuit fine-tuning in which
microglia dependent phagocytosis is used to eliminate non-active, excess synapses
generated earlier in development [9, 10, 18]. Synaptic pruning was so far documented

in post-natal period and will be further described in the next section (section 1.2.2).

1.2.2 Microglia are involved in post-natal development.

Mouse CNS development persists in the postnatal period, including areas with on-
going neurogenesis even in the adult mouse, such as the dentate gyrus (DG) of the
hippocampus and the sub-ventricular zone (SVZ). Phagocytosis of dying neurons in
those regions was shown to be efficiently performed by adult microglia [37]. Early life
(Postnatal day 5, (P5)) microglia displayed neurotrophic functions, promoting layer 5
cortical neurons survival [17]. This activity was dependent on the expression of the
chemokine receptor CX3CRI1.

An intensively studied role of microglia during early life and adulthood is synaptic
pruning (Scheme 2), involving the phagocytosis dependent elimination of access non-
active synapses. Microglia dependent synaptic pruning was documented in the
hippocampus, where CX3CRI1 deficient mice had immature synaptic connections [9].
In addition, microglia depletion as well as microglia-restricted BDNF deficiency
caused reduction in motor-learning ability and reduced synaptic plasticity of layer V

pyramidal neurons in the motor cortex [18]. Another example for experience
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dependent synaptic pruning exists in the retinogeniculate system, responsible for visual
input processing. Here, microglia were shown to engulf presynaptic retinal inputs
projecting to the thalamus. This engulfment was mediated by complement receptor 3
(CR3) expressed on microglia recognizing complement component 3 (C3) tagging of
access synapses. CR3 null mice had deficits in synaptic connectivity of this brain
circuit [10].

Collectively, embryonic and adult microglia support neuronal circuit generation
and remodeling, with unique functions required for each stage. Phagocytic and
neurotrophic contributions of microglia can be expected to be more substantial in
embryonic development, while synaptic pruning will be more pronounced in early life

(sensory circuits) and to a lesser extent in the adult (learning & memory).

~5um

Motility Synaptic interactions Phagocytosis

Scheme 2: Overview of microglia behavior in the healthy brain. Highly motile microglia processes
continuously remodel their local environment (left), structurally and functionally interact with synaptic
elements (middle; dendritic branch and spines, green) through direct contacts and exchanges of
molecular signals, and contribute to restructuring of neuronal circuits by phagocytizing synaptic
elements and newborn cells (right; cellular inclusions, blue and green). Microglia morphology and
behavior display variability across CNS regions and stages of the lifespan. (Adopted from [38])

1.2.3 Adult and embryonic microglia differ in phenotype.

Microglia precursors originating from the yolk sac, were shown to enter the brain
as early as E9.5 [4]. As opposed to adult CD45"° CX3CR1" F4/80" Ibal” microglia,
embryonic microglia display is CD34'CD45"°CX3CR17F4/80"Tbal”. Furthermore, they
are highly proliferative and remain as such throughout the embryonic period (Scheme
3) [39]. In addition, microglia have a higher migratory ability and an amoeboid
morphology characterizing activated microglia [40, 41]. By P15, microglia are
uniformly spread throughout the brain parenchyma and dramatically reduce their

proliferative activity (scheme 3). This transition stage was shown to be mediated by
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expression of runt related transcription factor 1 (Runx1) [42]. Adult microglia harbor a
ramified shape, characterized by small cell body size and long dendrites performing
continues surveillance of the surrounding parenchyma [7, 8]. They are probably
actively kept in a non-inflammatory state in order to protect the delicate CNS
environment. This phenotype is believed to be dictated by the local microenvironment
of neurons and glia cells. Examples for neuronal molecules promoting quiescence are

CD47 & CD200, interacting with CDI172a/Sirpoc & CD200R on microglia,

respectively [43].
Immature marker phenotype Mature marker phenotype*
| Iba1+/F4/80*/ CX3CR1+/CD34*/CD45" | (:> I Iba1+//F4/80*/ CX3CR1*/MHCI/CD45%

White Matter

Blood vessel

0

>
>E8 E 12-15 PND 5 @ PND 15 PND 20*
ocal Turnover
~75% 50% 5% <1%

Scheme 3: Embryonic microglia are highly proliferative giving rise to the non-cycling fully
differentiated adult microglia pool. During gestation (E9) microglial precursors cross the blood vessel
wall and begin to take up residence in the brain parenchyma. At early stages of colonization (approx.
E12-15), these cells are located in white matter regions (or along vascular/ventricular margins)
possessing an amoeboid morphology similar to activated microglia (larger ruffled round cells (orange)).
During early postnatal stages (~P5), microglia are observed in both white and gray matter regions of the
brain possessing both amoeboid and process-bearing phenotypes. Between P2 to P14, microglia expand
dramatically, In parallel, they also increase ratio of ramified versus amoeboid shape, with the cells
having noticeably more complex process arbors and cytoplasmic material. By ~P15 microglia are well
distributed throughout the brain, facilitating surveillance of the majority of the parenchyma (Adopted
from [39]).

A recent study exploring the expression profile of microglia, demonstrated that

adult microglia have a unique expression pattern compared with monocytes and
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peripheral tissue macrophages [13] (Scheme 4). Interestingly, this genetic signature
was highly dependent on TGFp expression. Further comparison was performed
between different stages of microglia development (Embryonic day 10 (E10), E12.5,
P4, P21, P30, and adult (2 months)), revealing that genes highly expressed by adult
microglia were not shared by embryonic microglia [13].

Taken together, these studies demonstrate genetic and functional differences
between embryonic and adult microglia that might underlie the different requirements

of the developing vs. adult neuronal environment maintained by microglia.
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Scheme 4: Adult microglia aquire a unique expression signature. A PCA analysis of mRNA
expression showing adult microglia highly express a unique set of genes (signature) differing them from
monocytes and other tissue resident macrophages. (Adopted scheme from [13])

1.3 Microglia function during pathology.

Following injury or under neurodegenerative disease such as multiple sclerosis
(MS), Alzheimer's disease (AD), Parkinson's disease (PD), Huntington's disease (HD),
and amyotrophic lateral sclerosis (ALS), adult parenchymal microglia transform into a
proliferative and motile amoeboid state in which they synthesize a large repertoire of
cytokines and chemokines, produce reactive oxygen species (ROS) and exhibit
increased phagocytotic activity [12, 44, 45]. Akin to other resident tissue macrophages,
microglia are the primary immune sentinels of the CNS and can be activated in
response to a variety of pathogen-associated molecular patterns (PAMPs) or death-
associated molecular patterns (DAMPs), both recognized via pattern recognition

receptors (PRR) (Scheme 5) [46].
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Scheme 5: Activated microglia in neurodegenerative disease. Various disease-associated factors can
stimulate microglia activation via binding to PRR. Such factors include DAMPs such as high-mobility
group box 1 protein (HMGB1), histones and ATP, as well as neurodegenerative disease-specific protein
aggregates, such as a-synuclein or amyloid-f aggregates. Classically activated microglia also promote
astrocyte activation further increasing pro-inflammatory and neurotoxic factors, which exacerbate
neurodegeneration. (Adopted from [47]).

ALS is a neurodegenerative disease characterized by a progressive loss of motor
neurons, leading to paralysis and death. Mutant Cu/Zn superoxide dismutase (mSOD1)
is the cause for 20% of familial ALS. Transgenic mice overexpressing human mSODI1
(mSOD1 mice) develop a progressive motor neuron disease that resembles the clinical
features of human familial ALS [48]. Several studies have attempted to differentiate
the contribution of microglial mSOD1 mutation to disease onset and progress. One
study utilized mSODI:PU.I"" double transgenic mice. The PU.1-deficiency causes
severe lack of lymphoid and myeloid cells, including microglia. Transfer of WT, but
not mSOD1, bone marrow (BM) at birth improved survival of these animals and
reconstituted the microglia pool resulting in reduced motor neuron loss and slower
disease progress [49]. Recently, it was shown that NFkB signaling in mononuclear
phagocytes, using Csf1r": P65™" mice, contributed to neuronal death in mSOD1 mice
[50]. Finally, Expression profiling of mouse mSOD1 spinal chord (SC)-microglia
isolated at different disease stages, revealed a significant concurrent induction of
potentially neuroprotective (IGF1, osteopontin), and neurotoxic (Nox2) factors [12]

An additional neurodegenerative disease shown to critically involve an

inflammatory microglia response is experimental autoimmune encephalitis (EAE), the
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mouse model for MS. This model involves active immunization of mice with myelin
peptide (MOG 35-55) [51]. Following immunization, SC microglia alter their
phenotype from a quiescent CD45™ MHC"™ mode to an active CD45" MHCII" state
[52]. We recently showed that mice lacking TGFb activated kinasel (TAKI)
exclusively in micrglia were resistant to active immunization, which resulted in a
considerably less severe disease. TAKI1 is considered as critical regulator of stress
responses, immunity and inflammation that is mainly mediated by the downstream
pathways p38MAPKK, JNK, and NF-kBp65 which are part of the microglia activation
mechanism [53]. Collectively, these The above studies imply pivotal deleterious

involvement of microglia in the pathophysiology of neurodegenerative disease.

1.4 MicroRNAs (MiRs) regulate homeostatic and pathologic processes in the CNS.
1.4.1 MiR generation is dependent on Dicer.

MiRs are a class of small (~22 nt) noncoding RNAs that negatively regulate gene-
expression at the posttranscriptional level by binding to the 3'-untranslated region of
target mRNAs leading to their translational inhibition or degradation [54]. A growing
body of evidence suggests that miRs are important regulators of diverse biological
processes such as cell differentiation, growth, proliferation, and apoptosis. Moreover,
miRs are key modulators of both CNS development and plasticity [55-57]. Some miRs
have been implicated in several neurological disorders, such as traumatic CNS injuries
and neurodegenerative diseases [58-60]. miRs are transcribed in most cases by RNA
polymerase II to primary precursor transcripts (pri-miRs) that are then processed in the
nucleus by Drosha and its cofactor DiGeorge syndrome critical region gene 8
(DGCRS) into pre-miRs. The pre-miRs are transported into the cytoplasm, where
Dicer, an RNase IlI-like endonuclease, further cleaves them in order to yield the
mature miR (Scheme 6). Mature miRs bind to 3’ UTR region of their target mRNAs,
inducing the posttranscriptional gene silencing mainly through mRNA destabilization
[54]. A single miR can pair with the 3'UTR of hundreds of mRNAs [61]. Adding a
level of complexity, miRs are also found to recognize seedless sites, S’'UTRs, and
coding regions of mRNAs [62-64]. Moreover, there are a few reported cases of miRs

that can activate translation of target mRNAs [65, 66].
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Scheme 6: Generation and function of miRs.
miRs are transcribed by RNA polymerase II as pri-miRs, which are then processed by Drosha to produce
long miR precursor (pre-miR). The pre-miRs are transported to the cytoplasm where they are further

cleaved by the endoribonuclease Dicer to mature ~22 nt long miR—-miR *duplex. In this process Dicer
interacts with the RISC complex. Within this complex, one strand of the miR duplex is removed and the
single stranded miR, complementary to the target mRNA, remains in the complex and becomes functional.
Seven to eight bases of the 5’ miRs “seed” sequence are partially complementary to the 3> UTR of mRNA
targets, and induce posttranscriptional silencing through mechanisms such as mRNA destabilization and
translational repression. Adopted from [67].

1.4.2 MiRs regulate neurodegenerative diseases.

Targeted deletion of the Dicer gene in selected neuronal populations results in a
progressive neuronal loss associated with behavioral deficits reflecting the cell types
that were targeted by the Cre-LoxP system. For example, mice lacking Dicer
specifically in dopaminergic neurons are born alive, but develop a progressive
neurodegenerative disorder manifested by 90% loss of these neurons and a resulting
reduced locomotion, which is reminiscent of the phenotype of PD [68]. Conditional
deletion of Dicer has also been used to model spinal muscular atrophy. Accordingly,
by crossing between Vacht™ and Dicer™" mice, Dicer-deficiency is targeted into
postmitotic spinal motor neurons as early as postnatal day 7 [59]. At adulthood, these
mice display a phenotype characterized with astrocytosis and reduction in number of
motor neurons at the Lumbar 5 (L5)-SC ventral horns, as well as hindlimb reduction of

neuro-mascular junction (NMJs), pointing to a progressive neuro-degenerating disease.
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Taken together, these studies demonstrate the significance of miRs in neuronal
maintenance and survival, and suggest that failure of miR function could contribute to
a neurodegenerative phenotype in humans. Remaining questions are which miRs are
impaired functionally in specific disease states and what are the roles of individual
miRs, as well as networks of miRs in these diseases. MiR206 was elevated in muscles
of mSOD1 mice. Moreover, miR-206 was found required for efficient regeneration of
neuromuscular junctions after nerve injury in normal mice, implying that miR-206 has

beneficial effects in the mouse ALS model [69].

1.4.3 MiRs regulate microglia phenotype and function.

MiRs were shown to be involved in microglia differentiation, but also in
regulating the quiescence of these cells versus their activation [70]. Deregulation of the
latter could have a detrimental effect on CNS integrity. Below are several examples of
specific miRs that affect microglia phenotype and function.
miR-155 promotes inflammatory response in microglia.

MiR155, broadly considered a pro-inflammatory miR, was one of the first miRs to
be directly linked to a pro inflammatory phenotype [71]. MiR155 is upregulated in a
microglia cell line (N9), as well as primary microglia cultures in response to LPS [72].
Moreover, miR155 induces the downregulation of the anti-inflammatory transcription
factor suppressor of cytokine signaling 1 (SOCS-1) leading to the upregulation of pro-

inflammatory mediators, such as iNOS, IL6, and TNFa [72]. Further supporting its

pro-inflammatory role, miR-155 deficiency reduced the expression of pro-
inflammatory genes in mSOD1 microglia, and resulted in an overall delay in disease
progress and in extended survival [73].

MiRs -146a, -181c, and -21 down regulate inflammatory response and neurotoxicity
of microglia.

MiR-146a can directly down regulate the production of pro-inflammatory
cytokines by acting as a negative-feedback effector of the inflammatory signaling
pathway initiated by NF-xB [71, 74]. MiR146a is significantly increased in mSOD1
microglia isolated from endstage of disease [58] however, its role in mediating
microglia function during various stages of this disease model is not known. Microglia
cell lines treated with anti-miR146, increased IL6 secretion following stimulation with
TLR2 and 4 ligands [75]. MiR21 and miR181 are reduced in microglia activated by
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hypoxia, a stroke like condition. MiR21 reduction induces FasL [76], while reduction
in miR181 increases the secretion of TNFa and nitric oxide (NO), both contributing to
neuronal apoptosis in culture [77].

Thus, the above studies mark miR-146a, miR181c and miR21 as negative
immune-regulators of microglia pro-inflammatory response and neurotoxicity.

TGFp induced miRs: miRs-99a, -125b, and -342-3p possibly regulate microglia
homeostatic functions.

Adult microglia were shown to have a unique expression profile in vivo,
dependent on TGF signaling [13]. TGFp treatment of cultured microglia, induced a
unique microglia signature, including expression of specific miRs, such as miR-99a,
miR-125b-5p, and miR-342-3p, which were also enriched in freshly isolated microglia
compared with other tissue resident macrophages. These miRs might constitute master
regulators of the homeostatic microglia expression profile dictated by TGFf.

Taken together, various miRs were shown to regulate microglia homeostasis
and/or disease-related activation. Although of interest, much of the research about the
cell biology of microglia relies currently on studies performed in vitro. However,
cultured microglia likely were shown to loose much of their uniqueness and turn into
prototype macrophages [13, 78]. Thus, the establishment of in vivo systems allowing
the targeted genetic manipulation of miRs in microglia within their native
microenvironment is critical for the elucidation of the regulatory mechanisms they

govern in health and disease.

1.5 Genetic manipulation of microglia in context -- Cx3crI“* and Cx3crl<™®
mice.

The Jung laboratory has recently developed an experimental system that allows
the study of microglia within their unique physiological CNS environment.
Specifically, we exploited the unique high expression of the chemokine receptor
CX3CRI for the genetic manipulation of microglia [79]. Cx3crI<*and Cx3crl<*®
mice [80] were generated by targeted insertion of the respective Cre recombinase
genes into the Cx3crl loci, mimicking the situation of the Cx3crI"" locus, previously
shown to tightly reflect endogenous CX3CR1 expression [81] (Scheme 7). Cx3crl“"
mice express constitutively active Cre recombinase resulting in the spontaneous

irreversible rearrangement of loxP site-flanked alleles in CX3CR1-expressing cells. In
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contrast, the Cx3cr]<"**® system comprises a conditional active Cre recombinase that is
fused to a mutated ligand-binding domain of the human estrogen receptor (ER) [82].
Two point mutations in the ER-LBD prevent constitutive activation of the CreER
protein by endogenous estradiol, still allowing binding of the synthetic estrogen
antagonist tamoxifen (TAM). In the unbound form, the CreER fusion protein resides in
the cytoplasm in an inactive complex with heat shock proteins. TAM administration
frees the CreER to translocate to the nucleus and mediate the site- specific
recombination.

Importantly, Cx3crl<"* and Cx3crl<**® mice differ considerably with respect

1" mice only cells that express CX3CRI1 at the time of

to the cells targeted. In Cx3cr
the TAM treatment are hit and will hence undergo rearrangement. In contrast, and as
best demonstrated in combination with respective reporter mouse strains [80], in
Cx3crl“® mice also cells that are derived from CX3CR1" cells but subsequently
silenced CX3CRI1 expression will have recombined loxP-flanked loci. Cx3crl ¢ mice,
therefore, report on the history of the cell and can be used for fate mapping. Thus,
Cx3crl®® will target both resident microglia and peripheral/CNS-infiltrating

macrophages, whereas TAM-treated Cx3cr/““*® mice can be used to manipulate

microglia only (Scheme 7).
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Scheme 7. The usage of CX;CRI1 promoter to target microglia and peripheral macrophages. Scheme
of Cx3cr1“™ and Cx3cr]1 ““*® systems, modified from [80]. Black triangles represent loxP sites.
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2. Results

2.1 Microglia display a unique transcriptome and microRNA profile distinct from
other tissue resident macrophages.

In order to reveal the miR signature of adult microglia, we performed an
Agilent miR microarray analysis [83], comparing microglia with other tissue
macrophages, such as colonic macrophages isolated from the large intestine and liver
macrophages (Kupffer cells, KC) (Fig. 1A). Microglia displayed a set of 73 uniquely
expressed miRs among these populations. These included miR-99a, miR-125b-5p, and
miR-342-3p (Fig. 1A), which were recently shown to be induced by TGFf treatment
in cultured primary microglia [13]. In addition, we analyzed the transcriptiome of
microglia using RNA sequencing and compared it to the ones of colonic and liver
macrophages (Lavin et al Cell 2014, in press) (Fig. 1B). Interestingly, microglia
uniquely expressed genes associated with neuronal development, such as Nav2 [84],
and Salll [85]. Microglia also showed low expression of the Cybb gene encoding the
neurotoxic factor Nox2 [86]. Notably, miRs predicted to target Cybb, miR-103-3p and
miR-107-3p, were part of the miR cluster highly expressed in microglia (Fig. 1A).
Microglia also highly expressed miR-146a-5p that was shown to down-regulate the
NFkB pathway and reduce inflammatory response [74, 75]. In addition, microglia
displayed high expression of miR-181b and miR-181c. MiR-181c was shown to down
regulate the expression of TNFa and NO in a microglia cell-line in response to
hypoxia, a stroke-like condition [77]. Mir-181b was shown to promote the activity of
Matrix metalloproteinase 2 (MMP2) in cancer cell lines via its inhibition of Timp3
[87]. MMPs are enzymes performing extracellular matrix (ECM) remodeling and are
involved in various CNS pathologies, but also in physiological processes of neuronal
development [88, 89]. Interestingly, Mmp2 was highly expressed in microglia and
colonic macrophages, as compared with Kupffer cells (Fig. 1B) and could possibly be
dependent on miR-181b expression.

Overall these results show that microglia display a unique expression profile of

miRs, which likely shapes their specific mRNA expression profile.
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Figure 1. Microglia reveal a unique transcriptional and miR profile in comparison to other tissue
resident macrophages.

(A) Heat map and hierarchical clustering for differentially expressed (FC, >2 or <-2; P<0.05) miRs
between steady state microglia, liver macrophages, and colon macrophages, analyzed with agilent
microarray. Intensity values were log-transformed, normalized and centered, and populations and genes
clustered by pearson correlation test. Data are in duplicates; each replicate is a pool of 6 mice. (B) Heat
map and hierarchical clustering for differentially expressed (FC, >2 or <-2; P<0.05) mRNAs between
steady state microglia, liver macrophages, and colon macrophages, analyzed with RNA-seq approach.
Read numbers were log-transformed, normalized and centered, and populations and genes clustered by
pearson correlation. Number of replicates for each sample was; microglia (n=4), liver macrophages
(n=3), and colon macrophages (n=4) with each replicate pooled from 6 mice. Statistical significance was
measured with Anova.

2.2 Establishment of mice harboring a constitutive Dicer-deficiency in microglia.
In order to study the role of miRs in regulating homeostatic mechanisms governed
by microglia, we generated mice harboring a deletion of Dicer in microglia. To this
end we crossed Cx3crl“® mice [80] and animals harboring a “floxed” Dicer allele
[90], yielding Cx3cr1“":Dicer ™" mice (Fig. 2A). To validate the conditional Dicer
deletion in microglia, these cells were isolated from brains, sorted by FACS (Fig. 2B)
and their genomic DNA and total RNA were purified. PCR analysis of the DNA for

the Exon 24 deletion in Dicer alleles confirmed efficient rearrangements in microglia

] Cre Juml

extracted from brains of Cx3crl~"":Dicer mice, but not Dicer”" microglia (Fig.
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2C). In addition, we performed a qRT-PCR analysis for three miRNAs highly
expressed by WT microglia: miR-146a, known to regulate innate immunity [91], miR-
142-3p, and miR200c. All these miRs showed a significant reduction in microglia
isolated from Cx3cr1“:Dicer™ mice (Fig. 2D).

Taken together this confirms the Dicer gene deletion and lack of Dicer activity in

microglia of Cx3cr1<": Dicer™" mice.
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Figure 2. Cx3cr1“"*:Dicer™” mice show an efficient Dicer loss in microglia.

(A) A scheme describing the transgenic mouse model used for microglia dicer deletion and a time scale
for analyzing dicer allel deletion efficiency. (B) Flow cytometry analysis images showing sorted brain
microglia from either Cx3crl Cre:Dicer"ﬂ "M or Dicer™ mice pool (n=6 for each pool). Microglia were
characterized as Ly6G"**Ly6C"**CD45™CD11b" cells. (C) Representative genomic PCR analysis image
showing the PCR product for Dicer exon 24 deleted allele. Note that it appears only in
Cx3cr1:Dicer™" brain sorted Microglia. (D) Graphical summary showing qRT-PCR analysis for miR-
146a, miR-142-3p and miR-200c expression within microglia sorted from brains of Cx3cr1“"*:Dicer™”
or Dice™" mice. Data are expressed as mean +/- SEM, statistically analyzed with student T test (n=3 per
group).
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2.3 Cx3crl““:Dicer™ mice display a reduced motoric function.
Cx3cr1“:Dicer™ mice were born at normal Mendelian frequencies and did not
ICre

show gross developmental problems. At the age of 8 weeks, however, Cx3crl~"*:Dicer

MM mice started to display a motoric dysfunction, as indicated by their inability to
spread their hind legs, when raised by their tails (data not shown). To further
investigate and quantify the motoric activity of the animals, we subjected Dicer”” and
Cx3cr1“:Dicer™ mice to established locomotion tests (Fig. 3A), including an assay
for hind limb function, hang-wire and rotarod motoric tests (Fig. 3B, C). All these
assays for motoric functions revealed significant motoric impairment of
Cx3cr1“:Dicer ™" mice. Interestingly, the motoric impairment was not detectable
before 8 weeks of age, although Dicer deletion in these mice occurs already at the
stage of CX3;CR1" microglia precursors [80], which reside in the CNS at E9.5 [1, 4,

21]. Collectively, the above results demonstrate a late onset motoric deficiency due to

Dicer-deficiency in microglia.
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Figure 3. Cx3cr1““:Dicer™” mice show a reduced motoric function.

(A) Graphical summary showing home-cage locomotion during continuous periods of light (X-axis,
marked in yellow) and dark (X-axis, marked in gray) showing that Cx3crl“:Dice’”" mice have
reduced activity during dark period. (B) Graphical summary of hang-wire test showing that
Cx3cr1“*:Dice™" mice have longer latency to grip wire with hind legs. (C) Graphical summary of

rotarod spinning wheel test showing that Cx3cr1“:Dice”™" mice fall quicker from the rotarod.

Locomotion test is plotted as average activity per group for each time point, statistically measured with
repeated students T test. Hang-wire and rotarod data are displayed as mean +/- SEM, and statistically
analyzed with students T test (6 weeks: n=5 and 8 for Dicer ™ and Cx3crI“:Dicer™" mice,

respectively; 8 weeks: n=7 and 8 for Dicer”" and Cx3cr1“"*:Dice’™" mice, respectively).
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2.4 Microglial Dicer deficiency results in astrocytosis at specific brain areas,
related to motoric activity.

1 Dicer™" mice, we measured

Given the neurologic deficiency of the Cx3cr
their brain sizes and weights. Eight week old mice though displaying motoric
impairment, did not show any obvious changes in brain size or weight, however older
mice (24 weeks) revealed reductions (Fig. 4A, B). Next, the specific brain areas related
to motoric behavior in mice, such as the motor cortex, cerebellum and brainstem, were
examined for signs of reactive proliferating astrocytes, a process termed astrocytosis,
and associated with neuronal damage due to trauma, infection, and neurodegenerative
disease [92]. Sagittal sections of brainstems, cerebellum (Cb), and cortex (Fig. 4C)
were examined by immunofluorescent labeling for the astrocyte-specific glial fibrillary
acidic protein (GFAP). Interestingly, brainstem and cerebellum of Cx3cr1<:Dicer™"
mice displayed astrocytosis, while the cortex was normal. Therefore, neuronal damage

occuring specifically in brainstem and cerebellum might be related to the motoric

impairment revealed in hind limbs.
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Figure 4. Cx3cr1“"“:DiceV™™ mice show a reduced brain size and an appearance of astrocytosis in
brainstem and cerebellum. (A) Representative pictures of whole brains isolated from 8 and 24 weeks
old mice. (B) Graphical summary showing statistically significant reduction in brain weight in 24 weeks
but not 8 weeks old Cx3cr1““:Dice’”" mice (n=4 for both). Statistics was measured with students T
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2.5 Cx3crl““:Dicer ™" mice display astrocytosis, and reduced motor neuron
numbers in the LS5 ventral horn of the spinal cord.

Given their motoric deficiency of the hind limbs and the prominent astrocytosis in
brainstem and cerebellum, we next screened the spinal cord (SC) lumbar 5 (L5) area of
the Cx3cr1“"*:Dicer™" mice, which innervates the hind limb musculature, for signs of

pathology. GFAP staining revealed profound astrocytosis within the SC-L5

] Cre fum

parenchyma of Cx3crl~":Dicer mice, already at 8 weeks of age, but not before
(Fig. SA, B).

Next, we analyzed motor neuron cell numbers using immunofluorescent staining
for choline acetyl-transferase (ChAT) to probe for neuronal degeneration. The average
number of motor neurons in the ventral horn was calculated from 10 consecutive
sections covering the whole L5 area of the SC. Fluorescent microscopy analysis
revealed a significant 30-40% reduction of motor neurons within the L5 of
Cx3cr1“":Dicer™" mice compared to littermate controls at 24 weeks, but not 8 weeks
(Fig. 6A, B). Caspase-3 staining for apoptosis, revealed the presence of apoptotic

1°:Dicer™ mice at 8-12 weeks of age (Fig.

motor neurons within the L5-SC of Cx3cr
6 C, D).

The results above demonstrate an accumulative damage occurring in the SC-L5 of
Cx3cr1“:Dicer™ mice, including prominent astrocytosis at the age of 8 weeks and a

reduction in the number of ventral horn motor neurons by 24 weeks of age.
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Figure 5 Cx3cr1“:Dicer™" mice display astrocytosis in the L5-SC.

(A) Representative immunofluorescent images of SC-L5 area from Dicer™" versus Cx3cr1“:Dicer™”
mice showing astrocyte specific staining with anti GFAP (red), in addition to nuclei Dapi
counterstaining (blue). (B) Graphical summary showing that astrocyte number per mm” area (n=3, per
group) is increased in Cx3cr1"“: Dicer™" mice.
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Figure 6. Cx3cr1“"*:Dicer™ mice display reduced motor neurons number in the SC-L5 area.

(A) Representative immunofluorescent images of SC-LS5 area from Dicer™ versus Cx3cr1“:Dicer™" 8
weeks and 24 weeks old mice, showing motor neuron specific staining with anti ChAT (green), in
addition to nuclei Dapi counterstaining (blue). (B) Graphical summary showing that motor neuron
number per mm? area (n=4, per group) is decreased in 24 weeks but not 8 weeks old Cx3cr1“*: Dicer™"
mice. (C) Representative immunofluorescent images of SC-L5 area from Dicer™” versus
Cx3cr1“:Dice’" mice showing staining for apoptotic neurons labeled with the neuronal marker-Neu-n
(red), apoptosis marker-cleaved caspase-3 (green), and nuclei counterstaining-Dapi (blue). Arrows
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highlight Neu-n'Caspase3” apoptotic neurons. (n=3, per group). (D) Graphical summary showing an
increase in apoptotic motor neuron number per mm’ in Cx3crl - Dice™" mice (n=3, per group).
Quantitative data for all experiments here are expressed as mean +/- SEM and statistically analyzed with
students T test (P value represented by * <=0.05, ** <= 0.01, or *** <=0.001).

2.6 Cx3cr1“:Dicer ™" mice show an accumulation of Mac2" phagocytic cells and
a reduced number of axons in L5- ventral root.

The innervation of leg muscles occurs via the sciatic nerve, which is composed
from the L4 and L5 motor neuron axonal roots (ventral roots). The sciatic nerve
originates in the CNS, but most of the nerve is located in the peripheral nervous system
(PNS). Therefore damage in either compartment could be harmful to its integrity and
impair hind limb motorics. L5 axonal root degeneration is a known feature of
neurodegenerative diseases, such as ALS, commonly seen in human patients and the
mSOD1 mouse model [93, 94], even prior to L5 motor neurons loss [94]. Sciatic nerve
degeneration triggers a regenerative process, which involves Schwann cells and/or
infiltrating macrophages that phagocytose myelin debris shed from damaged axons
[95]. Both cell types express the galactose specific lectin galectin-3, also named Mac-2
[96], a molecule functionally important for myelin phagocytosis following axonal
injury as demonstrated in Mac2 deficient mice [96]. In order to probe for potential

WL

axonal damage in Cx3crl“*:Dicer ™" mice, we specifically excised L5 ventral roots

and performed a staining for ChAT and Mac2. We observed a prominent accumulation

] Cre fum

of Mac2" cells specifically in Cx3cri:Dicer mice of all age groups tested,
including time points before the onset of motoric impairment (6 weeks) (Fig. 7A).
Motor axon numbers per L5 root were reduced in later stages (24 weeks) (Fig. 7B),
similarly to late occurring motor neuron cell body loss (Fig. 6A, B). Collectively, these
results show that Dicer deficient microglia cause axonal damage in the SC-L5 ventral

roots.
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Figure 7. Cx3cr1:Dicer™ mice show increased incidence of Mac2" phagocytic cells in L5 ventral
roots and reduction of overall axonal number per root.

Representative immunofluorescent images of SC-L5 ventral root cross sections, isolated from either
Dice™ or Cx3cr1“:Dicer" at the age of 6, 8 and 24 weeks (A), motor axons are labeled with ChAT
(green), phagocytic cells are labeled with Mac2 (red). (B) Graphical summary of 8 and 24 weeks old
mice axonal number per root, showing reduced number of axons in 24 weeks old Cx3crl e Dicer™"
mice. All data are expressed as mean +/- SEM. (n=3, in 8 weeks and 24 weeks old mice). Statistical
analysis was performed with Students T test.
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2.7 Histological evaluation of Cx3cr1“*:Dicer™ microglia reveals their activation
and increased turnover.
2.7.1 Dicer-deficient microglia show an activated phenotype.

In order to evaluate the activation state of the Dicer-deficient microglia, we
performed an immunofluorescent staining for the microglia marker Ibal(ionized
calcium-binding adapter molecule 1) on sections of cortex, cerebellum and SC of 8
week old Cx3cri“*:Dicer ™ and littermate Dicer™" mice. Fluorescent microscopic
imaging revealed a typical ramified morphology for Dicer™ microglia. In contrast,

microglia of Cx3c¢r1<"*:Dicer ™"

mice exhibited amoeboid shapes and increased cell
body sizes (Fig. 8A). Quantitative morphometric analysis of 3D-reconstructed images
of single microglia cells revealed additional features, such as reduced dendrite length
and branching (Fig. 8B, C). SC sections were also stained for the activation marker
CD68, which is associated with microglia polarization towards a pro-inflammatory
phenotype [50]. Sections were taken from tissues of 4-6 weeks old mice, a period
before obvious impaired motoric phenotype, in an attempt to separate intrinsic changes
of the mutant microglia from microglial responses to neuronal damage.
Cx3cr1“:Dicer ™" mice displayed elevated expression of CD68 (Fig. 8D). CD68
expression was also evaluated by flow-cytometry, alongside with MHCII and the co-
stimulatory molecule CD86. All these markers were found to be increased in 4-6
weeks old Cx3crl“:Dicer ™" mice, as compared to littermate controls (Fig. 8E).

Collectively, these results show that a Dicer deficiency of microglia results in

microglia activation and the expression of markers associated with inflammation.
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Figure 8. Cx3cr1““:Dicer™ microglia show an activated phenotype. (A) A representative fluorescent
microscopic images of paraffin sections of motor cortex, cerebellum and SC tissues extracted from 8
weeks old Dicer™ or Cx3cr1“:Dicer" mice showing staining for Ibal (red) and Dapi (blue). (B, C)
Quantitative morphometric analysis of 3D-reconstructed images of single Microglia cells, isolated from
8 weeks old mice, showing dendrite length and number of branches. (n=3 of both Dice/™ and
Cx3cr1“:Dice’™"). (D) Representative fluorescent microscopic images of paraffin sections of SC-L5
area, extracted from 4 weeks old Dicer™ or Cx3cr1“":Dicer" mice showing staining for Dapi (blue),
Ibal (red), and CD68 (green). (E) Flow cytometry analysis images showing expression of CD68, MHCII
and CD86 co-stimulatory molecules in SC microglia isolated from 4-6 weeks old Cx3crI“":Dicer™”
and Dicer™" mice (n=6 and n=5 respectively). For all results here, data are expressed as mean +/- SEM,
statistically analyzed with student T test (P value represented by * <=0.05, or ** <=0.01).

The above immunohistochemistry was done in collaboration with Dr. Thomas Blank from the lab of
Prof. Marco Prinz, Universitats klinikum Freiburg.
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2.7.2 Dicer-deficient microglia display increased cell proliferation and apoptosis.
Microglia activation during challenge is associated with their increased
proliferation, followed by apoptosis at the disease resolution stage [97]. Dicer
deficiency was shown to promote apoptosis in epidermal resident CD11c" cells (i.e.,
Langerhans cells, LC), using a CD11¢“":Dicer™ mouse model [98]. Therefore, we

T microglia.

decided to explore both proliferation and apoptosis in Cx3cr!“*:Dicer
To examine microglial proliferation in the SC-L5 area we stained for the intra-cellular
proliferation marker Ki67, present only during active phases of cell cycle. Microscopy
analysis revealed an increased number of cells positive for both Ibal and Ki67 among
the Dicer-deficient microglia (Fig. 9A, B). To assess the apoptosis rate, we performed
a terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling
(TUNEL). Analysis revealed the presence of apoptotic TUNEL" Ibal" Dicer-deficient
microglia (Fig. 9C, D). Furthermore, the number of Ibal” microglia cells was reduced
in SC of 6-month old Cx3cr1“"*:Dicer™" mice (Fig.10E, F). Collectively, these results
suggest that the Dicer-deficiency in microglia results in an increased turnover,

manifested in increased proliferation and apoptosis, culminating in a progressive

reduction of microglia cells with age.
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Figure 9. Increased proliferation and apoptosis rate, in addition to age dependent frequency
reduction of Cx3crl:Dicer™ microglia. (A) Representative immunofluorescent images of SC-L5
area from Dicer™ versus Cx3cr1“*:Dicer" mice. Paraffin sections were stained with Dapi (blue), Ibal
(red), and Ki67 (green). Arrows highlight Ibal'Ki67 cells. (B) Graphical summary showing the
percentage of Ki67  events out of Ibal’™ Microglia cells (n=3 per group). (C) Representative
immunofluorescent images of SC-L5 area from Dice™” versus Cx3cri“:Dicer™" mice. Paraffin
sections were stained with Dapi (blue), Ibal (red), and TUNEL (green). Arrows highlight Ibal TUNEL"
apoptotic Microglia cells. (D) Graphical summary showing the percentage of TUNEL" events out of
Ibal® microglia cells (n=3 per group). (E) Representative immunofluorescent images of SC-L5 area
from 6-month old Dicer ™" versus Cx3cri1“*:Dicer™" mice. Floating sections were stained with Dapi
(blue) and Ibal (red). (H) Graphical summary showing the number of Ibal” Microglia cells per area.
Data for all experiments here are expressed as mean +/- SEM and statistically analyzed with students T
test (P value represented by * <=0.05, or ** <= 0.01). The above immunohistochemistry was done in
collaboration with Dr. Thomas Blank from the lab of Prof. Marco Prinz, Universitats klinikum Freiburg.

36



2.8 Microarray analysis of the mRNA of Dicer-deficient microglia reveals their
activation and loss of unique homeostatic gene signature.

To identify molecular pathways controlled by miRs in microglia we performed an
Affymetrix microarray chip analysis of microglia sorted fro m Dicer”
andCx3cr1“":Dicer " brains and SC. Six weeks old mice were analyzed in order to

reveal differences between Dicer”" and Cx3cr1€:Dicer”™"

microglia prior to motoric
phenotype (onset at 8 weeks), and reduce a secondary impact of neuronal damage (Fig.
10A). Cx3cr1“:Dicer™" microglia from brain and SC shared common differentially
expressed genes (248), i.e. 30% out of all differentially expressed genes (794). The rest
of the differentially expressed genes were divided into brain only (396) and SC only

1" Dicer

sets (150). These differentially expressed genes found exclusively in Cx3cr
M brain and SC might reflect differences between microglia in these specific CNS

compartments [99].

3 Cre fuml

Common differentially expressed genes in brain and SC of Cx3cri™":Dicer
microglia could be divided into 190 upregulated and 58 downregulated genes (Fig.
10B), and were functionally categorized according to GO annotations. Upregulated
genes fell into the following groups: neurotoxicity and ROS, immune mediators, PRR,
cytokines, complement signaling, apoptosis, cell division, ECM, and cell motility (Fig.
10C). The “ROS production” cluster was particularly relevant to microglia
neurotoxicity, especially with respect to the pro-inflammatory oxidase Nox2 (Cybb), a
key component in generation of reactive oxygen species [100]. Another upregulated
gene associated with generation of ROS is Xdh, which was reported to be increased in
mSODI1 microglia associated with ALS [12]. The “immune mediators” cluster contains
genes related to microglia/ macrophage activation. It includes Treml and Trem3,
which amplify innate inflammatory response [101]. The upregulated genes S700a8 and
S100a9 are members of the S100-protein family performing calcium-binding acivity
and have lately been identified as important endogenous DAMPs, secreted as a
complex by activated phagocytes and recognized by TLR4 [102]. Of note, S100a8 and
S100a9 were reported to be increased in brain microglia associated with various
neurological disorders [103, 104]. Lcn2 is a member of the lipocalin family, and is
involved in innate immunity by sequestering of iron and limiting bacterial growth
[105]. Interestingly, Lipocalin-2 promotes neuronal death [106], and regulates

activation and ameboid morphology transformation of microglia [107, 108]. Lastly,
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Spp1 (Osteopontin) was proposed to be neurotoxic since it contributed to disease
progression in EAE [109] and increased in mSOD1 microglia, but was also shown to
have a neuroprotective role in a model of spinal cord injury (SCI) [110].
Downregulated genes were categorized by the GO analysis into “Neuronal
development and function”, “ECM”, and genes recently identified as “steady state
microglia signature” [13]. Interestingly, the “neuronal development” cluster contained
Nav2, which was shown to promote neurite outgrowth in SC and hindbrain during
development [111]. An additional downregulated gene involved with the control of
neuronal function is GLAST (S/c/a3), a glutamate transporter required for clearance of
access extracellular glutamate and prevention of neuronal damage [112, 113]. Overall,
Dicer-deficient microglia become activated with increased expression of genes related
to inflammatory response and neurotoxicity. This is in line with other
neurodegenerative models, such as the SOD1 ALS model [12]. In addition Dicer-
deficient microglia displayed decreased expression of genes related to neuronal

development.
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Figure 10 (A-B). Cx3cr1“":Dicer™ microglia increase pro-inflammatory & neurotoxic factors.

(A) Time scale showing microglia were isolated at 6 weeks, prior to obvious motoric impairments. (B)
A scatter plot showing differentially expressed mRNA (FC, >=2 or =<-2; P=<0.05) in
Cx3cr1“:Dice™" microglia isolated from either Brain (X axis) or SC (Y axis). mRNA expression was
analysed with ST1 affymetrix microarray. Intensity values were normalized and the log difference
between Cx3crl““:Dicer™" and Dicer™ of differentialy expressed genes is displayed. Number of
replicates was; brain n=2 (both Dicer™ and Cx3cri“*:Dice”™), and SC n=3 (both Dice/™" and

Cx3cr1“:Dicer” //ﬂ), with each replicate pooled from 6-8 mice. Statistical significance test was
performed with Anova.
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Figure 10 (C-D). Functional categorization of differentially expressed genes in Cx3crl:Dicer™"
(KO) Microglia. (C) A Heat map displaying functional clustering according to GO annotations of
significantly Up regulated genes (P<0.05, FC>2), in Cx3cri“*:Dice”" (KO) Vs. Dice™ (WT)
microglia. (D) A Heat map displaying functional clustering according to GO annotations of down
regulated genes (P<0.05, FC<-2), of Cx3cri“*:Dice”" (KO) Vs. Dice/™ (WT) microglia. Colors
represent signal intensity values derived from affymetrix microarray platform. Number of replicates
was; brain n=2 (both WT and KO), and SC n=3 (both WT and KO), with each replicate pooled from 6-8
mice. Statistical significance test was performed with Anova.
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2.9 Reconstitution of Dicer-deficient microglia by BM-derived WT brain
macrophages does not rescue the motoric-deficiency.

Lethal irradiation and subsequent complementary bone marrow (BM) transfer
results in full reconstitution of peripheral BM-derived hematopoietic cells, but replaces
only 10-15% of the microglia compartment [14, 93]. Under specific disease conditions
a more efficient reconstitution and functional rescue of impaired microglia has been
reported. Thus, transfer of WT BM into 4 week old Mecp2” hosts, a murine Rett
syndrome model associated with diverse neurological deficits and pre-mature death,
was reported to result in long-term engraftment of the brain parenchyma by BM-
derived microglia-like cells and arrest of disease development [114].

To examine if we can rescue Cx3cr1<:Dicer™"

mice from the progressive motor
neuron deficiency we transferred CD45.1" WT BM into lethally irradiated CD45.2"
Cx3cr1“:Dicer™ recipients generating (WT > Cx3cr1“:Dicer™") BM chimeras and
as a control, we transferred CD45.1° WT BM into CD45.2" WT recipients, generating

(WT > WT) BM chimeras. In addition, we wished to elucidate if Dicer-deficient

5 Cre T

monocyte-derived macrophages (also targeted in the Cx3crl~"":Dicer’”" mice) would
contribute to the disease via damage to central or peripheral nervous system. For that
purpose we generated Cx3crl<“:Dice’™: RosaYfp BM transfer into CD45.17 WT
recipients (Cx3cr1“:Dicer™: Rosa¥Yfp > WT). Of note, the Mac2" cells found in L5

motoric roots of Cx3cr1<":Dicer™"

mice (Fig. 7), have been reported in other systems
to be partially comprised of infiltrating peripheral macrophages [95, 96]. In addition,
we generated Cx3crl““:Dicer™: RosaYfp BM transfer into Cx3crl““:Dicer ™"
recipients (Cx3cr1<"“:Dicer™: RosaYfp > Cx3cr1<*:Dicer™").

St

G .
17" :Dicer’™" |

:Dicer™ recipient groups (WT>Cx3cr1

Interestingly, both Cx3cr
and Cx3cr1“:Dicer™":RosaYfp > Cx3crl1“":Dicer™") developed motoric deficiencies
indicated by reduced locomotor activity and an impaired ability to grip wire (Fig. 11A,
B), therefore WT BM transfer did not result in a rescue of the motoric deficiency.
Analysis of the chimerism of the brain macrophage compartment, revealed that the WT
recipients mice (CD45.1") WT >WT and Cx3cr1““:Dicer™": RosaYfp >WT) showed
3% and 6% engraftment, respectively. Surprisingly and in stark contrast, the WT
(CD45.1") >Cx3cr1“:Dicer™" group showed > 95% engraftment with donor-derived

cells (Fig. 11C-E), indicating that Dicer deficiency turns the otherwise radio-resistant

microglia into radio-sensitive, and accordingly they are ablated by lethal irradiation
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and replaced with BM derived cells. This result was further established by histological
analysis of L5-SC microglia in Cx3cr1“:Dicer™ recipients transferred with Cx3cr1“?
BM ((Cx3cr1®? > Cx3cr1“:Dicer™") BM chimeras), showing that all Iba” cells were
also GFP" (Fig. 11F). Dicer deficient microglia radio-sensitivity could be explained by
the finding of a recent study showing that Dicer is required for a proper DNA damage
response to irradiation [115]. Dicer-deficient microglia exposed to lethal irradiation
might accumulate a high level of DNA damage directing them towards apoptosis.

However, despite the complete replacement of the Dicer-deficient microglia by WT

] Cre fum

cells, no functional rescue of Cx3cri~":Dicer recipients was achieved as the
motoric deficiency persisted.

Interestingly, we also observed Mac2” GFP" cells accumulation in L5 ventral roots
of Cx3cr1“:Dice”™" recipients transferred with Cx3crI“?" BM ((Cx3cri®?* >
Cx3cr1“:Dicer ™) BM chimeras) (Fig. 11G, G), indicating that Mac2" cells were
partially monocyte-derived cells, in line with earlier reports [95, 96]. In contrast,
Mac2" cells did not accumulate in Cx3cr1<: Dicer™: RosaYfp >WT BM chimeras,
(Fig. 11H, H’), establishing that dicer deficient monocytes, derived from Cx3crl“"*:
Dicer™: Rosa¥fp BM do not give rise to L5 motor root Mac2" cells in absence of a

pre-existing neurological disorder in recipient mice.
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Figure 11 (A-F). Cx3crl <. Dicer™ Vs. Dicer™ mice motoric disorder is not rescued by a WT BM
transfer. (A) A graphical summary showing home-cage locomotion during continuous periods of light
(X-axis, marked in yellow) and dark (X-axis, marked in gray), revealing that Cx3cr1<:Dicer™"
recipient mice have reduced activity during dark period regardless of the transferred BM (CD45.1°
(WT), or Cx3cri:Dice”™" ). Cx3cri1“:Dicer™" BM transfer into WT recipients did not affect this
motoric function. (B) A graphical summary showing hang wire test, revealing that Cx3crl e Dicer™"
recipient mice have reduced ability to grip wire regardless of the transferred BM (WT or
Cx3cr1“:Dice™™). Cx3cr1“*:Dice’" BM transfer into WT recipients did not affect this motoric
function. (C) A flow cytometry gating strategy of SC microglia recognized as CD11b'Ly6C Ly6G". (D)
Representative flow cytometry dot plots of SC microglia from CD45.1° WT into CD45.2° WT or
CD45.2": Cx3cr1“:Dicer™ recipients, showing distribution of microglia population between donor and
recipient derived cells. (E) A graphical summary of the relative contribution of donor versus recipient
derived cells to the SC microglia pool, in CD45.1" WT BM transfer into CD452" WT or
CD45.2":Cx3cr1“*:Dicer™"  recipients,  according to  CD45.1 expression, and in
Cx3cr1“:Dice’™:RosaYfp BM transfer into WT or Cx3cr1“":Dicer™” recipients, according to YFP
expression. (F) Representative immunofluorescent images of SC-LS area from Cx3crl “ into WT and
Cx3crl®? into Cx3crl“*:Dice”™" chimeric mice, showing staining for microglial marker Ibal (red),
donor derived marker CX;3CRI1-GFP (green), and nuclei counterstaining-Dapi (blue). Cx3crl “ into
Cx3cr1“:Dice™" mice show that all Ibal” cells are donor derived (GFP™).

43



G Blood chimerism G’ Ventral roots
Dapi, Mac2, GFP/YFP

Donor CD45.1: Cx3cr16P
Recipient CD45.2: Cx3cr1Cre:Dicer

104 {107 0.356
103
o 102 .
© 10 &
8 07 |__986.
50K 150K 250K
CD45.1
H Blood chimerism H Ventral (ventral) roots

Dapi, Mac2, GFP/YFP
Donor:  CD45.1: Cx3cr16/P

Recipient: CD45.2: WT

10¢ 199 10¢ {087 0.0544
103 >
102 o 102
‘el 1 2
L0 < 10
o o0 - O 0 10943 |__98.1.
© 50K 150K 250K 50K 150K 250K
FsC CD45.1

Donor: CD45.2: Cx3cr1¢e:Dicer"RosaYfp
Recipient: CD45.1: WT

13.6

104 104 1100 0
103 103 i
102 o 102
w 10 2 107
5 O 5ok 150K 250K S ol L0
o 50K 150K 250K
FSC CD45.1

Figure 11 (G,H). L5 accumulated Mac2" cells are partially monocyte derived. (G) CD45.1: Cx3crl G
into CD45.2: Cx3crl““:Dicer™" chimeric mice showing complete (90-100% donor) chimerism
according to representative flow cytometry dot plots of blood monocytes. (G’) Cx3crl“? into
Cx3cr1“:Dicer™" chimeric mice revealing an infiltration of Mac2 'GFP" (white arrows) cells according
to representative immunoflourescent images of motoric roots showing staining for Mac2 (red) CX;CR1-
GFP (green) and nuclei counterstaining-Dapi (blue). (H) CD45.1:Cx3crl “" into CD45.2: WT, and
CD45.2: Cx3crl“*:Dicer™" -RosaYfp into CD45.1: WT chimeric mice showing complete (90-100%
donor) chimerism according to representative flow cytometry dot plots of blood monocytes. (H”)
Cx3crl“Pinto WT, and Cx3crl“:Dicer™ -RosaYfp into WT chimeric mice revealing no infiltration of
Mac2" cells according to representative immunoflourescent images of motoric roots showing staining
for Mac2 (red), CX;CR1-GFP/YFP (green) and nuclei counterstaining-Dapi (blue). Graphical data are
expressed as mean +/- SEM, n=4 in each group of chimeric mice. Statistical testing was performed with
students T test. (* P<0.05, ** P<0.01).
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2.10 Cx3cr1““:Dicer ™" mice show a depletion of skin resident cells including
Langerhans cells (LC) and dendritic epidermal T cells (DETCs).

The skin harbors two populations of tissue-resident cells targeted in the Cx3crl<"
mouse, Langerhans cells (LC) and CX;CR1-expressing yOT cells, also referred to as
“dendritic epidermal T cells (DETCs)” [116, 117]. LC are a unique subset of epidermal
dendritic cells that carry features of macrophages, and are like other resident
macrophages, generated during embryonic development from CX3CR1" precursors.
LC are hence targeted in the Cx3crI“" mouse [80]. Using CD11c¢“":Dicer™" mice, it
has been reported that Dicer-deficient LC undergo apoptosis [98]. Interestingly,
populations of both LC and y8T cells were found significantly reduced in
Cx3cr1“:Dicer™ mice, indicating that - in stark contrast to the microglia - Dicer and
presumably miRs are essential to maintain not only LC, but also other long-lived

epidermal tissue resident cells (Fig. 12A, B).
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Figure 12. Cx3crl““:Dicer™ mice show a depletion of epidermal resident cells. (A) Representative
flow-cytometry dot plot analysis for epidermal CD45" cells, including LC CD45"MHCII" and y8T cells
CD45'TCRyS". (B) Graphical summary showing a substantial reduction in Cx3cr1“":Dicer™” epidermal
CD45" cells, consisting mainly out of LC and YT cells. Graphical data are expressed as mean +/- SEM;
n=3 of Dicer™ and n=6 of Cx3cr1“"*:Dicer™" mice. Statistical testing was performed with students T
test. (* P<0.05, ** P<0.01).
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2.11 Post-natal induction of Dicer loss in microglia, utilizing Cx3cr1<*t®:Dicer™
mouse model.

Cx3cr1““*F:Dicer” microglia are targeted already during embryonic
development, since they are derived from CX3CR1" yolk sac precursors that seed the
developing CNS as early as E9.5. We wanted to test, if we would observe a similar
phenotype when the mutation is induced after birth. For this end, we postnatally
induced a microglia-specific Dicer loss by tamoxifen treatment of Cx3cr1<*®: Dicer™
mice, resulting in a nuclear translocation of the Cre recombinase and ensuing
rearrangements [80]. Moreover, Cx3crl““*®:Dicer”~ mice allow a more specific
genetic targeting of microglia vs. other macrophages, since tamoxifen is given
postnataly, when most tissue-resident macrophages, except for microglia and intestinal
macrophages stop to express CX3CR1 [80]. Furthermore, intestinal macrophages are
constantly replenished by blood monocytes [118], and therefore progressively lose the
rearranged alleles [79, 119]. In contrast, microglia are long-lived, self-maintain and
hence remain modified [79, 119]

2.11.1 Cx3cr1““*®:Dicer™ mice show an efficient Dicer loss in microglia.

To increase the efficiency of complete Dicer gene deletion, we generated
Cx3cr1 " ®:Dicer” mice, that harbor one mutant and one 'floxed' (fl) dicer allele
[90]. Of note, heterozygote Dicer mutant mice are viable and have no overt phenotype
[120]. Cx3crl““®®:Dicer™ mice were treated with tamoxifen during the first week
after birth (3 injections) and an additional dose was given at P30 (2 injections) to
increase deletion efficiency, mice were analyzed at the age of 3 months (Fig. 13A). To
validate the Dicer deletion in microglia, the cells were sorted using flowcytometry
(Fig. 13B). PCR analysis for genomic DNA confirmed that Cx3cr1<“*®:Dicer”” mice
had lost the 'floxed' dicer allele (Fig. 13C). Quantitative RT-PCR analysis revealed a
~50-100 fold reduction in miR146a and miR142-3p expression and a 5-10 fold
reduction in miR200c expression in microglia isolated from tamoxifen-treated

Cx3crl“"®:Dicer”” mice (Fig. 13D).
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Figure 13. Cx3crI1“"*®:Dicer™" mice show an efficient Dicer loss in microglia.

(A) A scheme describing the transgenic mouse model used for microglia induced Dicer deletion. (B)
Flow cytometry analysis images showing sorted brain microglia from either Cx3crl CVEER:D;'ce/W' or
Dicer” mice pool (n=6 for each pool). Microglia were characterized as Ly6G"tLy6C™8CD45™CD11b"
cells. (C) A Representative genomic PCR analysis image showing the PCR product for Dicer exon 24
deleted allele. Cx3crl1““*®:Dicer” mice show only recombined allel while Dicer”” mice had both
recombined and “fl” allel. (D) Graphical summary showing qRT-PCR analysis for miR-146a, miR-142-
3p and miR-200c expression within Microglia sorted from brains of Cx3crl““*®:Dicer”” or Dicer™
mice. Data are expressed as mean +/- SEM, statistically analyzed with student T test (n=2 per group).

2.11.2 Unchallenged Cx3cr1“"“*®:Dicer”" mice display no overt phenotype.
Following the wvalidation of the Dicer deletion, we analyzed the
Cx3cr1““* X :Dicer™ mice for signs of motoric dysfunction, astrocytosis and microglia
activation. Motoric activity was examined three months following tamoxifen treatment
and histological assessments for astrocytosis, and microglia activation were performed
six months following tamoxifen treatment. Hang wire test analysis for hind leg motility
of Cx3crl1“"“®: Dicer” mice revealed no motoric impairment (Fig. 14A), in line with
the absence of astrocytosis in the SC-L5 area (Fig. 14B). Microglia of tamoxifen-
treated Cx3crl““*®:Dicer - mice also showed no signs of activation (Fig. 14C).
Overall, the postnatal induction of microglial dicer deficiency did not result in an overt
phenotype. This is in stark contrast to the microglia of Cx3cr1<":Dicer”™" mice, which
display a spontaneous, though delayed development of motor dysfunction, associated

with prominent microglia activation.
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Figure 14. Unchallenged Cx3cr1““*®:Dicer” mice display no overt phenotype.

(A) A graphical summary of hang-wire test showing there is no significant difference between Dicer-
and Cx3cr1““®:Dicer” in latency to grip wire. Data are displayed as mean +/- SEM, and statistically
analyzed with students T test (n=3 and n=5 for Dicer " and Cx3cri“**®: Dicer ™ mice, respectively).
(B) Representative fluorescent microscopic images of paraffin sections of SC-L5 segment extracted
from Dicer or Cx3cr1“**®:Dicer mice showing staining for GFAP (red) and Dapi (blue). (C) A
representative fluorescent microscopic images of paraffin sections of SC-L5 segment extracted from
Dicer” or Cx3cr1““™:Dicer”" mice showing staining for Ibal (red) and Dapi (blue).
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2.11.3 Microglia of Cx3cr1“"**:Dicer”” mice are radio-sensitive.
Cx3cr1“:Dicer™ microglia are radio-sensitive, as indicated by their quantitative
replacement by BM-derived cells in chimeras (Fig 11). To examine the radiosensitivity
of microglia that was postnatally depleted of the Dicer gene, we lethally irradiated
Dice” (WT) and Cx3cri““*®:Dicer” :Rosa¥fp mice (both CD45.2) and engrafted
them with CD45.17 Cx3cr1“?* BM. Microglia of Cx3cr1““*®:Dicer” :RosaYfp mice
are CD45.2" and following exposure to tamoxifen will become YFP" (Fig. 15A), while
microglia of WT recipients will be only CD45.2". In order to examine the chimerism
of the resulting mice, we measured contribution of donor and recipient cells to the
blood monocyte compartment. The analysis revealed a complete hematopoietic
reconstitution by donor cells in both Dice”" and Cx3cri““*®:Dicer™ :RosaYfp
recipients (Fig. 15B). The analysis of microglia population chimerism showed that
40% of the Cx3crl“"“*®:Dicer” :RosaYfp microglia were substituted by BM-derived
CD45.1" CX3CR1F" cells in comparison with <2% substitution in Dicer”" recipients
(Fig. 15C, D). Of note, the remaining 60% endogenous microglia of
Cx3cr1““*®:Dicer :RosaYfp mice were YFP, indicating that they had recombined the
Rosa-Stop-Yfp allele only, but not the Dicer allele. The animals had been treated with a
high dose of tamoxifen to induce efficient recombination in microglia. However, rare
cells bearing a single recombination of the Stop-Yfp (YFP' only) might have an

null

advantage over the Dicer deleted cells (YFP Dicer™") and since microglia are dividing
cells, might out-compete the Dicer deleted cells with time. Of note, in this experiment
BM transplantation was performed 6 months post tamoxifen treatment, allowing for a
progessive replacement of Dicer-deficient cells.

Taken together, the above results show that postnatally Dicer-deleted microglia
(Cx3cr1““*®:Dicer™") are indeed Dicer deficient. However unlike embryonically
Dicer--deleted microglia (Cx3crl“*:Dicer™), this didn’t result in a microglial

activation phenotype nor did it cause neuronal damage or a motoric phenotype.
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Figure 15. Cx3cr1““®®:Dicer -RosaYfp microglia are becoming radiosensitive and can be replaced
by BM derived cells following lethal irradiation. (A) A time frame scheme describing tamoxifen
treatment and chimerism of Cx3crl““*®:Dicer” -RosaYfp and Dicer mice. (B) Representative flow
cytometry dot plots showing distribution of Blood monocytes (CD115") between donor and recipient
BM derived cells, in Dicer”" or Cx3cri““*:Dice-RosaYfp recipients transferred with
CD45.1°Cx3cr1“?(WT) BM. (C) Representative flow cytometry dot plots showing distribution of SC
microglia (CD11b'Ly6C'Ly6G"), between donor’s and recipient’s origin. Donor microglia are
CD45.1" Cx3cr1“? while endogenous Microglia are either CD45-2" only or CD45-2"YFP' in tamoxifen
treated Dicer”" or Cx3crl1““**:Dicer” -RosaYfp recipients, respectively. (D) Graphical summary of the
SC microglia distribution between donor and recipient derived cells, according to the CD45.1 marker
expression. (n=2 for each group) Graphical data are expressed as mean +/- SEM, Statistical testing was
performed with students T test. (* P<0.05, ** P<0.01).
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3. Materials and Methods.

Mice. The following 4 - to 24-week-old mice were used: C57BL/6 (CD45.2); CD45.1
mice (B6.SJL-Ptprca Pep3b/Boyj, Jackson Laboratories) bearing the CD45.1 allotype;
Cx3crI¥”” mice (B6.129P-Cx3crltmlLitt/J, Jackson Laboratories) harboring a
targeted replacement of the Cx3crl gene by an enhanced GFP reporter gene [81];
Cx3crl“® mice harboring a targeted replacement of the Cx3crl gene by a Cre

recombinase [80] generated on a C57Bl/6 background; Cx3crl <"

mice harboring a
targeted replacement of the Cx3crl gene by a Cre recombinase fused to a mutant
estrogen ligand-binding domain [80], requiring the presence of the estrogen antagonist
tamoxifen (TAM) for activation; Pgk“" mice (“ubiquitous Cre mice”) (B6.C-Tg(Pgkl-
cre)1Lni/CrsJ, Jackson laboratories) harboring Cre recombinase under the control of
phosphoglycerate kinase 1 (Pgkl) promoter [121], activate in all mouse tissues;
Dicer™ mice (B6.Cg-DicerltmiBdh/], Jackson laboratories) harboring /oxP sites on
either side of exon 24 of the targeted gene [90]; and Rosa-26-YFP mice (B6.129X1-
Gt(ROSA)26Sortm1(EYFP)Cos/J, Jackson laboratories) harboring Enhanced Yellow
fluorescent protein gene (EYFP) inserted into the Gt(ROSA)26Sor locus blocked by an
upstream JoxP-flanked STOP sequence [122]. Cx3crl“ mice were crossed with
Dice™ mice, generating Cx3cr1“": DiceV™. Cx3cr1“: DiceV™ mice were crossed
with RosaYfp mice, generating Cx3crl“": Dicer™ —RosaYfp mice. Pgk™ mice were
crossed with Dice™ mice, generating Dicer”””. Cx3cr1“**® mice were crossed with
Dice”" mice, generating Cx3crl““*®: Dicer”. Cx3crl1““*®. Dicer”" mice were
crossed with RosaYfp mice, generating Cx3cri““*®: Dice/"- RosaYfp mice.
Cx3crI¥”” mice were crossed with CD45.1 mice, generating CD45.1:Cx3crI¥?”

For Cx3crl”: Dicer™ microglia replacement experiment, the following BM chimeras
were generated: [CD45.1:Cx3crI¥?"> wt], [CD45.1:Cx3crI¥?"> Cx3cr1“": Dicer™,
[Cx3cr1": Dice™ —RosaYfp> CD45.1], [Cx3crl": Dice™ —RosaYfp > Cx3cr1<":
Dicer” /ﬂ].

For Cx3crl“2: Dicer”" microglia replacement experiment, The following BM
chimeras were generated: [CD45.1:Cx3crI¥?"> Dicer™], [CD45.1:Cx3cr1%"*>
Cx3cr1“™®: Dicer —RosaYfp].

BM chimera animals were lethally irradiated (950 rad) and reconstituted the following
day via i.v injection of donor whole BM cells, 5X10° cells were injected per mouse.

All animals were maintained in specific pathogen-free (SPF) conditions and handled
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according to protocols approved by the Weizmann Institute Animal Care Committee as
per international guidelines.

Cell isolation, flow cytometry and sorting of microglia, colonic macrophages, liver
macropahges, and epidermal resident cells.

Cell isolation and labeling. Microglia isolation was performed as follows: mice were
anesthetized with thio-pental (100 mg/kg) and perfused with PBS. Whole brain and SC
were exiced, homogenized, and incubated with HBSS containing 2% BSA, Img/ml
Collagenase D (Roche), and 0.1 mg/ml DNasel (Roche) at 37°C. Next, the cell
homogenate was filtered through a 70 micron strainer (BD Biosciences), and
centrifuged on a 40% percoll (Sigma) gradient, 1000 rcf, no acceleration and brakes, at
room temperature. Pellet containing microglia (mononuclear cells enriched with
microglia) was washed and subsequently stained for flow cytometry analysis.

*PBS and HBSS solutions were without Ca®" and Mg*". Microglia labeling strategy
was Ly6C Ly6G CD45'CDI11b".

Epidermal LC and gdT cells isolation was performed as follows: ears were excised and

gently separated into two layers placed on trypsin C medium (Beit Haemek industries)
with epidermis facing liquid, at 37°C for 50 min. Epidermis was then carefully
removed, meshed through a 70 micron cell strainer and washed with PBS. LC labeling
strategy was CD45'T-Ab", y8T cells labeling strategy was CD45 TCRyd".

Colonic macrophage were isolated as published before [123]; accordingly, labeling

strategy was Ly6C CD45 T-Ab CD11b'CD64".

Liver macrophages were isolated as published before [124]; accordingly, labeling
strategy was Ly6C CD45 T-Ab"'CD11b F4/80°CD64".

Antibodies. CD45 (clone: 30F11), CDI11b (clone: M1/70), Ly6C (clone: HK1.4),
Ly6G (clone: 1A8), CD86 (clone: GL-1), I-Ab (clone: AF6-120.1), CD68 (clone: FA-
11), TCRgd (clone: GL3), CD115 (clone: AFS98), F4/80 (clone: CI:A3-1), CD64
(clone: X54-5/7.1). Cells were analyzed with a LSRFortessa flow cytometer (BD) or

sorted with a FACSAria machine (BD). Flow cytometry anal- ysis was done with the
FlowJo software.

Microarray analysis.

Affymetrix mRNA analysis. Total RNA was extracted from microglia freshly isolated
from CX3CRI: Dice™ Dicer™ mice. RNA extraction was performed with the
miRNeasy Mini or Micro Kit (Qiagen). RNA quantity, purity and integrity was
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assessed with ND-1000 Nanodrop (Peqlab) and BioAnalyzer 2100 (Agilent). The
cDNA was prepared, labeled and hybridized to Affymetrix GeneChip, mouse gene 1.0
ST according to standard manufacturer protocols. Hybridized chips were stained and
washed and were scanned using the Affymetrix GeneChip 3000 7G plus scanner.
Affymetrix GeneChip Operating Software (GCOS v1.4, http://www.affymetrix.com)
was used for the initial analysis of the microarray data to convert the image files to cell
intensity files (CEL). Transcriptome analysis was carried out using Partek Genomic
Suite 6.6 (Inc. St. Charles, MO; www.partek.com). The raw probe intensities were
adjusted based on the number of G and C bases in the probe sequence, before any
probe correction. Preprocessing was preformed using the Robust Microarray
Averaging algorithm (Irizarry et al., 2003). Genes expressed below background in all
examined conditions were removed from further analysis. Statistical analysis was
performed with anova. Differentially expressed genes were defined as those having
fold change above or below 2 and p-value<0.05.

Agilent miR analysis.

Total RNA from WT microglia, colonic macrophages, and liver macrophages freshly
isolated cells was extracted using the miRNeasy Mini Kit (QIAGEN) including DNase
digest (QIAGEN). RNA purity was assessed with a BioAnalyzer 2100 (Agilent
Technologies). Expression levels of miRNAs were assayed by Agilent miRNA
microarrays (Release 12.0 and 15.0), according to the manufacturer's protocols. Then,
100 ng of total RNA per sample (duplicates for each cell population from independent
sorts) was labeled and hybridized according to the manufacturer's instructions. For K-
Means clustering with Pearson correlation, only miRNAs with a > 2-fold differential
expression in at least 1 population were used. As a target prediction algorithm,
TargetScan 6.2 [125] was applied. For mRNA microarray analysis, total RNA was
extracted and subjected to gene-expression profiling using the Mouse Genome Gene
1.0 ST Affymetrix Exon Microarray according to the manufacturer's instructions. For
RNA sequencing (RNA-Seq) and ChIP followed by massive parallel sequencing
(ChIP-Seq), total RNA was extracted with QIAzol reagent following the miRNeasy
kit's procedure (QIAGEN), and sample quality was tested on a 2100 Bioanalyzer
(Agilent). RNA-A+-Seq libraries were prepared using the 'dUTP second-strand

(strand-specific) protocol. For detailed information, see the Methods section in [126].
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qRT-PCR assay. miRNA expression quantification was performed on sorted
microglia isolated from brain and SC of CX3CRI"*: Dicer™”, Dicer™, CX3CRI":
Dicer", and Dicer”" mice. 50-250 ng of total RNA isolated with miRNeasy micro-kit
(Qiagen) were reverse transcribed with the miScript reverse transcription kit
(QIAGEN) according to the manufacturer's instructions. The miScript SYBR Green kit
(QIAGEN) was used to detect amplification in a LightCycler 480 (Roche) machine.

The following primers were used in combination with the universal primer (QIAGEN):

ue, 5'-GATGACACGCAAATTCGTGAA-3; miR-146a-5p, 5’-
TGAGAACTGAATTCCATGGGT-3’; miR-142-3p, 5'-
TGTAGTGTTTCCTACTTTATGGA-3'; miR-200c, 5’-

TAATACTGCCGGGTAATGATGGA.

Significance was calculated with Students’s #-test. All error bars in diagrams and
numbers following a + sign are standard deviations (s.d.).

Behavioral examination.

Home-cage locomotion. mice were single-housed, and locomotive activity was
examined automatically over a 48-h period using the InfraMot system (TSE Systems,
GmbH). Rotarod test mice were placed on an accelerating spinning wheel and their
latency to fall was measured by an inframot beam. Mice were placed on a spinning
wheel for five consecutive times, first two repetitions were considered training and last
three repetitions were scored and averaged. Hangwire test mice were attached to a
wire by their forelimbs and their latency to grip wire with hindlimbs was measured.
Scoring equals the latency time, no grip or alternatively a fall was considered as “60
sec”. Test was repeated 3 times with a 30 min gap between repetetions, scoring
represented the average score of the three repetetions.

Histology. Mice were deeply anesthetized with thio-pental (100 mg/kg, administered
1.p.) and transcardially perfused with 10 ml of PBS, followed by 100 ml of 2.5% (wt/
vol) paraformaldehyde (PFA) and left for 16-24hr in 2.5% PFA.

SC ChAT staining. Following PFA incubation, SC samples were equilibrated with a
30% (wt/ vol) sucrose for 48 hr, frozen with O.C.T (Tissue-Tek), and the entire L5
segment was sectioned with a microtom (Leica) into 30 um thich sections. Every fifth
section was labeled with ChAT (Chemicon, AB144P, 1:100) and Dapi, and labeled
cells were counted (both ventral horns) and presented as the mean number of MNs per

ventral horn.
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SC Ibaland CD68. Following PFA incubation, SC was equilibrated with 30% (wt/
vol) sucrose solution for 48 hr. Next, samples were snap frozen in O.C.T (Tissue-Tek)
by isopentane (sigma) previously cooled with liquid nitrogen, and sectioned with
cryostat into 12 wm thick sections. Sections were stained with Ibal (Wako, 019-
19741, 1:150), CD68 (Biolegend, FA-11, 1:100) and Dapi. Labeled cells were counted
(both ventral horns) and presented as the mean number of MNs per ventral horn.

SC Ibaland tunnel/ Ki67, SC Ibal and anti GFP. Following PFA incubation, SC was
embedded with paraffin, serially sectioned, antigen retrieved and stained. Antigen
retrieval was performed with a sodium citrate PH 6 buffer in a pressure cooker. 6 um
Sections were stained with Ibal (Wako, 1:150), Ki67 (Dako, TEC3, 1:100), TUNEL
(TUNEL Kit from promega, according to the instruction manual), anti-GFP (Abcam,
ab290, 1:100 ).

SC and brain GFAP. Following PFA incubation, SC was embedded with paraffin,
serially sectioned, antigen retrieved and stained. Antigen retrieval was performed with
a sodium citrate PH 6 buffer in a pressure cooker. 6 um Sections were stained with
GFAP (Dako, 2033429 1:200).

Ventral root L5 ChAT and Mac2. Following PFA incubation, L5 roots (motor and
sensory) were excised embedded with paraffin, serially sectioned, antigen retrieved
and stained. Antigen retrieval was performed with a sodium citrate PH 6 buffer in a
pressure cooker. 2 um Sections were stained with ChAT (Dako, 2033429 1:100), and
Mac2 (M3/38, Cedarlane, 1:250).

Tamoxifen treatment.

To induce gene recombination in Cx3cr] <" ®: Dicer”” mice, tamoxifen was dissolved
in warm olive oil, administered orally via gavage (Kiermayer et al., 2007) three times
at P7, P9, and P11 (via lactating mother), followed by additional two administrations at
P30 and P32, each injection was 10mg in a concentration of 10mg/ 100 ul. Mice were

examined at least 6 weeks following treatment.
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4. Discussion

Microglia are the resident macrophages of the CNS. These cells were shown to
play a central role in the regulation of neuronal survival and function during
homeostasis on the one hand, while promoting inflammatory processes during
neurodegenerative disease on the other [127]. Similar to other macrophages, microglia
are plastic and their differentiation and activity is controlled by the context of their
local milieu. Regulatory mechanisms dictating microglia function are largely
unknown, although recent data suggest that TGFf may play a central role in the
establishment of the unique tissue-specific genetic signature of adult microglia [13].
Interestingly and relevant to the present work, TGFf induces in cultured microglia also
the expression of several small non-coding miRs, including miR-99a, miR-125b-5p,
and miR-342-3p. Yet, miR involvement in the regulation of microglia homeostasis
remains elusive. Rather miRs have been shown to promote pro-inflammatory activities
of microglia during pathological settings [71, 75-77]. The complete miR expression
profile and their role in regulation of microglia functions within their native CNS
environment has not been explored, mainly due to the lack of suitable experimental
tools allowing in vivo targeting of microglia.

In this study we performed a molecular profiling of miR expression in adult
microglia and show that these cells acquire a unique miR signature in comparison with
other tissue resident macrophages, including liver macrophages and colonic
macrophages. Emerging evidence highlight that macrophages are subjected to a
process of tissue specialization imprinted by local factors to form an integral functional
component in their tissue of residence [Lavin et al., Cell 2014, in press]. The fact that
distinct tissue macrophages establish specific miR signatures might imply that these
regulatory non-coding RNA components are part of the macrophage tissue
specialization. Among the miRs we found to be highly expressed in microglia are miR-
103-3p and 107-3p, which are predicted to target the neurotoxic factor Cybb [12]. An
additional miR associated with down-regulation of inflammatory response is miR-
146a-5p, highly expressed on both microglia and colonic macrophages, as compared
with liver macrophages. Interestingly, the expression of this miR is elevated in CNS
pathologies and on microglia isolated from mSODI1 mice [58, 75], implying on a
negative immune-regulatory feedback function. Among the miRs highly expressed in

microglia, we also noted miR-181c¢, which was shown to down-regulate expression of
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TNFa and nitric oxide (NO) in a microglia cell-line exposed to hypoxia (simulating
stroke like conditions), resulting in reduced death of co-cultured neurons [76, 77, 128].
Together, this suggests that some of the miRs of the unique microglial microRNA-ome
could be important for down-regulation of microglial inflammatory pathways in the
context of neuronal tissue damage [70, 77]. In addition, it is possible that anti-
inflammatory miRs are important to maintain the quiescent profile of microglia during
steady state or mild damage conditions, in which they are required for continuous

surveillance and local repair processes [7, 8]. Strikingly, the Dicer deficiency in the

Cx3cr1<:DiceV™ but not Cx3cr1<"X:Dicer™ mice resulted in a significant visible
neuronal-based motoric dysfunction. In Cx3cr/<“:Dicer™" animals, the mutation is
likely introduced during microglial seeding of neuro-epithelium as early as E 9.5, since
microglia precursors express CX;CR1" and they give rise to adult microglia which
persist through life [3]. In the Cx3cr/“2:Dicer ” model, however, the Dicer mutation
is only introduced postnataly via administration of tamoxifen. Notably, microglia of
Cx3cr1<:DiceV™ mice display an activated morphology characterized by increased
cell body size and reduced dendrite length as well as increased turnover.
Cx3cr1<:Dice’™ mice display a significant motoric dysfunction, albeit only around 8
weeks. Interestingly, a similar delay between the establishment of the mutation and
disease onset has also been observed in cerebellar and spinal cord motor neuron
specific Dicer-deficient mouse models [59, 129]. Further histological evaluation of 8
weeks old Cx3crl“:Dicer™" mice revealed profound astrocytosis accompanied by a
later substantial motor neurons damage as shown by a 40% reduction of motor neurons
cell bodies number and a loss of motoric axons in SC-L5 ventral root at 24 weeks of
age. In addition, the L5 motor roots of Cx3cri<:Dicer™" mice was populated with
Mac2” cells which most likely comprise phagocytizing Schwann cells and
macrophages, both are known to accumulate in damaged axons and promote axon
regeneration [95, 130]. This accumulation was obvious already before visible motoric
symptoms at 6 weeks of age. A similar accumulation of macrophages in ventral root
has been reported in mSOD1 mice before disease onset [93]. Collectively, these results
highlight the fact that miR-deficiency in microglia during embryogenesis leads to the
establishment of progressive motoric disorder accompanied by profound astrocytosis
and an increase in neuronal death.

Notably, although other resident tissue macrophages are also targeted with Dicer-
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deficiency during embryogenesis in Cx3cr1<:Dicer™ mice, post-mortem histological
assessment of 24-weeks old mice did not reveal any significant pathological
manifestations in vital peripheral organs examined, such as the liver, intestine, skin,
kidney and lungs (data not shown). Rather, the only consistant spontaneous
pathological finding of Cx3cr1<:Dicer™" mice with high penetrance occurs, although
with delay in the CNS. We speculate that the pathology results from the fact that
embryonic microglia are crucially involved in the normal development of neuronal
circuits and that miRs play an important role in the regulation of their tissue-specific
microglia activities.

The microarray analysis of adult microglia of Cx3cri<“:Dicer™" mice further
confirmed the activated phenotype observed in the histological analysis. Especially
interesting was the up-regulation of the neurotoxic pro-inflammatory oxidase Nox2
(Cybb), which is located on the cellular membrane of microglia and whose activation
induces damage to the surrounding tissue, especially neurons [86, 97]. Expression of
Nox2 in our model is in line with studies that show Nox2 up-regulation in microglia in
the context of various neurodegenerative diseases such as PD [131], AD [132, 133]
and ALS [12]. Other up-regulated genes included the inflammatory mediators S700a8,
and S700a9, which were also expressed in microglia from post-mortem AD patient
lesions [134, 135] and in human cerebral ischemia brain sections [103]. Osteopontin
(Spp1) was also up regulated and may be both neurotoxic and neuroprotective as it was
shown to contribute to disease progression in autoimmune encephalomyelitis [109],
but was also shown to ameliorate neuronal damage in a model of spinal cord injury
[110, 136]. Interestingly, Osteopontin is also increased in SC microglia isolated from
mSODI1 animals [12]. Altogether, our results show a pro-inflammatory neurotoxic
phenotype for Cx3cri<“:Dicer™ deficient microglia at the adult stage, which could
possibly be the cause for the observed neuronal damage and subsequent motoric
phenotype. However, since we did not observe signs for microglia activation in
Cx3crI1<ER Dicer””, we consider it more likely that the pro-inflammatory neurotoxic
phenotype is secondary to a neuronal damage already established during embryonic
development. To substantiate this assumption, we will analyze the impact of the Dicer
and miR deficiency on gene expression regulation in Cx3cr1<:Dicer™" microglia
during late embryonic development and early postnatal stages.

Supporting the idea that miRs are required for microglia developmental and
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homeostatic functions, our microarray analysis revealed that Dicer-deficient microglia
down-regulated genes associated with neuronal development. These included Nav2, a
retinoic acid inducible protein that promote axonal guidance [111] and GLAST
(Slcla3), a glutamate transporter required for extracellular glutamate clearance and
prevention of neuronal toxicity [112, 113]. Interestingly, GLAST is also reduced in
Dicer-deficient postnatal astrocytes, in a mGfap“:Dice”™” mouse model, causing
cerebellar degeneration [113]. Both Nav2 and Sicl/a3 are not reduced in microglia
isolated from mSOD1 mice, implying their reduction in Cx3crI<: Dicer™ microglia is
not due to environmental tissue damage and resulting inflammatory conditions, but
might be a direct result of Dicer deficiency. Accordingly, our adult microglia miR
profile revealed high expression of specific miRs possibly important for microglia
dependent neuronal circuits formation. MiR-181b has for instance been shown to
induce MMP2 activity in cancer cell lines via targeting of its endogenous inhibitor
TIMP3 [87]. Interestingly, MMP2 is involved in neuronal circuits formation by
regulating neurogenesis, neuronal migration and axonal outgrowth [88, 89]. MiR-
181b transcript levels are increased in embryonic microglia compared with adult
microglia [21], suggesting its possible involvement in microglia function during
embryogenesis. Interestingly, Mmp2 expression is reduced in Cx3cr/<:Dicer™" adult
microglia, possibly reflecting an earlier prenatal reduction due to lack of miR-181b
expression. It could be that absence of the above genes, although they are generally
required for neuronal maintenance by microglia, are more detrimental in embryonic
stages, and therefore a neuronal damage phenotype is observed in the
Cx3cr1<:Dice™ but not Cx3crI<“ER:Dicer™ mice. We therefore suggest that miRs
are essential for unique functions of embryonic microglia such as their support of
neurogenesis, neuronal survival, and differentiation [17, 39, 137]. Accordingly, the
microglial Dicer deficiency at embryonic stage might result in a substantial damage to
the neuronal network in various areas of the brain and SC, including regions directly
involved in hind limb motorics, such as the SC-L5 ventral horn, while the same
deficiency in later postnatal stages does not lead to neuronal damage, as demonstrated
in the Cx3cri““:Dicer”” mice (Scheme 7). On the other hand, although gross
motoric functions of Cx3crI<“ER:Dicer”" mice are intact, it could be that motor skill
learning abilities required for motor improvement and are dependent on microglial

synaptic pruning of the adult motor cortex [18] will require intact Dicer activity in
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adult microglia.

In addition to their homeostatic function, adult microglia were shown to play a
role in various neurodegenerative diseases, further exacerbating tissue damage by the
secretion of pro-inflammatory and neurotoxic factors [50, 53, 60, 97]. MiRs were
shown to have an anti-inflammatory effect on microglia activation [71, 76, 77] and to
attenuate neurodegenerative diseases [70]. On the other hand, some miRs, such as
miR-155 were suggested to contribute to disease severity in mSOD1 mice [73].

Therefore, it would be interesting to explore the activation threshold of adult

Cx3criER:Dice’””  microglia and test disease severity in challenged
Cx3crI1<™ER - Dicer™ mice in the context of neurodegenerative processes. In order to
reveal transcriptional changes occurring in postnatally targeted Cx3cri<““R:Dicer””

microglia, we intend to perform an mRNA sequencing analysis of these cells.

Cx3cr1CreER

P Normal motoric function
Learning dependent motor improvement?

Cx3cr1Cre mutation

P Motoric deficiency
birth

‘active’ ‘resting, ramified’

microglia proliferation
neuronal remodeling

ICre ICreER

Figure 16. Comparison of the Cx3cr vs. Cx3cr Dicer deletion in Microglia.

A schematic timeline showing embryonic microglia Dicer deletion (red) in the non-inducible mouse
model (Cx3cr1“"), compared with postnatal microglia Dicer deletion in the tamoxifen-inducible mouse
model (Cx3cr1““®®). Embryonic Dicer deletion results in a motoric deficiency, while postnatal Dicer
deletion results in no obvious motoric impairment. Interestingly, microglia shift phenotype between
these two life stages from activated highly proliferative to resting and ramified (see Figure 4).

Interestingly, microglia in both Cx3cri““Dicer™ and tamoxifen-treated

Cx3crI1<E Dicer™ mice models become radiosensitive, as demonstated by the fact
that a BM engraftment following lethal irradiation results in their efficient
replacement. This finding is in line with a recent report that Dicer is required for a
proper DNA damage response to irradiation [115] albeit, this activity is independend
of miRs but rather involves other non-coding RNAs that require processing by dicer.
While Cx3cr1€%:Dicer™" mice displayed a complete (>90%) substitution of microglia
by BM-derived cells, Cx3crI<“ER:Dicer mice showed a partial 40% substitution out
of local microglia population. The remaining resident microglia constituted

endogenous cells targeted by the tamoxifen treatment (as indicated by reporter gene
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expression, YFP) that however retained the Dicer allele and can be considered “WT
cells”. This cells represent an initially rare population that only went through one
recombination event, a technical imperfection of tamoxifen induced recombination,
however in this particular case, WT cells will increase with time on the expense of
Dicer deleted cells due to a survival advantage, as shown before [98]. Of note, the
transfer experiment was performed 6 months post tamoxifen treatment, allowing for
partial out-competition of the Dicer-deficient cells and probably earlier time points

post tamoxifen treatment reflect Dicer deletion in the majority of microglia population.

In conclusion, our data support the emerging notion that microglia are pivotal
players in the establishment and maintenance of neuronal networks, fulfilling distinct
roles during development and adulthood. Embryonic, but not adult introduction of miR
deficiency in microglia causes neuronal damage and motoric impairment. Further
studies are required to uncover the direct molecular changes in Dicer deficient
embryonic microglia. In addition, although no spontaneous overt phenotype in
Cx3crI1<ER - Dicer™ mice was observed, the absence of Dicer likely impacts on the
gene expression profile and the function of these cells. While our data show that adult
microglial quiescence can be maintained for a prolonged period of time in absence of
miRs, this important post-transcriptional regulatory circuit might well affect
experienced learning via synaptic pruning. In addition, it remains to be tested how
Dicer- deficient microglia perform during challenge and upon encounter of neuronal

tissue damage in the context of a neurodegenerative disease.

61



5. Declaration

This thesis summarizes my independent research projects in the laboratory of Prof.
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