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1 Introduction

1.1 Monocytes/macrophages and microglia

1.1.1 Monocytes/macrophages

Human mononuclear phagocytes mainly include three types of cells: circulating

monocytes, macrophages and dendritic cells (DCs) (Hume et al., 2019).

Monocytes are circulating blood cells and represent a type of leukocytes (white blood cell).
They represent about 10% of peripheral leukocytes in humans (Yona & Jung, 2010). They
originate in the bone marrow and circulate in the bloodstream. Monocytes serve as a
precursor to macrophages and dendritic cells (Randolph et al., 1999, van Furth et al.,
1979, Yona & Jung, 2010). Monocytes have high mobility and can reach any part of the
organism (Yona & Jung, 2010). Additionally, the half-life time of monocytes is only around
three days in humans, enabling the continuous repopulation of tissue macrophages and
in particular the ephemeral dendritic cells (Geissmann et al., 2003, Randolph et al., 1998,
Serbina & Pamer, 2006, van Furth & Cohn, 1968).

Macrophages are present across various organs throughout the body and mainly include
tissue-resident macrophages, which are derived from yolk sac erythro-myeloid
progenitors (EMPs), and monocyte-derived macrophages, which are developed from
hematopoietic stem cells (HSCs) (Jenkins & Allen, 2021, Mass et al., 2023, Park et al.,
2022). During embryonic stages, EMPs develop to either pre-macrophages, which
colonize embryonic tissues and differentiate into tissue-specific macrophages during
organogenesis (Gomez Perdiguero et al., 2015, Mass et al., 2016), or to monocytes, which
additionally contribute to the pool of tissue-specific macrophages (Dick et al., 2022,
Gomez Perdiguero et al., 2015, Hoeffel et al., 2015). During tissue damage, monocytes
are recruited to inflamed tissues and differentiate into monocyte-derived macrophages
(Park et al.,, 2022). Macrophages express many membrane receptors, including
phagocytic receptors, toll-like receptors, and scavenger receptors, which mediate
phagocytosis and inflammatory responses (Gilroy et al., 2004, Gordon, 2007, Gordon &
Pliddemann, 2017, Gordon et al., 2020, Lawrence et al., 2002, Mass et al., 2023).
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1.1.2Microglia

Microglia are the principal resident immune cells (5-20% of total cells in brain) in the
central nervous system (CNS), and originate from primitive myeloid precursors in the yolk-
sac during early hematopoiesis that migrate to CNS (Ginhoux et al., 2010). Microglia
express various membrane receptors, including toll-like receptors, CD36 and triggering
receptor expressed on myeloid cell 2 (TREM2, Fig.1.1), which bind to many ligands, such
as lipopolysaccharide (LPS) and B-amyloid (AB), leading to their activation to trigger
release of inflammatory mediators and/or phagocytosis (El Khoury et al., 2003, Ibach et
al., 2021, Stewart et al., 2010). Microglia have several important functions in the central
nervous system (CNS). They help maintain CNS homeostasis and monitor infections or
injuries. During brain development, they assist in synaptic pruning and support brain
plasticity. When activated, they also respond to inflammation (Kettenmann et al., 2013,
Schafer & Stevens, 2015, Tremblay, 2011, Tremblay et al., 2011). Traditionally, activated
microglia are distinguished as classically activated microglia (M1 type) and alternatively
activated microglia (M2 type). M1 type of microglia secrete pro-inflammatory cytokines,
including tumor necrosis factor-a (TNF-a), interleukin6 (IL-6), IL-1, IL-13, and chemokines,
and express nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and matrix
metalloproteinases (MMP)-12. M2 type of microglia release anti-inflammatory cytokines
and plays a neuroprotective role (Qin et al., 2023). However, this classical definition is
oversimplified as RNA sequencing revealed a broader transcriptional profile than M1 and
M2 types (Xue et al., 2014). In vivo single-cell RNA sequencing also demonstrated more
complex phenotypes of activated microglia in both mouse and human brain, even
differences were found in the subpopulations of microglia between mouse and human
brain (Hammond et al., 2019, Masuda et al., 2019, Olah et al., 2020, Salamanca et al.,
2019). In addition, differential microglia subtypes were also observed in different CNS
disorders, such as amyotrophic lateral sclerosis and Alzheimer's disease (AD) (Chiu et al.,
2013, Keren-Shaul et al., 2017).

Microglia have been involved in the development and pathogenesis of neurodegenerative
diseases, including AD (Althafar, 2022, Heneka et al., 2024). In the early stage of AD
pathology, microglia are activated and help with the clearance of AB plaques in the brain

of AD mouse models and this phagocytotic process involves different receptors of
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microglia, including TREMZ2, Fc receptor and others (Bard et al., 2000, Grubman et al.,
2021, Keren-Shaul et al., 2017). The deletion of microglia led to the increased AP
deposition in an organotypic hippocampal slice culture (OHSC) system with an in vivo-like
microglial-neuronal environment and the replenishment of primary microglia reverse the
deposition of AB, indicating the importance of microglia for the clearance of AB plaques
(Hellwig et al., 2015). However, in later stage of AD pathology, microglial phagocytosis
may contribute to synapse loss and neuronal loss (Dejanovic et al., 2022, Huang & Lemke,
2022). Thus, microglial phagocytosis of AB, synapses and neurons may affect AD onset

and progression (Heneka et al., 2024).

() Ligands
Disulfide bonds

TREM2 DAP12 Extracellular

K186

Intracellular

Fig. 1.1 TREM2-DAP12 complex and signaling. The interaction of TREM2 and DAP12
is mediated by the positively charged lysine residue (K186) and the aspartic acid residue
(D50) in the transmembrane domain (TMD) of TREM2 and DAP12, respectively. As a
result of the ligation of TREM2, the ITAM motif's tyrosine residues become phosphorylated,
activating downstream targets via SYK kinase. Created with BioRender.com.

1.2 The DNAX-activating protein of 12 kDa (DAP12)

KARAP (killer cell activating receptor-associated protein), also called DNAX-activating
protein 12 kDa (DAP12) or TYROBP (tyrosine kinase binding protein), is a type |
transmembrane protein. It was firstly identified and defined by Olcese and colleagues

(Olcese et al., 1997). They discovered a group of disulfide-linked dimers specifically
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connected with killer cell activating receptors (KARs), isoforms of killer cell inhibitory
receptor (KIR). Lanier and colleagues firstly found that human DAP12 gene is located in
chromosome 19q13.1, close to KIR genes, indicating the genetic connection between KIR
and DAP12 genes (Lanier et al., 1998b). DAP12 is expressed in lymphoid cells and
myeloid lineage cells, including nature killer (NK) cells, subsets of B and T cells,
monocyte/macrophages, granulocytes, DCs, mast cell (Lanier & Bakker, 2000, Tomasello

et al., 1998), osteoclasts, oligodendrocytes and microglia (Kaifu et al., 2003).

1.2.1 Structure

Lanier et al. were the first to identify the amino acid sequence of human DAP12 (Lanier et
al., 1998b), which contains 113 amino acids (aa) with a predicted signal sequence of 27
aa followed by a 14 aa short extracellular domain, a transmembrane (TM) domain with 24

aa and a cytoplasmic domain with 48 aa.

In the extracellular domain, there are two cysteine residues (C33 and C35) connecting
two monomers to a homodimer by disulfide bonds. In the transmembrane domain (TMD),
there is a negatively charged aspartic acid residue at position 50 (D50) that mediates
interaction with positively charged residues (lysine, K; arginine, R) in the TMD of co-
immunoreceptors (Fig. 1.1) (Lanier et al., 1998a). Nuclear Magnetic Resonance (NMR)
analysis revealed that the TMDs of a DAP12 dimer form parallel left-handed alpha helices.
Notably, two conserved polar residues, including the aspartic acid residue at position 50
(D50) and the threonine residue at position 54 (T54), are essential contributors to the
homodimerization process (Call et al., 2010). Molecular dynamics simulation studies also
revealed the importance of polar residues in the TM-TM association in the membrane
bilayer (Wei et al., 2013). Two immunoreceptor tyrosine-based activation motifs (ITAM)
are present in the cytoplasmic domain including Y91xxL94 and Y102xxL105, which are

responsible for DAP12 mediated cell signaling (Tomasello et al., 1998).

1.2.2 Associations with immunoreceptors

DAP12 interacts with two types of immunoreceptors, including members of the C-type

lectin receptor and immunoglobulin-like receptor superfamilies.
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1.2.2.1 DAP12 interacting receptors of the C-type lectin receptors superfamily

CD94/NKG2 comprise a subfamily of C-type lectin receptors which is predominantly
expressed on the plasma membrane of nature killer cells and subsets of T cells. CD94
and one NKG2 isoform form heterodimers. There are five types of NKG2 glycoproteins,
including NKG2A, -2B, 2C -2E, -2H, which binds to CD94 by disulfide bonds (Brooks et
al., 1997, Carretero et al., 1997, Lazetic et al., 1996, Sullivan et al., 2007). The cytoplasmic
domain of NKG2A and its alternatively spliced variant NKG2B contain an immunoreceptor
tyrosine-based inhibitory motif (ITIM), which can be phosphorylated to inhibit the function
of NK cells (Houchins et al., 1997, Le Dréan et al., 1998). The remaining NKG2 isoforms,
including NKG2C/E/H, however, do not contain an ITIM, resulting in NK cell activation
when ligated (Cantoni et al., 1998, Houchins et al., 1997). A basic lysine residue is present
in the TMD of NKG2C/E/H but not in NKG2A, which mediates the interaction of
NKG2C/E/H and DAP12. Indeed, the activation of NK cell by NKG2C ligation is dependent
on DAP12 (Lanier et al., 1998a). It was also shown that DAP12 is necessary for the
expression of the CD94/NKG2C heterodimeric receptor on the plasma membrane (Lanier
et al., 1998a).

Similar to the activating and inhibitory receptors expressed in human NK cells, murine NK
cells also have Ly49 receptors which contains both activating and inhibitory types, such
as Ly49D and Ly49H, which belong to activating receptors and the arginine (R) residue in
the TMD of Ly49 receptors is responsible for the interaction with DAP12 for NK cell
activation (Makrigiannis et al., 1999, Mason et al., 1998, McVicar et al., 1998, Rahim &
Makrigiannis, 2015).

The 44-kD surface molecule of NK cells (NKp44), which is expressed by activated NK
cells, is also a C-type lectin receptor that interacts with DAP12 (Campbell et al., 2004,
Parodi et al., 2019, Vitale et al., 1998). The interaction of NKp44 and DAP12 is mediated
by the lysine residue (K) in NKp44 and the aspartic acid residue (D) in DAP12 (Campbell
et al., 2004).

Additionally, DAP12 is associated with myeloid DAP12 associating lectin 1 (MDL-1), also
known as C-type lectin domain containing 5A (CLEC5A), an exclusively monocyte and

macrophage lectin, belonging to the superfamily of C type lectins and is a type I
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transmembrane protein (Bakker et al., 1999, Gingras et al., 2002). It pairs with DAP12
due to a charged lysine (K) residue in the TMD of MDL-1 (Bakker et al., 1999).

1.2.2.2 DAP12 interacting receptors of the immunoglobulin-like superfamily

Another type of function related receptor expressed in NK cells are KIRs, which were firstly
found as DAP12 co-receptors. KIRs belong to Immunoglobulin-like receptors superfamily
and similar to CD94/NKG2, KIRs also have an ITIM in the cytoplasmic domain mediating
the inhibition function of NK cells (KIR2DL and KIR3DL). A KIR lacking an ITIM (KIR2DS)
contains a basic lysine residue in the TMD for interaction with DAP12 and thereby
mediates the activation function of NK cells (Biassoni et al., 1996, Campbell et al., 1998,
Lanier et al., 1998b, Olcese et al., 1997).

The Triggering Receptor Expressed on Myeloid Cells (TREMs) are activating receptors of
the Ig superfamily that are expressed on human myeloid cells and interact with DAP12 by
lysine residues (K) in TMD of the receptor, including TREM1, TREM2 (Fig. 1.1) and
TREMS3 (Bouchon et al., 2000, Chung et al., 2002).

It is also found that signal-regulatory protein 1 (SIRP1) is an activating receptor expressed
on myeloid cells, including monocytes and dendritic cells, that associates with DAP12
(Dietrich et al., 2000, Tomasello et al.,, 2000). Moreover, SIRPB1 has similar
characteristics like the activating receptors in NK cells, which have a basic lysine residue
in the TMDs and have short cytoplasmic domains without the signaling transduction
function (Dietrich et al., 2000, Wilson et al., 2000).

The sialic acid-binding immunoglobulin (Ig)-like lectin (Siglec) is found on the surface of
many immune cells that specifically recognize glycan chains containing sialic acids
(Angata et al., 2006, Cao & Crocker, 2011, Crocker et al., 2007). Similar to other Ig-like
receptors, there are both inhibitory and activating receptors in the Siglec superfamily.
Inhibitory signaling is mediated by ITIM in the cytoplasmic domain of inhibitory receptors,
such as Siglec-11 and Siglec-5. Accordingly, Siglec-16 and Siglec-14 are activating
receptors which are paired to Siglec-11 and Siglec-5 respectively (Angata et al., 2006,
Angata et al., 2002). The activating receptors has no ITIM in the cytoplasmic domain and
instead there is a charged lysine residue or arginine residue in the TMD of Siglec-16 and
Siglec-14, respectively, which mediates the interaction with DAP12 (Cao & Crocker, 2011).
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It was shown that Siglec-H, which is only expressed in mouse, interacts with DAP12 by
lysine residue (Blasius et al., 2006, Zhang et al., 2006).

1.2.3 Signaling and regulation of cell function

Olcese et al. found that DAP12 can be phosphorylated on tyrosine and serine residues
upon binding of ligands to KIRs (Olcese et al., 1997). Another early study from Lanier and
colleagues confirmed that DAP12 has an ITAM in the cytoplasmic domain, which is
homologous with ITAM in the cytoplasmic tail of human T-cell receptor (TCR)-associated
CD3 chains and the Fc receptor (FcR) y-chain. DAP12 ITAM is phosphorylated by SRC-
family kinases after receptor ligation, and spleen tyrosine kinase (SYK) or {-chain-
associated protein kinase of 70 kDa (ZAP70) are recruited (Lanier et al., 1998b). As
recruited SYK is phosphorylated (PSYK), it triggers additional molecules to be activated,
including phosphatidylinositol 3-kinase (PI3K), phospholipase Cy (PLCy), AKT (also
known as protein kinase B) (Chiesa et al., 2006, Jiang et al., 2002, McVicar & Burshtyn,
2001, Turnbull & Colonna, 2007, Vivier et al., 2004).

In NK cells, activation of the DAP12-associated immunoreceptors elevates the
intracellular calcium levels and initiates the mitogen-activated protein (MAP) kinase
pathway, subsequently triggering the production of cytokines and chemokines as well as
cell-mediated cytotoxicity (Lanier & Bakker, 2000). Bakker et al and Tomasello et al
showed that the DAP12-deficiency in mice impaired the function of activating
immunoreceptors in NK cells, accumulated DCs in the peripheral tissues and inhibited
Th1 responses (Bakker et al., 2000, Tomasello et al., 2000b). However, the identification
of DAP12-associated receptors TREMs showed both activatory and inhibitory functions of
DAP12 (Turnbull & Colonna, 2007). Which function of DAP12-coreceptors signaling
shows is dependent on the avidity of ligand binding to its coupled receptors: when the
associated receptors bind to the ligands with high avidity, it shows strong and prolonged
activation, leading to pro-inflammatory responses and enhanced immune cell function.
However, if DAP12-associated receptors bind to low-avidity ligands, the activation of
DAP12 ITAM is partial. The interaction with low-avidity ligands may not provide sufficient
stimulation to fully activate DAP12-mediated signaling pathways. Partial activation of

DAP12 can lead to inhibitory signaling, suggesting a dual regulatory role of DAP12 in
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immune responses (Blasius et al., 2004, Fuchs et al., 2005, Hamerman et al., 2006,
Hamerman et al., 2005, Turnbull et al., 2006).

Hickman and colleagues unearthed a cluster of 100 transcripts exhibiting significant
enrichment in microglia during a sensing activity. 44 of 100 transcripts are directly or
indirectly associated with DAP12, indicating DAP12 as a central hub within this intricate
network termed the "sensome" (Hickman et al., 2013). Keren-Shaul et al recently defined
a microglial phenotype termed “disease-associated microglia” (DAM) and TROBP
exhibited significant upregulation in the hypothesized initial phase of microglial transition

from the baseline "homeostatic state" to the DAM phenotype (Keren-Shaul et al., 2017).

1.2.4 Implications in disease

Polycystic lipomembranous osteodysplasia with sclerosing leucoencephalopathy
(PLOSL), also known as Nasu-Hakola disease (NHD), is a hereditary recessive disease.
The symptoms of patients include progressive presenile frontal-lobe dementia, bone cysts,
and fractures. Moreover, patients with NHD usually experience mortality in their fourth or
fifth decade of life (Paloneva et al., 2000, Verloes et al., 1997).

The chromosomal locus for this disease was identified at 19913.1, which was
subsequently determined to encode DAP12 (Pekkarinen et al., 1998a, Pekkarinen et al.,
1998b). The early studies showed that loss-function mutants of DAP12, including the
deletion of exons 1-4 in Finnish patients and a homozygous single-base deletion in exon
3 in a Japanese patient, resulted in NHD disease (Paloneva et al., 2000). Surprisingly,
there are no abnormalities in NK cell function of those patients, though DAP12 is originally
identified as a crucial transmembrane adapter protein for several immunoreceptors in NK
cells (Paloneva et al., 2000). Based on the symptoms (bone cysts and presenile dementia)
of the NHD patients, Kaifu and colleagues hypothesized DAP12 could be involved in bone
modeling and brain myelination. Therefore, they generated DAP12-deficient mouse model
and demonstrated they exhibited osteopetrosis and de-myelinization of the central

nervous system (Kaifu et al., 2003).

One study found that several variants of DAP12 might also contribute to the risk of early-
onset Alzheimer’s disease (EOAD) (Pottier et al., 2016).The researchers observed those

rare DAP12 variants in 9 out of 1110 EOAD patients, but none of them was detected in
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1826 controls. Those rare mutations are including G2E, R23C, V47A, D50_L51ins14,
R80W, 184V and S89L (Pottier et al., 2016). D50_L51ins14 mutation led to a significant
reduction of TREM2, which might indicate a loss of TREM2/DAP12 function and further
contribute to the pathophysiology of AD. However, there is so far no evidence whether
and how other six mutations affect DAP12 and TREM2 biology.

It is also found that DAP12 is involved in late-onset Alzheimer’s disease (LOAD). Zhang
et al performed a gene regulatory networks analysis in more than 1000 brain tissues
obtained from post-mortem persons who diagnosed of LOAD and the controls by whole-
genome genotyping and DAP12 gene was identified as a crucial regulator and up-
regulated in LOAD (Zhang et al., 2013).

By crossing DAP127- mice with APP transgenic (APPswe/PSEN1dE9) mice, researchers
found that in both wt and APP transgenic mice, deleting DAP12 had no effect on the
overall number of microglia in the cortex and hippocampus, but reduced clustering of
microglia around AB plaques (Haure-Mirande et al., 2017, Haure-Mirande et al., 2019).
Notably, APP transgenic (APPswe/PSEN1dE9) mice lacking DAP12 performed normally
in learning behavior assays and electrophysiology recordings at both 4 and 8 months of
age (Haure-Mirande et al., 2019). Similarly, crossing the tau transgenic (MAPTP307S) with
DAP127 mice resulted in improved learning behavior and enhanced synaptic function,
despite an increase in tau phosphorylation stoichiometry and trans-neuronal tau diffusion
in the absence of DAP12 (Audrain et al., 2019). A consistent observation in both
APPswe/PSEN1dE9 and MAPTP30'S mice, when crossed with homozygously deleted
DAP12, was a reduction in the levels of the complement protein C1q, suggesting that the
removal of DAP12 contributes to positive effects on learning behavior and synaptic
functions, partially mediated by a reduction in C1q levels (Audrain et al., 2019, Haure-
Mirande et al., 2019). They also overexpressed DAP12 in mice and crossed those mice
with APPswe/PSEN1dE9 and MAPTP301S mice to further investigate the effects of elevated
DAP12 on modification of microglial phenotype and AD pathogenesis (Audrain et al.,
2021). They found that DAP12 mRNA was increased in recruited microglia in either wt or
APPswe/PSEN1dE9 and MAPTP301S transgenic mice. Moreover, the overexpression of
DAP12 decreased the brain amyloid burden in APPswe/PSEN1dE9 mice and increased
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the phosphorylation of TAU in MAPTP30'S mice while not altering the total number of

microglia in the brain.

1.3 The triggering receptor expressed on myeloid cells 2 (TREM2)

1.3.1 Cell type-specific expression

TREM2 was firstly identified in 2000 and is encoded on human chromosome 6 (Bouchon
et al., 2000). TREM2 was found to be expressed on macrophages, immature DCs,
osteoclasts, granulocytes in the periphery (Bouchon et al., 2000, Bouchon et al., 2001, Hu
et al., 2014, Kaifu et al., 2003, Turnbull et al., 2006). In the central nervous system (CNS),
TREMZ2 shows a much higher expression on microglia compared to that on neurons and
other glia (Bouchon et al., 2000, Bouchon et al., 2001, Colonna, 2003, Hickman & El
Khoury, 2014, Hickman et al., 2013, Sessa et al., 2004). However, the expression of
TREMZ2 on circulating monocytes is not consistent. Previously, TREM2 was shown to be
only expressed in macrophages, differentiated from monocytes (Cella et al., 2003), not in
monocytes or only expressed on a small subset of monocytes in both humans and mice
(Forabosco et al., 2013, Kiialainen et al., 2007, Song et al., 2017, Tserel et al., 2010,
Wang et al., 2016). Several recent studies found that TREM2 is expressed in several
blood cell types, including monocytes, granulocytes, in both human and mice (Chan et al.,
2015, Hu et al., 2014, Mori et al., 2015, Ozaki et al., 2017, Satoh et al., 2012, Tan et al.,
2017, Wu et al., 2015).

1.3.2 Structure

TREM2 is a type | transmembrane protein. It contains a single extracellular
immunoglobulin-like domain of the V-type with N-linked glycosylation sites, which binds to
its ligands (Bouchon et al., 2001, Gawish et al., 2015, Kober et al., 2016, Park et al., 2015a,
Park et al., 2016). The TMD of TREM2 contains a positively charged lysine (K186) residue,
which facilitates the association with DAP12. TREM2 has a short intracellular domain,

which lacks known cytoplasmic signaling elements (Bouchon et al., 2000, Colonna, 2003).
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1.3.3 Soluble TREM2 (sTREM2)

Full-length (FL) TREMZ2 is cleaved by a Disintegrin and Metalloproteinase Domain-
Containing Protein 10 (ADAM10), a protein containing a disintegrin and metalloproteinase
domain, leading to the shedding of its ectodomain and the generation of C-terminal
fragments (CTFs) (Bouchon et al., 2001, Kleinberger et al., 2014, Wunderlich et al., 2013).
The shed ectodomain is known as soluble TREM2 (sTREM2) and secreted extracellularly
(Kleinberger et al., 2014, Ma et al., 2016, Wunderlich et al., 2013). TREM2 CTFs undergo
intramembrane proteolysis through y-secretase, resulting in the release of its intracellular
domain (ICD) (Wunderlich et al., 2013). Inhibition of y-secretase cleavage of TREM2
promotes accumulation of CTFs while TREM2 FL is unaffected (Glebov et al., 2016, Park
et al., 2015a, Wunderlich et al., 2013). It is shown that the deletion of DAP12 decreased
sTREMZ2 production (Wu et al., 2015).

1.3.4Ligands

Binding to the ligands could activate TREM2 and further lead to phosphorylation of ITAM
in the C-terminus of DAP12, further regulating several cellular functions, including survival,
proliferation, differentiation, chemotaxis, phagocytosis and inflammatory responses (Jay
et al., 2017, Walter, 2016).

Studies have revealed that TREM2 binds to both exogenous ligands from pathogens and
endogenous ligands. For the exogenous ligands, TREM2 has been found to recognize
components from bacteria, including anionic bacterial products, pertussis and cholera
toxins (Daws et al., 2003, Kawabori et al., 2015, N'Diaye et al., 2009, Phongsisay, 2015,
Phongsisay et al., 2015a, Phongsisay et al., 2015b, Phongsisay et al., 2017, Poliani et al.,
2015, Quan et al., 2008, Takahashi et al., 2005, Wang et al., 2015b). For the endogenous
ligands, TREM2 was shown to bind to heat shock protein 60 (Hsp60), anionic, zwitterionic,
myelin-associated lipids, anionic lipid, lipoproteins, nucleic acid released from apoptotic
cells (Cannon et al., 2012, Hsieh et al., 2009, Kawabori et al., 2015, Kober et al., 2016,
Phongsisay, 2015, Poliani et al., 2015, Stefano et al., 2009, Wang et al., 2015b).
Apolipoprotein E (APOE), one of the ligands of TREMZ2, is recognized as the most
significant risk factor for LOAD and has been revealed to regulate the clearance and
aggregation of amyloid-beta (AB) in both cellular and mouse models (Daws et al., 2003,
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Kanekiyo et al., 2011, Liu et al., 2013, Strittmatter et al., 1993, Tai et al., 2014, Verghese
et al., 2013). Studies have demonstrated that the interaction between APOE and TREM2
in microglia enhances the phagocytosis of apoptotic neurons bound to APOE, thus linking
these two high-risk factors for LOAD (Atagi et al., 2015, Bailey et al., 2015).

1.3.5 Implications in disease

Loss-of-function variants in TREM2 have been found so far that cause or rise the risks of
several neurodegenerative diseases. It was firstly shown that several variants of TREM2
caused NHD (Dardiotis et al., 2017, Fenoglio et al., 2007, Klinemann et al., 2005,
Numasawa et al., 2011, Paloneva et al., 2002, Satoh et al., 2016, Soragna et al., 2003).
For example, TREM2 K186N mutation, originally found in a Norwegian family with NHD,
interrupts the association of TREM2 with DAP12 and results in the impairment of TREM2-
DAP12 signaling (Jay et al., 2017, Paloneva et al., 2002). However, another study later
showed that TREM2 K186N variant did not display maturation or surface expression
defect (Sirkis et al., 2017). A recent study demonstrated that splicing defects were likely
contributing to pathogenicity in TREM2 K186N variant (Kiianitsa et al., 2024).

Other mutations of TREM2, localized mainly in exon 2 (IgV domain) have been found in
other forms of neurodegenerative disease. For example, whole-exome sequencing
revealed homozygous TREM2 mutations Q33X, T66M, and Y38C in patients with a
frontotemporal dementia (FTD)-like clinical diagnosis (Guerreiro et al., 2013b). The
TREM2 mutations T66M and Y38C have been shown to affect the trafficking and
processing of TREM2, leading to reduced cell surface expression and increased
localization of TREMZ2 in the ER, further impairing the ability to facilitate phagocytic activity
(Ibach et al., 2021, Kleinberger et al., 2014, Kober et al., 2016, Park et al., 2015a, Varnum
et al., 2017). Moreover, TREM2 variants T66M and Y38C also led to the reduction of
sTREM2 release, impairment of glycosylation as well as protein folding of TREM2 and
further enhanced proteasomal degradation (Jay et al., 2017, Kleinberger et al., 2014, Park
et al., 2015b, Piccio et al., 2016).

The TREM2 R47H variant was originally found in two genome-wide sequencing studies
that significantly increased the risk of LOAD (Guerreiro et al., 2013a, Jonsson et al., 2013),

and the risk level was comparable to APOE €4 (Guerreiro et al., 2013a, Hooli et al., 2014,
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Jonsson et al., 2013). This mutation is located in the extracellular domain of TREMZ2 and
leads to diminished affinity of TREM2 for its ligands (Jonsson et al., 2013, Kober et al.,
2016, Wang et al., 2015b). Microglia expressing the R47H heterozygous variant of TREM2
showed reduced presence around amyloid plaques in AD mouse models (Cheng-
Hathaway et al., 2018). Further, the R47H variant impairs microglial survival and
inflammation (Zhong et al., 2017). Other variants, such as D87N, R62H, L211P, T96K,
and H157Y, have also been linked to an increased risk of Alzheimer’s disease. (Jay et al.,
2017).

1.4 Protein sorting and quality control in the endoplasmic reticulum (ER)

Proteostasis, also known as protein homeostasis, is a cellular process ensuring the proper
concentration, structure, binding interactions and localization of proteins (Balch et al.,
2008). This mechanism involves a comprehensive network of pathways governing protein

synthesis, folding, transport, and degradation (Hanley & Cooper, 2020).

The ER is a dynamic membranous organelle in eukaryotic cells and has many functions,
including protein synthesis, lipid metabolism and trafficking, calcium homeostasis, and
redox regulation (Harada et al., 2022, Schwarz & Blower, 2016). The ER protein quality
control process protects against the accumulation of abnormal proteins in eukaryotic cells
(Sun & Brodsky, 2019). The quality control in the ER ensures that only properly folded
and assembled soluble and membrane proteins could be further transported to Golgi. It
was shown that combination of five strategies is involved in the regulation of this process,
including selective capture by coat protein complex Il (COPII) carrier vesicles, inclusion
via fluid and membrane bulk flow, retention within the ER, retrieval from post-ER

compartments and ER-associated degradation (ERAD) (Barlowe & Helenius, 2016).

1.4.1 Selective cargo capture by coat protein complex Il (COPII) carrier vesicles

The transport of fully folded and oligomerized proteins, also called cargo, is a selective
process which is dependent on the recognition of export signals and motifs of cargo by
specific adaptors, receptors and coat proteins. Then the cargos could be further sorted
into COPII vesicles at endoplasmic reticulum exit sites (ERES) (see Fig. 1.2). COPII coat

assembly at the ERES requires Sec12, an ER integral membrane protein, and Sec16, an
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ER peripheral membrane protein (Connerly et al., 2005, Saito et al., 2014, Shaywitz et al.,
1997, Zanetti et al., 2011). Selective cargo capture by COPII carrier vesicles ensures the

packaging of the correct cargo for transit to the Golgi complex.

1.4.2 Inclusion via fluid and membrane bulk flow

Some proteins may be included in transport vesicles as part of the bulk flow of fluid and
membrane components and this process is independent on receptors, adaptors and
specific export motif. While not as selective as other mechanisms, this inclusion process

contributes to the overall efficiency of protein transport.

1.4.3 Selective retention within the ER

Certain proteins are retained within the ER to prevent their incorporation into transport
vesicles. This retention mechanism ensures that proteins could not proceed to the Golgi
complex before they are fully folded and oligomerized. Moreover, resident ER proteins
like molecular chaperones are retained within the ER to exert their physiological function
(Ellgaard et al., 1999, Teasdale & Jackson, 1996).

1.4.4 Selective retrieval from post-ER compartments

Proteins that have reached post-ER compartments, mainly including ER-Golgi
intermediate compartment (ERGIC) and cis-Golgi, but are not fully folded or assembled,
need to be returned to the ER for further processing or quality control (e.g. ER resident
proteins), are selectively retrieved via retrograde vesicle transport. This process involves

retrieval signals localized in the different domains of proteins.

In the C-terminal ends of some soluble ER-resident proteins, including binding
immunoglobulin protein (BiP) and protein disulfide isomerase (PDI), there are H/KDEL
(His-Asp-Glu-Leu or Lys-Asp-Glu-Leu) motifs as retrieval signals, which could be

recognized by the KDEL receptor (Munro & Pelham, 1987, Semenza et al., 1990).

For the transmembrane proteins that cycle between the ER and the ERGIC/Golgi complex,
the di-lysine sorting signals (KKXX or KXKXX) in their C-terminals are found to be
recognized by the coat protein complex | (COPI) coat and retrieved to ER (Papanikou &

Glick, 2014). Another retrieval signal found in the C-terminal sequences of the subunits of
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some membrane protein complexes, such as G-protein coupled receptor 1 for gamma-
aminobutyric acid (GABAsR1), the delta opioid receptor, the N-methyl-D-aspartate
(NMDA) receptor (NR), the ATP-sensitive potassium channel subunit (Kir6.1), and the
longer isoform of transmembrane protein 63B (TMEM63B), mediating the ER retention of
those proteins, is the arginine-based RXR motif, which is also recognized by COPI (Aziz
et al., 2014, Margeta-Mitrovic et al., 2000, Michelsen et al., 2005, Shiwarski et al., 2019,
Wu et al., 2023). However, the RXR motifs could be masked when subunits of the
respective transmembrane protein complexes are fully assembled, leading to the further

transport to cell surface.

The polar or charged residues in the TMD of some transmembrane proteins are another
important retrieval signals. Research has shown that a single charged residue in a TMD
is enough to retain/retrieve a protein, unless the residue is masked by complex assembly
or folding. It remains largely unknown how sorting motifs in TMDs are recognized and
localized in the ER. Currently, the best-characterized mechanism suggests that a protein
called Retention in Endoplasmic Reticulum Sorting Receptor 1 (RER1) recognizes TMDs
and ensures their localization in the ER (Sato et al., 2001). RER1 is a tetraspanin
transmembrane protein with a COPI sorting signal in the C-terminal tail and it binds to
escaped ER membrane proteins or subunits of plasma membrane protein complexes in
post-ER compartments and retrieves the proteins to ER via COPI vesicles (Boehm et al.,
1997b, Bonifacino et al., 1991, Cosson et al., 2013, Fullekrug et al., 1997, Sato et al.,
2003). RER1 will be described in more details below. This retrieval mechanism ensures

the maintenance of proper protein localization and function within the cell.

1.4.5 ER-associated degradation (ERAD)

Protein quality control in ER also regulates the degradation of proteins that are improperly
folded by ER-associated degradation (ERAD) process (Klausner & Sitia, 1990, Krshnan
et al., 2022). Briefly, proteins, which are not correctly folded, could be retro-translocated
from the ER into the cytosol and further be ubiquitinylated and degraded by proteasomes
(Brodsky & McCracken, 1999, Jarosch et al., 2002, Tsai et al., 2002, Wu & Rapoport,
2018). The ERAD pathway is crucial to maintain ER homeostasis.
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Overall, the concerted action of these mechanisms orchestrates the selective and efficient
transport and turnover of newly synthesized proteins from the ER to the Golgi complex,

essential for cellular function and homeostasis (Barlowe & Helenius, 2016).
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Fig. 1.2 Proteins transport between ER and cis-Golgi. Cargo at ER exit sites (ERES)
can be transported to Golgi complex by COPIl vesicles. Not fully folded proteins,
unassembled subunits of complexes or escaped ER-resident proteins are
retained/retrieved from ERGIC (ER-Golgi intermediate compartment) and the cis-Golgi by
COPI vesicles. Figure adapted from Barlowe & Helenius, 2016. Created with
BioRender.com.

1.5 Protein degradation pathways

Proteins undergo continuous turnover by degradation and new synthesis. Within
eukaryotic cells, damaged proteins are eliminated mainly through proteasomal and
lysosomal pathways. While these pathways operate independently, they are closely
interconnected (Khaminets et al., 2016). Typically, proteasomes manage short-lived and
soluble misfolded proteins through the ubiquitin-proteasome system (UPS), while

lysosomes handle degradation of long-lived proteins, insoluble protein aggregates,



29

organelles, macromolecules, and intracellular pathogens, involving pathways such as

endocytosis, phagocytosis, or autophagy (Zhao et al., 2022).

1.5.1 The ubiquitin-proteasome system (UPS)

Cellular proteasomes are large catalytic protease complexes that are found in eukaryotic
cells' cytoplasm and nucleus (Voges et al., 1999, Wdjcik & DeMartino, 2003). The 26S
proteasome is composed of two subunits, including a central barrel-shaped 20S
proteasome which consists of a and 8 subunits and is responsible for protein digestion,
and a 19S regulatory particle which catalyzes the entry of substrate proteins and ensures
the specificity for protein substrates (Glickman & Ciechanover, 2002, Groll et al., 2000,
Heinemeyer et al., 2004, Kisselev & Goldberg, 2001, Majumder & Baumeister, 2019,
Murata et al., 2009, Voges et al., 1999).

Ubiquitin (Ub) plays a vital role as a cofactor, crucial for the effective functioning of the
proteasome. Substrate proteins for ubiquitin-proteasome pathway are covalently linked to
the 76-residue ubiquitin protein and this process involves three enzymes, including an Ub
activating enzyme(E1), an Ub conjugating enzyme (E2), and an Ub ligase (E3)
(Baumeister et al., 1998, Glickman & Ciechanover, 2002). E1 activates the C-terminal
glycine (Gly) of Ub and then transfers it to the E2, which cooperates with E3 to attach it to
the substrate protein (Dikic, 2017, Hershko & Ciechanover, 1992, Lecker et al., 2006). For
degradation of proteins, after the repeated reactions with three enzymes, substrate
proteins are polyubiquitinated and recognized by the proteasome. Subsequently,
ubiquitination tag is removed, allowing the unfolding of proteins and further digestion into
small peptide fragments in the core of the proteasome complex. These fragments are
processed by intracellular peptidases to produce amino acids, which are then recycled
into new proteins (see Fig. 1.3) (Baumeister et al., 1998, Bochtler et al., 1999, Glickman
& Ciechanover, 2002).

Inhibition of the proteasome results in the accumulation of numerous polyubiquitinated
proteins within cells, which leads to growth arrest and programmed cell death (apoptosis).
This accumulation of large molecular weight Ubiquitin-protein complexes ultimately
induces apoptosis (Driscoll & Dechowdhury, 2010, Molineaux, 2012, Murata et al., 2009,
Nalepa et al., 2006, Sterz et al., 2008).
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Fig. 1.3 Degradation of protein by proteasome. The protein to be degraded is
polyubiquitinated by ubiquitin ligases, including E1, E2 and E3, followed by the transport
to proteasome. Ubiquitinated proteins are recognized by 19S regulatory particles and then
the ubiquitin chain of the protein is removed and the protein enters into the proteasome.
The protein is further digested into small peptide fragments in the core of the proteasome
complex (20S proteasome). Figure adapted from Molineaux, 2012. Created with
BioRender.com.

1.5.2 Endo-lysosomal degradation pathway and autophagy

The lysosome is a membrane-bound dynamic organelle involved in the degradation of
proteins. Lysosomes, uncovered by Christian de Duve in the 1950s, were found to harbor
proton-pumping vacuolar ATPases, which regulate the pH of the luminal environment
within the range of 4.6-5.0 (Luzio et al., 2007, Mellman et al., 1986). Lysosomes receive
molecules for degradation from distinct pathways, including endocytosis, phagocytosis
and autophagy (Luzio et al., 2007). Endocytosis serves for the uptake of extracellular and
surface-localized molecules (Doherty & McMahon, 2009), while phagocytosis rather refers
to the degradation of larger extracellular components, such as apoptotic cells and

microorganisms in lysosomes (Lancaster et al., 2019).

Autophagy can be classified into microautophagy, chaperone-mediated autophagy (CMA)
and macroautophagy, involving lysosomal activity (Mauthe et al., 2018, Mizushima &
Komatsu, 2011). It was identified that microautophagy directly degrades engulfed
autophagic cargo (Schuck, 2020), while CMA could selectively degrade proteins by the
involvement of chaperones and directly transports proteins across the lysosome

membrane (Kaushik & Cuervo, 2018).
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Macroautophagy (hereafter autophagy) is the most well-known type of autophagy, which
is induced by cellular stressors, including starvation, and pathogen infection (Schuck,
2020). Autophagy can be categorized into two types: nonselective autophagy, which is
initiated in response to starvation, and selective autophagy, which is triggered by the
presence of pathogens during infection, damaged organelles (mitophagy, lysophagy, ER-
phagy, ribophagy) and aggregated proteins (aggrephagy) (Vargas et al., 2023, Zaffagnini
& Martens, 2016). During autophagy, an essential step involves the creation of a dual-
membrane organelle termed the autophagosome. This organelle emerges from a curved
membrane, referred to as the isolation membrane or phagophore (Kraft & Martens, 2012,
Suzuki et al., 2001). As this membrane expands, it encloses segments of the cytoplasm.
Upon closure, these membranes transform into autophagosomes, entrapping cytoplasmic
content within. Following fusion with the lysosome (or vacuole in yeast), the enclosed
material is degraded (Feng et al., 2014, Kraft & Martens, 2012, Wang et al., 2015a,
Zaffagnini & Martens, 2016).

In neurodegenerative diseases, it was shown that impaired autophagy could lead to the
accumulation of misfolded proteins and affect the normal cellular function (Menzies et al.,
2011). For example, there is a higher accumulation of autophagosome in the brains of AD
patients comparted with controls (Nixon et al., 2005). In addition, dysfunction in autophagy
has been demonstrated to increase the accumulation of insoluble tau species (Li et al.,
2017). The induction of autophagy by rapamycin increases the clearance of AR and

improves the cognitive function of AD mouse model (Di Meco et al., 2020).

While the UPS and autophagy-lysosomal systems are distinct mechanisms for
degradation, Ub plays a significant role as an interaction mediator between these two
degradation pathways. During ubiquitin-dependent autophagy, ubiquitinated aggregates
and organelles are recognized by autophagy receptors and this process relies on the Ub
chain length (Khaminets et al., 2016). Treatment with the proteasome inhibitor MG132
(carbobenzoxy-L-leucyl-L-leucyl-L-leucine) in human SHG-44 glioma cells resulted in
reduced cell proliferation alongside the stimulation of autophagy, evidenced by increased
levels of Beclin-1 and LC3 (microtubule-associated protein 1A/1B-light chain 3), two
critical proteins involved in autophagosome formation (Ge et al., 2009). Additionally,
autophagy was also induced by proteasome inhibition in cultured cardiomyocytes and
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retinal pigment epithelial cells (Kyrychenko et al., 2014, Tang et al., 2014). These findings
suggest a compensatory mechanism wherein autophagy is upregulated in response to
inhibition or defects of UPS. In general, it was shown that UPS and autophagy-lysosomal
pathways collaborate in the degradation of substrates (Zhao & Goldberg, 2016, Zhao et
al., 2015).
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Fig. 1.4 Mechanism of macroautophagy. The initiation of autophagy is the formation of
a phagophore, which enfolds different intracellular components, including misfolded
proteins, aggregated proteins, damaged organelles and pathogens to form the mature
autophagosome. Upon fusion with lysosomes, the autophagosome transforms into the
autolysosome, where the content is finally degraded and recycled. Figure adapted from
Khaminets et al., 2016. Created with BioRender.com.

1.6 The Retention in Endoplasmic Reticulum Sorting Receptor 1 (RER1)

RER1 has been identified as a sorting receptor for the retrieval of ER-resident proteins,
immature/misfolded proteins, and unassembled components of transmembrane protein
complexes mediated by the COPI-dependent pathway (Boehm et al., 1997a, Sato et al.,
1995, Sato et al., 2001). Additionally, RER1 is so far the only identified sorting receptor
for TMD-based retrieval and retention signals (Annaert & Kaether, 2020).

1.6.1 Structure and localization

RER1 gene was firstly identified in yeast in 1993 and it encoded for a 188 amino acids
protein (Nishikawa & Nakano, 1993). Human RER1 gene was firstly described in 1997
and it contains 196 amino acids (Fullekrug et al., 1997). There are 4 putative
transmembrane domains in RER1 protein, forming a W-topology and both N- and C-
terminals face the cytosol (Fillekrug et al., 1997). RER1 mainly localizes at ERGIC and
cis-Golgi in yeast and mammalian cells (Sato et al., 1995, Valkova et al., 2011). RER1

binds to COPI by the di-lysine like motif and tyrosine residues in the C-terminal region.
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With the assistance of the COPI complex, RER1 undergoes cycling between ER and Golgi
(Boehm et al., 1997a, Cosson et al., 2013, Sato et al., 2001).

1.6.2 Substrates

Initially, RER1 was identified as a sorting receptor required for proper transport of Sec12
between the ER and Golgi in yeast (Nishikawa & Nakano, 1993). Later, more substrates,
including misfolded, immature and unassembled proteins, were identified in yeast and
mammalian cells. In yeast, many ER membrane proteins, including Sed4, Sec71, Sec63,
and Mns1, need RER1 to retrieve from Golgi back to ER (Sato et al., 1997, Sato et al.,
2001, Sato et al., 1996). RER1 mutants leads to the mis-localization of the substrate
proteins to the trans-Golgi or the vacuole in yeast (Boehm et al., 1997a, Sato et al., 1997,
Sato et al., 2003). There is a tyrosine residue in the fourth transmembrane domain of
RER1, which is essential for its binding to Sec12 but not Sec71, indicating the presence
of distinct binding modes for various substrates (Sato et al., 2003). Moreover, by retrieving
unassembled components, RER1 could regulate the assembly process of transmembrane
complexes, as exemplified by the reduction of fully assembled yeast iron transporter when
RER1 was deleted, since RER1 is responsible for the retrieval of unassembled Fet3, a
subunit of the yeast iron transporter (Sato et al., 2004). It was also demonstrated that the
binding of RER1 to those yeast substrates is dependent on the existence of spaced polar
residues in the TMDs of those substrates (Sato et al., 2003).

In mammalian cells, subunits of y-secretase were found as the first substrates, including
unassembled presenilin enhancer 2 (PEN2) and immature nicastrin (Nct) (Hara et al.,
2018, Kaether et al., 2007, Park et al., 2012, Spasic et al., 2007). y-Secretase is an
intramembrane protease complex, composed of presenilin (PS) 1 or PS2, Nct, anterior
pharynx-defective phenotype 1 (Aph1) and PEN2 (Haass, 2004). Many substrates of y-
secretase have been discovered, including Notch receptors, APP and TREM2 (Haapasalo
& Kovacs, 2011, Jurisch-Yaksi et al., 2013b, Wunderlich et al., 2013). It was shown that
RER1 interacts with immature Nct by three polar aa residues in the TMD of Nct (Spasic
et al., 2007) and also binds to unassembled PEN2 by the asparagine (N) residue in the
first TMD of PEN2 (Kaether et al., 2007). It could be that RER1 is part of a quality control
mechanism that allows complexes to exit the ER once they are fully assembled, as

evidenced by the findings wherein RER1 knockdown increases the cell-surface
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localization of assembled y-secretase complex and PEN2 (Kaether et al., 2007, Spasic et
al., 2007). Thus, RER1 negatively regulates the assembly of the y-secretase complex and

contributes to total cellular y-secretase activity.

Valkova and colleagues identified the unassembled a1-subunits of skeletal muscle
nicotinic acetylcholine receptor (nAChR) as the next substrate of RER1 in mammalian
cells (Valkova et al., 2011). In the first TMD of nAChR, there is an asparagine-based motif
that aids in its retention in the ER until assembly, similar to the motif in PEN2 that binds
to RER1 (Kaether et al., 2007, Wang et al., 2002). The study found that RER1 only binds
to unassembled nAChRa1 subunit, not the fully assembled nAChR complex or other
subunits. When RER1 is knocked down in vitro, unassembled nAChRa1 escapes the ER
and is likely degraded in lysosomes. A knockdown of RER1 in mouse skeletal muscle
using small hairpin RNA (shRNA) resulted in a reduction in the size of neuromuscular

junctions as well as the amount of fully assembled nAChR (Valkova et al., 2011).

In the peripheral nervous system, RER1 interacts with the peripheral myelin protein 22
(PMP22), a plasma membrane-resident protein that is necessary for myelin synthesis.
PMP22 mutants can accumulate excessively in the ER and cause Charcot-Marie-Tooth
disease (CMT) (Hara et al., 2014, Marinko et al., 2021). It was found that RER1 interacts
with PMP22 wt and mutants, including PMP22 L16P and G150D. One of the disease
causal mutants, PMP22(L16P), is partially released from the ER by loss of RER1 (Hara
et al., 2014).

Rhodopsin, the pigment in photoreceptor cells, has also been found as a substrate of
RER1 (Yamasaki et al., 2014). The immature wild-type rhodopsin could be transported to
the post-Golgi compartments when RER1 was knocked down while it was accumulated in
the ER when RER1 is overexpressed. A disease-related mutant of rhodopsin G51R was
also retained in the ER and the silence of RER1 leads to the exit of rhodopsin G51R

mutant from ER to the cell surface or localization in lysosome.

In addition, targeted deletion of RER1 in Purkinje cells exhibited age-related motor
impairments and the depletion of Purkinje cells. Subsequent investigations revealed that
the deletion of RER1 in Purkinje cells impairs the formation of action potentials associated

with a significant reduction in the Nav1.6 voltage-gated Na* channel subunit within the
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axon initial segment. The substantial decrease in both Nav1.6 and Nav1.1 channels,
consequent to RER1 deletion in the brain, suggested a potential role for RER1 in retrieving
Nav subunits, similar to its involvement with nAChR. However, as of now, there has been
no identification of direct binding between RER1 and Nav channel subunits or any specific

retrieval motif within them (Valkova et al., 2017).

It was shown that overexpression of RER1 strongly decreased the levels of a-synuclein
(aSyn), which might be due to the degradation of aSyn by the proteasome. However,
overexpressing a loss-of-function variant of RER1, with a 25-amino-acid deletion in the C-
terminal part, only slightly reduced a-synuclein levels, suggesting a critical role, of this
sequence proper function of RER1 (Park et al., 2017). In vivo, RER1 was co-localized with
Lewy bodies which contained aSyn in the brain tissues from patients diagnosed with
dementia with Lewy bodies (Park et al., 2017). It was also demonstrated that RER1 binds
to an E3 ubiquitin-protein ligase NEDD4 (neural precursor cell expressed developmentally

down-regulated protein 4), which is also a regulator of aSyn degradation (Park et al., 2017).

The interactome profile of RER1 in epileptic mice hippocampus identified several potential
cargos that are related to synaptic functions. For example, y-Aminobutyric acid type A
receptor (GABAA) subunit 1 is demonstrated to interact with RER1 (Liu et al., 2022).

As known so far, the studies on the effects of RER1 on the stoichiometry of complex
subunits have controversial results. Unassembled heteromeric complex subunits are
retrieved from the cis-Golgi by RER1. Depending on where the complex is assembled,
this can increase or decrease its likelihood of being assembled. Based on this, Annaert
and Kaether proposed two models for RER1 function (Annaert & Kaether, 2020): Retrieval
of individual subunits of protein complexes from the cis-Golgi will increase the assembly
probability if the complex is usually assembled in the ER. Therefore, the subunits will be
decreased if RER1 is absent and a further reduction in the level of complexes assembled
in plasma membranes will be achieved. For example, knockout or knockdown of RER1
results in reduced levels of y-secretase, AChR and voltage-gated Na* channels at the
plasma membrane (Hara et al., 2018, Valkova et al., 2011, Valkova et al., 2017).
Oppositely, if complex assembly occurs preferentially in the ERGIC or cis-Golgi, retrieving
unassembled subunits from the Golgi decreases the likelihood of complex assembly. As

a consequence, RER1 deficiency leads to increased levels of the respective protein
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complexes at the plasma membrane. Research on nicastrin and tweety homolog 1 (Ttyh1)
has shown that loss of RER1 leads to more complexes at the plasma membrane (Kim et
al., 2018, Spasic et al., 2007). Both studies showed that reduction of RER1 levels led to
an increase in the level of y-secretase complex at the plasma membrane as well as its

activities.
1.6.3 Implications in cellular homeostasis and diseases

It was shown that RER1 is involved in several diseases, including Charcot-Marie-Tooth
(CMT) disease, Parkinson’s disease and pancreatic cancer (Chen et al., 2019, Hara et al.,
2014, Marinko et al., 2021, Park et al.,, 2017). In CMT disease, RER1 mediates the
excessive accumulation of pathogenic protein mutants (PMP22 L16P and G150D) in ER
and further contributes to the pathogenesis of the disease (Hara et al., 2014, Marinko et
al., 2021). However, there are no clear mechanisms identified in the roles of RER1 in

Parkinson’s disease and pancreatic cancer.

Studies showed that loss of RER1 induced ER stress in yeast, nematode and mouse
models (Ghavidel et al., 2015, Hara et al., 2018). It is also suggested that RER1 could
enhance competitive cell survival in Drosophila by alleviating the proteotoxic stress (Paul
et al., 2024). These findings support the important role of RER1 in regulating ER
proteostasis, indicating that its function is conserved in different species (Annaert &
Kaether, 2020).

Deleting RER1 systemically in mice led to prenatal lethality, and forebrain-specific
knockout resulted in early postnatal lethality (Hara et al., 2018, Valkova et al., 2011,
Valkova et al., 2017), while mice with knockout of RER1 specifically in the Purkinje cells
of the cerebellum showed normal polarization and differentiation of Purkinje cells and

normal development of the cerebellum (Valkova et al., 2017).

RER1 could regulate Notch signaling in murine neuronal stem cells. However, results from
two studies are controversial. Hara et al concluded that the deficiency of RER1 reduced
y-secretase activity and therefore downregulated Notch signaling and inhibited the
development of murine neuronal stem cells (Hara et al., 2018). In contrast, Kim et al.
found that Ttyh1 membrane protein bound to RER1 and led to the degradation of RER1,
further resulting in an increase of y-secretase activity and Notch signaling, suggesting that
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RER1 negatively regulates Notch signaling mediated development of murine neuronal
stem cells (Kim et al., 2018).

Moreover, several lines of evidence have been unveiled about the role of RER1 in the
regulation of AB accumulation indirectly by modifying y-secretase. Tanabe et al. showed
that RER1 could be ubiquitinated and degraded by another ubiquitin ligase, synoviolin,
further modulating AB generation by regulating y-secretase (Tanabe et al., 2012). Similarly,
decreased RER1 enhances AR production by increasing y-secretase assembly or activity
(Choi et al., 2023, Dries & Yu, 2008, Jiang et al., 2014, Mullard, 2007). Moreover, the
downregulation of RER1 by cortisol prompted the translocation of mature PSEN1 into the
ER's mitochondrial-associated membrane (MAM) via the endocytic recycling pathway,
representing a rate-limiting step. This process led to the accumulation of AB in
mitochondria, culminating in mitochondrial dysfunction and cell death. Conversely, the
reintroduction of RER1 reduced the presence of PSEN1 in MAM, thereby preventing the
accumulation of AB in mitochondria (Choi et al., 2023). In addition, a recent study
demonstrated that RER1 undergoes ubiquitination by the E3 ligase NEDD4-2 and further
degradation by the proteasomal pathway (Liu et al., 2022). Accumulation of RER1 in brain
when the ubiquitination process was inhibited by partial deletion of NEDD4-2 increases

the susceptibility to ER stress and seizures (Liu et al., 2022).

Another study revealed that the absence of RER1 in zebrafish and mammalian cells
shortened cilia and impaired their function, which might be due to the increased y-
secretase complex assembly and activity followed by enhanced Notch signaling as well

as reduced Foxj1a expression (Jurisch-Yaksi et al., 2013a).
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Fig. 1.5 RER1-mediated retrieval of transmembrane proteins. Within the cis-Golgi
compartments, RER1 engages with the transmembrane domain (TMD) of client proteins,
including presenilin enhancer 2 (PEN2), nicastrin and others. Subsequently, the cytosolic
domain of RER1 interacts with the COPI complex, facilitating the return of client proteins
to the endoplasmic reticulum (ER). Figure adapted from Cosson et al., 2013. Created with
BioRender.com.

1.7 Lipid droplets

Lipid droplets (LDs) are dynamic cytoplasmic organelles found in most cells, which store
fatty acids (FAs) in the form of neutral lipid, including triacylglycerols (TAGs) and
cholesterol esters (CE), and are critically important for energy metabolism. They are
surrounded by a phospholipid monolayer composed of phospholipids and associated
proteins, including perilipin proteins (Barbosa & Siniossoglou, 2017b, Greenberg et al.,
1991, Griseti et al., 2024, Gross & Silver, 2014, Henne et al., 2018, Kory et al., 2016).
Besides the lipid storage for energy metabolism, LDs can also store other lipids, such as
hydrophobic vitamin and signaling precursors. In addition, LDs plays a vital role in
reduction of ER and oxidative stress, and also assist the maturation, storage, and turnover
of proteins (Welte & Gould, 2017).

In immune system, evidences indicate LDs serve as structural markers of activation of
immune cells and inflammation, such as macrophages and macroglia, as well as regulates
the inflammatory responses of those cells (Bozza & Viola, 2010, den Brok et al., 2018,
Stephenson et al., 2024, van Dierendonck et al., 2022). Accumulation of TAGs was found

in LDs of LPS activated pro-inflammatory macrophages by increasing uptake of FAs and
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synthesis of TAG, and reducing TAG hydrolysis (Feingold et al., 2012, van Dierendonck
et al., 2022). The activation of human iPSC-derived microglia and microglia cell line N9
by LPS treatment also led to accumulation of TAG-rich LDs (Khatchadourian et al., 2012,
Stephenson et al., 2024). Additionally, LDs accumulation was observed in human iPSC
microglia with the Alzheimer’s disease-associated APOE4 genotype (Stephenson et al.,
2024). Importantly, biosynthesis and catabolism of TAGs are necessary for the
transcription and secretion of proinflammatory cytokines and chemokines in response to
extrinsic stimuli as well as the activation-associated phagocytosis of multiple substrates
including the disease-associated amyloid-beta peptide (Stephenson et al.,, 2024).
However, another study showed that LDs were strongly accumulated in microglia with
aging in both mouse and human brains and further impaired phagocytosis of the cells,
leading to the increased production of reactive oxygen species and secretion of
proinflammatory cytokines (Marschallinger et al., 2020). Taken together, these results
indicate not only the importance of lipid metabolism in function of microglia, but also the

adverse effects of overloaded lipid droplets in microglia.

Excessive LDs storage in immune cells is related to different diseases, including obesity,
diabetes, atherosclerosis, and neurodegenerative disorders (Accad et al., 2000, Farmer
et al., 2020, Koliwad et al., 2010, Nagle et al., 2009, Walther & Farese, 2012). Strong
accumulation of LDs mainly containing excessive esterified cholesterol in macrophages
results in formation of foam cell accumulated in the arterial wall during atherosclerosis,
which is the hallmark of this disease (Florance & Ramasubbu, 2022, Fowler et al., 1985,
Libby, 2002, Ross, 1993). In obese mice, increased accumulation of lipids in adipose
tissue macrophages led to the polarization of macrophages to pro-inflammatory
phenotype, further contributed to chronic inflammation and insulin resistance in adipose
tissue (Prieur et al., 2011). In addition, lipid-droplet-accumulating microglia (LDAM)
represent a dysfunctional and proinflammatory state in the aging brain and they were also
observed in both chimeric human-mouse AD models and AD patients who carried
homozygous APOE ¢4 allele (APOE4/4) (Claes et al., 2021, Haney et al., 2024,
Marschallinger et al., 2020).

Therefore, it is crucial to investigate the potential regulators of lipid metabolism in immune

cells. Previous studies showed lipid droplets (LDs) were accumulated in mouse embryonic
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fibroblast under genetic and pharmacological inhibition of y-secretase (Fabiano et al.,
2024, Gutierrez et al., 2020), which might be due to the impairment of y-secretase function.
RER1 deletion in the HAP1 cell line leads to the reduction of PEN2, Nicastrin and
presenilin 1 (PS1), which affects y-secretase assembly (Hara et al., 2018). So, it is also

important to explore if RER1 regulates lipid metabolism in immune cells.

1.8 Aim of the thesis

The interaction between TREM2 and DAP12 in brain immune cells, including microglia,
holds significant implications for neurodegenerative diseases. Research has unveiled that
mutations in both TREM2 and DAP12 underlie NHD and that coding sequence variants
increase the risk of various other neurodegenerative disorders, indicating the important
role of TREM2-DAP12 signaling in CNS function.

DAP12, functioning as an adaptor molecule, forms complexes with multiple co-receptors,
regulating various cellular responses. The interaction between DAP12 and its co-
receptors is mediated through charged residues within TMD of immunoreceptors.
Previous investigations have demonstrated a role of DAP12 in TREM2 expression and
cellular trafficking pathways, however, little attention has been given to understanding how
DAP12 and its interacting receptor are regulated in terms of metabolism and cellular

transport.

In this thesis, the primary objective was to explore the impact of TREM2 on the turnover,
degradation, and intracellular trafficking of DAP12. By delving into the dynamics of this
relationship, a deeper understanding of how TREM2 modulates the fate of DAP12 within
cells shall be attained. In addition, the potential involvement role of RER1 in the subcellular
transport and metabolism of TREM2 and DAP12 was also investigated. Furthermore, we
also explored the function of RER1 in lipid metabolism in both undifferentiated and
differentiated THP-1 cells.

This thesis aims to uncover the complex regulatory mechanisms behind DAP12 and its
co-receptors' metabolism and intracellular trafficking, offering new insights for treating
neurodegenerative diseases. Through careful experimentation and analysis, this research

seeks to expand our understanding of the interactions between TREM2, DAP12, and
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related molecule, RER1, ultimately guiding the development of targeted therapies to

reduce the impact of neurodegenerative diseases.



2 Material and methods

2.1

Materials

2.1.1 Chemicals, reagents and enzymes

42

Name

Supplier and catalog number

Phorbol 12-myristate-13-acetate (PMA)

Cat# P8139, Sigma-Aldrich, Steinheim,

Germany
Lipofectamine™ 2000 Transfection | Cat# 11668-019, Invitrogen, Carlsbad,
Reagent USA

Cas9 enzyme

Cat# 1081061, IDT, Coralville, USA

Cat# 13778-150, Invitrogen,

RNAIMAX

Carlsbad, USA

Cat# C4859-1ML, Sigma-Aldrich,
Cycloheximide

Steinheim, Germany

Cat# L6785-.2MG, Sigma-Aldrich,
Lactacystin

Steinheim, Germany

Cat# C2211-5MG, Sigma-Aldrich,
MG132

Steinheim, Germany

Cat# C6628-25G, Sigma-Aldrich,

Chloroquine

Steinheim, Germany

N-dodecyl-B-d-Maltoside

Cat# D4641, Sigma-Aldrich, Steinheim,

Germany

Bio-Rad protein assay dye

Cat# 5000006, Bio-Rad, Hercules, USA

Bovine serum albumin (BSA)

Cat# 8076.3, Thermo Fisher Scientific,
Waltham, USA

Novex™ NuPAGE™ MES SDS Running
Bufferr

Cat# NP0002, Invitrogen, Carlsbad, USA

Protease inhibitor cocktail

Cat# 04693116001,

Steinheim, Germany

Sigma-Aldrich,
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Phosphatase inhibitor cocktail

Cat# 4906837001, Sigma-Aldrich,

Steinheim, Germany

RNase-Free DNase

Cat# 79254, QIAGEN, Hilden, Germany

Poly-L-Lysine Hydrobromide (PLL)

Cat# P6282, Sigma-Aldrich, Steinheim,

Germany

Boric acid

Cat# B6768, Sigma-Aldrich, Steinheim,

Germany

Sodium tetraborate

Cat# B9876, Sigma-Aldrich, Steinheim,

Germany

Paraformaldehyde (PFA)

Cat# 16005-1KG-R, Sigma-Aldrich,

Steinheim, Germany

Triton X-100

Cat# 3051.2, Carl Roth, Karlsruhe,

Germany

4',6-diamidino-2-phenylindole (DAPI)

Invitrogen,
Carlsbad, USA

Immu-Mount™

Cat# 9990402, Fisher Scientific, USA

Ibidi mounting medium

Cat# 50011, Ibidi, Grafelfing, Germany

Sepharose Protein G beads

Cat# 101242, Invitrogen, Carlsbad, USA

Cytochalasin D (cyto D)

Cat# C8273, Sigma-Aldrich, Steinheim,

Germany

pHrodo™ Red E.coli BioParticles™

Cat# P35361, Invitrogen, Carlsbad, USA

LD540 dye

A gift from Christoph Thiele

2.1.2 Buffers and solutions

Name

Composition

10X Phosphate buffer saline (PBS)

1.3 M NaCl, 26.8 mM KCI, 100 mM
NazHPO4.7H20, 17.6 mM KH2POq4, pH 7.4

Hypotonic buffer

10 mM Tris-HCI, 1 mM EDTA, 1 mM EGTA
in dH20, pH 7.6
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Lysis buffer for isolation of cellular

1% n-dodecyl-3-d-Maltoside, 50 mM Tris—
HCI (pH 8.0), 150 mM NaCl, 1 mM EDTA,

proteins 1.5 mM MgClz, 10 % glycerol

Washing buffer for Co- | 50 mM Tris-HCI (pH 8.0), 150 mM NaCl, 1
Immunoprecipitation (Co-IP) mM EDTA, 1.5 mM MgClz, 10 % glycerol
5x SDS loading buffer without | 125 mM Tris, 10 % SDS, 50 % Glycerol,

Dithiothreitol (DTT)

Bromophenol blue

Tris-Buffered Saline (TBS)

50 mM Tris, 150 mM NaCl, pH 7.5

Tris-Buffered Saline, 0.1 % Tween® 20
Detergent (TBST)

50 mM Tris, 150 mM NaCl, pH 7.5, 0.1 %

Tween20

Novex™ NuPAGE™ MES SDS Running
Buffer (20x)

1M MES, 1M Tris, 20mM EDTA and 2 %
SDS (Invitrogen, Carlsbad, USA)

1x Blotting buffer

10 % Isopropanol, 5 mM Tris, 200 mM
Glycine

10x Ponceau

2 % Ponceau S, 30 % trichloroacetic acid

Blocking buffer for western

5 % skim milk powder in TBST
immunoblotting

40.1 mM boric acid, 10 mM sodium
0.1 M borate buffer

tetraborate, pH 8.4
4 % Paraformaldehyde (PFA) 20 g PFA in 500 mL PBS
0.1 % Triton X-100 100 pL Triton X-100 in 100 mL PBS
Phosphate-Buffered Saline, 0.1 %

1X PBS, 0.1 % Tween
Tween® 20 Detergent (PBST)
Blocking buffer for

immunocytochemistry (ICC)

3 % BSA in PBST

Solution for preparing the antibody for
ICC

1 % BSA in PBST

2.1.3Kits

Kits

Supplier
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Nucleobond™Xtra Maxi-Kit

Cat# 740414.100,

Duren, Germany

Macherey-Nagel,

Pierce™ BCA Protein Assay Kit

Cat# 23225, Thermo Fisher Scientific,
Waltham, USA

RNeasy® Midi Kit

Cat# 75144, QIAGEN, Hilden, Germany

RevertAid First Strand cDNA Synthesis
Kit

Cat# K1622, Thermo Fisher Scientific,
Waltham, USA

QuantiTect® SYBR® Green PCR Kit

Cat# 204145, QIAGEN, Hilden, Germany

AlphaLISA® SureFire® Ultra™ Kit

Cat# U5387, Perkin Elmer, Waltham, USA

2.1.4Cell lines

Cell line

Description

Reference/Source

Human embryonic kidney
(HEK) 293 cells

Human embryonic kidney

cells

ATCC, CRL-1573

HEK293 Fip-In cells

HEK?293 cells with a Flp-

In locus

R75007,
Carlsbad, USA

Invitrogen,

HEK293 Fip-In DAP12 wt

HEK293 Flp-In cells stably
expressing DAP12 wt

Generated previously in the

lab by Melanie Ibach

HEK 293 Flp-In myc-
TREM2-
FLAG_T2A_DAP12

HEK 293 Flp-In cells
stably expressing myc-
TREM2-

FLAG_T2A DAP12

Generated previously in the

lab by Melanie Ibach

HEK 293 Flp-In myc-
TREM2 K186N-
FLAG_T2A_DAP12

HEK 293 Flp-In cells
stably expressing myc-
TREM2 K186N-
FLAG_T2A DAP12

Generated previously in the

lab by Melanie Ibach

HEK 293 Flp-In
DAP12 D50A

HEK 293 Flp-In cells
stably expressing
DAP12 D50A

Generated previously in the

lab by Melanie Ibach

HEK 293 Flp-In myc-

HEK 293 Flp-In cells

Generated previously in the
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TREM2-

FLAG_T2A_DAP12 D50A

stably expressing myc-
TREM2-
FLAG_T2A_DAP12 D50A

lab by Melanie Ibach

A monocyte cell line

isolated from the peripheral

THP-1 cells ATCC, TIB-202
blood of an acute
monocytic leukemia patient
2.1.5 Culture media and supplements
Supplier and catalog
Name Composition
number
Dulbecco's Modified Eagle
Cat# 31966-921, Gibco,
Medium (DMEM), GlutaMAX™ -
Waltham, USA
Supplement
Cat#  P30-3306, PAN-
Fetal Bovine Serum (FBS) - Biotech, Aidenbach,
Germany
Cat# 15140-122, Gibco,
Penicillin/streptomycin (P/S) -
Waltham, USA
Cat# P10-0235SP, PAN-
Trypsin 0.05 %/EDTA 0.02 % - Biotech, Aidenbach,
Germany
Cat# ant-hg-5, InvivoGen,
Hygromycin B - .
San Diego, USA
Cat# 21875-034, Gibco,
RPMI 1640 -
Waltham, USA
Cat# M7522-100mL, Sigma-
B-Mercaptoethanol - . o
Aldrich, Steinheim, Germany
Cat# 4720.3, Carl Roth,
Dimethyl sulfoxide (DMSO) -
Karlsruhe, Germany
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Catabolite repression (SOC)

mM NaCl,
KCI, 20 mM MgSOs4,
20 mM Glucose

25 mM -

Opti-MEM  Reduced Serum Cat# 11058-021, Gibco,
medium ' Waltham, USA

0.5 % yeast extract,

2 % Tryptone, 10
Super Optimal broth with

Cat# X968.3, Carl Roth,
Lysogeny broth (LB) Medium -
Karlsruhe, Germany
Respective Medium
LB agar plates + 15 g/L Agar +
Selection antibiotics
Ampicilin — pyg/mL
10 % Dimethyl
Freezing medium Sulfoxide (DMSO) in -
FBS
2.1.6 Oligonucleotides
Applicati | Reference/Sou
Name Sequence 5’ - 3’
on rce
TREM2 CRISPR RNA | GCCATCACAGACGATAC | Knock out | IDT, Coralville,
(crRNA) CCT of TREM2 | USA
RER1 CRISPR RNA | TGTGCGATGGGTCGTGA | Knock out | IDT, Coralville,
(crRNA) CAC of RER1 USA
Knock out
Transactivating crRNA IDT, Coralville,
- of TREM2
(tracrRNA) USA
and RER1
QIAGEN,
DAP12 primer for Real- Real-Time
QT00077518 Hilden,
Time gRT-PCR gRT-PCR
Germany
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QIAGEN,
TREM2 primer for Real- Real-Time |
QT00063868 Hilden,
Time gRT-PCR gRT-PCR
Germany
Hypoxanthine QIAGEN,
Real-Time |
phosphoribosyltransfe | QT00059066 Hilden,
gRT-PCR
rase 1 (HPRT1) Germany
Ubiquitin C (UBC) | ATTTGGGTCGCGGTTCTT | Real-Time | Accession
forward G gRT-PCR | number M26880
Ubiquitin C (UBC) | TGCCTTGACATTCTCGAT | Real-Time | Accession
reverse GGT gRT-PCR | number M26880
Primer for sanger | ACATCACGCCCAGGTAA | Sanger 7549494,
sequence of RER1 ko | CG sequence | Eurogentec
Primer for sanger | GTGTCTTGCCCCTATGAC | Sanger 7549487,
sequence of TREM2 ko | TCC sequence | Eurogentec
2.1.7 Primary antibodies
Antibody Origin Dilution Reference
Anti-DAP12
WB (DAP12.1): 8.4
(DAP12.1* (0.620
ML in 5 mL
mg/mL) and | Rabbit polyclonal In house*
Co-IP (DAP12.2): 5
DAP12.2* (0.582 6.6 L)
mg/mL)) HE S H
Cell Signaling
Anti-DAP12 Technologies,
Rabbit polyclonal ICC: 1:200
(12492, D7G1X) Danvers,
USA
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Anti-TREM2 WB: 1:1000
_ . R&D Systems,
(AF1828 or | Goat polyclonal Stimulation for
. . Minneapolis, USA
AF18281) signaling: 10 pg/mL
Anti-TREM2 Stimulation for | In house (lbach et
Mouse monoclonal
(4B2A3) signaling: 10 ug/mL | al., 2021)
Haass lab
Anti-TREM2
Rat monoclonal WB: 1:1000 (Schlepckow et al.,
(9D11)
2017)
Anti-Calnexin Millipore,
Rabbit polyclonal WB: 1:1000 .
(AB2301) Burlington, USA
Anti-Calnexin
Abcam, Cambridge,
(ab112995, Mouse monoclonal | ICC: 1:1000 T
6F12BE10)
Anti-
Ubiquitinylated Millipore,
Mouse monoclonal | WB: 1:1000 .
proteins (04-263, Burlington, USA
FK2)
Sigma-Aldrich,
Anti-Actin (A1978,
Mouse monoclonal | WB: 1:1000 Steinheim,
AC-15)
Germany
Anti-
Glycerinaldehyd-
Santa Cruz
3-phosphat- ,
Mouse monoclonal | WB: 1:1000 Biotechnology,
Dehydrogenase
Dallas, USA
(GAPDH) (sc-
47724, 0411)
Anti-Amyloid-
Precursor-Protein BioLegend, San
Mouse monoclonal | WB: 1:1000 _
(APP) (BLD- Diego, USA

802801, C1/6.1)
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Anti-Alpha 1
Sodium
Abcam, Cambridge,
Potassium Mouse monoclonal | ICC: 1:500 UK
ATPase (ab7671,
464.6)
Anti-Giantin Abcam, Cambridge,
Mouse monoclonal | ICC: 1:100
(ab37266, 9B6) UK
Anti-ERGIC53 Thermo Fisher
(LMANT1) (MAS5- | Mouse monoclonal | ICC: 1:100 Scientific, Waltham,
25345, OTI1AS8) USA
Sigma-Aldrich,
Anti-RER1 (R4407) | Rabbit polyclonal WB: 1:300 Steinheim,
Germany
Anti-RER1 WAB: 1:300
Goat polyclonal Mybiosource
(MBS418574) ICC: 1:100
Anti-spleen
Cell Signaling
tyrosine kinase
Mouse monoclonal | WB: 1:1000 Technologies,
(SYK) (80460,
Danvers, USA
4D10)
Anti-Phospho- Cell Signaling
SYK (Tyr525/526) | Rabbit Monoclonal | WB: 1:1000 Technologies,
(2710, C87C1) Danvers, USA
PROGEN
Anti-Perilipin 2 WB: 1:100 Biotechnik GmbH,
Mouse monoclonal _
(610102, AP125) ICC: 1:100 Heidelberg,
Germany
Proteintech,
Anti-CYP51A1 _ Planegg-
Rabbit polyclonal WB: 1:1000 o
(13431-1-AP) Martinsried

Germany
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Anti-LDLR

Abcam, Cambridge,

(E6D7, ab1906)

(EP1553Y, Rabbit Monoclonal | WB: 1:1000 T

ab52818)

Anti-LRP1 _ Abcam, Cambridge,
Rabbit polyclonal WB: 1:1000

(ab92544) UK

Anti-NPC1 Abcam, Cambridge,
Rabbit Monoclonal | WB: 1:1000

(ab36983) UK

Anti-ABCA1 . Novus Biologicals,
Rabbit polyclonal WB: 1:500 .

(NB400-105) Centennial, USA

Anti-APOE Abcam, Cambridge,
Mouse monoclonal | WB: 1:1000

UK

*The anti-DAP12 antibodies DAP12.1 and DAP12.2 were generated by inoculation of
rabbits with the peptide CITETESPYQELQGQ and CDVYSDLNTQRPYYK, respectively.

2.1.8 Secondary antibodies

Antibody Origin Dilution Reference
Cat# 926-68073, Li-
IRDye 680 RD COR Biosciences,
Donkey 1:5000
donkey anti rabbit Bad Homburg,
Germany
Cat# 926-32214, Li-
IRDye 800 CW COR Biosciences,
Donkey 1:5000
donkey anti goat Bad Homburg,
Germany
Cat# 926-32212, Li-
IRDye soocw L
COR Biosciences,
donkey anti | Donkey 1:5000
Bad Homburg,
mouse
Germany
IRDye 680 RD
Cat# 926-68072, Li-
donkey anti | Donkey 1:5000

mouse

COR Biosciences,
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Bad Homburg,
Germany
Cat# 926-32219, Li-
IRDye 800CW goat COR Biosciences,
Goat 1:5000
anti rat Bad Homburg,
Germany
Alexa Fluor 546- Cat# A10040,
conjugated Anti- | Donkey 1:500 Invitrogen,
rabbit Carlsbad, USA
Alexa Fluor 488- Cat# A21202,
conjugated Anti- | Donkey 1:500 Invitrogen,
mouse Carlsbad, USA
Horseradish
Cat# 612-103-120,
peroxidase
Goat 1:25000 Rockland,
conjugated goat
Gilbertsville, USA
anti-rat
Horseradish Cat# A-5420,
peroxidase Sigma-Aldrich,
Rabbit 1:25000
conjugated rabbit Steinheim,
anti-goat Germany
2.1.9 Software
Software Application Origin
Microsoft Office 2021 Microsoft Corporation,

Writing, and data analysis

Redmond, USA

Adobe lllustrator

Figures preparation

Adobe, San Jose, USA

GraphPad Prism 9

Data plotting

GraphPad Software Inc.,
San Diego, USA

I-control 1.11

Data acquisition via
infinite M200OPRO

Tecan, Mannedorf,

Switzerland
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Image Studio Lite Ver 4.0

Data acquisition via Li-cor

Odyssey CLx

Li-cor Biosciences GmbH,

Bad Homburg, Germany

Data
Quantity One®

acuisition

Chemidoc XRS Imager

via
Bio-Rad, Hercules, USA

Wayne Rasband, National

Fiji, ImageJ Image analysis
Institute of Health, USA
2.1.10 Instruments
Instrument Manufacturer

Cell culture hoods

Amersham, GE Healthcare, Chicago, USA

Cell culture incubator 37°C/5% CO2

Binder, Tuttlingen, Germany

Centrifuge 5415 R

Eppendorf, Wesseling, Germany

ChemiDoc XRS

Bio-Rad, Hercules, USA

Electrophoresis power supply

Amersham, GE Healthcare, Chicago, USA

Cell counter (CytoSMART™)

Corning, New York, USA

NanoPhotometer P-class P330

Implen, Munich, Germany

Tecan infinite M200Pro reader

Tecan, Mannedorf, Switzerland

XCell4 SureLock Mini- Cell/ Midi-Cell

Thermo Fisher Scientific, Waltham, USA

PeqlLap electrophoresis system

Peqlab Life Sciences, Erlangen, Germany

Blotting chamber

Amersham, GE Healthcare, Chicago, USA

Thermomixer

Eppendorf, Wesseling, Germany

VS-Homogenizer

Visitron Systems GmbH, Puchheim,

Germany

Chemidoc XRS Imager

Bio-Rad, Hercules, USA

Odyssey® CLx (Li-cor)

Li-COR Biosciences, Bad Homburg,

Germany

Microscope
AxioVert 200 M with AxioCam MR R3

camera

Carl Zeiss, Oberkochen, Germany
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Zeiss ApoTome Carl Zeiss, Oberkochen, Germany
Tecan Spark reader Tecan, Mannedorf, Switzerland

Keyence BZ-X800 Keyence, Neu-lsenburg, Germany
Zeiss Axio Observer Carl Zeiss, Oberkochen, Germany

2.2 Cell culture

Human embryonic kidney (HEK) 293 cells and HEK293 Flp-In cells were cultured in
Dulbecco's Modified Eagle Medium (DMEM, Gibco, Waltham, USA), supplemented with
10 % heat-inactivated Fetal Bovine Serum (FBS, PAN-Biotech, Aidenbach, Germany), 1 %
penicillin/streptomycin (P/S, Gibco, Waltham, USA) in an atmosphere containing 5 % CO:2
at 37 °C. Cells were split when the confluence reached 80-90 %. For detaching, cells were
washed with prewarmed phosphate buffer saline (PBS), followed by incubation with PBS
containing 0.05 % trypsin and 0.02 % EDTA (PAN-Biotech, Aidenbach, Germany). The
process was stopped by resuspending the cells in fresh DMEM supplemented with 10 %
FBS and 1 % P/S. Aliquots of the cell suspension were transferred to new dishes
containing the appropriate cell culture medium. Plasmid transfected HEK293 Flp-In cells
were cultured in DMEM, supplemented with 10 % (v/v) heat-inactivated FBS, 1 % (v/v)
P/S, with 200 pg/mL Hygromycin B (InvivoGen, San Diego, USA) in an atmosphere
containing 5 % CO:2 at 37 °C. The splitting method was the same with HEK 293 cells (Liu
et al., 2024).

For long-term storage of HEK293 and HEK293 Flp-In cells, the cells were centrifuged at
200 xg for 3 mins after trypsinization and then suspended in FBS containing 10 % (v/v)
dimethyl sulfoxide (DMSO, Carl Roth, Karlsruhe, Germany). The cell suspension was

transferred to cryo-vials and stored at -80 °C, or in liquid nitrogen.

THP-1 cells were cultured in T75 flasks with RPMI 1640 medium (Gibco, Waltham, USA),
supplemented with 10 % FBS, 1 % P/S, 0.05 pM B-Mercaptoethanol (Sigma-Aldrich,
M7522, Germany) in a cell incubator with 5 % CO:2 at 37 °C. Cells were split before the
cell concentration reached 1,000,000 cells/mL (Liu et al., 2024).

After collecting THP-1 cells from the T75 flasks, they were centrifuged at 163 x g for 8 min
and supernatants were discarded. A cryoprotectant containing 90 % FBS and 10 % DMSO
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was then added to resuspended cell pallets. For long-term storage, the cell suspension

was transferred to cryo-vials and stored at -80 °C or in liquid nitrogen.

To thaw both HEK 293 cells and THP-1 cells, we put the cryo-vials in a 37 °C water bath
and when a small ice crystal remained in the solution, further cultivation was conducted

with the partially thawed solution mixed with fresh culture medium in sterile flasks or dishes.

2.3 Counting and seeding of cells

In order to determine the cell number before seeding cells for further experiments, 10 pl
of the trypsinized pure cell suspension was placed into a Neubauer chamber and counted
with an automatic cell counter (CytoSMART™, Corning, New York, USA). Accordingly,

cells were seeded for certain numbers in dishes or plates for experiments.

2.4 Differentiation of THP-1 cells by phorbol 12-myristate-13-acetate (PMA)

THP-1 cells were differentiated with 5 ng/mL phorbol 12-myristate-13-acetate (PMA,
Sigma-Aldrich, Steinheim, Germany) into macrophage-like cells for 48 h. PMA was
prepared in RPMI 1640 supplemented with 10 % FBS, 1 % P/S, 0.05 pM B-
Mercaptoethanol. Afterwards, PMA was removed and differentiated cells were kept in
complete RPMI 1640 medium for 1 day (Park et al., 2007). Then, differentiated cells were

used for further experiments.

2.5 Plasmid DNA transformation of competent E.coli

One g of respective plasmid DNA was mixed with DH5alpha bacteria and incubated on
ice for 30 minutes to allow the plasmid DNA to attach. Afterwards, bacterial membranes
were permeabilized using a heat shock at 42 °C for 45 seconds. After cooling on ice for 2
minutes, the bacteria were cultured in 1 mL of Super Optimal Broth with Catabolite
Repression (SOC) medium supplemented with 0.1 % ampicillin in a shaking incubator for
1 h at 37 °C with 75 rpm shaking speed. Afterwards, for the expansion of the plasmid that

already existed in the lab, 1 mL mixture was transferred to 250 mL Lysogeny broth (LB,
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Carl Roth, Karlsruhe, Germany) medium supplemented with 0.1 % ampicillin in
Erlenmeyer flasks for further culture overnight in a shaking incubator at 37 °C. The shaking

speed was set to 200 rpm.

2.6 Cultivation of bacteria and plasmid DNA Maxiprep

The bacteria were incubated in a shaking incubator at 37°C overnight at a shaking speed
of 200 rpm. The next day, plasmid preparation was carried out using the NucleoBond ™
Xtra Maxi-Kit (Macherey-Nagel, Duren, Germany), following the manufacturer’s
instructions. To summarize, pelleted cells were resuspended in buffers containing lysis
and neutralization enzymes. Centrifugation followed by loading of the clear supernatant
onto a DNA binding column. DNA was washed, eluted, precipitated with isopropanol, and
washed with ethanol. The DNA was centrifuged and resuspended in DNase-free H20,
followed by determination of plasmid DNA concentrations by the NanoPhotometer P-

Class P330 (Implen, Munich, Germany) and stored at -20 °C for future cell transfection.

2.7 Cell transfection

Five ug of the respective DNA plasmid was mixed with 200 uL Opti-MEM Reduced Serum
medium (Gibco, USA). Lipofectamine 2000 (7.5 uL; Thermo Fisher Scientific, Waltham,
USA) was mixed with 200 yL Opti-MEM Reduced Serum medium (Gibco, Waltham, USA)
by flicking and incubated for 5 min at room temperature (RT). Lipofectamine 2000 and the
respective plasmid constructs were mixed and incubated for 20 min at RT. Meanwhile the
cells were washed twice with PBS and kept in culture medium (DMEM) without any
supplements. The DNA-Lipofectamine mixtures were dropwise added to cells cultured in
6 cm diameter dishes and incubated for 16 h at 37 °C, 5% COz2 (Liu et al., 2024).

For stable transfections of HEK293 Flp-In cells, a co-transfection of 7.2 ug pOG44
(Invitrogen, Carlsbad, USA) encoding Flp recombinase and 0.8 pg of the respective cDNA
construct in a pcDNAS/FRT vector (Invitrogen, Carlsbad, USA) was performed. Medium
was changed 24 h after transfection, and supplemented with 200 pg/mL Hygromycin B for
selection of cells expressing the target gene of interest (Ibach et al., 2021, Liu et al., 2024).
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2.8 Generation of TREM2 ko and RER1 ko THP-1 cell lines

CRISPR RNA (crRNA) and transactivating crRNA (tracrRNA, IDT, Coralville, USA) duplex,
representing single guide RNAs (sgRNAs) for targeting TREM2 (IDT, Coralville, USA) or
RER1 (IDT, Coralville, USA) were designed and obtained from Integrated DNA
technologies (IDT, USA). For preparation of RNA duplexes, crRNA and tracrRNA were
diluted to the same concentration (1 yM) and mixed. The mixed RNAs were heated at
95 °C for 5 min and cooled down at RT. Cas9 enzyme (IDT, 1081061, USA) was diluted
to a concentration of 1 uM in Opti-MEM Reduced Serum medium. For each well of a 96-
well tissue culture plate, 1.5 yL sgRNA (crRNA and tracrRNA duplex, 1 uM) and 1.5 pL
Cas9 enzyme (1 yM) were mixed in 22 yL Opti-MEM Reduced Serum medium and
incubated at RT for 5 min to assemble the ribonucleoprotein (RNP) complexes. Next, RNP
complexes (25 uL) were mixed with lipofectamine RNAIMAX (Invitrogen, Carlsbad, USA,
1.2 uL) and Opti-MEM Reduced Serum medium (23.8 pL) and incubated at RT for 20 min
to form transfection complexes. Meanwhile, THP-1 cells were washed with PBS and
diluted to 400,000 cells/mL in complete media without antibiotics. Afterwards, 50 uL of the
transfection solution containing the RNP complexes were transferred into one well of a
96-well plate. Hundred pL of the cell suspension (40,000 cells) were added to yield a final
concentration of RNP complexes of 10 nM, and the plate was incubated for 4 h. Single-
cell clones were obtained by diluting the cells to 1 cell/100 pyL and cultured in 96-well
plates. Single-cell clones were further expanded and analyzed for protein expression and
DNA sequencing (Liu et al., 2024).

2.9 Limiting dilution cloning

Single cell clones were obtained by limiting dilution cloning. The stably transfected cells
were counted and seeded in 96-well plates at a density of 1 cell/100 uL per well. Cells
were cultured until the single cell clones were detectable by microscopy, followed by
further expansion and verification for protein expression and DNA sequencing (Liu et al.,
2024).
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2.10 Cycloheximide chase assay

To determine the turnover of proteins, cycloheximide chase assay was performed. HEK
293 Flp-In cells and differentiated THP-1 cells were treated with 100 ug/mL cycloheximide
(Sigma-Aldrich, Steinheim, Germany) for different time periods, including 2 h, 4 h, 8 h for
HEK293 Flp-In cells and 4 h, 8 h for differentiated THP-1 cells. Untreated cells were used

as control. Cells were collected at indicated time points for further analysis.

2.11 Assessment of protein degradation pathway by inhibitors of proteasome and

lysosome

HEK 293 Flp-In and differentiated THP-1 cells were treated with inhibitors of either
proteasomal or lysosomal activity. Lactacystin (Sigma-Aldrich, Steinheim, Germany, 10
puM) and MG132 (Sigma-Aldrich, Steinheim, Germany, 10 uM) were used as inhibitors for
the proteasome and chloroquine (50 uyM, Sigma-Aldrich, Steinheim, Germany) was used
as an inhibitor for lysosomes. Cells were treated with the inhibitors for 4 h and collected

for further cellular membrane isolation.

2.12 Preparation of cellular membrane fractions

For preparation of cellular membranes, cells were washed once with ice cold PBS,
scraped in an appropriate volume of hypotonic buffer (10 mM Tris-HCI, 1 mM EDTA, 1
mM EGTA in dH20, pH 7.6) supplemented with protease inhibitor cocktail (Sigma-Aldrich,
Steinheim, Germany) and collected in tubes. Cells were incubated on ice for 10 min and
subsequently homogenized using a syringe with a 0.6 mm cannula, drawing 20 times.
After centrifugation for 10 min at 200 x g and 4 °C, the resultant supernatant was
transferred into a new tube and centrifuged for 1 h at 16,000 x g and 4 °C. The supernatant
was removed and the remaining pellet was considered as a crude membrane fraction. For
extraction of proteins, the membrane fraction was resuspended in lysis buffer (1% n-
dodecyl-p-d-maltoside (Sigma-Aldrich, Steinheim, Germany), 50 mM Tris—HCI (pH 8.0),
150 mM NaCl, 1 mM EDTA, 1.5 mM MgCl2, 10 % glycerol) supplemented with protease

inhibitor and phosphatase inhibitor cocktail (Sigma-Aldrich, Steinheim, Germany), and
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incubated for 20 min on ice. The lysate was centrifuged for 10 min at 16,000 x g and 4 °C
and the supernatant used either for co-immunoprecipitation or direct analysis by sodium
dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and western

immunoblotting (Liu et al., 2024).

2.13 Determination of protein concentrations

Protein concentrations were measured by either the Pierce™ BCA Protein Assay Kit
(Thermo Fisher Scientific, Waltham, USA) or the Bradford method according to the

instruction of the providers.

2.14 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)

Samples were mixed with SDS sample buffer with or without dithiothreitol (DTT, 100 mM)
as indicated and heated for 5 min at 95 °C. Proteins were separated using pre-cast
NuPAGE Novex Bis-Tris Gels 4-12 % (Invitrogen, Carlsbad, USA), NuUPAGE running
chambers, and NuPAGE MES SDS Running Buffer (Invitrogen, Carlsbad, USA) at 150 V
(Liu et al., 2024).

2.15 Western immunoblotting

Proteins were transferred onto nitrocellulose membranes by wet transfer technique at a
constant current of 400 mA for 1 h and 45 min. After blocking for 1 h with constant agitation
in Tris-Buffered Saline, 0.1 % Tween® 20 Detergent (TBST) containing 5 % milk powder,
membranes were incubated over night at 4 °C in primary antibodies diluted in TBST.
Membranes were washed 3 times for 5 min, and incubated in TBST containing the
respective secondary antibody conjugated either with horseradish peroxidase or a
fluorophore (IRDye800CW, 680RD, Li-COR Biosciences, Germany) for 1 h at RT. After
washing the membrane 3 times for 5 min, signals were detected using a Chemidoc XRS
Imager (Bio-Rad, USA) or Odyssey® CLx (Li-COR Biosciences, Germany). ImageJ (NIH,
USA) was used for quantitative analysis of the blots (Liu et al., 2024).
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2.16 Real-Time Quantitative Reverse Transcription PCR (Real-Time gRT-PCR)

Total RNA was extracted from THP-1 cells by RNeasy® Mini Kit (QIAGEN, Hilden,
Germany) and genomic DNA was removed by using RNase-Free DNase (QIAGEN,
Hilden, Germany).

Single-stranded cDNA was generated from total RNA by reverse transcription using a
RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, USA)

according to the manufacturer’s instructions.

Quantitative PCR was performed using QuantiTect® SYBR® Green PCR Kit (QIAGEN,
Hilden, Germany). The primers for DAP12 (QIAGEN, Hilden, Germany) and TREM2
(QIAGEN, Hilden, Germany) were purchased from QIAGEN. The mRNA levels of DAP12
and TREM2 were normalized to Hypoxanthine phosphoribosyltransferase 1 (HPRT1,
QIAGEN, Hilden, Germany) and Ubiquitin C (UBC, accession number M26880, forward
ATTTGGGTCGCGGTTCTTG and reverse TGCCTTGACATTCTCGATGGT) expression
in each sample (Liu et al., 2024).

2.17 Immunocytochemistry

Coverslips and ibidi dishes (Ibidi, Grafelfing, Germany) were incubated with a solution of
1X Poly-L-Lysine Hydrobromide (PLL, Sigma-Aldrich, Steinheim, Germany) diluted in
distilled water (10XPLL: 5 mg PLL in 50 mL 0.1 M borate buffer (pH 8.4, 2.48 g/L boric
acid (Sigma-Aldrich, Steinheim, Germany), 3.8 g/L sodium tetraborate (Sigma-Aldrich,
Steinheim, Germany) for 2 h. Afterwards, the solution was removed and the coverslips
and ibidi dishes were washed with PBS for 3 times and used for further experiments. Cells
were seeded on PLL coated coverslips or ibidi dishes (ibidi, Grafelfing, Germany) and
fixed with 4 % paraformaldehyde (PFA, Sigma-Aldrich, Steinheim, Germany) in PBS for
20 min. After washing 3 times with PBS, cells were permeabilized in PBS containing 0.1 %
Triton X-100 (Carl Roth, Karlsruhe, Germany) for 15 min at RT, followed by blocking in
PBS containing 0.1 % Tween® 20 (PBST) supplemented with 3 % bovine serum albumin
(BSA) for 1 h. Cells were incubated with primary antibodies diluted in PBST containing 1 %
BSA at RT for 1 h and washed 3 times with PBST. Afterwards, cells were incubated with
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secondary antibodies diluted in PBST containing 1 % BSA with addition of 4',6-diamidino-
2-phenylindole (DAPI, Invitrogen, Carlsbad, USA) for 1 h at RT and washed 3 times with
PBST followed by two washes with PBS. Subsequently, the coverslips were mounted on
microscopic slides using Immu-Mount™ (Thermo Fisher Scientific, Waltham, USA).
Samples processed on |bidi dishes were mounted using Ibidi mounting medium (ibidi,
Grafelfing, Germany). Images were taken with a Zeiss microscope (AxioVert 200) supplied
with a Zeiss ApoTome using a 63/1.4 objective and EGFP, DsRed and DAPI fluorescence
filter sets. Images were processed with Imaged (NIH, USA) (Liu et al., 2024).

For quantitative image analysis, images were randomly captured with identical camera
settings within individual experiments. Analysis of colocalization was done with the
colocalization processing module (Coloc 2) of Fiji Imaged. A total number of at least 65
cells for each experimental condition was scored by a person blind to the samples (Liu et
al., 2024).

For the LD540 staining in differentiated THP-1 cells, cells were incubated with 0.05 ug/mL
LD540 dye for 30 minutes after fixation with 4 % PFA. Subsequently, cells were washed

with PBS for three times before ibidi mounting medium were added to the dishes.

Images were taken with a Zeiss microscope (AxioVert 200) supplied with a Zeiss
ApoTome using a 63/1.4 objective and DsRed and DAPI fluorescence filter sets. Images
were processed with Imaged (NIH, USA). For quantitative image analysis, images were
randomly captured with identical camera settings within individual experiments. Analysis
of LDs number and volume was done with Automatic Lipid Droplet Quantification (ALDQ)
plugin of Fiji Imaged according to a previous publication (Exner et al., 2019). A total
number of at least 424 cells was included for each experimental condition in ALDQ
quantification. Analysis of perilipin 2 intensity was performed in ImageJ and at least 408

cells for each experimental condition.
2.18 Co-immunoprecipitation
Cellular membrane lysates were incubated with 5 ug of the indicated antibodies for 4 h at

RT. Afterwards, 20 uL Sepharose Protein G beads (Invitrogen, Carlsbad, USA) were

added to the samples and incubated for 1 h at RT. Beads were collected by centrifugation,
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washed for 2 times with the buffer (50 mM Tris—HCI (pH 8.0), 150 mM NaCl, 1 mM EDTA,
1.5 mM MgClz2, 10% glycerol) and 1 time with PBS. Bound proteins were denatured at
95 °C for 5 min in 2xSDS sample buffer and subjected to western immunoblotting analysis
(Liu et al., 2024).

2.19 Stimulation of TREM2-DAP12 signaling pathway by anti-TREM2 antibodies

Anti-TREM2 antibodies, including AF1828 (R&D Systems, Minneapolis, USA) and 4B2A3
(in house made) (Ibach et al., 2021), were used for the stimulation of TREM2-DAP12
signaling. Differentiated THP-1 cells in 96 well plates were washed with RPMI 1640
medium (without the supplement FBS and P/S) three times and then treated with 50 pL
AF1828 (10 pg/mL in RPMI 1640) or 4B2A3 (10 ug/mL in RPMI 1640) antibody solutions
for 10 min at 37 °C. Cells without or with IgG treatment were used as negative controls.
Afterwards, cells were lysed with Lysis Buffer-Ultra (AlphaLISA® SureFire® Ultra™ p-SYK
(Tyr525/526) Assay Kit, Perkin Elmer, Waltham, USA) for 10 min and cell lysates were
used for AlphaLISA assay.

2.20 AlphaLISA technology

Detection of phospho-SYK (PSYK) in cell lysates was performed according to
manufacturer’s instructions (AlphaLISA® SureFire® Ultra™, Perkin Elmer, USA). Briefly,
cells were lysed with Lysis Buffer-Ultra (included in the kit, AlphaLISA® SureFire® Ultra™
p-SYK (Tyr525/526) Assay Kit, Perkin Elmer, ALSU-PSYK-A500, USA) for 10 min. Ten
uL of cell lysates were transferred into a 384well Optiplate (Perkin Elmer, 6007680, USA)
and incubated with 5 yL acceptor beads prior to 5 pl donor beads for 1 h in the dark,
respectively. The luminescence signals were measured using a Tecan Spark reader
(Tecan, Switzerland) with standard AlphaLISA settings (Liu et al., 2024).

2.21 Phagocytosis assay

Cells were seeded at a density of 100,000 cells/well into 96-well flat-bottom plates with

black wall (Greiner Bio-one, Frickenhausen, Germany) or black ibiTreat 96-well p-plates
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(ibidi, Grafelfing, Germany) and were cultured for 48 h in complete RPMI 1640 medium
(10 % FBS, 1 % P/S) in presence of 5 ng/mL of PMA and recovered in normal medium for
1 day without PMA. On the day of the experiment, cells were pre-incubated with or without
10 uM cytochalasin D (cyto D, Sigma-Aldrich, Steinheim, Germany) for 30 min before the
addition of 0.5 mg/mL pHrodo™ Red E.coli BioParticles™ (1 mg/mL, Invitrogen, Carlsbad,
USA) diluted in live cell imaging solution (Thermo Fisher Scientific, Waltham, USA).
Fluorescence was analyzed using an Infinite M200Pro reader (Tecan, Mannedorf,
Switzerland) at the indicated time points. For direct view of the uptake of pHrodo™ Red
E.coli BioParticles by differentiated THP-1 cells, fluorescence signals at 568 nm as well
as bright field images were taken using a Keyence BZ-X800 microscope with a 40/0.60
objective, and processed using ImagedJ (NIH, USA). For the quantification of phagocytosis,
pHrodo fluorescence intensity of samples incubated with cyto D was subtracted (Liu et al.,
2024).

2.22 Detection of LD540 fluorescence by flow cytometry

Undifferentiated THP-1 cells were washed with PBS for three times after collecting and
counting and incubated with 0.5 pg/mL lipophilic dye LD540 in 1x DPBS for 20 mins in a
cell incubator with 5 % CO:2 at 37 °C. Afterwards, the cells were washed twice with DPBS
and resuspend in the same solution. All samples were analyzed by FACSAria |l flow
cytometer (BD Biosciences, San Jose, USA) by exciting with a 488 nm laser and collecting
the fluorescence emission at 530 nm. FlowdJo (BD Biosciences, San Jose, USA) was used

for data processing.

2.23 Quantification of cholesterol, non-cholesterol sterols and oxysterols in THP-1 cells

THP-1 undifferentiated and differentiated cells were harvested and washed three times
with PBS. Samples were stored at -80 °C until analysis. Sterols and oxysterols were
quantified in undifferentiated and differentiated THP-1 cells. The cells were dried in a
speedvac concentrator (12 mbar; SpeedVac DNA 130-230 Vacuum Concentrator,
Thermo Scientific, Darmstadt, Germany) and weighed. Cholesterol, non-cholesterol

sterols, and oxysterols were extracted using chloroform/methanol (2:1; vol/vol)). After
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alkaline hydrolysis, the concentrations of the sterols and oxysterols were measured with
gas chromatography-flame ionization detection (GC-FID) or GC-mass spectrometry
selected ion monitoring (GC-MS-SIM) by Anja Kerksiek and Prof. Dr. Dieter Lutjohann as

previously described (Sosi¢-Jurjevié et al., 2019).

2.24 Lipidomic analysis by Tandem mass spectrometry

500.000 cells of THP-1 undifferentiated and differentiated cells were collected washed
three times with PBS. Samples were stored at —80 °C until analysis. Lipid extraction was
performed as previously described (Yaghmour et al., 2021). Briefly, 500 ul of extraction
mix, including containing methanol:chloroform 5/1 and internal standard mix (containing
240 pmol pPC 31:1, 210 pmol phosphatidylethanolamine (PE) 31:1, 396 pmol PC 31:1,
98 pmol phosphatidylserine (PS) 31:1, 56 pmol phosphatidic acid 31:1, 51 pmol
phosphatidylglycerol  28:0, 39 pmol lysophosphatidate 17:0, 35 pmol
lysophosphatidylcholine; 17:1, 38 pmol lysophosphatidylethanolamine (LPE) 17:1, 32
pmol ceramide 17:0, 99 pmol SM 17:0, 55 pmol glucosylceramide 12:0, 339.7 pmol
triacylglycerol (TAG) 50:1, 111 pmol cholesteryl ester (CE) 17:1, 64 pmol diacylglycerol
(DAG) 31:1, and 103 pmol monoglyceride 17:1), was quickly added to one sample and
followed by sonication for 30 s in the bath sonicator. Subsequently, the samples were
centrifuged at 20.000 x g for 2 min and the supernatants were transferred into new tubes
for further process. 200 pl chloroform and 800 ul 1% acetic acid in water were added into
the samples to induce phase separation. The samples were shaken manually for 5 second
and centrifuged at 20.000 x g for 2 min. The upper phase was carefully removed and
discarded. The entire lower phase was transferred into a new tube and evaporated in the
centrifuge at 45 °C for 20 min. 1 mL spray buffer (2-propanol:methanol:water 8/5/1+10

mM ammonium acetate) was added into the samples and sonicated for 5 min.

Mass spectra were acquired using a Thermo Q-Exactive Plus spectrometer equipped with
a standard heated ESI source. Direct injection was performed with a Hamilton syringe
driven by a syringe pump and managed via the Tune instrument control software. MS1
spectra, with a resolution of 280,000, were collected across 100 m/z windows from 250 to
1,200 m/z in positive mode and 950 to 1,300 m/z in negative mode. MS/MS spectra, also

with a resolution of 280,000, were recorded using data-independent acquisition in 1 m/z
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windows, covering 200 to 1,200 m/z in positive mode and 950 to 1,300 m/z in negative
mode. The raw data were converted to .mzML files using MSConvert and analyzed with
LipidXplorer software. For further analysis, absolute amounts were calculated using
internal standard intensities, followed by the calculation of the mol% for the identified lipids.
Lipidomic analysis by Tandem mass spectrometry was performed by Mohamed H.

Yaghmour and Prof. Dr. Christoph Thiele.

2.25 RNA sequencing

Total RNA was extracted from THP-1 cells by RNeasy® Mini Kit (QIAGEN, Hilden,
Germany) according to the manufacturer’s instructions and genomic DNA was removed
by using RNase-Free DNase (QIAGEN, Hilden, Germany). Transcriptome library
construction was performed by QuantSeq 3’-mRNA Library Prep for Illumina (Lexogen,
Vienna, Austria). Single-end 100-base reads were generated by NovaSeq 6000

sequencing system.

Raw reads were filtered by using SOAPnuke (https://github.com/BGlI-flexlab/SOAPNuke)
(Cock et al, 2010) and mapped to human reference genome
(Homo_sapiens_NCBI_GCF_000001405.40_GRCh38.p14) by Hierarchical Indexing for
Spliced Alignment of Transcripts (HISAT, http://www.ccb.jhu.edu/software/hisat) (Kim et

al., 2015) and aligned to the reference genes by using Bowtie2. The matched reads were
calculated as transcript per million (TPM). Differentially expressed genes (DEGs) were
identified using DESeq2, with thresholds set at an adjusted p-value (Qvalue) < 0.05 and
|log2FoldChange| = 1, and the results were visualized using heatmaps and volcano plots.
Kyoto Encyclopedia of Genes and Genomes (KEGG) function enrichment analysis was
performed to identify the associated biochemical and signal transduction pathways. The
functional enrichment analysis of Gene Ontology (GO) was performed to explore the
potential roles of the differentially expressed mRNAs. Both enrichment analyses were
performed by using the online Dr. Tom software (https://biosys.bgi.com), with a Q
value < 0.05 as significance threshold.


https://github.com/BGI-flexlab/SOAPnuke
http://www.ccb.jhu.edu/software/hisat
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2.26 Statistics analysis

Data were analyzed using GraphPad Prism 9 (GraphPad Software Inc., San Diego, USA).
After testing for normality, all data were analyzed by one-way ANOVA, followed by post
hoc Tukey's multiple comparisons test or Student's t-test (unpaired, two-tailed). A p-value
less than 0.05 was considered as statistically significant (*p <0.05; **p <0.01; ***p <0.001;
****p <0.0001). Information on the number of experiments and replicates is provided in

the figure legends.



67

3 Results

3.1 Differentiation of THP-1 cells into macrophage-like cells

TREM2-DAP12 complex is expressed in lymphoid and myeloid lineage cells, including
monocytes and macrophages. The human monocytic leukemia cell line THP-1, although
only expressing Fc receptors and C3b receptors and lacking surface and cytoplasmic
immunoglobulins, can express more surface immunoglobulins when it is differentiated into
macrophage-like cell by PMA (Daigneault et al., 2010, Schwende et al., 1996, Tsuchiya
et al., 1982). Therefore, we included THP-1 as a cell line endogenously expressing
TREM2 and DAP12 complex and PMA was used for differentiating the cells into
macrophage-like cells. PMA, an analog of diacyl glycerol, can activate PKC, in particular
the classical and the novel PKC isoforms (Liu & Heckman, 1998), which can initiate
differentiation of THP-1 cells into macrophages (Ansa-Addo et al., 2010, Tsuchiya et al.,
1982). Since high concentration of PMA might upregulate the expression of some genes
in differentiated macrophages, which could overwhelm gene expression increases
induced by other stimuli (Abe et al., 1991, Kohro et al., 2004), different PMA
concentrations and treatment time were tested in the study to optimize the PMA

concentration and treatment time.

In the present study, different PMA concentrations, including 5 ng/mL, 10 ng/mL, 20 ng/mL
and 50 ng/mL and different treatment time points, including 48 h and 72 h, were tested for
the differentiation of THP-1 cells. The results showed that both TREM2 and DAP12 protein
were endogenously expressed by undifferentiated THP-1 monocytes but at a low level
(Fig. 3.1 A, PMA 0 ng/mL, 48 h and 72 h). Differentiation with PMA strongly increased
expression of both, DAP12 and TREM2 at the mRNA and protein level. While there was
no significant difference of DAP12 and TREM2 protein expression among different PMA
concentrations and treatment time (Fig.3.1 A), therefore the protocol for differentiating
THP-1 cells into macrophage-like cells with 5 ng/mL PMA for 48 h followed by 1 day
recovery (culturing the cells in the absence of PMA) was used in the following experiments.
Moreover, SDS-PAGE analysis under reducing (with DTT) and non-reducing conditions
(without DTT) revealed that DAP12 predominantly exists in dimeric forms (Fig. 3.1 A). The

low levels of monomeric DAP12 might represent a pool of DAP12 before dimerization. As
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expected, DAP12 dimers dissociated to monomers under reducing conditions (Fig. 3.1 A).
However, the monomers derived from dissociated DAP12 dimers under reducing
conditions showed slower migration in SDS gels as compared to the monomeric DAP12
pool detected under non-reducing conditions (Fig. 3.1 A). It remains to be determined
whether the different migration of monomers is due to altered glycosylation or
phosphorylation states of DAP12 before and after dimerization. Detection of mMRNA levels
of DAP12 and TREM2 was further performed by real-time qRT-PCR in THP-1 cells
differentiated with 5 ng/mL PMA for 48 h. The results showed that DAP12 mRNA
increased for approximately ten times while TREM2 mRNA elevated for more than twenty
times after differentiation (Fig. 3.1 B and C) (Liu et al., 2024).
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Fig. 3.1 Differentiation of THP-1 cells into macrophage-like cells increases
endogenous expression of TREM2 and DAP12. (A) Comparison of DAP12 and TREM2
expression levels in THP-1 wt cells differentiated with PMA at the indicated concentrations
and incubation times followed by one day recovery in normal RPMI 1640 after PMA
removal. HEK293 cells transiently transfected with a bicistronic TREM2 wt+DAP12 wt
construct served as positive control. Membrane proteins were isolated, and samples
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prepared under reducing (with dithiothreitol (DTT)) or non-reducing (without DTT)
conditions, and analyzed by western immunoblotting. TREM2 FL: TREM2 full-length
protein. (B)-(C) Comparison of the DAP12 and TREM2 mRNA levels in differentiated (5
ng/mL PMA, 48 h + 1 day recovery) and undifferentiated THP-1 wt cells by real-time qRT-
PCR. Values represent Mean £ SEM of three independent experiments. Each data point
represents the mean value of an individual experiment. Student’s t-test (unpaired, two-
tailed). **p <0.01, ***p <0.001. Figure adapted from Liu et al. 2024.

3.2 Generation of TREM2 knockout THP-1 cell lines

To further investigate the effects of TREM2 on DAP12 metabolism, transport and signaling
transduction function, TREM2 knockout (TREM2 ko) THP-1 cells were generated by
Clustered Regularly Interspaced Short Palindromic Repeat/ CRISPR associated protein
9 (CRISPR/Cas9) technology. The CRISPR/Cas9 technology for genome editing has
been a popular method because of its convenience, efficiency and robustness (Cho et al.,
2013). The system requires two short RNA molecules, a sequence-specific CRISPR RNA
(crRNA) and a conserved, transactivating crRNA (tracrRNA) that interact through partial
homology to form a crRNA:tracrRNA duplex that is often called the guide RNA (gRNA).
Furthermore, the guide RNA is mixed with Cas9 nuclease to form a ribonucleoprotein
(RNP) in vitro (Kim et al., 2014). By lipofectamine transfection of RNP into cells (Zuris et
al., 2015), the gRNA guides and triggers Cas9 to cleave double-stranded DNA targets,
activating the non-homologous end joining (NHEJ) system, including insertion, deletion
and frameshift mutation. Single cell clones of and TREM2-ko were selected by limiting

dilution cloning assay and many cell clones for TREM2 ko were obtained.

To check the knock out of the target genes, membrane fractions of cells were isolated and
analyzed by western immunoblotting. It was shown that several cell clones had no TREM2
protein expression compared with wt THP-1 cells (Fig. 3.2 A). One of the clones (T2D4
for TREM2 ko cells) was further confirmed by DNA sanger sequencing. It was shown that
T2D4 has a four base pair deletion in the respective target gene (Fig. 3.2), and was further

used in the study.
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Fig. 3.2 Generation of TREM2 knockout THP-1 cell line by CRISPR/CAS9 technology.
(A) TREM2 protein was detected by western immunoblotting in TREM2 ko and wt THP-1

differentiated cells with TREM2 antibody (AF1828). (B) DNA sanger sequencing of
TREM2 in CRISPR/Cas9-mediated THP-1 TREM2 ko cells. DNA was extracted and the
primer 5-GTGTCTTGCCCCTATGACTCC-3’ used for DNA sequencing. The sequence of
the gRNA used for TREM2 targeting is indicated by the box. The arrow indicated deleted

bases pairs in the TREM2 sequence. Figure adapted from Liu et al. 2024.

3.3 The interaction of DAP12 and TREM2 is mediated by the aspartic acid residue (D50)
in the transmembrane domain of DAP12 and the lysine residue (K186) in the
transmembrane domain of TREM2

The interaction between DAP12 and its co-receptors has been found to be mediated by
charged amino acid residues, including the negatively charged aspartic acid residue (D50)

in the TMD of DAP12 and the positively charged basic residues in the transmembrane
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domain of co-receptors, including lysine or arginine residues (Lanier et al., 1998a).
TREMZ2 interacts with DAP12 via the lysine residue in position 186 (K186) in the TMD
(Bouchon et al., 2001). Here, we confirmed that the lysine residue (K186) in the TREM2
TMD and the aspartic acid residue (D50) in DAP12 TMD are involved in the interaction
between TREM2 and DAP12 by co-immunoprecipitation assay. In particular, the anti-
TREM2 antibody 4B2A3 co-precipitated DAP12, and anti-DAP12 antibody DAP12.2 co-
precipitated TREM2 in the lysates of HEK 293 cell transiently overexpressing TREM2 wt
and DAP12 wt proteins. In contrast, co-IP was abrogated in cells expressing the TREM2
K187N variant (Fig. 3.3 A) as well as DAP12 D50A variant (Fig. 3.3 B) which confirm that
the lysine residue in transmembrane domain of TREM2 and aspartic acid residue in
DAP12 TMD mediate TREM2 binding to DAP12 (Liu et al., 2024).
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Fig 3.3 Analysis of the interaction between different TREM2 and DAP12 variants. (A)
HEK293 cells were transiently co-transfected with TREM2 wt+DAP12 wt (wt) or TREM2
K186N+DAP12 wt (KN). Non-transfected HEK 293 cells served as control (Ctrl).
Membrane proteins were extracted and subjected to co-immunoprecipitation with anti-
TREM2 antibody (4B2A3) or anti-DAP12 antibody (DAP12.2). TREM2 FL: the full length
of TREM2. (B) HEK293 cells were transiently co-transfected with TREM2 wt+DAP12 wt
(wt) and TREM2 wt+DAP12 D50A (DA). Non-transfected HEK 293 cells served as control
(Ctrl). Non-transfected HEK 293 cells served as control (Ctrl). Membrane proteins were
extracted and subjected to co-immunoprecipitation with anti-TREM2 antibody (4B2A3) or
anti-DAP12 antibody (DAP12.2). TREM2 FL: TREM2 full length protein. Figure adapted
from Liu et al. 2024.



72

3.4 Deficiency of TREM2 results in decreased expression of DAP12

To investigate whether TREM2 affects DAP12 metabolism, we analyzed expression levels
and stability of DAP12 in TREM2 wt and TREM2 ko THP-1 cells that were differentiated
with PMA into a macrophage-like phenotype (Daigneault et al., 2010, Schwende et al.,
1996, Tsuchiya et al., 1982).

Interestingly, compared with wt cells, protein levels of both monomeric and dimeric DAP12
were significantly decreased in TREM2 ko cells, with the reduction of dimeric DAP12 being
stronger than that of monomeric DAP12 (Fig. 3.4 A-C). However, the level of DAP12
mMRNA was even slightly increased in the TREM2 ko cells compared with wt cells (Fig. 3.4
D).

3.5 Increased degradation of DAP12 in the absence of TREM2 interaction

It has been reported that DAP12 stabilizes TREM2 CTFs (Zhong et al., 2015). However,
it is not known if TREM2 also stabilizes DAP12. To figure out how TREM2 ko led to
decreased DAP12 levels, the stability of DAP12 in TREM2 ko cells was assessed.
Cycloheximide (CHX) chase assay is commonly used in molecular biology to investigate
the stability or half-life of a protein within the cells. The assay involves treating cells with
cycloheximide, a translation inhibitor that halts protein synthesis by binding to the
ribosome (Buchanan et al., 2016, Obrig et al., 1971). By measuring the decrease in protein

levels over time after CHX treatment, we can assess the stability of the targeted protein.

Here, cycloheximide (CHX) chase assays revealed increased degradation of DAP12
dimers in TREM2 ko cells as compared to TREM2 expressing cells. The half-life time of
DAP12 dimers in wt cells was about 6.12 h, while it was about 3.06 h in TREM2 ko cells
(Fig. 3.4 E, G, H). However, the turnover of the monomeric DAP12 pool was not
significantly affected by TREM2 deficiency (Fig. 3.4 F) (Liu et al., 2024).

To further investigate the effects of TREM2 on DAP12 metabolism and subcellular
transport without potential interference by other immune receptors that might interact with
DAP12, we chose HEK293 Flp-In cells that allow expression of cDNAs from a defined
genetic locus (O'Gorman et al., 1991). This model was applied previously to study
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TREM2-DAP12 expression and signaling (Ibach et al., 2021, Kleinberger et al., 2014).
Cell clones were generated that stably express a bicistronic cDNA construct encoding
TREM2 and DAP12 separated by a T2A linker sequence to ensure stoichiometric
expression of both proteins. In addition, stable clones were generated expressing DAP12
alone or together with the TREM2 K186N mutation associated with NHD. This mutation is
known to prevent the interaction with DAP12 (Paloneva et al., 2002, Sirkis et al., 2017).
Defective interaction of the TREM2 K186N variant with DAP12 was verified by co-IP (Fig.
3.3 A). Protein chase experiments revealed strongly increased degradation of both
monomeric and dimeric DAP12 in cells expressing no TREM2 or the TREM2 K186N
mutant (Fig. 3.5 A-C) as compared to cells that co-express TREM2 wt, thereby partially
verifying the results obtained with the THP-1 cell model (Liu et al., 2024).
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Fig. 3.4 Increased turnover of DAP12 in the absence of TREM2 in THP-1 cells.
Detection of DAP12 in macrophage-like differentiated THP-1 wt and TREM2 knockout (ko)
cells. Cellular membranes were isolated and the indicated proteins analyzed by western
immunoblotting. TREM2 FL: TREMZ full length protein; TREM2 CTF: TREM2 C-terminal
fragment. (B) and (C) Quantification of monomeric and dimeric DAP12 by western
immunoblotting (as shown in A). Monomeric and dimeric DAP12 was normalized to
calnexin present in the membrane fraction. Mean+SEM of three independent
experiments each performed with duplicate or ftriplicate samples. Each data point
represents the mean value of an individual experiment. Student’s t-test (unpaired, two-
tailed). ***p <0.001, ****p <0.0001. (D) Comparison of the DAP12 mRNA levels in
differentiated THP-1 wt andTREM2 ko cells by real-time RT-PCR. Values represent
Mean + SEM of three independent experiments. Each data point represents the mean
value of an individual experiment. Student’'s t-test (unpaired, two-tailed). *p <0.05. (E)
Analysis of DAP12 stability in THP-1 wt and TREM2 ko cells. THP-1 differentiated
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macrophage-like wt and TREM2 ko cells were incubated with cycloheximide (CHX, 100
pg/mL) or without (Ctrl) for the indicated time points. Cellular membranes were isolated
and the indicated proteins were analyzed by western immunoblotting. (F)-(H)
Quantification of DAP12 turnover upon cell treatment with CHX. The level of DAP12 was
normalized against the level of DAP12 in non-treated control cells at corresponding time
points. The half-life time of DAP12 dimer was about 6.12 h in wt cells, and 3.06 h in TREM2
ko cells (D). Mean + SEM of three independent experiments each performed with duplicate
samples. Each data point represents the mean value of an individual experiment.
Student’s t-test (unpaired, two-tailed). *p <0.05, ***p <0.001. The statistical differences
marked with the asterisk (*) and no significance (ns) are between wt and TREM2 ko cells
at 4 h and 8 h, respectively. Figure adapted from Liu et al. 2024.
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Fig. 3.5 Absence of TREM2 or the disease-associated TREM2 K186N destabilizes
DAP12. (A) HEK293 Flp-In cells stably overexpressing the indicated proteins were
incubated without (Ctrl) or with cycloheximide (100 ug/mL) for the indicated time points.
Cellular membranes were isolated. DAP12 and TREM2 were detected by western
immunoblotting. TREM2 FL: TREMZ full length protein; TREM2 CTF: TREM2 C-terminal
fragment. (B)-(C) Quantification of DAP12 levels at the indicated time periods upon cell
treatment with CHX (t=0 h was set a 100%). The level of DAP12 was normalized against
the level of DAP12 in non-treated control cells at the corresponding time points. Data
represent the Mean+SEM of three independent experiments each performed with
duplicate samples. One-way ANOVA (post hoc Tukey's multiple comparisons test).
Statistical significance of differences at the individual time points is indicated by asterisks
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(*p <0.05; **p <0.01; ns, not significant). No significant difference was observed between
cells overexpressing DAP12 only or together with the TREM2 K186N mutant. Figure
adapted from Liu et al. 2024.

3.6 The absence of TREM2 interaction increases degradation of DAP12 by the
proteasome

Next, we wanted to characterize the degradation systems involved in DAP12 turn-over.
There are two major pathways for protein degradation, the ubiquitin-proteasome pathway,
which mainly degrades short-lived proteins and soluble misfolded proteins (Cao et al.,
2019, Lee et al., 2013), and the autophagy-lysosomal pathway, which is responsible for
degradation of entire organelles, protein aggregates, and cargo in cytoplasmic vesicular
compartments (Nixon et al., 2005). In these experiments, lactacystin and MG132 were
used as proteasome inhibitors, while lysosomal activity was inhibited by chloroquine. After
4 h treatment, lactacystin and MG132 had little if any effect on dimeric DAP12 levels in
THP-1 wt cells (Fig. 3.6 A and C). In contrast, both proteasomal inhibitors strongly
elevated levels of dimeric DAP12 in TREM2 ko cells, indicating that TREM2 deficiency
caused increased proteasomal degradation of dimeric DAP12 (Fig. 3.6 A and C). Inhibition
of proteasomal activity also slightly increased levels of monomeric DAP12 in both wt and
TREM2 ko cells (Fig. 3.6 B and F). Notably, proteasomal inhibition also led to the
accumulation of DAP12 trimers, particularly pronounced in TREM2 ko cells, albeit at a
much lower level as compared to dimeric DAP12 (Fig. 3.6 A). Chloroquine had no effect
on DAP12 levels in either genotype (Fig. 3.6 B, C, F and G). The treatment of THP-1 wt
cells with lactacystin and MG132 decreased levels of full-length TREM2 (TREM2 FL, Fig.
3.6 D). In contrast, MG132 rather increased levels of the C-terminal fragments (CTFs) of
TREM2 (Fig. 3.6 E). Cell treatment with lactacystin also tended to increase levels of
TREM2 CTFs, but this effect was not statistically significant. TREM2 CTFs derive from the
full-length protein by ectodomain shedding and remain inserted into cellular membranes
(Kleinberger et al., 2014, Wunderlich et al., 2013). The inhibition of lysosomal activity by
chloroquine had no significant effect on TREM2 CTFs (Fig. 3.6 E), suggesting that the
degradation of TREM2 CTFs rather involves proteasomal activity than lysosomal activity
(Liu et al., 2024).
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Then, we also validated these results obtained from differentiated THP-1 cells by using
HEK293 cells stably transfected with TREM2 wt+DAP12 wt, DAP12 wt alone, TREM2
K186N+DAP12 wt cDNA. The inhibition of proteasomal activity significantly increased
levels of dimeric DAP12 in HEK293 cells expressing DAP12 alone or together with the
TREM2 K186N mutant, but not in cells co-expressing TREM2 wt, while the lysosomal
inhibitor, chloroquine didn’t affect levels of dimeric DAP12 in all three conditions (Fig. 3.7
C, Gand ). In line with the results obtained from THP-1 cells, levels of monomeric DAP12
were much lower as compared to that of dimeric DAP12 in HEK293 cell model with the
overexpression of TREM2 and DAP12 variants (Fig. 3.7). Levels of monomeric DAP12
were significantly affected by proteasome inhibition only in cells co-expressing the TREM2
K186N mutant. Levels of monomeric DAP12 also tended to be increased in cells
expressing only DAP12 or co-expressing DAP12 together with TREM2 wt, but the
differences were not statistically significant (Fig. 3.7 B, F and H). DAP12 trimers were
detectable in cells overexpressing TREM2 K186N and DAP12 wt upon treatment with
proteasome inhibitors (Fig. 3.7 A) (Liu et al., 2024).

In cells co-expressing DAP12 wt with the TREM2 K186N variant, lactacystin tended to
increase levels of TREM2 CTF while the treatment of MG 132 significantly increased levels
of TREM2 CTF (Fig. 3.7 K). The inhibition of lysosomal activity by chloroquine had no
significant effect on TREM2 CTFs in both TREM2 wt or TREM2 K186N expressing cells
(Fig. 3.7 K), suggesting that the degradation of TREM2 CTFs rather involves proteasomal
activity than lysosomal activity. Together, these data demonstrate destabilization of
DAP12 in the absence of TREM2 involving increased degradation by the proteasome.
Proteasomal activity could also contribute to the degradation of TREM2 CTFs (Liu et al.,
2024).

To prove that chloroquine indeed inhibited lysosomal activity under our experimental
conditions, we detected APP CTFs that are known to be partially degraded by lysosomes
(Haass et al., 1992, Karaca et al., 2014, Tamboli et al., 2011). Consistent with previous
findings (Jaeger et al.,, 2010, Tien et al., 2016), APP CTFs accumulated upon cell
treatment with chloroquine (Liu et al., 2024).
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Fig. 3.6 Characterization of degradation pathways for DAP12 and TREM2 in THP-1
cell model. (A) THP-1 wt and TREM2 ko cells were treated with MG132 (MG, 10 pM),
lactacystin (Lac, 10 yM), chloroquine (Chlo, 50 uM) or without (Ctrl) for 4 h. Cellular
membranes were isolated and the indicated proteins were detected by western
immunoblotting. Ubiquitinated proteins and amyloid precursor protein (APP) were
detected as positive controls for efficient inhibition of proteasomal and lysosomal activity,
respectively. TREM2 FL: TREM2 full length protein; TREM2 CTF: the C-terminal fragment
of TREM2. (B), (C), (D), (E), (F) and (G) Quantification of DAP12 monomer, dimer, and
TREM2 FL and CTFs levels as shown in A. (B) DAP12 monomer in wt; (C) DAP12 dimer
in wt; (D) TREM2 FL in wt; (E) TREM2 CTF in wt, (F) DAP12 monomer in TREM2 ko, (G)
DAP12 dimer in TREM2 ko. Indicated proteins were normalized against the loading control
protein calnexin. Mean + SEM of three or four independent experiments each performed
with duplicate or triplicate samples. One way ANOVA (post hoc Tukey's multiple
comparisons test). *p <0.05, **p <0.01, ***p <0.001. Figure adapted from Liu et al. 2024.
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Fig. 3.7 Characterization of degradation pathways for DAP12 and TREM2 in HEK293
cells overexpressing TREM2 and DAP12 variants. (A) Cells overexpressing DAP12 wt
alone or in combination with TREM2 wt or TREM2 K186N variants were treated with
MG132 (MG, 10 uM), lactacystin (Lac, 10 uM), chloroquine (Chlo, 50 uM) or without (Ctrl)
for 4 h. Cellular membranes were isolated and the indicated proteins were detected by
western immunoblotting. Ubiquitinated proteins and amyloid precursor protein (APP) were
detected as positive controls for efficient inhibition of proteasomal and lysosomal activity,
respectively, TREM2 FL: TREM2 full length protein; TREM2 CTF: TREM2 C-terminal
fragment. (B)-(K) Quantification of DAP12 monomer, dimer, TREM2 FL and CTFs levels.
(B) DAP12 monomer in TREM2 wt-DAP12 wt; (C) DAP12 dimer in TREM2 wt-DAP12 wt;
(D) TREM2 FL in TREM2 wt-DAP12 wt; (E) TREM2 CTF in TREM2 wt-DAP12 wt, (F)
DAP12 monomer in DAP12 wt, (G) DAP12 dimer in DAP12 wt, (H) DAP12 monomer in
TREM2 K186N-DAP12 wt; (1) DAP12 dimer in TREM2 K186N-DAP12 wt; (J) TREM2 FL
in TREM2 K186N-DAP12 wt; (K) TREM2 CTF in TREM2 K186N-DAP12 wt. Indicated
proteins were normalized to calnexin. Mean + SEM of three independent experiments
each performed with triplicate samples. One way ANOVA (post hoc Tukey's multiple
comparisons test). *p <0.05, **p <0.01, ***p <0.001. Figure adapted from Liu et al. 2024.

3.7 Retention of unassembled DAP12 in early secretory compartments

Next, TREM2 and DAP12 were detected by immunocytochemistry. In TREM2 wt+DAP12
wt expressing cells, DAP12 mainly localized on the cell surface together with TREM2 (Fig.
3.8). DAP12 showed mainly intracellular vesicular localization and little if any expression
at the plasma membrane in cells expressing no TREM2 or the TREM2 K186N mutation
(Fig. 3.8). These data indicate that the interaction with TREM2 not only stabilizes DAP12,
but is also required for efficient transport of DAP12 to the cell surface. It should be noted
that the TREM2 K186N variant is still prominently detected at the plasma membrane,
implying that DAP12 is not required for surface transport of TREM2 (Liu et al., 2024).

The subcellular localization of DAP12 was analyzed in more detail by co-staining for
several marker proteins of distinct subcellular compartments. First, co-staining of DAP12
and alpha 1 sodium potassium ATPase (a1 Na+/K+ ATPase) confirmed localization of
DAP12 at the cell surface in TREM2 wt-DAP12 wt expressing cells. The colocalization of
DAP12 and a1 Na+/K+ ATPase was significantly reduced in cells that express DAP12 wt
alone or together with the TREM2 K186N mutant (Fig. 3.9 A and E). DAP12 also
colocalized with Giantin in TREM2 wt-DAP12 wt expressing cells, a marker for the Golgi
compartment (Fig. 3.9 B and F). The colocalization of DAP12 and Giantin was significantly
lower in cells expressing no TREM2. The colocalization of DAP12 and Giantin also tended
to be decreased in TREM2 K186N-DAP12 wt expressing cells as compared to TREM2



82

wt-DAP12 wt expressing cells, although the difference was not statistically significant.
More importantly, in cells expressing no TREM2 or the TREM2 K186N mutant, DAP12
showed strongly elevated colocalization with calnexin (Fig. 3.9 D and H) and ERGIC53
(Fig. 3.9 C and G), two marker proteins for the ER and the ER Golgi intermediate
compartment, respectively. Together, these data indicate efficient retention and/or
retrieval of DAP12 in compartments of the early secretory pathway when the protein is not

incorporated into a complex with TREM2 (Liu et al., 2024).

Ctrl TREM2 wt+DAP12 wt DAP12 wt TREM2 K186N+DAP12 wt

TREM2

DAP12

Merge

Fig. 3.8 Absence of TREM2 or the disease-associated TREM2 K186N reduces its
expression at the cell surface. Immunocytochemical detection of DAP12 and TREM2 in
HEK293 Flp-In cells stably expressing the indicated proteins. Representative images are
shown. TREM2 (green) and DAP12 (red) were detected with antibodies 4B2A3 and
D7G1X, respectively, and appropriate secondary antibodies as described in the Method
section. Nuclei were stained with DAPI. Scale bar = 10 ym. Figure adapted from Liu et al.
2024.
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Fig. 3.9 DAP12 accumulates in early secretory compartments in the absence of
TREM2 interaction. (A)-(D) Immunocytochemical detection of DAP12 in HEK293 Flp-In
cells stably overexpressing DAP12 alone (DAP12) or together with TREMZ2
(TREM2+DAP12) or the TREM2 K186N mutant (TREM2 K186N+DAP12). Representative
images are shown. Cells were co-stained for DAP12 (red) and the indicated marker
proteins alpha 1 sodium potassium ATPase (a1 Na+/K+ ATPase, plasma membrane),
giantin (cis- and medial-Golgi network), ERGIC53 (ER Golgi intermediate compartment)
or calnexin (endoplasmic reticulum) (green). Nuclei were counterstained with DAPI. The
colocalization of two proteins is indicated by arrow heads and the indicated marker
proteins are indicated by arrows. Scale bar =10 uym. (E)-(H) Pearson’s R value was
measured for quantification of colocalization of DAP12 with the respective maker proteins.
Values represent Mean+SEM of three independent experiments. Each data point
represents the mean value of an individual experiment. One way ANOVA (post hoc
Tukey's multiple comparisons test). *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001. Figure
adapted from Liu et al. 2024.

3.8 The aspartic acid residue in the transmembrane domain is critical for retention of
unassembled DAP12 in early secretory compartment

Previous studies found that charged or polar amino acid residues in TMDs could mediate
the retention of select proteins in or retrieval to the ER (Bonifacino et al., 1991). To explore
whether the single aspartic acid residue (D) at position 50 in the TMD of DAP12 is
potentially responsible for the retention of unassembled DAP12, we mutated this residue
to an alanine residue (A). It has been shown previously that this mutation prevents
electrostatic interaction, and thus, the complex formation with TREM2 (Feng et al., 2006,
Zhong et al., 2015). This effect was verified by coimmunoprecipitation assays (Fig. 3.3 B).
It has also been shown that overexpressed DAP12 D50A with an N-terminal FLAG-tag in
Ba/F3 cells could be detected by flow cytometry with an anti-FLAG antibody indicating
expression of this mutant at the cell surface, in contrast to the DAP12 wt protein (Lanier
et al., 1998a). Our immunocytochemical analysis showed similar results as the DAP12
DS50A variant with or without additional TREMZ2 expression partially localized at the cell
surface (Fig. 3.10). Then, we analyzed the subcellular localization of DAP12 wt and the
DAP12 D50A mutant in the presence or absence of TREM2 in more detail. Interestingly,
in cells expressing DAP12 D50A alone or together with TREM2 wt, DAP12 D50A was
detected at the plasma membrane and in the Golgi compartment as indicated by the
colocalization with a1 Na+/K+ ATPase (Fig. 3.11 A and E) and with Giantin (Fig. 3.11 B
and F), respectively. The colocalization of DAP12 D50A with a1 Na+/K+ ATPase (Fig.
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3.11 A and E) or with Giantin (Fig. 3.11 B and F) was very similar as that for DAP12 wt
when co-expressed with TREM2 wt, and significantly higher than that of DAP12 wt in the
absence of TREM2. Moreover, the colocalization of DAP12 D50A with calnexin (Fig. 3.11
D and H) and ERGIC53 (Fig. 3.11 C and G) was reduced as compared to that of the
DAP12 wt protein in the absence of TREM2, even it was not a significant decrease for
ERGIC53. As DAP12 D50A does not interact with TREMZ2, it can also be ruled out that
TREM2 wt (when co-expressed) assisted in the transport of this DAP12 mutant in the
secretory pathway. Together, these data indicate that the negatively charged D50 residue
in the transmembrane domain plays a crucial role in the retention of DAP12 in early

secretory compartments in the absence of proper interaction with TREM2 (Liu et al., 2024).

Retention of transmembrane proteins, in particular of some components of multiprotein
complexes, can be mediated by RER1 that recognizes polar amino acids within their
TMDs (Kaether et al., 2007, Sato et al., 2003). Thus, the potential interaction of RER1
with DAP12 was first tested by co-immunoprecipitation (Fig. 3.12 A). DAP12 wt efficiently
co-precipitated with RER1 in the absence of TREM2. In contrast, co-expression of DAP12
wt with TREM2 strongly reduced the co-precipitation of RER1 with DAP12. The co-
precipitation of RER1 with DAP12 D50A, either expressed alone or together with TREM2,
was also strongly reduced, indicating that RER1 recognizes the polar D50 residue of
DAP12 when it is not interacting with TREM2 (Liu et al., 2024).

We also noticed that DAP12 wt, but not DAP12 D50A, formed increased levels of SDS
resistant trimers and tetramers when expressed in the absence of TREM2 (Fig. 3.3 A and
B, Fig. 3.12 A). A similar observation was made previously, and it had been proposed that
DAP12 interacting immunoreceptors compete with additional DAP12 molecules for
interaction with covalently linked DAP12 dimers during complex assembly (Knoblich et al.,
2015). However, further work is required to dissect whether oligomerization of DAP12 in
the absence of TREM2 modulates the interaction with RER1. The interaction of DAP12
and RER1 was also confirmed in macrophage-like differentiated THP-1 cells

endogenously expressing both proteins (Fig. 3.12 B and C) (Liu et al., 2024).
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TREM2 wt TREM2 wt
Ctrl DAP12wt DAP12D50A +DAP12wt +DAP12 D50A
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Fig. 3.10 Immunocytochemical detection of DAP12 in HEK293 Flp-In cells stably
overexpressing DAP12 wt or DAP12 D50A with or without TREM2 wt. Non-
transfected HEK293 Flp-In cells as control. Representative images are shown. TREM2
(4B2A3 antibody) is shown in green and DAP12 (D7G1X antibody) in red. Nuclei were
counterstained with DAPI. Scale bar = 10 ym. Figure adapted from Liu et al. 2024.
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Fig. 3.11 Critical role of D50 within the transmembrane domain of DAP12 for the
retention in early secretory compartments. (A)-(D) subcellular localization of DAP12 in
HEK293 cells stably transfected with DAP12 D50A variants. HEK293 Fip-In cells were
stably transfected with DAP12 wt, DAP12 D50A, TREM2 wt+DAP12 wt and TREM2
wt+DAP12 DS0A constructs. Non-transfected HEK293 Flp-In cells (Ctrl) were used as
control. Shown are representative images. Cells were co-stained for DAP12 (red) and the
indicated marker proteins alpha 1 sodium potassium ATPase (a1 Na+/K+ ATPase,
plasma membrane), giantin (cis- and medial-Golgi network), ERGIC53 (ER Golgi
intermediate compartment) or calnexin (endoplasmic reticulum) (green). Nuclei were
counterstained with DAPI. The colocalization of two proteins is indicated by arrow heads
and the indicated marker proteins are indicated by arrows. Scale bar =10 ym. (E)-(H)
Pearson’s R value was measured for quantification of colocalization of DAP12 with the
respective maker proteins. Values represent Mean+SEM of three independent
experiments. Each data point represents the mean value of an individual experiment. One
way ANOVA (post hoc Tukey's multiple comparisons test). **p <0.01, ***p <0.001, ****p
<0.0001. Figure adapted from Liu et al. 2024.
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Fig. 3.12 Interaction of DAP12 with RER1. (A)—(C) HEK293 cells overexpressing the
indicated proteins (A) or macrophage-like differentiated THP-1 wt and TREMZ2 ko cells (B
and C) were subjected to co-immunoprecipitation as described in the Methods section.
Cellular membranes were isolated and the indicated proteins in immunoprecipitate (IP)
and the remaining supernatant (Sup after IP) were detected by western immunoblotting.
The ‘Input’ represents an aliquot of the cell lysate before IP containing 20 ug of total protein
Three independent experiments were performed. TREM2 FL: TREM2 full length protein;
TREM2 CTF: TREM2 C-terminal fragment. The bands marked with asterisks (*) are
unspecific signals from the anti-RER1 antibody which was used in the IP. Figure adapted
from Liu et al. 2024.

3.9 RGR motif in the cytoplasmic domain does not affect the retention of unassembled
DAP12 in early secretory compartments

An arginine-based RXR retrieval signal in the cytoplasmic domains of the subunits of

some heteromeric membrane proteins, such as potassium channels, could also mediate
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retention/retrieval of the unassembled proteins by the interaction with COPI (Michelsen et
al., 2005). An RXR (70RGR72) motif is also present in the cytoplasmic domain of DAP12.
To explore whether this RXR motif plays a role in the retention or retrieval of unassembled
DAP12, the R residues at position 70 and 72 were mutated to alanine residues (A).
Immunocytochemical analysis showed that DAP12 70AGA72 without the co-expression
of TREM2 was localized intracellularly, while DAP12 70AGA72 with the co-expression of
TREM2 was expressed on the cell surface, which was similar to the localization of the
DAP12 wt. Intracellular localization was also observed with a DAP12 variant with
combined mutations of the D50A, and the R70A and R72A residues (Fig. 3.13).

Then, we further investigated the subcellular localization of DAP12 70AGA72 mutant with
or without the co-expression of TREM2 as well as DAP12 D50A 70AGA72 mutant in the
absence of TREM2 by analyzing the colocalization of DAP12 with maker proteins for
different organelles and plasma membrane. We observed that DAP12 70AGA72 mutant
without the co-expression of TREM2 was mainly detected in the ER and ERGIC as
indicated by the colocalization with calnexin (Fig. 3.14 F and H) and with ERGIC53 (Fig.
3.14 E and G), respectively, which was very similar as that for DAP12 wt without the co-
expression of TREM2 (Fig. 3.14 E, F, G, and H). DAP12 70AGA72 mutant with the co-
expression of TREM2 was detected at the cell surface as indicated by the colocalization
with a1 Na+/K+ ATPase (Fig. 3.14 A and C) and the colocalization of DAP12 70AGA72
with a1 Na+/K+ ATPase in the presence of TREM2 was significantly higher than that for
DAP12 70AGA72 in the absence of TREM2 (Fig. 3.14 A and C) while the colocalization
of DAP12 70AGA with calnexin (Fig. 3.14 F and H) and ERGIC53 (Fig. 3.14 E and G) in
the presence of TREM2 was significantly reduced as compared to that of the DAP12
70AGA72 protein in the absence of TREM2. Moreover, the double mutations of DAP12,
DAP12 D50A 70AGA72 was detected in early Golgi structures, as indicated by the
colocalization with Giantin (Fig. 3.14 B and D), which was similar with that for DAP12
D50A mutant (Fig. 3.14 B and D). However, DAP12 D50A 70AGA was also partially
colocalized with ERGIC53 (Fig. 3.14 E and G) and calnexin (Fig. 3.14 F and H), and the
colocalization of DAP12 D50A 70AGA with ERGIC53 and calnexin was higher than that

for DAP12 D50A mutant, even it was not a significant increase for calnexin.
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Together, these data indicate that the RGR motif in the intracellular domain had little effect

on the subcellular localization of DAP12 in early secretory compartments.
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Ctrl

DAP12 wt
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TREM2 wt TREM2 wt DAP12 D50A
+DAP12 wt 70AGA72
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+DAP12 70AGA72 +DAP12 D50A
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Fig. 3.13 Immunocytochemical detection of DAP12 in HEK293 Flp-In cells stably
overexpressing DAP12 wt, DAP12 D50A or DAP12 70AGA with or without TREM2
wt. HEK293 Flp-In cells were stably transfected with DAP12 wt, DAP12 D50A, DAP12
70AGA72, DAP12 D50A 70AGA72, TREM2 wt+DAP12 wt, TREM2 wt+DAP12 D50A and
TREM2 wt+DAP12 70AGA72 constructs. Non-transfected HEK293 Flp-In cells as control.
Representative images are shown. TREM2 (4B2A3 antibody) is shown in green and
DAP12 (D7G1X antibody) in red. Nuclei were counterstained with DAPI. Scale bar = 10
pgm.



93

al Na+/K+
A ATPase DAP12 Merge Inset B Giantin DAP12 Merge Inset

Ctrl

DAP12 wt

DAP12 D50A

DAP12
70AGA72

DAP12 D50A
70AGA72

TREM2 wt
+DAP12 wt

TREM2 wt
+DAP12 D50A

TREM2 wt
+DAP12 70AGA72

ns
ns
*
C D %k %k %
ns
0.6+ ns ns
. — — ; 1 i
M %% ns ns £ kkk kk*k%k ns
3 M M g e 1 e T
Z% ° g . v
- 3 * . °
Sz e
2g0sd ™ S 3 3
S0 s 8
5—"5 G
<@ a 2 0.4+
os b w €
o 9/ L]
o c P
o 23
.g%,o.z- e
Sg £ 7 0.2
g« 8 A
-} ]
s o
o
0.0
v o
fp&‘?v.\;\ S 'b&@gv'
SO RSO
O
¥ QN A AN oF N A




94

E ERGIC53 DAP12 Merge Inset Calnexin DAP12 Merge Inset

F

Ctrl
DAP12 wt

DAP12 D50A

DAP12
70AGA72

DAP12 D50A
70AGA72

TREM2 wt
+DAP12 wt

TREM2 wt
+DAP12 D50A

TREM2 wt
+DAP12 70AGA72

.

0.8+ ns ns
- | | | |
ﬁ = ns ns *
o £ i
© ] 06" L]
w ‘;A' .
gg 5% D
S 3 2
© ~ 0
N > - 2
= °
o %m
< »n w -
o.: X 250.4
% 3 2 B i
c s ]
S o Lo
=N S
§~ ¥
= = 0.24
© ©
o o
o o
° o
3 o




95

Fig. 3.14 RGR motif in the cytoplasmic domain doesn’t affect the retention of
unassembled DAP12 in early secretory compartments. (A), (B), (E) and (F) subcellular
localization of DAP12 in HEK293 cells stably transfected with DAP12 D50A, DAP12
70AGA72 and DAP12 D50A 70AGA72 variants. HEK293 Flp-In cells were stably
transfected with DAP12 wt, DAP12 D50A, DAP12 70AGA72, DAP12 D50A 70AGA72,
TREM2 wt+DAP12 wt, TREM2 wt+DAP12 D50A and TREM2 wt+DAP12 70AGA72
constructs. Non-transfected HEK293 Flp-In cells (Ctrl) were used as control. Shown are
representative images. Cells were co-stained for DAP12 (red) and the indicated marker
proteins alpha 1 sodium potassium ATPase (a1 Na+/K+ ATPase, plasma membrane),
giantin (cis- and medial-Golgi network), ERGIC53 (ER Golgi intermediate compartment)
or calnexin (endoplasmic reticulum) (green). Nuclei were counterstained with DAPI. The
colocalization of two proteins is indicated by arrow heads and the indicated marker
proteins are indicated by arrows. Scale bar =10 ym. (C), (D), (G) and (H) Pearson’s R
value was measured for quantification of colocalization of DAP12 with the respective
maker proteins. Values represent Mean £ SEM of three independent experiments. Each
data point represents the mean value of an individual experiment. One way ANOVA (post
hoc Tukey's multiple comparisons test). *p <0.05, ***p <0.001, ****p <0.0001.

3.10 RER1 deletion strongly decreases protein levels of DAP12 and TREM2

To further explore the role of RER1 in TREM2-DAP12 assembly, we knocked out the
RER1 gene in THP-1 cells by CRISPR/CAS9 technology, and selected single cell clones
by limiting dilution assay. To check the knock out RER1, membrane fractions of cells were
isolated and analyzed by western immunoblotting. Several different cell clones had no
detectable RER1 protein expression compared with wt THP-1 cells, respectively (Fig. 3.15
A). DNA sanger sequencing showed that one of the ko clones, R1C7, has a 14 base pair

deletion and was used for the following experiments (Fig. 3.15 B).

Surprisingly, the deletion of RER1 led to decreased levels of both, DAP12 and TREMZ2, in
differentiated THP-1 cells (Fig. 3.15 C-F). The strong decrease of both proteins was not
associated with significant changes of DAP12 and TREM2 mRNA levels, although there
was a trend to decreased TREM2 mRNA expression (Fig. 3.15 G and H) (Liu et al., 2024).

CHX chase assay were performed to investigate if the strong decrease of DAP12 and
TREMZ2 in RER1 ko cells is due to low protein stability. The results showed that there was
no significant difference of DAP12 turnover between wt and RER1 ko cells, indicating that
RER1 deletion might not affect DAP12 turnover (Fig. 3.16 A-C). In addition, the remaining
TREM2 FL in RER1 ko cells after CHX treatment for 4 h was significantly more than that
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in wt cells, indicating that RER1 deletion decreased the turnover of TREM2 FL (Fig. 3.16
D) (Liu et al., 2024).

Notably, proteasomal inhibition (by MG132 treatment) partially stabilized DAP12 dimer in
RER1 ko cells (Fig. 3.17 A-C, E-F). Both proteasomal and lysosomal inhibition did not
increase the level of TREM2 FL in RER1 ko cells, indicating that proteasomal and
lysosomal degradation is not involved in the degradation of TREM2 in RER1 ko cells (Fig.
3.17 A, D and G). However, additional posttranscriptional and/or posttranslational
mechanisms could contribute to the strong decrease of DAP12 and TREMZ2 proteins in
RER1 ko cells (Liu et al., 2024).
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Fig. 3.15 Detection of DAP12 and TREM2 in THP-1 wt and RER1 ko differentiated
macrophage-like cells (A) RER1 protein was detected by western immunoblotting in
different RER1 ko clones and wt THP-1 differentiated cells with RER1 rb antibody. wt
worked as control. (B) DNA sanger sequence of RER1 in CRISPR/Cas9-mediated THP-
1 RER1 ko cells. DNA was extracted and the primer 5’- ACATCACGCCCAGGTAACG-3
used for DNA sequencing. The sequence of the gRNA used for targeting of RER1is
indicated by the box. The arrow indicated deleted bases pairs in the RER1 sequence. (C)
Western immunoblotting analysis of the indicated proteins in purified membranes from
macrophage-like differentiated THP-1 wt and RER1 ko cells. TREM2 FL: TREM2 full
length protein. TREM2 CTF: TREM2 C-terminal fragment. (D)-(F) Quantification of DAP12
and TREM2 FL expression by western immunoblotting. (D) DAP12 monomer; (E) DAP12
dimer; (F) TREM2 FL. Levels of the indicated proteins were normalized to levels of
calnexin present in the membrane fraction. Data represent the Mean + SEM of three
independent experiments each performed with triplicate samples. Each data point
represents the mean value of an individual experiment. Student’s t-test (unpaired, two-
tailed). *p <0.05, **p <0.01, ****p <0.0001. (G)-(H) Comparison of the DAP12 and TREM2
mMRNA levels in differentiated THP-1 wt and RER1 ko cells by real-time qRT-PCR. Values
represent Mean + SEM of three independent experiments. Each data point represents the
mean value of an individual experiment. Student’s t-test (unpaired, two-tailed). Figure
adapted from Liu et al. 2024.
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Fig. 3.16 RER1 deletion doesn’t alter DAP12 turnover. (A) Differentiated THP-1 wt and
RER1 ko cells were incubated with cycloheximide (CHX, 100 ug/mL) or without (Ctrl) for
the indicated time points. Cellular membranes were isolated, and DAP12 and TREM2
detected by western immunoblotting. TREM2 FL: TREM2 full length protein; TREM2 CTF:
TREM2 C-terminal fragment. (B)-(D) Quantification of DAP12 and TREM2 levels at the
indicated time periods upon CHX treatment (t=0 h was set a 100%). The levels of DAP12
and TREM2 were normalized against the level of DAP12 in non-treated control cells at
corresponding time points. Mean+SEM of three independent experiments each
performed with duplicate samples. One-way ANOVA (post hoc Tukey's multiple
comparisons test). *p <0.05. There were no statistically significant differences (ns) in the
levels of DAP12 between wt and RER1 ko cells at 4 h and 8 h, respectively. Levels of
TREM2 FL were significantly increased in RER1 ko cells at 4 h. Figure adapted from Liu
et al. 2024.



100

wt RER1 ko
A Ctrl MG Chlo  Ctrl MG Chlo

kDa
40-
(1]

25-
aes
54

‘..........I. <DAP12 dimer
28 - ™
5= ¥ ¥ e

| DAP12 monomer

35- [ E R SRR EEES N]-TREM2 FL

100~ | o o o o o o o - - - - | <CalneXiN

B-pammssass  pert
100—'.----------5------_-l-Calnexin

B * C D
% % ns ns
— ' ! 1
2.0+ 2.04 ns 1.5
3 : == *
<15 215 . 3 I ' .
] - & 1.04
g [ A d [ ]
€ 1.0 E 1.0 ~
o T =
E o i 0.5
& 0.5 2 0.5 =
E . < Y [
a
)
0.0- 0.0 0.0-
Ctrl MG Chlo Ctrl MG Chlo Ctrl MG Chlo
I wt | I wt | I wt |
ns
E —= F ~ G ns
ns — ' '
?2 0+  — 2.0 * 1.5 ns
] —_— I I
© s ] 1 = .
—1.51 s 1.5- 3
] = Z 1.0 "
5 2 @
£ 1.01 5 107 o
£ ~ E
= 0.5+ & 0.5- 2 %]
E . < . -
< a
o
0. 0. 0.0-
Ctri MG Chlo Ctrl MG Chlo Ctrl MG Chlo
| RER1 ko [ [ RER1 ko | [ RER1 ko |

Fig. 3.17 Characterization of degradation pathways for DAP12 and TREM2 in RER1
ko macrophage-like cells. (A) THP-1 wt and RER1 ko macrophage-like cells were
treated with MG132 (MG, 10 pM) or chloroquine (Chlo, 50 yM) or without (Ctrl) for 4 h.
Membrane proteins were extracted from isolated membranes and analyzed by western
immunoblotting. TREM2 FL: TREMZ full length protein; TREM2 CTF: TREM2 C-terminal
fragment. (B)-(G) Quantification of DAP12 and TREM2 levels by western immunoblotting
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in (A). Dimeric and monomeric DAP12, TREM2 FL were normalized against calnexin.
Values represent Mean+SEM of three independent experiments. Each data point
represents the mean value of an individual experiment. One way ANOVA (post hoc
Tukey's multiple comparisons test). *p <0.05, **p <0.01. Figure adapted from Liu et al.
2024.

3.11 RER1 deletion leads to the inhibition of TREM2-DAP12 signaling upon stimulation
with TREM2 antibodies

TREM2-DAP12 signaling can be specifically stimulated by cross-linking anti-TREM2
antibodies (Ibach et al., 2021, Schlepckow et al., 2020, Wang et al., 2020). Therefore, the
monoclonal 4B2A3 and the polyclonal AF1828 anti-TREM2 antibodies were used to
specifically stimulate TREM2-DAP12 signaling, and phosphorylation of SYK (pSYK) in
macrophage-like differentiated human THP-1 cells was detected (Fig. 3.18 A and B).
TREMZ2 ko cells, used as a negative control, did not respond to the incubation with either
anti-TREMZ2 antibody. In contrast, THP-1 wt cells showed a 2-fold increase in pSYK levels
upon stimulation with monoclonal antibody 4B2A3 and more than 4-fold increase with
polyclonal antibody AF1828. Interestingly, consistent with the significant decrease of
TREM2 and DAP12 expression levels, neither antibody stimulated the phosphorylation of
SYK in RER1 ko cells (Fig. 3.18 A and B). Similarly, phosphorylated SYK was only
detectable in wt cells not in RER1 ko cells by western immunoblotting upon cell treatment
with antibodies 4B2A3 or AF8128 while total SYK was similarly expressed in both wt and
RER1 ko cells. Together, these combined data further support a loss-of-function in the
TREM2-DAP12 signaling capacity in RER1 ko cells (Liu et al., 2024).
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Fig. 3.18 Deletion of RER1 impairs TREM2-DAP12 signaling. (A) Differential activation
of TREM2-DAP12 signaling in THP-1 wt and RER1 ko cells. Macrophage-like
differentiated THP-1 cells were incubated with or without 10 ug/mL of the respective anti-
TREM2 antibody (4B2A3 or AF1828) for 10 min. Treatment with an isotype control
antibody (IgG) served as a negative control, and THP-1 TREM2 ko cells served as
additional controls. After treatment, cells were lysed (whole cell lysates) and
phosphorylated SYK (pSYK) detected by AlphalLISA technology. Data represent the
Mean £ SEM of three independent experiments each performed with quadruplicate
samples. Each data point represents the mean value of an individual experiment. One-
way ANOVA (post hoc Tukey's multiple comparisons test). **p <0.01. (B) Detection of SYK
and pSYK in lysates of the indicated cells by western immunoblotting. AF: AF1828; 4B:
4B2A3. Figure adapted from Liu et al. 2024.

3.12 RER1 deletion impairs phagocytosis of macrophage-like cells differentiated from
THP-1 cells

We observed the deletion of RER1 decreased the expression level of both TREM2 and
DAP12. Therefore, we wanted to assess if RER1 deletion also affected macrophage-like
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function of THP-1 cells and analyzed phagocytosis of pHrodo-labeled E.coli bioparticles
(Fig. 3.19 A). Fluorescence readings over a period of 5 h indicated efficient phagocytosis
of these particles by macrophage-like differentiated THP-1 wt cells. As expected,
phagocytosis was strongly reduced in TREM2 ko cells. More importantly, the deletion of
RER1 also resulted in almost complete inhibition of phagocytic activity (Fig. 3.19 A and B)
(Liu et al., 2024).
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Fig. 3.19 Deletion of RER1 impairs phagocytosis of THP-1 differentiated
macrophage-like cells. (A) Phagocytosis of E. coli particles by THP-1 wt and RER1 ko
cells. THP-1 wt and RER1 ko cells were seeded in 96-well plates and differentiated to
macrophage-like cells by incubation with PMA as described in the Methods section.
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pHrodo™ Red E.coli BioParticles™ were added to the cells and fluorescence signal was
acquired over time using an infinite M200Pro reader for 5 h. Cells pre-treated with
cytochalasin D (CytoD, 10 uM) for 30 min served as control. Data represent the
Mean £ SEM of two independent experiments each performed with triplicate samples. (B)
Representative images of THP-1 wt and RER1 ko cells from the phagocytosis assay (as
described in A) were taken at 2 h after addition of pHrodo™ Red E.coli BioParticles™.
Scale bar = 10 ym. Figure adapted from Liu et al. 2024.

3.13 Accumulation of lipid droplets (LDs) upon RER1 deletion

To assess the role of RER1 in lipid homeostasis of an immune cell model, we first
analyzed LDs in monocyte-like undifferentiated and macrophage-like differentiated THP-
1 cells upon incubation with the lipophilic dye LD540. Flow cytometry analysis showed
significantly increased LD540 fluorescence in RER1 deleted THP-1 cells as compared to
wt cells (Fig. 3.20 A and B). Similarly, fluorescence microscopy also revealed a
substantially increased number and volume of LDs in RER1 deleted macrophage-like cells

compared with wt cells (Fig. 3.20 C-E).

In addition, the lipid droplet coat protein perilipin 2 was also significantly elevated in both
RER1 deficient THP-1 monocytes (Fig. 3.21 A and C) and macrophage-like cells (Fig.
3.21 B, D, E and F). These observations strongly suggest that RER1 plays an important

role in the metabolism of LDs.



106

(=]
A B 3
Q 4000 -
2 % %
wit o ﬁ
= RER1 ko o L
=" 3000
c
g
£
¥ ‘ g 2000 -
ji c
5 [ 2
| o
o H 9 1000 -
| S
[ | =
J;”\:‘J' 5 0-
Iy (7]
/) s wt RER1 ko

[Undifferentiated cells

LD540 fluorescence

% %k % %k
100 - 25 - o
o n
_ 80~ - =201
© o
2 e
860 E151
: 2 .
E401 4 £10-
- S
= [
20 & 51
-l
£
- 0- 0-
E wt RER1 ko wt RER1 ko
14

| Differentiated cells

Fig. 3.20: Accumulation of Lipid droplets (LDs) in RER1 ko cells. (A) Comparison of
LDs in RER1 ko and wild type (wt) THP-1 undifferentiated cells by flow cytometry. LD540
dye was used for the staining of LDs. (B) Quantification of the median fluorescence
intensity (MFI) for LD540 shown in (A). data represent Mean + SEM of three independent
experiments. Each data point represents the mean value of an individual experiment.
Student’s t-test (unpaired, two-tailed). **p <0.01. (C) Comparison of LDs in RER1 ko and
wt THP-1 differentiated cells by LD540 staining. Representative images are shown. Cells
were co-stained with the LD540 dye (red) and DAPI (blue) to visualize LDs and nuclei,
respectively. Scale bar = 10 um. LDs numbers (D) and volume (E) per cell were quantified
by automated LD quantification (ALDQ) method. Values represent Mean £ SEM of three
independent experiments and at least 120 cells in one cell type were included in each
experiment. Each data point represents the mean value of an individual experiment.
Student’s t-test (unpaired, two-tailed). **p <0.01.
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Fig.3.21: Comparison of perilipin 2 in RER1 ko and wt cells by western
immunoblotting and immunocytochemistry. (A)-(B) Detection of perilipin 2 in RER1 ko
and wt THP-1 undifferentiated (A) and differentiated (B) cells. Cellular membranes were
isolated and western immunoblotting was used for the detection of the indicated protein.
(C)-(D) Quantification of perilipin2 by western immunoblotting (as shown in A and B).
Perilipin 2 was normalized to the full protein stained by ponceau. Data represent Mean +
SEM of five independent experiments with one to three samples per experiment. Each
data point represents the mean value of an individual experiment. Student’s t-test
(unpaired, two-tailed). *p <0.05, **p <0.01. (E) Representative images are shown. Cells
were co-stained with the perilipin 2 (red) and DAPI (blue). Scale bar = 10 ym. (F)
Quantification of perilipin 2 intensity shown in (E). Three independent experiments were
performed and at least 100 cells per experiment for one cell type were included in the
quantification. Value represent Mean = SEM of three independent experiments were used
and each data point represents the mean value of an individual experiment. Student’s t-
test (unpaired, two-tailed). *p <0.05.
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3.14 RER1 deletion alters the levels of cholesterol esters (CEs) and triacylglycerols (TAGSs)

Since LDs mainly contain CEs and TAGs, comprehensive GC-FID and GC-MS-SIM
analyses were performed to detect cholesterol and several metabolites. The total
cholesterol level was not much changed in RER1 ko THP-1 monocytes (Fig. 3.22 A) but
strongly decreased in RER1 ko macrophage-like cells as compared with wt (Fig. 3.22 G).
The levels of free cholesterol were rather increased in both RER1 ko monocytes and
macrophage-like cells (Fig. 3.22 B and H). Surprisingly, the level of cholesterol esters was
significantly reduced in RER1 ko macrophage-like cells as compared with wt cells (Fig.
3.22 1). In RER1 ko THP-1 monocytes, the level of CEs was also decreased to some

extent, but differences were not significant (Fig. 3.22 C).

GC-MS analysis further showed that cells lacking expression of RER1 contained
significantly increased levels of the cholesterol precursors lanosterol and desmosterol in
monocytic THP-1 cells (Fig. 3.22 D and E), indicating upregulation of de novo cholesterol
biosynthesis. Since the level of lathosterol was significantly decreased in RER1 deficient
cells (Fig. 3.22 F), these data also suggest that this upregulation of cholesterol
biosynthesis in RER1 ko monocytic THP-1 cells involves the Bloch pathway rather than
the Kandutsch-Russell pathway. Notably, in macrophage-like differentiated THP-1 cells,
the knockout of RER1 rather led to strongly reduced levels of cholesterol precursors
lanosterol, lathosterol and desmosterol (Fig. 3.22 J-M), indicating a downregulation of de

novo sterol synthesis.

To further analyze the individual species of CEs, tandem mass spectrometry was
performed. In line with our previous measurements (Fig. 3.22), the level of CEs was not
much changed in RER1-deficient THP-1 monocytes but was significantly reduced in
RER1-deficient macrophage-like cells (Fig. 3.23 A and Fig. 3.24 A). CE (18:1) represented
the most produced CEs in THP-1 monocytes and macrophage-like cells (Fig. 3.23 B and
Fig. 3.24 B). This species was significantly reduced in RER1 ko macrophage-like cells as
compared with wt cells (Fig. 3.24 B). Other species, such as CE (16:0), CE (16:1) and CE
(18:2), were also reduced in RER1 ko cells significantly (Fig. 3.24 B). Thus, a decrease in
these individual CE species could contribute to the overall decreased CE content in RER1
ko cells.
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To obtain more detailed insight into RER1 dependent alterations in the metabolism of LD
associated lipids, MS analysis of acylglycerols was performed and the results showed that
the direct precursor of TAG, diacylglycerol (DAG) was only increased significantly in RER1
ko macrophage-like differentiated THP-1 cells but not in RER1 ko undifferentiated THP-1
cells (Fig. 3.23 C-D and Fig. 3.24 C-D). The TAGs were significantly increased in both
RER1 ko undifferentiated and differentiated cells (Fig. 3.23 E-F and Fig. 3.24 E-F). RER1
ko cells showed elevated levels of most major TAG and DAG species in RER1 ko
differentiated cells (Fig. 3.24 D and F). Together, these results indicate complex changes
in the cellular lipid composition in RER1-deficient cells and support the contribution of
increased acylglycerols to the elevated number of LDs. Additionally, RER1 deficiency had
different effects on the cholesterol synthesis in monocytic and macrophage-like THP-1
cells.
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Fig. 3.22: Content analysis of a panel of sterols in RER1 ko and wt THP-1 cells,
determined by GC-FID and GC-MS. Total cholesterol (A) and (G), free cholesterol (B
and H), cholesterol esters (C and |) as well as cholesterol precursors (lanosterol (D and
J), desmosterol (E and K), lathosterol (F and M)) were analyzed in undifferentiated (A-F)
and differentiated (G-M) THP-1 cells. Data represent Mean + SEM of three independent
experiments each performed with triplicate samples. Each data point represents the mean
value of an individual experiment. Student’s t-test (unpaired, two-tailed). *p <0.05, **p
<0.01, ***p <0.001, ****p <0.0001.
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Fig. 3.23: Analysis of cholesterol esters (CEs) species, diacylglycerol (DAGSs)
species and triacylglycerol (TAGs) species by tandem mass spectrometry in
undifferentiated cells. Total CEs (A) and different species (B), total diacylglycerol (C)
and different species (D), total triacylglycerol (E) and different species (F) were analyzed
in THP-1 undifferentiated cells. Values represent Mean + SEM of three independent
experiments each performed with triplicate samples. Each data point represents the mean
value of an individual replicate. Student’s t-test (unpaired, two-tailed). *p <0.05.
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Fig. 3.24: Analysis of cholesterol esters (CEs) species, diacylglycerol (DAGs)
species and triacylglycerol (TAGs) species by tandem mass spectrometry in
differentiated cells. Total CEs (A) and different species (B), total diacylglycerol (C) and
different species (D), total triacylglycerol (E) and different species (F) were analyzed in
THP-1 differentiated cells. Values represent Mean + SEM of three independent
experiments each performed with triplicate samples. Each data point represents the mean
value of an individual replicate. Student’s t-test (unpaired, two-tailed). **p <0.01. ***p
<0.001, ****p <0.0001.

3.15 Lipid metabolism related pathways are upregulated in RER1 deleted cells

We also performed RNA sequencing (RNA seq) to assess the potential involvement of
RER1 in transcriptional regulation of lipid metabolisms in both monocytes and
macrophage-like cells. Hierarchical clustering analysis showed that a large number of
genes were robustly changed in RER1 deleted monocytes and macrophage-like cells, as
compared with wt monocytes and macrophage-like cells, respectively (Fig. 3.25 A and C).
Using the criterion of Qvalue<0.05 and log2 FoldChange=1, compared with wt
undifferentiated cells, 608 upregulated mRNAs and 1062 downregulated mRNAs were
found in the RER1 deleted cells (Fig. 3.25 B). Lack of RER1 in macrophage-like cells
derived from THP-1 monocytes led to the upregulation of 1423 genes and the

downregulation of 1635 genes (Fig. 3.25 D).

Analysis of the upregulated DEGs in RER1 ko cells compared with wt cells based on the
KEGG function enrichment revealed that genes related to lipid metabolism were
significantly enriched (Fig. 3.26 B and D). The steroid biosynthesis pathway was strongly
upregulated in RER1 deficient monocytic THP-1 cells (Fig. 3.26 B) and the genes involved
in this pathway were showed in Fig. 3.27 and table 3.1. RER1 ko macrophage-like
differentiated THP-1 cells also showed significant upregulation of the pathways ‘lipid and
atherosclerosis’, ‘cholesterol metabolism’ and ‘steroid biosynthesis’ (Fig. 3.26 D) as
compared wt cells and the genes involved in these three pathways are shown in Fig 3.28
and tables 3.2, 3.3 and 3.4.

For the GO enrichment analysis, the genes were classified into three categories: biological
processes, molecular functions, and cellular components. Among the biological processes,
the upregulated DEGs in RER1 ko THP-1 monocytes were partially attributed to
‘cholesterol biosynthetic process’, ‘sterol biosynthetic process’, ‘regulation of lipid
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metabolic process’, ‘steroid biosynthetic process’, ‘cholesterol biosynthetic process via
desmosterol and lathosterol’, ‘lipid metabolic process’ (Fig. 3.29 D) and genes involved in
these pathways are shown in Fig. 3.30 and tables 3.5, 3.6, 3.7, 3.8, 3.9 and 3.10. Among
the molecular function, upregulated DEGs related to stearoyl-CoA 9-desaturase activity
were observed in RER1 deleted THP-1 monocytes (Fig. 3.29 F) and genes involved in
this pathway were shown in Fig. 3.31 and table 3.11. However, there were no lipid
metabolism related biological processes and molecular function found in the TOP20 of
upregulated GO enrichment analysis in RER1 ko macrophage-like cells as compared to
wt cells (Fig. 3.32 B, D and F).

Since lipid metabolism related pathways, biological process and molecular functions were
enriched in RER1 ko undifferentiated and differentiated THP-1 cells, we further explored
the effects of RER1 deletion on the expression of some important proteins involved in lipid
metabolism. The levels of lanosterol 14-alpha demethylase (CYP51A1), which is an
enzyme known to catalyze the removal of the 14 alpha-methyl group from lanosterol
(Lepesheva & Waterman, 2007), were strongly increased in RER1 ko cells as compared
to wt cells (Fig. 3.33 A-D). In addition, the increased CYP51A1 protein level corresponded
with the increased mRNA of CYP51A1 in RER1 ko cells. In RER1 deleted macrophage-
like cells, the proteins related to the uptake, delivery and intracellular transport of
cholesterol, including low density lipoprotein receptor (LDLR), low density lipoprotein
receptor-related protein 1 (LRP1) and Nieman-Pick C proteins 1 (NPC1), were increased
as compared to wt cells (Fig. 3.33 C and E-H). Additionally, the level of ATP binding
cassette subfamily A member 1 (ABCA1) and Apolipoprotein E (ApoE) which function
during cholesterol efflux in the cellular lipid removal pathway, were also strongly increased
in RER1 ko macrophage-like cells as compared to wt cells (Fig. 3.33 C, | and J).



117

| Undifferentiated cells

B

3007 L = Up
. no-DEGS
TPM;E)smm by row 250 P Down
12 L
o i
04 T T
E 1 ] 1
-12 T 150 - P
20 ) H |
= 1 1
B 100+ P
2] - o~
(=] (=] Qo ) - o~
- - -
Samples - - - '
P & & & B 23 B S S —
[ [ [ 0 -8 6 -4 -2 0 2 4 6 8 10
log2FoldChange
| Differentiated cells
2409 L " Up
_ 220 4 v no-DEGS
= TPM z-score by row [ Down
3 20 200 o
12 180 |
B 04 160 - o
= 04 S 140+ L
- © '
E -1.2 g 1
= 5 120 L
T E— 20 S 1004 .
= — 2 P
H_Lh; 7 80 P
-.'E 60 L
'iE-; . — 40 ‘
= 20 :
] - o~ !
o o o 0+ Vo
Samples g E g - - = 20 L
amp = = = - —_———
(14 14 14
w w w 0 -8 6 -4 -2 0 2 4 6 8 10
© @ ©

log2FoldChange

Fig. 3.25: Overview of mRNAs associated with RER1 deletion in THP-1 cells. (A) and
(C) The differential cluster analysis between different samples was shown in heatmap.
Differentially expressed genes (DEGs) were used to do the hierarchical clustering. (B) and
(D) Volcano plot of up-regulation and down-regulation genes, red circles indicate up-
regulated mRNAs, and green circles indicate down-regulated mRNAs. DEGs were used
to do the hierarchical clustering. y-Axis corresponds to the log10 (Q value, adjust p value),
and the x-axis displays the Log2FoldChange value.
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undifferentiated cells, down-regulated enrichment (A) and up-regulated enrichment (B).
(C)-(D) KEGG pathway enrichment of genes in the transcriptome of RER1 ko and wt THP-
1 differentiated cells, down-regulated enrichment (C) and up-regulated enrichment (D).
Lipid metabolism related pathways are shown in red rectangular box.
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Fig. 3.27 Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis
showed steroid biosynthesis is upregulated in RER1 ko THP-1 undifferentiated cells.
Heatmap of 10 genes which are upregulated in steroid biosynthesis pathway. The genes

involved in each pathway are shown in table 3.1.
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Table 3.1: Upregulation of steroid biosynthesis pathway in RER1 ko
undifferentiated THP-1 cells
Gene | Gene Log2FoldChange ° vall\J/:Il(Jae(;JUSt P
D Symbol Gene Name Protein Name (AR/E\I;{V;K(SC:S&PAI\)/I (RER1KO_noPM
- A/WT_noPMA)
6307 | MSMO1 Methylsterol monooxygenase 1 Methylsterol monooxygenase 1 2.0842667 7.25E-50
6713 | SQLE Squalene epoxidase Squalene monooxygenase 1.882558907 4.64E-72
10682| EBP | EBP cholestenol delta-isomerase 3-beta-hydroxysteroid- 1.731975796 3.91E-29
Delta(8),Delta(7)-isomerase
1595 |cypstag| ~ Cytochrome P450 family 51 Lanosterol 14-alpha demethylase | 1.409495453 9.27E-39
subfamily A member 1
50814 | NSDHL NAD(P) dependent §ter0|d Sterol-4-alpha-carboxylate 3.- 137597262 7 50E-13
dehydrogenase-like dehydrogenase, decarboxylating
1717 | DHCR7 7-dehydrocholesterol reductase 7-dehydrocholesterol reductase 1.323759153 2.29E-14
6309 | SC5D Sterol-C5-desaturase Lathosterol oxidase 1.246517242 8.83E-16
4047 LSS Lanosterol synthase Lanosterol synthase 1.185656272 3.53E-07
2222 | FDFT1 Farnesyl-diphosphate Squalene synthase 1.167520997 1.06E-35
farnesyltransferase 1
7108 | TM7SF2 Transmemrﬁream”z; zuDerfam"y Delta(14)-sterol reductase TM7SF2 |  1.07297873 541E-07




Samples

Samples

122

Differentiated cells

Lipid and atherosclerosis

& &

(=]

N 2 Nl N
& s
& &

Cholesterol metabolism

N v

TNF
cCL3L3

cCcL3 TPM z-score by row
SRC 2.0
NFKBIA

MAPK13

TNFRSF10B 1.2
ICAM1

MMPO

CXCL1

CXCL2 0.4
MMP3

CXCL3

oxcLs -0.4
S0D2

IL1B

ccLsLl -1.2
TLR2

MAP3KS

TNFRSF10A -2.0
DDIT3

D36

ERN1

ABCA1

LDLR

ABCG1

LY96

PPARG

TLRA

MAPK12

HSPALL

PLCBA

ETF2AK3

TLR6

cp4e

STAR
TPM z-score by row

2.0

MYLIP
LIPG 1.2
LRP1
ABCG8
APOC1
(D36
APOE
ABCAL
LDLR
NPC1

NPC2

LPL



123

c Steroid biosynthesis

EBP TPM z-score by row
20

L8R 1.2

0.4

SQLE 0.4

-1.2
CYP51A1

-2.0

MSMO1

CyP27B1

SC5D

" N 9 © ~° ~°

Samples & & &

Fig. 3.28: Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis
showed lipid metabolism related pathways are upregulated in RER1 ko THP-1
differentiated cells. Heatmap of lipid metabolism related pathways, including lipid and
atherosclerosis (A), cholesterol metabolism (B) and steroid biosynthesis (C). The genes

involved in each pathway are shown in table 3.2, 3.3 and 3.4.
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Table 3.2: The lipid and atherosclerosis pathway is upregulated in RER1 ko THP-1

differentiated cells

Qvalue (adjust p

Gene Gene Log2FoldChange value)
D Symbol Gene Name Protein Name (R/EVTA_KSO—;&Z';AA(REMKO_noPMA
- / WT_noPMA)
3576 CXCL8 GCP-1 Interleukin-8 6.066621544 7.57E-10
9619 ABCG1 IATP-binding Cassette Sub-family G| ATP-binding cassette sub-family G 5 968989539 7 5AE-36
Member 1 member 1
2921 CXCL3 CINC-2b C-X-C motif chemokine 3 5.074361946 1.14E-05
2920 CXCL2 CINC-2a C-X-C motif chemokine 2 4.905915124 2.59E-05
2919 CXCL1 FSP Growth-regulated alpha protein 4.893429044 7.38E-06
414062| CCL3L3 D17S1718 C-C motif chemokine 3-like 1 4.689453864 3.39E-18
6348 CCL3 G0S19-1 Acetate--CoA ligase CCL3 4.376888214 1.50E-19
6349 [ CCL3L1 D17S1718 C-C motif chemokine 3-like 1 4.207976495 5.43E-06
19 ABCA1 ATP binding cassette subfamily A | Phospholipid-transporting ATPase 3934920512 1.87E-70
member 1 ABCA1
3553 IL1B IL-1 Interleukin-1 beta 3.655275635 1.66E-05
4314 MMP3 Matrix metallopeptidase 3 Stromelysin-1 3.647444557 1.00E-07
7124 TNF Tumor necrosis factor Tumor necrosis factor 2.751193753 1.79E-04
5468 PPARG Peroxisome proliferator activated | Peroxisome proliferator-activated 2 627009807 1.00E-20
receptor gamma receptor gamma
5603 | MAPK13 M'toge”'ad“’atfg protein kinase |, 1\ en-activated protein kinase 13| 2.322800062 3.24E-15
7099 TLR4 Toll like receptor 4 Toll-like receptor 4 2.306476019 4.30E-18
8797 ITNFRSF10A TNF receptor superfamily member| Tumor necrgss factor receptor 2 136574286 4.21E-22
10a superfamily member 10A
948 CD36 |CD36 molecule (CD36 blood group) Platelet glycoprotein 4 2.128277266 3.03E-26
3949 LDLR Low density lipoprotein receptor Low-density lipoprotein receptor 2.105997122 4.50E-29
23643 LY96 Lymphocyte antigen 96 Lymphocyte antigen 96 1.987456241 3.87E-11
6714 SRC SRC proto-onc_ogeng, non-receptor Proto-oncogene tyrosine-protein 1.893996985 0.004275188
tyrosine kinase kinase Src
7097 TLR2 Toll like receptor 2 Toll-like receptor 2 1.780798796 2.69E-08
6648 | SOD2 Superoxide dismutase 2 Superoxide dismutase [Mn], 1762910654 | 0.006626211
mitochondrial
8795 [TNFRSF10B TNF receptor superfamily member | Tumor necrqss factor receptor 1.714914321 4.34E-10
10b superfamily member 10B
4217 | MAP3K5 | Mitogen-activated protein kinase 5| togen-activated proteinkinase 14 ¢,4475439 9.28E-11
kinase kinase 5
1-phosphatidylinositol 4,5-
5332 PLCB4 Phospholipase C beta 4 bisphosphate phosphodiesterase 1.435641161 4.88E-04
beta-4
958 | CD40 CD40 molecule Tumor necrosis factor receptor | 4 450505755 1.87E-10
superfamily member 5
9451 | EIF2AK3 Eukaryotic translatl9n initiation Eukaryotic translatpn initiation 1394181327 3 15E-04
factor 2 alpha kinase 3 factor 2-alpha kinase 3
3305 | HspaqL [|1eatshock proteinfamily A (Hsp70) o ooy 70 kDa protein 1-ike | 1.376496254 | 0.044258948
member 1 like
4318 MMP9 Matrix metallopeptidase 9 Matrix metalloproteinase-9 1.346834459 5.41E-07
1649 | DDIT3 |DNA damage inducible transcript 3 | PNV damage'gg;‘;f'e transcript 3| 53301527 2.97E-05
2081 ERNA1 Endoplasmic reticulum to nucleus Serine/threonine-protein 1.151335199 2.54E-04
10333 | TLR6 Toll like receptor 6 Toll-like receptor 6 1.140748871 7.37E-09
4792 | NFKBIA NFKB inhibitor alpha NF-kappa-B inhibitor alpha 1.140159714 1.79E-08
3383 | ICAM1 Intercellular adhesion molecule 1 Intercellular adhesion molecule 1 1.072405047 7.40E-04
6300 | MAPK12 | Mitogen-activated protein kinase 12 | Mitogen-activated protein kinase 12 1.01158305 0.001110388
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Table 3.3: Cholesterol metabolism pathway is upregulated in RER1 ko differentiated

THP-1 cells
Log2FoldChange Qualue (adjust p
Gene | Gene Gene Name/ Alias Protein Name (RER1KO_noPMA value)
ID Symbol IWT no_PMA) (RER1KO_noPMA
- / WT_noPMA)
19 ABCA1 ATP binding cassette subfamily A | Phospholipid-transporting ATPase 3934920512 1.87E-70
member 1 ABCA1
348 APOE Apolipoprotein E Apolipoprotein E 2.975272472 2.92E-48
4023 LPL Lipoprotein lipase Lipoprotein lipase 2.878286259 5.01E-77
4864 | NPC1 NPC intracellular cholesterol NPC intracellular cholesterol 2 643585611 8.46E-37
transporter 1 transporter 1
341 | APOCH1 Apolipoprotein C1 Apolipoprotein C-| 2.487522836 1.12E-38
948 CD36 |CD36 molecule (CD36 blood group) Platelet glycoprotein 4 2.128277266 3.03E-26
3949 | LDLR Low density lipoprotein receptor Low-density lipoprotein receptor 2.105997122 4.50E-29
6770 | STAR Steroidogenic act.Jte regulatory Stermdoggnlc gcute regylatory 2 095579028 0.022716988
protein protein, mitochondrial
4035 | LRP1 LDL receptor related protein 1 low-density lipoprotein receptor- |, 74g60819 2.19E-10
related protein 1
9388 LIPG Lipase G, endothelial type Endothelial lipase 1.721075307 2.82E-05
29116 | MYLIP Myosin regulatory light chain E3 ubiquitin-protein ligase MYLIP | 1.535327645 2.21E-05
interacting protein
10577| NPC2 NPC intracellular cholesterol NPC intracellular cholesterol 1247088724 521E-17
transporter 2 transporter 2
64241 | ABCGS ATP binding cassette subfamily G | ATP-binding cassette sub-family G 1111005225 0031282198
member 8 member 8

Table 3.4: Steroid biosynthesis pathway is upregulated in RER1 ko differentiated

THP-1 cells
Gene | Gene Log2FoldChange QvalL\j/eazil(ua:)JUSt P
D Symbol Gene Name Protein Name (R/Evl'-\\’/ernOc)_;l\(jII;I;/IA(RER1 KO__noPMA
- / WT_noPMA)

6713 | SQLE squalene epoxidase Squalene monooxygenase 2.520868079 1.01E-39

6307 | MSMO1 methylsterol monooxygenase 1 methylsterol monooxygenase 1 2.376808772 8.55E-38

6309 | SC5D sterol-C5-desaturase Lathosterol oxidase 2.301355407 5.86E-34

1595 |cypsia|  oviochrome P4S0 family 51 Lanosterol 14-alpha demethylase | 2.108690047 4.35E-42
subfamily A member 1

1594 |cYP27B1 cytochrome P450 family 27 25-hydroxyV|tam|n D-1 aIPha 1543361144 2 93E-04
subfamily B member 1 hydroxylase, mitochondrial

10682 EBP | EBP cholestenol delta-isomerase 3-beta-hydroxysteroid- 1.359461691 3.81E-10

Delta(8),Delta(7)-isomerase
3930 LBR lamin B receptor Delta(14)-sterol reductase LBR 1.253023519 1.87E-11
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Fig. 3.29: Gene Ontology (GO) enrichment analysis of DEGs in RER1-deleted and
wt undifferentiated THP-1 cells. GO enrichment analysis of genes related to biological
process (A and D), cellular component (B and E) and molecular function (C and F) were
performed in RER1 ko and wt THP-1 undifferentiated cells. Downregulated enrichment
(A-C) and unregulated enrichment (D-F) are separately shown. Lipid metabolism related
pathways in biological process and molecular function are shown in red rectangular box.
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Fig. 3.30: Gene Ontology (GO) biological process enrichment analysis showed lipid
metabolism related pathways are upregulated in RER1 ko undifferentiated THP-1
cells. Heatmap of lipid metabolism related pathways, including cholesterol biosynthetic
process (A), sterol biosynthetic process (B), regulation of lipid metabolic process (C),
steroid biosynthetic process (D), cholesterol biosynthetic process via desmosterol (E),
cholesterol biosynthetic process via lathosterol (F) and lipid metabolic process (G). The
genes involved in each pathway are shown in table 3.5-3.10.



133

Table 3.5: Upregulation of cholesterol biosynthetic process in RER1 ko
undifferentiated THP-1 cells
Gene | Gene Log2FoldChange QvaIL\I/(ZII(ua:)JUSt P
D Symbol Gene Name Protein Name (RFVT/}KSJS&%AA(REMKO_noPMA
- / WT_noPMA)
6307 | MSMO1 Methylsterol monooxygenase 1 Methylsterol monooxygenase 1 2.0842667 7.25E-50
39 ACAT2 Acetyl-CoA acetyltransferase 2 Acetyl-Coi;t(;estgllit(r;ansferase, 2.007003217 3.79E-55
3156 | HMGCR 3-hydroxy-3-methylglutaryl-CoA 3-hydroxy-3-methylglutaryl-CoA 1931107601 9 83E-61
reductase reductase
6713 | SQLE Squalene epoxidase Squalene monooxygenase 1.882558907 4.64E-72
10682 EBP EBP cholestenol delta-isomerase 3-beta-hydroxy.ster0|d-DeIta(8), 1.731975796 3.91E-29
Delta(7)-isomerase
3638 | INSIG1 insulin induced gene 1, CL6 Insulin-induced gene 1 protein 1.644743067 4.99E-57
1595 |cyps1aq|  Cyiochrome P450 family 51 Lanosterol 14-alpha demethylase | 1.409495453 9.27E-39
subfamily A member 1
50814 | NSDHL NAD(P) dependent s.,ter0|d Sterol-4-alpha-carboxylate 3.- 137597262 7 50E-13
dehydrogenase-like dehydrogenase, decarboxylating
1717 | DHCR7 7'dehydr°°h‘g‘f_sct)zr°' reductase, | 7 jehydrocholesterol reductase | 1.323759153 2.29E-14
3157 |HMGCS1 3-hydroxy-3-methylglutaryl-CoA HydroxymethylglutaryI-QoA 1285537157 1.32E-42
synthase 1 synthase, cytoplasmic
4047 LSS Lanosterol synthase Lanosterol synthase 1.185656272 3.53E-07
2222 | FDFT1 Farnesyl-diphosphate Squalene synthase 1.167520997 1.06E-35
farnesyltransferase 1
4598 MVK Mevalonate kinase Mevalonate kinase 1.146477972 1.34E-05
7108 | TM7SF2 Transmemnt;;amns; Z“perfam"y Delta(14)-sterol reductase TM7SF2 |  1.07297873 5.41E-07
3422 IDI1 Isopenter]yl-d|phosphate delta Isopenteqyl-dlphosphate Delta- 1.010133383 1.32E-10
isomerase 1 isomerase 1
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Table 3.6: Upregulation of sterol biosynthetic process in RER1 ko undifferentiated

cells
Gene | Gene Log2FoldChange QValLi/E;I(uaed)JUSt P
D Symbol Gene Name Protein Name (RFVT,}KSJQ&Z';AA(REW KO__noPMA
- / WT_noPMA)
6307 | MSMO1 Methylsterol monooxygenase 1 Methylsterol monooxygenase 1 2.0842667 7.25E-50
3156 | HMGCR 3-hydroxy-3-methylglutaryl-CoA 3-hydroxy-3-methylglutaryl-CoA 1.931107601 9 83E-61
reductase reductase
6713 | SQLE Squalene epoxidase Squalene monooxygenase 1.882558907 4.64E-72
10682| EBP | EBP cholestenol delta-isomerase 3-beta-hydroxysteroid- 1.731975796 3.91E-29
Delta(8),Delta(7)-isomerase
3638 | INSIG1 Insulin induced gene 1 Insulin-induced gene 1 protein 1.644743067 4.99E-57
51700 | CYB5R2 Cytochrome b5 reductase 2 NADH-cytochrome b5 reductase 2 1.362439787 3.00E-06
1717 | DHCR7 7-dehydrocholesterol reductase 7-dehydrocholesterol reductase 1.323759153 2.29E-14
3157 |HMGCS1 3-hydroxy-3-methylglutaryl-CoA Hydroxymethylglutaryl-.CoA 1285537157 1.32E-42
synthase 1 synthase, cytoplasmic
6309 | scsp | Stero-Co-desaturase, ERG3, Lathosterol oxidase 1.246517242 8.83E-16
S5DES
Farnesyl-diphosphate
2222 | FDFT1 Squalene synthase 1.167520997 1.06E-35
farnesyltransferase 1
4598 MVK Mevalonate kinase Mevalonate kinase 1.146477972 1.34E-05
7108 | TM7sF2 | Transmembrane 7 superfamily | o\ 441 cterol reductase TM7SF2 | 1.07297873 5.41E-07
member 2
Table 3.7: Regulation of lipid metabolic process is upregulated in RER1 ko

undifferentiated cells

Gene | Gene Log2FoldChange QvalL\I/ZI(uaed)Just P
D Symbol Gene Name Protein Name (R;Evl?/?rKr?g;&Z’;AA(REmKO—”OPMA
- / WT_noPMA)
79071 | ELOVL6 ELOVL fatty acid elongase 6 \Very long chain fatty acid elongase 6| 5.02457542 0.001995805
3156 | HUGCR 3-hydroxy-3-methylglutaryl-CoA 3-hydroxy-3-methylglutaryl-CoA 1.931107601 9 83E-61
reductase reductase
6713 | SQLE squalene epoxidase Squalene monooxygenase 1.882558907 4.64E-72
1595 |cyps1a1| ~ cytochrome P450 family 51 Lanosterol 14-alpha demethylase | 1.409495453 9.27E-39
subfamily A member 1
1717 | DHCR7 7-dehydrocholesterol reductase 7-dehydrocholesterol reductase 1.323759153 2.29E-14
3157 |HMGCS1 3-hydroxy-3-methylglutaryl-CoA HydroxymethylglutaryI-QoA 1285537157 1.32E-42
synthase 1 synthase, cytoplasmic
2194 | FASN fatty acid synthase Fatty acid synthase 1.251084436 4.21E-36
6309 | SC5D sterol-C5-desaturase Lathosterol oxidase 1.246517242 8.83E-16
4047 LSS lanosterol synthase Lanosterol synthase 1.185656272 3.53E-07
2222 | FDFT1 farnesyl-diphosphate Squalene synthase 1.167520997 1.06E-35
farnesyltransferase 1
4598 MVK mevalonate kinase Mevalonate kinase 1.146477972 1.34E-05
54200 | TREM2 | TM9gering receptor expressed on 1.129664455 3.98E-11
myeloid cells 2
7108 | TM7SF2 transmemgj:]i;z“pe”am"y Delta(14)-sterol reductase TM7SF2 |  1.07297873 541E-07
3422 DI |sopentepyl-d|phosphate delta Isopenteqyl-dlphosphate Delta- 1.010133383 1.32E-10
isomerase 1 isomerase 1




Table 3.8: The steroid biosynthetic process

undifferentiated THP-1 cells
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is upregulated

in

RER1 ko

Gene | Gene Log2FoldChange QvalLi/‘:ﬂ(uaed)JUSt P
D Symbol Gene Name Protein Name (R/EVITA_KnOO_;,?/IIZI;/IA(RER1 KO__noPMA
- / WT_noPMA)
3156 | HMGCR 3-hydroxy-3-methylglutaryl-CoA 3-hydroxy-3-methylglutaryl-CoA 1.931107601 9 83E-61
reductase reductase

1595 |cyps1a1|  Cytochrome P4S0 family 51 Lanosterol 14-alpha demethylase | 1.409495453 9.27E-39
subfamily A member 1

50814 | NSDHL NAD(P) dependent gtermd Sterol-4-alpha-carboxylate 3 1.37597262 7 50E-13

dehydrogenase-like dehydrogenase, decarboxylating

1717 | DHCR7 7-dehydrocholesterol reductase 7-dehydrocholesterol reductase 1.323759153 2.29E-14

3157 |HMGCS1 3'hydroxy':;m;?:g:“taw"c"/\ Lanosterol 14-alpha demethylase | 1.285537157 1.32E-42

6309 | SC5D Sterol-C5-desaturase Lathosterol oxidase 1.246517242 8.83E-16

4047 LSS Lanosterol synthase Lanosterol synthase 1.185656272 3.53E-07

2222 | FDFT1 Famnesyl-diphosphate Squalene synthase 1167520997 1.06E-35
farnesyltransferase 1

4598 MVK Mevalonate kinase Mevalonate kinase 1.146477972 1.34E-05

7108 | TM7SF2 Transmemnt;;an:z; Z“perfam"y Delta(14)-sterol reductase TM7SF2 |  1.07297873 5.41E-07

Table 3.9: Cholesterol biosynthetic process via desmosterol and lathosterol is

upregulated in RER1 ko undifferentiated cells

Gene | Gene Log2FoldChange QValL\j/eal(uaed)JUSt P
D Symbol Gene Name Protein Name (R/EVIT/1TKnOo_|;1'$IIZ\I;/IA(RER1 KO._noPMA
- / WT_noPMA)
10682 | EBP EBP cholestenol delta-isomerase 3-beta-hydrox¥ster0|d- 1.731975796 3.91E-29
Delta(8),Delta(7)-isomerase
1717 | DHCR7 7-dehydrocholesterol reductase 7-dehydrocholesterol reductase 1.323759153 2.29E-14
6309 | SC5D Sterol-C5-desaturase Lathosterol oxidase 1.246517242 8.83E-16
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Table 3.10: Lipid metabolic process is upregulated in RER1 ko undifferentiated

THP-1 cells
Gene | Gene Log2FoldChange Qvalli;l(uaed)JUSt P
D Symbol Gene Name Protein Name (R/EVTA_KSO—;&Z';AA(REMKO_noPMA
- / WT_noPMA)
8309 | ACOX2 Acyl-CoA oxidase 2 Peroxisomal acyl-coenzyme A oxidase 2 5.40578578 4.58E-04
246 | ALOX15 | Arachidonate 15-lipoxygenase P°'y“”sat“rate(:\ffg§'(fg'd lipoxygenase | - 5 134196348 | 0.005724019
79071 | ELOVL6 [ ELOVL fatty acid elongase 6 Very long chain fatty acid elongase 6 5.02457542 0.001995805
79966 | SCD5 Stearoyl-CoA desaturase 5 Stearoyl-CoA desaturase 5 2.780915058 9.74E-23
7480 |WNT10B Wnt family member 10B Protein Wnt-10b 2.489258935 0.01048109
39 ACAT2 | Acetyl-CoA acetyltransferase 2 acetyl-CoA acetyltransferase 2 2.007003217 3.79E-55
127281 PRXL2B Peroxiredoxin like 2B Prostamide/prostaglandin F synthase 1.941103681 1.13E-08
3638 | INSIG1 Insulin induced gene 1 Insulin-induced gene 1 protein 1.644743067 4.99E-57
5335 | PLCG1 | Phospholipase C gamma 1 | |-Phosphatidylinositol 4,5-bisphosphate | - 5, 497541 1.24E-04
phosphodiesterase gamma-1
2876 | GPX1 Glutathione peroxidase 1 Glutathione peroxidase 1 1.413364161 6.91E-42
259230| SGMS1 |  Sphingomyelin synthase 1 Phosphatidylcholine:ceramide 1.389932176 | 0.033195848
cholinephosphotransferase 1
57406 | ABHDs |/APhvdrolase domain containing| o oo cerol lipase ABHDS 1356112209 | 0.004410288
6, acylglycerol lipase
1717 | DHCR7 |7-dehydrocholesterol reductase 7-dehydrocholesterol reductase 1.323759153 2.29E-14
1191 CLU Clusterin Clusterin 1.300241265 0.017307615
3157 |HMGCS1 3'hydroxy':;m:'sﬁg:“tary"cop‘ Lanosterol 14-alpha demethylase 1.285537157 1.32E-42
6309 | SC5D Sterol-C5-desaturase Lathosterol oxidase 1.246517242 8.83E-16
9415 | FADS2 Fatty acid desaturase 2 Acyl-CoA 6-desaturase 1.171429157 1.01E-15
2171 | FABP5 Fatty acid binding protein 5 Fatty acid-binding protein 5 1.159770456 1.01E-33
50339 | PNPLA3 Patatin like phosphollpase domain 1-acylglycerol-3-phosphate O- 1156253221 1.97E-07
containing 3 acyltransferase PNPLA3
4598 MVK Mevalonate kinase Mevalonate kinase 1.146477972 1.34E-05
7108 |TM7SF2| Transmembrane 7 superfamily | oo 44 cterol reductase TM7SF2 1.07297873 5.41E-07
member 2
171546| SPTSSA Serine palmltoyltrgnsferase small |Serine palmitoyltransferase small subunit 1033638595 192E-13
subunit A A
23175 | LPIN1 Lipin 1 Phosphatidate phosphatase LPIN1 1.009996073 2.87E-05
10390 | CEPT1 Choline/ethanolamine Choline/ethanolaminephosphotransferase 1.003102894 8.06E-07
phosphotransferase 1 1
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Fig. 3.31: Gene Ontology (GO) molecular function enrichment analysis stearoyl-

CoA 9-desaturase activity is upregulated in RER1 ko undifferentiated THP-1 cells.

Heatmap of two genes which are upregulated in stearoyl-CoA 9-desaturase activity. The

genes involved in each pathway are shown in table 3.11.

Table 3.11: The stearoyl-coa 9-desaturase activity is upregulated in RER1 ko

undifferentiated THP-1 cells

Log2FoldChange

Qvalue (adjust p

Gleg © S?::Lil Gene Name Protein Name (RER1KO_noPMA (RER 1v;IOuj)10PM A
[WT_noPMA) T W1 noPMA)

79966 | SCD5 Stearoyl-CoA desaturase 5 Stearoyl-CoA desaturase 5 2.780915058 9.74E-23

9415 | FADS2 Fatty acid desaturase 2 Acyl-CoA 6-desaturase 1.171429157 1.01E-15
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Fig. 3.32: Gene Ontology (GO) enrichment analysis of DEGs in RER1-deleted and
wt differentiated THP-1 cells. GO enrichment analysis of genes related to biological
process (A and D), cellular component (B and E) and molecular function (C and F) were
performed in RER1 ko and wt THP-1 differentiated cells. Downregulated enrichment (A-
C) and unregulated enrichment (D-F) are separately shown.
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Fig. 3.33: Expressions of lipid metabolism related proteins in wt and RER1 ko THP-
1 cells. (A) and (C) Detection of lipid metabolism related proteins in RER1 ko and wt THP-
1 undifferentiated (A) and differentiated (C) cells. Cellular membranes were isolated and
western immunoblotting was used for the detection of the indicated protein. Quantification
of CYP51A1 (B and D), LDLR (E), LRP1 (F and G), NPC1 (H), ABCA1 (I) and ApoE (J)
by western immunoblotting (as shown in A and C) Indicated proteins were normalized to
the full protein stained by ponceau. Values represent Mean + SEM of three independent
experiments with one to three samples per experiment. Each data point represents the
mean value of an individual experiment. Student’s t-test (unpaired, two-tailed). *p <0.05,
**p <0.01, ***p <0.001.
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4 Discussion

DAP12, interacting with its co-receptors, including TREM2, plays important roles in the
regulation of immune cell functions, including survival and proliferation, phagocytosis,
chemotaxis, cytoskeletal remodeling and cytokine production (Koth et al., 2010, Otero et
al., 2012, Takahashi et al., 2005, Wang et al., 2016). The physiological importance of
DAP12 is demonstrated by loss of function mutations that cause NHD, a severe disorder
characterized by bone abnormalities and progressive dementia (Paloneva et al., 2002).
Notably, NHD can also be caused by mutations in TREMZ2, indicating that impaired
TREM2-DAP12 signaling underlies the development of this disease (Liu et al., 2024,
Sessa et al., 2004, Soragna et al., 2003).

In this study, we used THP-1 monocyte-derived macrophage-like cells as a model where
the TREM2-DAP12 complex is endogenously expressed, and HEK293 cells as a model
where the TREM2-DAP12 complex is overexpressed. The present data confirm that the
interaction of DAP12 and TREMZ2 is mediated by the charged residues in the
transmembrane domain of the two proteins. Trimeric and tetrameric assemblies of DAP12
are formed in transiently transfected HEK293 cells with DAP12 and TREMZ2 variants when
DAP12 is not binding to TREM2. The absence of TREM2 or without the interaction with
TREM2, DAP12 is instable and degraded efficiently by proteasome. Moreover, the
assembly with TREM2 is necessary for the proper transport of DAP12 to the plasma
membrane. The present work also indicates that the aspartic acid residue D50 in the
transmembrane of DAP12 represents a retention signal, and that RER1 prevents cell
surface transport of DAP12 by binding to this D50 residue when it is not assembled with
one of its cognate immunoreceptors. The RXR motif in the cytoplasmic domain of DAP12
does not seem to play a role in the retention of unassembled DAP12. The deletion of
RER1 also interferes with TREM2-DAP12 signaling and phagocytosis. In addition, RER1
alters lipid metabolism in both undifferentiated and differentiated THP-1 cells. Thus, RER1
is critically involved in the regulation of DAP12 mediated signaling and immune cell

function.
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4.1 Low concentration of PMA is sufficient to differentiate THP-1 cells into macrophage-

like cells

THP-1 is a human acute monocytic leukemia cell line derived from the peripheral blood of
a patient diagnosed with monocytic leukemia, which was established in 1980 (Tsuchiya
et al., 1980). Macrophage-like cells differentiated from THP-1 cells have been widely used
in inflammation related studies. A recent study compared the transcriptomes in
undifferentiated and differentiated THP-1 cells by RNA sequencing and revealed that the
differentiation of THP-1 cells to macrophage-like cells leads to the significant upregulation
of more than 3000 genes, which are closely associated with the activation of immune cells,
and to the downregulation of more than 2000 genes linking to cell cycle process and cell
division (Liu et al., 2023), indicating that differentiated THP-1 cells acquire additional
functions related to both innate and adaptive immunity while concurrently losing their

ability to proliferate, as compared to undifferentiated THP-1 cells.

There are several inducers used for the differentiation of THP-1 cells into macrophage-
like cells, including PMA, retinoic acid (RA), tumor necrosis factor-alpha (TNF-a) plus
Interferon-gamma (IFN-y), 1,25-Dihydroxyvitamin D3 (Vitamin D3) and colony-stimulating
factors (CSF, e.g., M-CSF, GM-CSF), which act through different signaling pathways to
drive THP-1 cell differentiation. During the differentiation, cells get adherent and undergo
many morphological and physiological alterations, resulting in diverse phenotypes and
functional characteristics of the differentiated macrophage-like cells (Chanput et al., 2014,
Chen et al., 1996, Chen & Ross, 2004, Schwende et al., 1996, Tsuchiya et al., 1982).
PMA is the most commonly used inducer for the differentiation of THP-1 monocytes into
macrophage-like cells and it is an analog of diacyl glycerol which can activate PKC, in
particular the classical and the novel PKC isoforms (Tsuchiya et al., 1982). However, there
are many different protocols about the choice for the concentration of PMA, ranging from
5 ng/mL to 400 ng/mL, and treatment time, ranging from 24 h to 72 h (Park et al., 2007).
Here, we also tried different conditions, including the different concentrations of PMA,
ranging from 5 ng/mL to 50 ng/mL, and different treatment time for PMA, 48 h and 72 h,
to differentiate THP-1 cells into macrophage-like cells. We observed the treatment of PMA
5 ng/mL for 48 h and recovery of cells in RPMI completed medium was sufficient to induce
TREM2 and DAP12 expression in THP-1 differentiated macrophage-like cells (Fig. 3.1).
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The expression of DAP12 and TREM2 at both mRNA and protein level were increased
robustly in macrophage-like cells compared to undifferentiated THP-1 monocytes (Fig.3.1).
Similar findings were obtained previously in a study for optimizing differentiation conditions
of THP-1 cells (Park et al.,, 2007). They proposed that THP-1 cells are effectively
differentiated with 5 ng/ml PMA, and subsequently, the differentiated macrophages exhibit
a robust response to weak stimuli without excessive gene upregulation induced by PMA.

The expression of TREM2 in monocytes is controversial (Bouchon et al., 2000). Here, we
observed a low level of TREM2 expression at both protein and mRNA level in THP-1

monocytes cell line (Fig. 3.1).

Moreover, we conducted a comparison of DAP12 and TREM2 migration in SDS gels by
western immunoblotting under non-reducing (sample buffer without DTT) and reducing
(sample buffer with DTT) conditions. We found that addition of DTT to the loading buffer
led to the complete reduction of DAP12 dimers into monomers. However, under the non-
reducing condition, we observed well-defined DAP12 homodimers, which are crucial for
interaction with co-receptors (Fig. 3.1). A previous study demonstrated that KIR2DS, a co-
receptor of DAP12, interacts with DAP12 dimers, and DAP12 oligomers were only
observable under non-reducing conditions (Knoblich et al., 2015). Consequently, we
opted for the non-reducing condition throughout our study, as our focus is on

understanding the mechanisms governing the assembly of the TREM2-DAP12 complex.

4.2 The interaction of DAP12 and TREM2 is mediated by the charged residues in the

transmembrane domain of the proteins

Previous findings indicated the interaction of DAP12 and its co-receptors is mediated via
charged amino acid residues in their TMDs, including the aspartic acid residue D50 in
DAP12, and a lysine (K) or arginine (R) residue in the respective the co-receptors
(Bouchon et al., 2001, Feng et al., 2006, Lanier et al., 1998a). The presence of a central
transmembrane (TM) lysine is a critical characteristic of DAP12-associated receptors, and
assembly and surface expression is not interfered even the lysine is placed in a TM
sequence full of hydrophobic amino acids, such as valine or leucine residues (Feng et al.,
2006, Feng et al., 2005). Here we generated the mutations of TREM2-DAP12 interaction
sites, D50A and K186N, by site-directed mutagenesis and HEK293 cells were transiently
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transfected with the cDNA constructs coding those two mutations as well as TRM2
wt+DAP12 wt. Further coimmunoprecipitation assays showed that the interaction of
TREM2 and DAP12 didn’t exist in those two mutations (Fig. 3.3). Similar results were
obtained in a previous study showing that both TREM2 FL and CTF were not precipitated
by anti-DAP12 antibody in TREM2 and DAP12 D50A co-transfected cells (Zhong et al.,
2015). Interestingly, a K186N substitution is one of the TREM2 mutant causing NHD which
was identified in Norwegian NHD family (Paloneva et al., 2002). The K186N mutation is
predicted to result in defects in signal transduction due to the impairment of the interaction
with DAP12 (Call et al., 2010). Here, our results confirmed the interaction of DAP12 and
one of its co-receptors, TREMZ2, is mediated by DAP12 D50 and TREM2 K186. This
similar assembly structure, one basic and two acid residues, exists in other different
immunoreceptor-adapter interaction. Important examples include TCR that interacts with
its adaptor CD3, which contains three signaling modules, CD3d¢, CD3ye, and (¢ (Call et
al., 2002), and NKG2D that assembles with DAP10 (Feng et al., 2006, Feng et al., 2005,
Garrity et al., 2005). The threonine residue in DAP12 TMD (T54) is also involved for the
interaction of DAP12 and its co-receptors, since these two T54 residues in the dimer of
DAP12 contribute to the complex electrostatic network between DAP12 and its co-
receptors, and T54 could stabilize the D50 side chain in a position that favors contact with
the lysine amino group (Call et al., 2010). The presence of polar amino acids at specific
positions in the TMD is sufficient for the interaction between adapter proteins and immune
receptors (Feng et al., 2006). In our research, the complete loss of interaction resulting
from mutations at interaction sites further confirms this. Furthermore, there are other
factors affecting the binding specificity between immunoreceptors and their adaptors,
including spatial hindrance of the immunoreceptor extracellular domains (Feng et al.,
2006).

We also noted that compared with the HEK 293 cells overexpressed TREM2 wt-DAP12
wt, both DAP12 D50A and TREM2 K186N mutants, which showed no interaction between
DAP12 and TREM2, formed increased levels of SDS resistant trimers and tetramers (Fig.
3.3). A previous study also showed that in addition to dimeric form, DAP12 formed into
trimer and tetramer when it is not assembled with KIR2DS, one of its co-immunoreceptors.
Those trimeric or tetrameric structures are competitive with receptor association in the ER

(Knoblich et al., 2015). As shown by in vitro translation experiments with different amounts
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of KIR2DS mRNA mixing with the same amounts of DAP12 wt and DSON mutation mRNA,
the levels of trimer and tetramer decreased as the amount of KIR2DS mRNA increased in
DAP12 wt while DAP12 D50N exhibited consistent levels of trimer and tetramer regardless
of the increased amounts of KIR2DS mRNA.

For the co-immunoprecipitation experiments, we used transiently transfected HEK293
cells which have robust protein overexpression. However, studies have demonstrated that
excessive protein overexpression may overwhelm retention and quality control
mechanisms within the ER, consequently facilitating the export of misfolded or immature
proteins (Barlowe & Helenius, 2016, Hammond et al., 1994, Spear & Ng, 2003). To avoid
saturation of cellular degradation pathways or induction of cell stress responses, stable
cell clones in HEK293 cells that overexpress the indicated TREM2 and DAP12 variants
were generated for further experiments on the turnover and localization of these proteins

in this study.

4.3 DAP12 protein expression level is decreased without assembly with TREM2

To investigate the characteristics of TREM2-DAP12 complex assembly, especially the
effect of TREM2 on the metabolism of DAP12, TREM2 was deleted in THP-1 cells and
direct comparison of DAP12 expression level in differentiated wt and TREM2 ko THP-1
cells showed a significant decrease of DAP12 dimer and monomer at protein level (Fig.
3.4), but not at mRNA level (Fig. 3.4), indicating that the deletion of TREM2 might impair
the translational or post-translational process of DAP12 protein (Liu et al., 2024). A similar
result was observed in a prior study showing that DAP12 was decreased in TREM2 ko
THP-1 cells at protein level (Boudesco et al., 2022), while there was no comparison of
MRNA expression level between wt and TREM2 ko THP-1 cells in this study. In another
transmembrane protein complex, the absence of PS1 or PS1/PS2 leads to a significant
reduction in PEN2 levels. Similarly, the downregulation of Nct by RNA interference results
in reduced levels of PEN2. Conversely, the downregulation of PEN2 via RNA interference
is also associated with decreased levels of PS, impaired Nct maturation, and the formation
of a deficient y-secretase complex, indicating that components of the multiprotein complex
can influence the expression levels of each other (Steiner et al., 2002). Another sample is

that TREM2 CTF was significantly increased in the presence of DAP12 (Zhong et al.,
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2015). Those evidences might indicate that complex formation stabilizes the individual
proteins. When any component is removed, it leads to a decrease in the overall
abundance of the complex, consequently resulting in a loss of complex activity (Edbauer
et al., 2002, Francis et al., 2002, Steiner et al., 2002, Zhong et al., 2015). To further find
out the reason why DAP12 protein expression level was so strongly decreased in TREM2
ko cells, we explored the turnover of DAP12 by cycloheximide chase assay in the following

experiments.

4.4 TREM2 stabilizes DAP12

Previous study showed that DAP12 could stabilize the TREM2 CTF, indicating the
importance of DAP12 for its co-receptor metabolism (Zhong et al., 2015). However, there
is no evidence about the effect of assembly with co-receptors on DAP12 metabolisms.
Here, we found the expression of DAP12 at protein level in TREM2 ko was strongly
decreased compared with wt cells (Fig. 3.4). Therefore, we wanted to explore the effects
of TREM2 on the stability of DAP12 using a THP-1 differentiated macrophage-like cell
model with endogenous expression of TREM2 and DAP12. Different approaches have
been applied to measure the kinetics of protein turnover, including radionuclide-labeled
amino acids based pulse-chase assay, pharmacological inhibitors of the synthesis, the
degradation based chase assay or mass spectrometry technology based assay (Ross et
al., 2021). Cycloheximide, a protein synthesis inhibitor, is commonly used to analyze
protein turnover by measuring changes in protein levels over time to determine their half-
life. By blocking new protein synthesis, cycloheximide allows existing proteins to degrade,
and the rate of protein degradation can be quantified to determine protein turnover rates
(Belle et al., 2006). Cycloheximide is a small molecule derived from Streptomyces griseus
that is used as a fungicide. Cycloheximide works by inhibiting protein synthesis at the
translation elongation stage. Specifically, it binds to the 60S ribosomal subunit of
eukaryotic ribosomes and interferes with the translocation step of protein synthesis
(Garreau de Loubresse et al., 2014, Schneider-Poetsch et al., 2010). This inhibition
prevents the elongation of polypeptide chains, leading to the cessation of protein synthesis
(Kao et al., 2015, Li et al.,, 2021, Miao et al., 2023). By inhibiting protein synthesis,

cycloheximide is used to investigate the turnover rates of specific proteins and to study
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the mechanisms underlying protein degradation pathways, such as the ubiquitin-

proteasome pathway and autophagy.

In the present study, cycloheximide chase assay was used to assess the turnover of
DAP12 in both differentiated THP-1 cell model and HEK293 cell model with
overexpression of DAP12 and TREMZ variants. Interestingly, deletion of TREM2 strongly
increased the degradation of DAP12 dimer in THP-1 differentiated cells. The half-life time
of DAP12 dimer was shortened from around 6 h in wt cells to around 3 h in TREM2 ko
cells, while the deletion of TREM2 had little effect on the turnover rate of DAP12 monomer
(Fig. 3.4). These results indicated destabilization of DAP12 dimer when it is not assembled
with an appropriate immune receptor. Similar results were also obtained in a non-immune
related HEK293 Flp-In cell model with overexpressed DAP12 and/or TREM2. We
observed that dimeric DAP12 was quickly degraded in cells expressing DAP12 alone or
together with the TREM2 K186N variant, but not in cells expressing DAP12 together with
TREM2 wt, indicating that the stabilization of DAP12 dimer by TREM2 does not require

other factors selectively expressed in immune cells (Liu et al., 2024).

However, monomeric DAP12 in HEK293 cells co-expressing DAP12 wt and TREM2 wt
was quite stable upon the treatment with cycloheximide (Fig. 3.5). In HEK293 cells with
the co-overexpression of DAP12 and TREM2 wt, the generation of TREM2 and DAP12
proteins are comparable because of this bicistronic cDNA construct encoding TREM2 and
DAP12 separated by a T2A linker sequence to ensure stoichiometric expression of both
proteins. However, in THP-1 wt cells, the DAP12 protein might be present as a pool
available for the binding to different co-receptors. We assume that the amount of
endogenously expressed DAP12 is more than TREMZ2 in THP-1 cells. Therefore, the free
DAP12 pool in THP-1 cells is higher than that in HEK293 cells with the overexpression of
DAP12 and TREMZ2 and unstable without the binding to the co-receptors (Liu et al., 2024).

4.5 DAP12 is mainly degraded by the ubiquitin-proteasome pathway
Degradation pathways of DAP12 and TREM2 have not been widely explored. In cells,

there are two main degradation pathways responsible for maintaining cellular homeostasis

and disposing of unwanted or damaged components: the ubiquitin-proteasomal pathway
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and the autophagy-lysosomal pathway (Ciechanover, 2005, Dikic, 2017). The ubiquitin-
proteasomal pathway targets individual intracellular short-lived proteins (Majumder &
Baumeister, 2019). This process involves the covalent attachment of a small protein
known as ubiquitin to target proteins, thereby tagging them for degradation (Majumder &
Baumeister, 2019). The proteasome recognizes the polyubiquitin chain attached to the
target protein, unfolds it, and degrades it into short peptides (Inobe & Matouschek, 2014,
Tanaka, 2009). The autophagy-lysosomal pathway is mainly responsible for the
degradation and recycling of organelles, membrane proteins, and invading pathogens
(Kraft & Martens, 2012, Yang & Klionsky, 2009).

Here, lacatacystin and MG132 were used as inhibitors for the proteasome. Lactacystin is
a natural product and a potent and specific inhibitor of the proteasome. It was originally
isolated from the bacterium Streptomyces lactacystinaeus (Omura & Crump, 2019).
Lactacystin inhibits the proteasome by forming a covalent bond with the active site of the
proteasome's beta subunits and irreversibly inhibits the chymotrypsin-like activity of the
proteasome, which is responsible for the cleavage of peptide bonds after hydrophobic
amino acids (Tomoda & Omura, 2000). Differently, MG132 binds reversibly to the active
site of the proteasome, where it forms a covalent bond with the catalytic threonine residues
located within the B subunits of the proteasome and further inhibits the activation of
proteasome (Albornoz et al., 2019, Harer et al., 2012). However, the inhibitory effect of
MG132 is not specific for the proteasome, since it can also inhibit other proteases

including calpains and cathepsins (Tsubuki et al., 1996).

Chloroquine is known to inhibit lysosomal function. Chloroquine accumulates within
lysosomes, where it raises the pH of the acidic lysosomal environment (Homewood et al.,
1972, Pasquier, 2016, Slater, 1993). Lysosomes normally maintain an acidic pH (pH 4.6-
5.0) to facilitate the activity of hydrolytic enzymes responsible for degrading
macromolecules. By raising the lysosomal pH, chloroquine disrupts the optimal conditions
required for lysosomal enzyme activity. As a result, the degradation of macromolecules
within lysosomes is impaired, leading to the accumulation of undegraded materials and
dysfunctional lysosomes. Chloroquine also inhibits autophagy by disrupting the fusion of
autophagosomes with lysosomes, thereby preventing the degradation of autophagic
cargo (Mauthe et al., 2018).
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In the present study, we firstly treated the THP-1 wt and TREMZ2 ko cells with inhibitors
for proteasome and lysosome for 4 h. Interestingly, a strong stabilization of the DAP12
dimer could be observed upon the inhibition of proteasome in TREM2 ko cells but not in
wt cells, while the treatment of chloroquine had no effect on DAP12 dimer in both wt and
TREMZ2 ko cells (Fig. 3.6), indicating that DAP12 dimer is mainly degraded by proteasome
and the stability of DAP12 dimer is decreased without the assembly with TREM2. DAP12
monomer was slightly increased upon the inhibition of proteasome in both wt and TREM2
ko cells (Fig. 3.6), indicating that DAP12 monomer is also mainly degraded by
proteasomal activity. Similar results were also observed in HEK293 cells with the stable
transfection of DAP12 and TREM2 variants. Dimeric DAP12 was significantly increased
in the cells overexpressing DAP12 wt alone with or without TREM2 K186N variants but
not in the cells co-expressing TREM2 wt. Monomeric DAP12 was increased in all of three
mutations upon the inhibition of proteasomal activity, but the difference between the
lactacystin, MG132 treated and no-treated condition was only significant in DAP12 co-
expressed with TREM2 K186N variant (Fig. 3.7). These results confirmed the observation
obtained in THP-1 cells, that DAP12 not interacting with TREMZ2 is mainly degraded by
proteasome. Moreover, the observation of trimeric DAP12 in TREM2 ko THP-1
differentiated macrophage-like cells and TREM2 K186N+DAP12 wt overexpressing
HEK293 cells treated with proteasome inhibitors suggests that DAP12 can form trimer
independently of co-receptor assembly (Fig. 3.7). However, the stability of DAP12 trimeric
forms in TREM2 ko THP-1 differentiated macrophage-like cells and TREM2
K186N+DAP12 wt overexpressing HEK293 cells is transient, as they are only detected
under proteasomal degradation inhibition (Liu et al., 2024). Similar findings were reported
in a prior study, indicating that DAP12 homotrimers compete with DAP12-co-receptor
heterotrimers during the assembly process (Knoblich et al., 2015).

The treatment of THP-1 wt cells with lactacystin and MG132 decreased levels TREM2 FL,
but increased levels of TREM2 CTFs, albeit the effect of lactacystin on the level of TREM2
CTFs was not significant (Fig. 3.6). Similarly, the treatment of HEK293 cells with
lactacystin and MG132 slightly decreased levels of full-length TREM2 in DAP12 co-
expressing with TREM2 wt but no effect in DAP12 co-expressing with TREM2 K186N,
while increased levels of the CTFs of TREM2 in both variants, but the effect of lactacystin

was slight (Fig. 3.7). The inhibition of lysosomal activity by chloroquine had no significant
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effect on TREM2 CTFs in both THP-1 cells and HEK293 cells with the overexpression of
DAP12 and TREM2 variants, suggesting that the degradation of TREM2 CTFs rather
involves proteasomal activity than lysosomal activity (Fig. 3.6 and Fig. 3.7). However,
TREM2 CTFs are generated by ectodomain shedding, and can be processed further by
y-secretase (Glebov et al., 2016, Lichtenthaler et al., 2022, Oikawa & Walter, 2019,
Wunderlich et al., 2013), and it remains to be tested whether these pathways are affected

by proteasomal inhibition under our experimental conditions (Liu et al., 2024).

The strong accumulation of APP CTFs upon chloroquine treatment in both cells is in line
with previous findings, and indicates efficient inhibition of lysosomal activity under these
experimental conditions. However, both TREM2 CTFs and APP CTFs can undergo
intramembrane proteolysis by y-secretase that also could contribute to their degradation.
Proteasome inhibition could lead to enhanced autophagic activity (Ge et al., 2009,
Kyrychenko et al., 2014, Tang et al., 2014). Therefore, the decreased levels of TREM2 FL
and APP FL with the treatment of proteasomal inhibitors could result from activation of
another degradation pathway and/or increased shedding, which could also result in

increased production of CTFs (Liu et al., 2024).

4.6 Unassembled DAP12 is retained in early secretory compartments

The ER-to-Golgi transport of newly synthesized proteins is highly selective. Generally,
only properly folded and assembled soluble and membrane-associated secretory proteins
undergo this journey. Those misfolded and unassembled proteins could be retained in or
retrieved to ER compartment (Barlowe & Helenius, 2016). Previous flow cytometry studies
with Ba/F3 cells indicated that overexpressed DAP12 is not efficiently transported to the
cell surface without overexpression of CD94/NKG2C suggesting a retention mechanism
for DAP12 when it is not properly complexed with an immunoreceptor (Lanier et al., 1998a).
It was also suggested that DAP12 could facilitate surface transport of its co-
immunoreceptor, including TREM2 and KIR2DS (Mulrooney et al., 2013, Zhong et al.,
2015). However, overexpressed TREM2 is also transported to the cell surface and
secreted in the absence of DAP12 (Kleinberger et al., 2014, Sirkis et al., 2017). It was
indicated in previous studies that DAP12 might only be required for the surface transport

of C-lectin co-receptors but not be generally necessary for the surface transport of
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immunoglobulin co-receptors (Tomasello et al., 1998). For example, one of the C-lectin
coreceptors of DAP12, CD94/NKG2C, could not be expressed on the cell surface when it
was transfected alone or co-transfected with DAP12 D50A mutant in Ba/F3 cells (Lanier
et al., 1998a).

Here, we noticed that DAP12 was not transported to the cell surface in the absence of
TREMZ2 or when the interaction with TREMZ2 is prevented by mutating lysine residue K186
in the TMD of TREM2 that is critical for the interaction with DAP12 (Fig. 3.8).
Immunocytochemistry also revealed DAP12 was mainly colocalized with calnexin and
EGRIC53, which are expressed in the ER and ERGIC, respectively, indicating that
unassembled DAP12 is mainly retained in compartments of the early secretory pathway,
including the ER and ERGIC. However, in cells overexpressing TREM2 wt and DAP12 wit,
assembled DAP12 with TREM2 was predominantly localized at the cell surface, with
partial localization in the Golgi compartment. There, DAP12 colocalized with alpha 1
sodium potassium ATPase (a1 Na+/K+ ATPase), a plasma membrane protein, and
partially with Giantin, a cis-Golgi marker (Fig. 3.9). These findings strongly indicate that
the expression of co-receptors is required for the transport of DAP12. The localization of
TREMZ2 on the cell surface in TREM2 K186N co-expressing with DAP12 and TREM2 wt
co-expressing with DAP12 D50A could confirm that DAP12 might not be required for the
cellular transportation of TREM2 (Fig. 3.8) (Liu et al., 2024). The retention of unassembled
subunits of complex in the early secretory pathway could avoid proteins to be transported
to further compartments before the complete assemble of the complex. Those retained
proteins in the early secretory compartments would be further degraded for maintaining

the cellular homeostasis (Cosson et al., 2013).

4.7 The aspartic acid residue in the transmembrane domain is critical for retention of

unassembled DAP12 in early secretory compartments

The retrieval and retention signals, including the dilysine motifs (KKXX or KXKXX)
recognized by the COPI coat and an arginine-based RXR motif, are found in the C-
terminal of the proteins that cycle between the ER and the Golgi. Additionaly, the H/KDEL
motifs binding to KDEL receptors are found in the C-terminal sequences of soluble ER-
resident proteins (Michelsen et al., 2005, Munro & Pelham, 1987, Papanikou & Glick, 2014,
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Semenza et al., 1990). Some transmembrane proteins do not have C-terminal retrieval
motifs for COPI recognition. In this case, the RER1 protein, characterized as a
multispanning transmembrane protein with a COPI binding signal, could bind to the
proteins that have escaped into post-ER compartments through interactions involving its
transmembrane domains (Boehm et al., 1997b, Fullekrug et al., 1997, Sato et al., 2003).
The existence of charged residues or polar residues in the TMD of transmembrane

proteins is required for the interaction with RER1 (Cosson et al., 2013).

DAP12 contains a negatively charged residue, asparitic acid residue, in the TMD and it is
also responsible for the interaction with the co-immunoreceptors. Therefore, we explored
if this charged residue in the TMD of DAP12 mediates the ER retention and/or retrieval of
unassembled DAP12. In the present study, we firstly observed that DAP12 with the D50A
mutations was transported to the cell surface expressed with or without TREM2 (Fig. 3.10),
indicating that the mutation of D to A in DAP12 led to the escape of DAP12 from the ER
to post ER compartments and the cell surface. This observation was further confirmed by
the colocalization of DAP12 with Golgi maker giantin and plasma membrane maker alpha
1 sodium potassium ATPase in the cells overexpressing DAP12 D50A variants (Fig. 3.11).
Similar observations were made previously using flow cytometry of Ba/F3 cells upon virally
transduced DAP12 constructs (Lanier et al., 1998a). Indeed, charged or polar amino acid
residues in TMDs could be important determinants in the ER retention of several
membrane proteins, such as CD3, which is associated with TCR and mediates the signal

transduction (Bonifacino et al., 1990, Bonifacino et al., 1991, Cosson et al., 1991).

RER1 is a sorting receptor for the retrieval of ER membrane proteins and selected
unassembled subunits of larger protein complexes. It can retrieve clients from early Golgi
compartments by recognizing charged or other polar amino acid residues within the
respective transmembrane domains. Human client proteins of RER1 include
unassembled PENZ2, immature nicastrin, the a-units of skeletal muscle nicotinic
acetylcholine receptor (nAChR), and peripheral myelin protein 22 (PMP22) (Hara et al.,
2014, Kaether et al., 2007, Spasic et al., 2007, Valkova et al., 2011). Additional RER1
client proteins have been identified in yeast, including the ER resident membrane proteins
Sec12p, Sec71p, Sec63p (Sato et al., 1995, Sato et al., 1997), and unassembled subunits

of oligomeric membrane complexes like Fet3 (Sato et al., 2004). By co-
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immunoprecipitation assays in HEK293 cells transiently transfected with DAP12 and
TREM2 variants, we could demonstrate that RER1 interacts with DAP12, and that the
charged D50 residue in the DAP12 TMD is critical for this interaction (Fig. 3.12). We also
observed that DAP12 and RER1 interacted independently of the presence of TREMZ2 in
THP-1 cells, whereas in HEK293 cells with the overexpression of DAP12 and TREM2
mutants, this interaction was observed only in the absence of TREM2. Thus, a pool of
unassembled DAP12 might exist in THP-1 cells that is stabilized by the interaction with
RER1 in early secretory compartments, and is available on demand for assembly with
TREM2 or other immunoreceptors capable to interact with DAP12. In the HEK293 cell
model, we used a bicistronic construct encoding TREM2 and DAP12 linked by a T2A
sequence to assure stoichiometric expression of both proteins. Thus, in this model likely
most of DAP12 (dimers) associate with TREM2 thereby precluding interaction with RER1.
However, the relative contribution of RER1 to the retention/retrieval of unassembled
DAP12 and the exact molecular mode of interaction of both proteins remains to be
dissected in more detail. These combined results provide evidence for a molecular

mechanism mediating the retention and regulated degradation of unassembled DAP12.

Another observation was that DAP12 wt formed increased levels of SDS resistant trimers
and tetramers when expressed in the absence of TREM2 in the transiently transfected
HEK293 cells (Fig. 3.12), similar to the two mutations of interaction sites for TREM2 and
DAP12 (Fig. 3.3). A similar observation was made previously by Call et al. studying the
assembly of DAP12 with the NK cell activating receptor KIR2DS2 by in vitro translation
experiments, and it had been proposed that DAP12 interacting immunoreceptors compete
with additional DAP12 molecules for binding to covalently linked DAP12 dimers during
complex assembly (Knoblich et al., 2015). In addition, proteasomal inhibition also led to
the detection of trimeric DAP12 in HEK293 cells stably overexpressing DAP12 with the
TREM2 K186N mutant, further supporting the notion that TREM2 or other receptors
compete with monomeric DAP12 for binding to covalently linked DAP12 dimers (Liu et al.,
2024).
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4.8 RGR motifis not important for the retention of unassembled DAP12 in early secretory

compartments

Arginine (Arg)-based ER-localization signals (RXR) were firstly identified to be involved in
the transport of major histocompatibility complex (MHC) class Il (Bakke & Dobberstein,
1990, Lotteau et al.,, 1990). Afterwards, RXR motifs were identified in many
transmembrane proteins, such as G-protein coupled receptor 1 for gamma-aminobutyric
acid (GABA&R1), the delta opioid receptor, the N-methyl-D-aspartate (NMDA) receptor,
the ATP-sensitive potassium channel subunit (Kir6.1), longer transmembrane protein 63B
(TMEMG63B) isoform, and others, mediating the ER retention of those proteins (Aziz et al.,
2014, Margeta-Mitrovic et al., 2000, Shiwarski et al., 2019, Wu et al., 2023). It was shown
that RXR motif is binding to the COPI retrieval vesicles and mediates the retention of
respective proteins, especially the subunits of the transmembrane protein complexes in
the early secretory compartments (Michelsen et al., 2005). However, the RXR motifs are
masked when subunits of the transmembrane protein complex are fully assembled with
or interact with other proteins, leading to the further transport to cell surface. For example,
NMDA receptor (NR) 1 has four splice variants, NR1-1, NR1-2, NR1-3 and NR1-4. NR1-
1 and NR1-3 contain RRR motifs in the C-terminal domain while only NR1-1 retains
intracellularly. NR1-3 contains a terminal four amino acid PDZ-interacting domain in its C-
terminus, which could mask the RRR motif, resulting in the further transport of NR1-3
(Standley et al., 2000).

A RXR (70RGR72) motif is also present in the cytoplasmic domain of DAP12, which is
very close to its transmembrane domain. Therefore, we explored whether this RXR motif
plays a role in the retention of unassembled DAP12. By mutating the two arginine residues
at position 70 and 72 to the alanine residues (A), we observed that mutated arginine
residues didn’t lead to the forward transport of DAP12 (Fig. 3.13 and Fig. 3.14), indicating
that the RGR motif of DAP12 had little effect on the retention of unassembled DAP12.
Therefore, the aspartic acid residue (D50) in the TMD of DAP12 plays a leading role for
the retention/retrieval of unassembled DAP12 and the interaction between D50 with the
positively charged residues localized in the TMD of its co-receptor masks this
retention/retrieval signal, leading to the exit of assembled DAP12-co-receptor complexes.
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4.9 RER1 deletion decreases levels of TREM2-DAP12 complex and impairs the TREM2-
DAP12 signaling and phagocytosis of macrophage-like cells differentiated from THP-1

monocytes

A functional relevance of RER1 in the expression and signaling TREM2-DAP12
complexes was demonstrated by the deletion of the RER1 gene in THP-1 cells. As
compared to wt cells, RER1 ko cells showed strongly decreased levels of both TREM2
and DAP12 at protein level, while the deletion of RER1 didn’t significantly affect the mRNA
level of both TREM2 and DAP12 (Fig. 3.15). It has been reported previously that
knockdown of RER1 results in decreased levels of the AchR a-subunit, which is also a
client protein of RER1 (Valkova et al., 2011). These findings suggest that RER1 not only
controls the retention or retrieval of unassembled components of certain membrane
protein complexes, but also may stabilize these proteins until they properly assemble into
functional complexes prior to transport to the cell surface to interact with specific ligands

and trigger membrane proximal signaling (Liu et al., 2024).

We also observed that the turnover of DAP12 was not affected while the inhibition of
proteasome by MG132 partially stabilized DAP12 dimer in RER1 ko cells (Fig. 3.16 and
Fig. 3.17). These findings suggest that additional posttranscriptional and/or
posttranslational mechanisms could contribute to the strong decrease of DAP12 and
TREMZ2 proteins in RER1 ko cells (Liu et al., 2024).

Indeed, RER1 ko THP-1 cells showed strongly reduced phosphorylation of SYK upon
stimulation of TREM2 with agonistic antibodies (Fig. 3.18). Furthermore, the deletion of
the RER1 gene in THP-1 cells significantly decreased phagocytic activity (Fig. 3.19),
thereby showing the importance of RER1 in the maintenance of immune cell function (Liu
et al., 2024).

RER1 is almost ubiquitously expressed in different cell types (Uhlén et al., 2015). An
important function of RER1 is the modulation of Notch signaling during mouse cerebral
cortex development by maintaining sufficient cell surface expression and activity of the y-
secretase complex (Hara et al., 2018). RER1 has also been recognized as one of the
most stably expressed genes throughout choroid plexus development and aging in mice,

and considered as a housekeeping gene (Ho & Patrizi, 2021). Abundant expression of
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RER1 mRNA and protein is also detected in microglia and other immune cells (Karlsson
et al., 2021, Sjostedt et al., 2020, Uhlen et al., 2019). y-Secretase dependent Notch
signaling also regulates lymphocyte development, differentiation and proliferation (Radtke
et al., 2010), and the inflammatory response of myeloid cells to various stimuli
(Grandbarbe et al., 2007, Keewan & Naser, 2020). A recent study also revealed that RER1
is important in maintenance of proteostasis in Drosophila (Paul et al., 2024). The present
data show that RER1 plays additional roles in the regulation of immune cell function by
controlling assembly and surface expression of functional TREM2-DAP12 complexes.
Thus, it will be important to further dissect RER1 function in immune cells, and its role in

the regulation of inflammatory processes (Liu et al., 2024).

4.10 RER1 deletion alters the lipid metabolisms of both undifferentiated and differentiated
THP-1 cells

The presented data indicate the strong accumulation of lipid droplets mainly containing
TAGs in RER1 ko monocytes and macrophage-like cells as compared to wt cells.
Additionally, RER1 is implicated in the cellular cholesterol metabolism, indicated by the
changes of mMRNA and protein expression of factors involved in cholesterol biosynthesis,
uptake, intracellular transport, and efflux. Thus, RER1 plays a crucial role in lipid

metabolism in those immune cells.

Lipid droplets (LDs) are dynamic organelles found in most cells, serving as storage sites
for neutral lipids, including triacylglycerols (TAGs) and cholesterol esters (CEs).The
accumulation of LDs has been related to inflammation and immune cell function in several
diseases, including obesity, diabetes, atherosclerosis, neurodegenerative disorders
(Accad et al., 2000, Bozza & Viola, 2010, den Brok et al., 2018, Farmer et al., 2020,
Koliwad et al., 2010, Nagle et al., 2009, Stephenson et al., 2024, van Dierendonck et al.,
2022, Walther & Farese, 2012). Previous studies showed LDs accumulation in presenilin
(PS) ko mouse embryonic fibroblast (Fabiano et al., 2024, Gutierrez et al., 2020), which
might be due to the impairment of y secretase function. Interestingly, RER1 deletion in the
HAP1 cell line leads to the reduction of PEN2, Nicastrin and PS1, which decreased the
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assembly of the y-secretase complex (Hara et al., 2018). Whether RER1 deletion affects

lipid metabolism is not known so far.

Here we also explored the role of RER1 on the regulation of lipid metabolism in monocytes
and macrophage-like cells. The accumulation of lipid droplets in RER1 ko cells (Fig. 3.20
and Fig. 3.21), which mainly contain TAGs, demonstrated that the RER1 deficiency
increased cellular TAGs storge in immune cells. The increased cholesterol precursors and
genes involved in sterol synthesis pathways in RER1-deficient monocytes indicated that
RER1 deletion upregulated cholesterol biosynthesis in those cells. Additionally,
expression of genes related to cholesterol uptake, intracellular transport and efflux was
upregulated at both, mRNA and protein levels in RER1 ko macrophage-like cells,
indicating the critical involvement of RER1 in the regulation of cholesterol metabolism in

those cells.

Cholesterol is synthesized from acetate via a complex process that involves more than 30
different steps, which can be divided into four major processes, including condensation of
acetate to isoprene, polymerization of isoprene to squalene, cyclization of squalene to
lanosterol, and finally the conversion of lanosterol to cholesterol (Mitsche et al., 2015).
Two biochemical pathways, including Bloch pathway and Kandutsch-Russell pathway,
have been found for the synthesis of cholesterol from lanosterol (Bloch, 1965, Kandutsch
& Russell, 1960a, Kandutsch & Russell, 1960b). The precursors of cholesterol, including
lanosterol and desmosterol, were significantly increased in RER1 deleted THP-1
monocytes as compared to wt monocytes, while lathosterol was strongly decreased by
RER1 deletion, indicating the de novo synthesis of cholesterol in the Bloch pathway was
upregulated and the Kandutsch-Russell pathway was downregulated (Fig. 3.22). A
previous study revealed the Bloch pathway as a main pathway for the biosynthesis of
cholesterol (Mitsche et al., 2015). Surprisingly, in macrophage-like cells, RER1 deficiency
resulted in decreased lanosterol, desmosterol and lathosterol, indicating the reduction of
cholesterol biosynthesis in RER1 deleted cells as compared to wt cells (Fig. 3.22). The
difference of the effects of RER1 on cholesterol biosynthesis in monocytes and
macrophage-like cells needs to be further explored. However, in both monocytes and
macrophage-like cells, the total amount of cholesterol was comparable in RER1 ko and

wt cells, while increased free cholesterol and decreased cholesterol esters were observed
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in RER1 ko cells (Fig. 3.22). Upregulation of the Bloch pathway leads to the accumulation
of desmosterol, which can activate liver X receptors (LXR) and further promote the export
of cholesterol, and also inactivate sterol response element-binding protein 2 (SREBP2) to
suppress the biosynthesis of cholesterol (Mitsche et al., 2015). Our data showed that the
total amount of cholesterol was not significantly changed in RER1 deleted undifferentiated
cells, which might be due to compensatory regulation of cholesterol levels in these cells.
Further experiments need to investigate effects of RER1 on those regulatory mechanisms

of cholesterol.

Although LDs were strongly accumulated in RER1 ko cells in both monocytes and
macrophage-like cells, detailed analysis revealed rather decreased levels of CEs (Fig.
3.22). Therefore, we analyzed the different species of CEs by mass spectrometry to
further investigate the possible content of increased LDs in RER1 ko cells. Similarly, the
level of CEs in RER1 ko monocytes was not much changed but was significantly
decreased in RER1 ko macrophage-like cells (Fig. 3.23 and Fig. 3.24). Oppositely, we
observed significant increases in TAGs and DAGs in RER1-deficient macrophages as
compared to wt cells (Fig. 3.23 and Fig. 3.24). TAGs are stored in LDs in most mammalian
cells (Barbosa & Siniossoglou, 2017a, Henne et al., 2018, Walther & Farese, 2012, Wang
et al., 2017). Beside TAGs, previous studies showed the direct metabolic precursor
diacylglycerol, DAG, can also accumulate in LDs (Cantley et al., 2013, Kuerschner et al.,
2008). Therefore, our results suggested the increased amounts of both TAGs and DAGs

in accumulated LDs in RER1 ko cells.

Next, we investigated the effects of RER1 on the expression of RNAs and proteins
associated with lipid metabolism. Our RNA sequencing data showed that RER1 deletion
upregulated many genes involved in lipid metabolism. In THP-1 monocytes, KEGG
enrichment analysis of differentially expressed genes (DEGs) showed that steroid
biosynthesis pathway was significantly upregulated in RER1 ko cells (Fig. 3.26). In this
pathway, MSMO1, SQLE, EBP, CYP51A1, NSDHL, DHCR7, SC5D, LSS, FDFT1,
TM7SF2 were all involved in cholesterol de novo biosynthesis, which further proved the
elevated cholesterol precursors in RER1 ko monocytes (Ershov et al., 2021). However,
some of those genes were also upregulated in RER1 ko macrophage-like cells as

compared to wt cells, while cholesterol precursors were strongly decreased in RER1 ko
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cells, which needs to be further investigated. Further western immunoblotting proved the
increased expression of CYP51A1 at protein level (Fig. 3.33). Besides steroid
biosynthesis, KEGG enrichment analysis of DEGs in macrophage-like cells also showed
that ‘lipid and atherosclerosis’ and ‘cholesterol metabolism’ were upregulated in RER1
deficient cells (Fig. 3.26 and Fig. 3.28). Genes involved in those pathways include ABC
transporters, such as ABCA71, ABCG1 and ABCG8 which mediate the export of
cholesterol (Yu & Tang, 2022, Yvan-Charvet et al., 2010). The receptors mediating the
import and intracellular transport of cholesterol, including low density lipoprotein receptor
(LDLR), LDL receptor related protein 1 (LRP1), NPC intracellular cholesterol transporter
1 and 2 (NPC1 and 2) were also increased in RER1 ko macrophage-like cells (Goldstein
& Brown, 2009, Pfeffer, 2019). In addition of increased mRNA levels of those genes, we
also observed elevated protein levels of ABCA1, LDLR, LRP1 and NPC1 in RER1 ko
macrophage-like cells as compared to wt cells (Fig. 3.33). These results indicate the
upregulation of both import and export of cholesterol in RER1 ko macrophage-like cells
as compared to wt cells. Other genes related to cholesterol metabolism, such as APOE,
LPL, APOCT1, LIPG, MYLIP, were upregulated in RER1 deleted macrophage-like cells.
Apolipoprotein E (ApoE), encoded by APOE, is a lipid transport protein and binds to
lipoproteins, such as very low density lipoprotein (VLDL) (Mahley, 1988, Mahley & Rall,
2000). ApoE also binds to high density lipoprotein (HDL) and mediates the cholesterol
efflux from macrophage (Tudorache et al., 2017). Apolipoprotein C1, encoded by APOCT,
can inhibit the binding of ApoE-mediated lipoprotein with the corresponding receptors and
also regulate the activity of lipoprotein lipase (Fuior & Gafencu, 2019). Lipases
upregulated by RER1 deletion in macrophage-like cells include lipoprotein lipase encoded
by LPL, and endothelial lipase G encoded by LIPG. MYLIP encodes myosin regulatory
light chain interacting protein, also known as inducible degrader of LDLR (IDOL), which is
an E3 ubiquitin ligase to promote the ubiquitination of LDLR for further degradation (Yu et
al., 2021).

Further GO enrichment analysis of DEGs in monocytes revealed the upregulation of
‘cholesterol biosynthetic process’, ‘sterol biosynthetic process’, ‘regulation of lipid
metabolic process’, ‘steroid biosynthetic process’, ‘cholesterol biosynthetic process via

desmosterol and lathosterol’, ‘lipid metabolic process’ and ‘stearoyl-CoA 9-desaturase’ in
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RER1 deleted monocytes (Fig. 3.29 and Fig. 3.30). This analysis showed another two
upregulated genes, including HMGCS1 and HMGCR, which are involved in the de novo
synthesis of cholesterol, further demonstrating the upregulation of cholesterol
biosynthesis in RER1 deleted monocytes. INSIG1, encoding insulin-induced gene 1
protein, was also upregulated in RER1 deleted monocytes. INSIG1 was shown to combine
with Sterol regulatory element-binding protein Cleavage-Activating Protein (SCAP) when
sterols accumulate in ER and further inhibit the transport of Sterol regulatory element-
binding protein (SREBP)-SCAP complex from ER to Golgi, therefore gives a negative
feedback of cholesterol biosynthesis (Adams et al., 2003, McPherson & Gauthier, 2004,
Sun et al., 2005). Additionally, the increased fatty acid metabolism related genes, including
ELOVL6, FASN, SCD5, FADS2 and FABP5 were found in RER1 deleted monocytes. It
was shown that the enzymes encoded by ELOVL6, FASN, SCD5 and FADS2 were
involved in the de novo lipogenesis from acetyl CoA (Koundouros & Poulogiannis, 2020).
FABPS (fatty acid binding protein 5), which belongs to FAs-binding proteins in
transmembrane plasma, plays a role in FAs uptake and further transports FAs to cell
compartments (Hou et al., 2022). The upregulation of these genes by RER1 deletion

indicated the role of RER1 in fatty acid metabolisms.

The combined data demonstrate an important role of RER1 in the complex regulation of
lipid metabolism of immune related monocytic and macrophage-like cells. Thus, it will be
important to further investigate the molecular mechanisms underlying these observations,

and to further characterize the implications of RER1 in immune cell function.

4.11 Limitation of the study

While the study identifies the impact of RER1 ko on the TREM2-DAP12 immunoreceptor-
adapter complex in differentiated THP-1 cells, the lack of rescue experiments diminishes
the depth of understanding. Introducing RER1 overexpression into the RER1 ko THP-1
cell line could provide crucial insights on that. Such experiments could elucidate whether
restoring RER1 levels rescues the observed phenotypic changes, thereby confirming the
specific role of RER1 in modulating TREM2-DAP12 complex expression, signaling, and

cellular functions.
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The exact role of RER1 in the transportation of unassembled DAP12 is still unclear. In
present study, the observation of reduced levels of both DAP12 and TREM2 in THP-1
differentiated macrophage-like cells upon RER1 deletion complicates the assessment of
DAP12 transport. To address this, utilizing a different cellular model system, such as
HEK293 cells, could provide valuable insights. By deleting RER1 and overexpressing wild-
type DAP12 (DAP12 wt) alone or in combination with wild-type TREM2 (TREM2 wt) or a
mutant form of TREM2 (TREM2 K186N), one can investigate the role of RER1 in DAP12
transport in HEK293 cells without the interruption of endogenous expression of DAP12

and its co-receptors.

Although the study highlights that the deletion of RER1 impairs the TREM2-DAP12
signaling and phagocytosis in differentiated THP-1 cells, the precise molecular
mechanisms remain elusive. Further investigation about how RER1 affects the activation
and regulation of the TREM2-DAP12 complex will be needed.

While cell line models used in the present study included HEK293 and THP-1 cells, they
may not fully capture the complexities of in vivo systems. Incorporating primary cell
models, such as primary microglia isolated from animal models or human induced
pluripotent stem cell (iPSC)-derived microglia, could provide a more physiologically
relevant context. Primary cells better represent the diversity and functionality of native cell
populations, offering insights that may not be evident in immortalized cell lines. Moreover,
while cell-based studies provide valuable insights, validating findings in living organisms

is essential for translational relevance.

Animal models with RER1 deletion, such as conditional RER1 ko in microglia, monocytes,
and macrophages could be generated to assess the impact of RER1 deficiency on the
TREM2-DAP12 pathway in vivo. This approach allows for the evaluation of RER1's role
within the complex interplay of cellular networks and physiological systems, providing a

more holistic understanding of its functions.

The present study only focuses on the TREM2-DAP12 complex and whether RER1 also
regulate the transport and function of other immunoreceptor-adapter complexes is
unknown. Therefore, other receptor-adapter pairs, such as the TCR-CD3 complex or the

NKG2D-DAP10 complex could give us more view on common or distinct assembly
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mechanisms. Comparative analyses across multiple complexes would enhance our
understanding of the broader regulatory networks governing immune cell signaling and

function.

Addressing these limitations through additional experimental approaches and model
systems would strengthen the study's conclusions and contribute to a more
comprehensive understanding of RER1's role in immune cell biology and disease

pathology.
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5 Abstract

DNAX-activating protein of 12 kDa (DAP12) is a transmembrane adapter
protein expressed on lymphoid and myeloid lineage cells, and interacts with
several immune receptors to form functional complexes that trigger
intracellular signaling pathways. One of the DAP12 associated receptors is
the triggering receptor expressed on myeloid cells 2 (TREMZ2), and mutations
in both, DAP12 and TREMZ2, have been linked to neurodegenerative disease.
However, mechanisms involved in the assembly of TREM2-DAP12

complexes and the turnover of both proteins are not well understood.

Here, we demonstrate that DAP12 is efficiently targeted to proteasomal
degradation in the absence of TREMZ2. Interestingly, unassembled DAP12
was retained in the early secretory compartments, including the endoplasmic
reticulum (ER) and the ER-Golgi intermediate compartment (ERGIC) while
the mutation of aspartic acid residue at position 50 (D50) to alanine (A) in the
transmembrane of DAP12 leads to the escape of unassembled DAP12 to the
post-translational compartments as well as cytoplasm. Interaction studies
showed that unassembled DAP12 interacts with the Retention in ER Sorting
Receptor 1 (RER1) by electrostatic interaction, indicating that RER1 might
play a role in unassembled DAP12 retention and/or retrieval. However, the
RXR motif localized in the C-terminal of DAP12 has no effect on DAP12
retention. Additionally, the deletion of endogenous RER1 decreased
expression of functional TREM2-DAP12 complexes and membrane proximal
signaling, and resulted in almost complete inhibition of phagocytic activity in
THP-1 differentiated macrophage-like cells. Furthermore, RER1 deficiency
resulted in the accumulation of cellular triacylglycerols (TAGs) in both

undifferentiated and differentiated THP-1 cells. The increased cholesterol
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precursors and the differentially expressed genes involved in sterol synthesis
pathways in RER1-deficient monocytes indicated a critical involvement of
RER1 in cholesterol biosynthesis of this cell type. Additionally, the altered
expression of genes related to the uptake, intracellular transport and efflux of
cholesterol at the mRNA and protein level as well as the altered TAGs
composition in RER1 ko macrophage-like cells indicated the critical
involvement of RER1 in the complex regulation of lipid metabolism also in
this cell type. These results indicate that RER1 acts as an important regulator
of DAP12 containing immune receptor complexes, immune cell function as

well as lipid metabolism in immune cells.
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