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Summary

The endoplasmic reticulum (ER) is an intracellular organelle that serves a multitude of
tunctions like protein folding and modification but is also the largest cellular Ca2+ store and
thereby controls myriads of downstream processes through Ca2+ release. Misfolded
proteins cause ER stress, which is sensed through the three proteins IRE1a, PERK and ATF6,
which try to reestablish ER homeostasis through a process called the unfolded protein
response (UPR).

Bax Inhibitor-1 (BI-1) is an evolutionary extremely conserved ER membrane protein
containing six transmembrane domains with a C-terminal di-aspartyl pH sensor. By being
a pH-dependent Ca2+-leak channel on the one hand and by directly interacting with IRE1a
on the other hand, it bridges the two important functions of Ca2+ homeostasis and ER stress
resolution.

BI-1 is also the founding member of the transmembrane BAX inhibitor motif containing
(TMBIM) protein family. In this work, I first studied the relationship between the six TMBIM
tamily members, their structure and their impact on the intracellular Ca2+ homeostasis. We
found the di-aspartyl pH sensor to be conserved in all TMBIM proteins as well as in their
bacterial homologue BsYet]. They also share a similar structure, computed by
bioinformatical tools and are mainly located in intracellular Ca2+ stores like the ER and
Golgi apparatus, which is reflected by a decrease of the intracellular Ca2+ levels caused by
their overexpression.

In my second study, I investigated the effects of a BI-1 knockout in vivo. I, together with my
collaborators, observed increased numbers of splenic marginal zone B cells in BI-1-deficient
mice, which was accompanied by constitutive nuclear translocation of NF-k B proteins. This
correlated with increased ER Ca2+ content but not with ER stress. T and B cells show
increased apoptosis in culture due to an exhausted mitochondrial Ca2+ buffer capacity. In
vivo, T cell-dependent experimental autoimmune encephalomyelitis and B cell-dependent
antibody production are attenuated in BI-1 KO mice, suggesting that BI-1 plays a major role
in the functioning of the adaptive immune system by regulating intracellular Ca2+

homeostasis in lymphocytes.



Zusammenfassung

Das Endoplasmatische Retikulum (ER) ist der groRte intrazelluldire Ca*-Speicher und
beeinflusst eine Vielzahl nachfolgender Prozesse durch Ca*-Ausschiittung,. Es ist weiterhin
an der Faltung und Modifikation einer Vielzahl von Proteinen beteiligt. Fehlgefaltete
Proteine verursachen ER Stress, der durch die Proteine IREla, PERK und ATFé6
wahrgenommen wird und die versuchen die ER Homdestase durch einen Prozess namens
“unfolded protein response” (UPR) wiederherzustellen.

Bax Inhibitor-1 (BI-1) ist ein evolutiondr konserviertes Protein, das iiber sechs
Transmembran-Doménen verfiigt, in der ER Membran lokalisiert ist und einen C-
terminalen di-Aspartat pH-Sensor hat. BI-1 ist ein Ca”-Kanal und interagiert mit IRE1a; es
stellt daher eine Briicke zwischen dem intrazellularen Ca*-Haushalt und der UPR dar.

BI-1 ist auch der Begriinder der transmembrane BAX inhibitor motif containing (TMBIM)
Proteinfamilie =~ und in  unserer ersten Publikation haben wir die
Verwandschaftsverhiltnisse zwischen den sechs TMBIM Proteinen, ihrer Struktur und ihre
mogliche Funktion als kalziumregulierende Proteine untersucht. Wir entdeckten, dass der
di-Aspartat pH-Sensor bei allen TMBIM Proteinen sowie in deren bakteriellen Homolog
BsYet] konserviert ist. Zudem haben sie eine dhnliche sekundire Struktur und sind
hauptsdchlich in den Membranen von intrazelluliren Ca*-Speichern zu finden.
Korrelierend mit ihrer Lokalisierung fiihrte ihre Uberexpression zur Verringerung der Ca*
Menge in den intrazelluldren Speichern.

In der zweiten Studie untersuchte ich den Effekt eines BI-1 Knockout in vivo. Wir
beobachteten eine erhohte Anzahl von Marginalzonen B-Zellen in BI-1 KO Midusen, was mit
einer konstitutiven Translokation von NF-k B in den Nukleus einherging. Dies korrelierte
mit einer erhohten ER Ca*-Konzentration, aber nicht mit ER-Stress. T- und B-Zellen in
Kultur leiden unter erhohtem Zelltod welcher von einer Ca”-Uberfiillung der
Mitochondrien herriihrt. In vivo ist sowohl die T-Zell abhidngige Experimentelle
autoimmune Enzephalomyelitis als auch die B-Zell abhingige Antikérper Produktion
beeintrachtigt, was darauf hindeutet dass BI-1 eine wichtige Funktion wihrend der
adaptiven Immunantwort spielt indem es den intrazelluliren Kalziumhaushalt in

Lymphozyten reguliert.
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Introduction

Introduction

The endoplasmic reticulum

The endoplasmic reticulum (ER) is a major intracellular organelle consisting of a large
membranous network which is responsible for lipid biosynthesis (1), protein folding (2),
posttranslational protein modification and trafficking (3) and calcium (Ca*) handling (4).
The ER can be subdivided into two phenotypes: the rough endoplasmic reticulum (RER) and
the smooth endoplasmic reticulum (SER). The RER is characterized by the integration of
ribosomes and is mainly responsible for protein synthesis while the SER lacks ribosomes
and is mostly involved in phospholipid synthesis and Ca™ homeostasis (5). Which of the two
phenotypes is prevalent in the cell is dependent on the cell function and the cell’s needs.
Highly secretory cells like B cells and pancreatic cells will have mostly RER while liver cells
which are mainly involved in drug detoxification will be largely comprised of SER (6).
However, the ER is not a fixed structure but can reorganize itself appropriately if needed
through processes called ‘tubule sliding’, ‘tubule branching’ and ‘ring closure’ (7) which for
example can be observed after oocyte fertilization (8,9), during mitosis (10) and after
sustained Ca” signaling (11).

Endoplasmic reticulum stress

A large portion of human diseases are linked to misfolded proteins (12) and about one third
of the human proteome is folded and assembled into native structures by chaperones in the
ER (13). It is therefore crucial for the cell to have a protective response against ER stressors
like reactive oxygen species (ROS) which alter protein conformation by oxidizing sulfur
residues and thereby promote the accumulation of misfolded proteins in the ER (14). On the
other hand, the lack of sufficient oxygen during hypoxia causes the accumulation of
unfolded proteins since chaperones require an electron acceptor in order to properly fold
proteins (15). Viral infections can cause ER stress as well by hijacking the cellular
translation machinery to produce large amounts of viral proteins (16). Disturbances of the
Ca™ homeostasis also result in ER stress by directly activating the ER-resident caspase 12
due to the overfilling of the ER with Ca* (17). The resulting accumulation of misfolded
proteins is countered by the unfolded protein response (UPR). Three different
transmembrane ER proteins are responsible for sensing ER stress and initiating the UPR in
order to restore the protein folding capacity of the ER: inositol-requiring kinase 1 (IRE1a),
activating transcription factor 6 (ATF6), and double-stranded RNA-activated protein kinase
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(PKR)-like endoplasmic reticulum kinase (PERK). During normal conditions these three
activators are inhibited by the ER chaperone binding immunoglobulin protein (BIP), which
is also known as 78 kDa glucose-regulated protein (Grp78). Accumulated malfolded proteins
lead to the dissociation of BIP from IRE1a, ATF6 and PERK since it acts as a chaperone which
is attracted by the exposed hydrophobic regions of misfolded proteins (18). The three freed

UPR sensors are then able to activate their respective pathways.

IREla

Dissociation of BIP from IREla starts a chain of events which begins with the
oligomerization of IRE1a, thereby opening the Serine/Threonine (Ser/Thr) kinase domain
on the cytosolic C-terminal and allowing trans-autophosphorylation (19). This leads to the
activation of the IRE1a-endoribonuclease domain, which splices the X-box protein 1 (XBP1)
mRNA to spliced XBP1 (sXBP1) by cleaving a 26 nucleotide intron, resulting in its
translation to the basic Leucine Zipper Domain (bZIP)-family transcription factor XBP1.
Upon its translocation to the nucleus, XBP1 can either dimerize or act together with other
transcription factors to regulate genes which are involved with endoplasmic reticulum-
associated degradation (ERAD) by binding to the endoplasmic reticulum stress response
element (ERSE) promoter (20). Activated IRE1a also interacts with adapter proteins like
tumor necrosis factor receptor-associated factor 2 (TRAF2) in order to modulate the cellular
stress response. TRAF2 is able to recruit the apoptosis signal-relating kinase (ASK1) (21)
which has been shown to activate c-Jun N-terminal kinase (JNK), leading to proapoptotic
and neurodegenerative signaling (22). Other IRE1at-activated proteins which modulate the
cellular stress response include extracellular signal-regulated kinases (ERKs) (23) and
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-k B) (24,25).

PERK

Upon activation, PERK dimerizes and undergoes autophosphorylation in analogy to IRE1a
(26) and begins to phosphorylate its main target: the eukaryotic translation initiation factor
(eIF2a). As the name suggests, elF2a initiates translation in cells and is inhibited by being
phosphorylated at serine residue 51. Inhibition by PERK thus reduces the protein load in
the ER during UPR by inhibiting the translation of proteins and additionally causes cell
cycle arrest (27). Interestingly, some proteins may escape translational arrest by
phosphorylated elF2a (P-elF2a) due to their internal ribosome entry site (IRES) outside of
the actual eIF2a translational block (28). One of these proteins is the activating
transcription factor 4 (ATF4), a cCAMP response element binding (CREB) family member
which itself induces expression of genes which are responsible for cell survival (29-31). The

activation of NF-k B is an additional consequence of the phosphorylation of elF2a by PERK
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which shows that the PERK and IREla pathways partly result in the same outcome (32).
PERK also causes the nuclear erythroid 2 p45-related factor 2 (Nrf2) to translocate to the
nucleus by phosphorylating its inhibitor kelch-like ECH-associated protein 1 (Keap1). Nrf2
normally resides in the cytoplasm, sequestered by Keap1, which releases Nrf2 upon its
phosphorylation and allows it to enter the nucleus where it causes the transcription of

genes responsible to relieve cell stress caused by ROS (33).

ATF6

ATF6 is an unusual transcription factor as, upon its release by BIP, a Golgi localization signal
becomes unmasked (34). In the Golgi ATF6 is subject to proteolytic cleavage, a process called
regulated intermembrane proteolysis (RIP) (35). The cleaved transcription factor (ATF6
p50) then translocates to the nucleus, where it can either homodimerize or heterodimerize
with other transcription factors such as the aforementioned XBP1 (36). Specific genes
which are regulated by ATF6 remain to be identified, it is however known that homodimers
of ATF6 bind to regions which are associated with chaperone genes such as BIP and p58™
while heterodimers with XBP1 bind to regions which code for ERAD components (37).
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Figure 1: Overview of the ER Stress response. Under normal conditions, the three ER stress sensors IRElg,
ATF6 and PERK are bound to the chaperone protein BIP in the ER membrane and are nonfunctional. During
ER stress, BIP binds to the accumulated unfolded proteins since their exposed hydrophobic regions attract
it. The freed IREla undergoes autophosphorylation, which activates its endoribonuclease domain leading
to the splicing of XBP1 mRNA, which results in the expression of the transcription factor XBP1s. XBP1s is
responsible for the transcription of UPR response genes and genes associated with ER associated
degradation (ERAD). Upon its dissociation from BIP, ATF6 translocates to the Golgi apparatus where it is
cleaved to ATF6 p50 during a process called regulated intermembrane proteolysis (RIP). ATF6 p50 is a
transcription factor which translocates to the nucleus where it can homodimerize or heterodimerize with
XBP1s and facilitate the transcription of ER-stress response elements (ERSE). PERK undergoes similar
autophosphorylation to IREla, which leads to the phosphorylation of the transcription factor elF2q,
resulting in translational arrest by phosphorylated elF2o. The transcription factor ATF4 is able to escape
translational arrest due to its internal ribosome entry site (IRES) and is also responsible for the transcription
of UPR target genes.
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Endoplasmic reticulum stress and apoptosis

Unresolved ER stress leads to apoptosis, although the mechanisms which lead to
programmed cell death after prolonged ER stress are not fully understood (38). Two distinct
pathways exist for apoptosis: the extrinsic and the intrinsic pathway. The extrinsic
pathway is characterized by extensive CD95/Fas receptor signaling which results in
sustained Ca™ release from the ER, thereby activating the apoptotic pathway (39). The
intrinsic pathway is generally activated by DNA damage, oxidative stress, energy deficiency
through the lack of ATP or ER stress leading to cytochrome c release from the mitochondria
(40).

One possibility how persisting ER stress causes apoptosis is the continuous activation of
IRElat. As previously described, IRE1a can lead to the activation of JNK which orchestrates
apoptosis in two different ways, either by acting on gene transcription in the nucleus or
directly by acting on the mitochondria. In the nucleus, JNK is responsible for the
phosphorylation of a variety of transcription factors, including JunD, ATF2, ATF3, Elk-1, Elk-
3, p53, RXRa, RARa, AR, NFAT4, HSF-1, and c-Myc (41). Of special note is the
phosphorylation of c-JUN by JNK since this leads to the formation of c-Jun homodimers and
c-Jun heterodimers with c-Fos, which are both the building blocks of the transcription
factor AP-1(42). AP-11is responsible for the increased expression of an array of proapoptotic
proteins like TNFa, Fas-L, and Bak (43). A second way of JNK to act proapoptotic is the
phosphorylation of the p53 family members p53 (44) and p73 (45). Phosphorylation of both
proteins inhibits their ubiquitin-mediated degradation, thereby increasing their overall
levels and enabling them to promote the transcription of proapoptotic genes like p53
upregulated promoter of apoptosis (PUMA) (46) and BCL2-associated X protein (Bax) (45).
The way JNK acts proapoptotic in the mitochondria is less clear. It has been shown that JNK
readily translocates to the mitochondria upon activation (47) where it is critically required
for the release of cytochrome c (48) which is achieved by phosphorylating, and thereby
activating, proapoptotic proteins like Bim and Bmf (49) or by inducing the cleavage (and
activation) of the proapoptotic protein Bid (50).

However, IRE1a activation is not the only way in which ER stress can lead to apoptosis. The
aforementioned transcription factor ATF4, which is activated by one of the main ER stress
sensors PERK, is not solely responsible for the expression of survival genes, but can also
cause the transcription of C/EBP-homologous protein (CHOP) (38). CHOP on the one hand
causes the upregulation of the proapoptotic protein Bim and on the other hand the
downregulation of the antiapoptotic BCL-2 (51).

In summary, ER stress activates the UPR, a complex cell protective mechanism, which is
controlled and modulated by the three ER stress sensors IRE1a, PERK and ATF6. Activation
of these sensors leads to translational arrest to relieve some burden of the ER, the
expression of genes responsible for cell survival and the upregulation of chaperones and

other antiapoptotic proteins. The integration of all the signals during the UPR is complex

11



Introduction

and, dependent on the duration and the nature of the ER stress, the UPR might be
insufficient to reestablish cell homeostasis, which leads to apoptosis. Interestingly,
apoptosis is caused and regulated by the same three ER stress sensors, which are initially
responsible to rescue the cell.

12
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Figure 2: Overview of the cellular Ca* machinery. (1) When a ligand binds to a G-protein coupled receptor,
its Gq subunit activates phospholipase C, which in turn cuts PIP2 into DAG and IP,, (2) While DAG stays in the
plasma membrane, IP, diffuses through the cytoplasm and activates IP, receptors (IP;Rs). The resulting Ca*
release from the ER causes Ca” induced Ca® release (CICR), for example by activating Ryanodine receptors
(RyRs) which results in further Ca® release from the ER and sustains the initial Ca® signal. (3) The excess
cytosolic Ca® is cleared by plasma membrane Ca* ATPases (PMCAs), the Na'/Ca® exchanger in the plasma
membrane, by SERCA pumps, which actively refill the ER and by mitochondria which also buffer some of the
Ca”, (4) The emptied state of the ER is sensed by STIM1 molecules, which interact with Orail in he plasma
membrane and allow the influx of extracellular Ca* in order to refill the intracellular Ca? stores. (5) BI-1
resides in the ER membrane and is a pH dependent Ca* leak channel but is also able to sensitize IP;Rs through
direct interaction and thereby lower their EC,,, which results in increased Ca* releases upon IP;R activation.

Calcium (Ca™) is one of the most important and universal second messengers. It relays
signals in a spatiotemporal manner and is responsible for a wide array of cellular processes
from short term events like exocytosis at the synaptic cleft to the hour long regulation of
gene expression (52). Most of the intracellular calcium is stored in the ER with lesser
amounts in the Golgi apparatus and mitochondria. For Ca™ being able to regulate that many
intracellular processes and even being able to target specific subcellular locations, the
cytosolic Ca™ concentration has to be kept in the nanomolar range, while the
concentrations in the extracellular space and the ER are orders of magnitude higher. Cells
invest a considerable amount of energy into adenosine triphosphate (ATP)-driven Ca*
pumps to keep the delicate intracellular Ca* homeostasis in check (53). Disturbances in this
homeostasis are associated with a wide array of diseases, including Alzheimer’s disease,

13



Introduction

Parkinson’s disease, epilepsy and amyotrophic lateral sclerosis (54). Ca™ is of special
importance in immune cells, where, upon activation of the cell, it is responsible for
maturation, cytokine release, antigen presentation and activation of intracellular

transcription factors which are crucial for immune cell function (55).

Ca* signaling

Calcium can enter a cell by different means, depending on the cell type and the available
Ca™ channels. Neurons for example allow Ca® influx mainly through either voltage-
dependent Ca* channels (VDCC) or ligand-gated Ca*-channels (LGCC). While VDCCs mainly
trigger pre-synaptic neurotransmitter release during an action potential (6), LGCCs are
found on the post-synaptic membrane and open upon binding of their ligands. For example,
N-Methyl-D-aspartate (NMDA) and 2-amino3-(3-hydroxy-5-methyl-isoaxol-4-yl)propanoic
acid (AMPA) receptors open when glutamate binds (56,57).

Alternatively, when a ligands bind to a G,-coupled receptor (e.g. metabotropic glutamate
receptors) or a tyrosine-kinase-coupled receptor like B- and T cell receptors, the plasma
membrane-bound phospholipase C (PLC) is activated and proceeds to cut
phosphatidylinositol 4,5-bisphosphate (PIP2) to inositol 1,4,5-triphosphate (IP;) and
diacylglycerol (DAG). While both products readily diffuse through the cytosol, only IP3 is
directly responsible for Ca™ release from the ER by binding to IP; receptors 1-3 (IP;R1-3)
which are located in the ER membrane (58). The sharp rise of the cytosolic Ca™
concentration leads to calcium-induced calcium release (CICR), for example by opening the
calcium-sensitive ryanodine receptors (RyR) which leads to an amplification of the initial
Ca™ signal (59). The cell removes the excess cytosolic calcium either through energy
dependent plasma membrane calcium ATPases (PMCAs), through the sodium-calcium
exchanger (Na'/Ca” exchanger) or by refilling the ER through the action of

sarco/endoplasmic reticulum Ca*-ATPases (SERCA).

Store-operated Ca** entry

The rise of the intracellular Ca* concentration following the depletion of the calcium stores
activates plasma membrane channels named Ca*-release activated Ca* (CRAC) channels in
order to refill the Ca” depots, a process called store-operated Ca”™ entry (SOCE) (60,61). The
mechanism of how CRAC channels are activated was an intensively debated topic until
stromal interaction molecule 1 (STIM1) was identified in an RNA interference (RNAi) screen
as the main ER-Ca”™ content sensor which activates Ca” influx into the cell after store
depletion (62,63). STIM1 is single-transmembrane protein that is mainly located in the ER
membrane and to a lesser extent in the plasma membrane (64) and which can sense the ER-
Ca™ content through a luminal EF hand domain (63). Upon store depletion, STIM1 clusters

14
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into so-called punctae at spots where the ER is close to the plasma membrane (65) and
activates ORAI1, a CRAC channel, through direct interaction via its CRAC activation domain
(66). ORAIL activation results in an increased intracellular Ca” concentration which is
required to refill the Ca™ stores, since the Ca® which was initially released from the stores
can only partially be recycled and is mostly secreted via PMCAs (66). The Ca* from the SOCE
is quickly transported into the ER by SERCAs which also form punctae on the ER membrane
to allow rapid Ca® transport (67,68).

Further studies have proven the role of STIM1 and ORAI1 by showing that only by co-
overexpressing STIM1 and ORAI1 the SOCE could be significantly increased, while
overexpressing ORAI1 alone decreases SOCE and overexpression of STIM1 alone only
increases it slightly (69). It has been further shown that the ratio of ORAI1 to STIM1 should
be close to 1:1 for optimal SOCE conditions and that increasing this ratio to 4:1 or higher
increases the SOCE progressively less (67).

Ca? and cell death

Cell death is an important process which is required during embryonic development,
immune responses and tissue renewal (70) and Ca™ plays an important role in controlling
these events (71). A distinction is made between two forms of cell death: cellular insult and
trauma lead to necrosis while programmed and controlled cell death is called apoptosis
(72). Apoptosis is characterized by apoptotic bodies which are a result of caspase-mediated
cell fragmentation and DNA condensation (73). Apoptotic bodies are phagocytized by
macrophages in order to prevent an inflammatory response form the surrounding tissue
(74).

Apoptosis can be triggered by a wide variety of stimuli and the intrinsic pathway is
distinguished from the extrinsic pathway while both are responsible for the initiation of
apoptosis (75). The extrinsic pathway is initiated through cytokines, TNFa and Fas-L
binding to plasma membrane located CD95/FAS-receptors, resulting in sustained elevated
intracellular Ca* levels through ER Ca* release which acts as initiator of apoptosis (39). The
intrinsic pathway is dependent on the mitochondria and is associated with irreparable
DNA-damage, oxidative stress or insufficient ATP-synthesis. It is characterized by
overfilling of mitochondria with Ca™ as a consequence of the sustained elevated cytosolic
Ca” concentration which ultimately results in bursting of the mitochondrial outer wall (76)
which releases apoptosis mediators like cytochrome ¢, apoptosis-inducing factor (AIF) and
procaspase 9 into the cytosol (75,77). One substrate of cytochrome ¢ are PMCAs and the
Na'/Ca™ exchanger in the plasma membrane and their cleavage leads to reduced Ca”
clearance from the cytosol, thereby maintaining the elevated Ca* levels which are required

for apoptosis (75,78,79). The intracellular Ca* additionally regulates apoptosis by activating
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a family of Ca”-dependent cytosolic cysteine proteases called calpains, which consist of
pro- and antiapoptotic family members (80,81).

Additionally, members of the BCL-2 family which are located in the mitochondrial and in
the ER membrane and include pro- and antiapoptotic proteins have been shown to
modulate the intracellular Ca* homeostasis (82). The antiapoptotic BCL-2 reduces the ER-
Ca” load as well as the SOCE (83,84) and BCL-2 and BCL2-like 1 (BCL-XL) reduce the IP,-
induced Ca™ release from the ER by directly interacting with the IP,Rs (85).

16
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Nuclear factor kappa-light-chain-enhancer of activated B cells

Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) proteins are a
tamily of transcription factors consisting of five members, which are subdivided into class
I and class II. Class I proteins are NF-k B1 (p105/p50) and NF-k B2 (p100/p52) which reside
in the cytoplasm and translocate to the nucleus upon activation where they can form
homodimers or heterodimers with the class Il proteins RelA (p65), c-Rel and RelB (86). These
homo- and heterodimers control the transcription of a wide variety of genes, which are
responsible for apoptosis and proliferation, cell adhesion, the innate- and adaptive immune
response, inflammation, the cellular stress response and tissue remodeling (87).

All five NF-k B proteins share an N-terminal DNA binding domain, which is both required
for DNA binding as well as dimerization (88). Class I proteins are synthesized as the longer
precursor proteins p105 and p100 and are processed at the C-terminus by proteolytic
degradation after stimulation by various agents such as TNFa, interleukin-1 (IL-1),
activation of the T- and B Cell receptors and lipopolysaccharide (LPS) (89). Only the
processed forms p50 and p52 are able to form dimers with other NF-k B family members
and regulate transcription. Both p50 and p52 contain several C-terminal anykrin-repeats
and are thought to repress protein translation if they form homodimers. Class II proteins
have a transactivation domain instead of the anykrin-repeats which is responsible for
transcriptional activation (90). RelA, RelB and c-Rel are sequestered in the cytoplasm by
inhibitory Ik Ba proteins. Upon stimulation Ik Ba is phosphorylated by the Ik B Kinase (IKK)
complex, which results in ubiquitin mediated degradation of phosphorylated Tk Ba, the
release of the sequestered NF-k B proteins and their translocation to the nucleus (91). This
process is known as the canonical pathway. A second way of NF-k B activation is the non-
canonical pathway, which is relevant during B- and T cell organ development. It is
characterized by the very selective activation by distinct ligands such as Lymphotoxin B
(LTB), B-cell activating factor (BAFF) and CD40. Their binding leads to the activation of the
NF-x B inducing kinase (NIK), which phosphorylates an IKKa homodimer, resulting in the
liberation of a p52/RelB complex previously sequestered in the cytoplasm (92). The general
consensus is that several more activating pathways are likely to exist but they are difficult
to recognize and distinguish from each other due to a high interconnection of NF-x B
signaling.

For example, it has been shown that ER stress and the UPR can result in NF-x B activation.
One study demonstrated that one of the proteins affected by the translational arrest
following elF2a phosphorylation by PERK is Ik Ba, meaning that less Ik Ba is available to
hold NF-k B in the cytoplasm and therefore more NF-k B is able to translocate to the nucleus
and regulate transcription (32). Since only the overall levels of Ik Ba were affected but not
the levels of phosphorylated 1xBa, whose phosphorylation is dependent on the IKK
complex, it was suggested that NF-k B activation by the UPR is independent of IKK activity
or regulation (93). However, a later study showed that another ER stress sensor, IRE1la,

17



Introduction

directly interacts with the IKK complex after activation, leading to increased IxBa
phosphorylation and therefore ubiquitination of p-IkBa and NF-k B liberation (25). A
recent study linked both observations, arguing that IRE1a maintains a constant activation
of the IKK complex through the adaptor molecule TRAF2 and in the context of ER stress,
translational arrest of IkBa by PERK and the phosphorylation of the remaining Ik Ba
through IRE1a and IKK work in tandem to achieve sustained NF-x B activation (94). NF-x B
activation through the UPR pathway is mainly results in the expression of stress response
genes.

Another way of NF-kB activation similar to the UPR but independent from it is the ER
overload response (EOR). The EOR is caused by the retention of membrane or viral proteins
in the ER and is distinguished from the UPR by the lack of BIP/Grp78 activation (95).
Additionally, the EOR has been directly linked to NF-k B activation, which appears to be
dependent on Ca™ signaling. While EOR-induced NF-k B activation could be suppressed by
the Ca” chelator TMB-8, the TNFa-induced NF-x B activation was completely unatfected by
TMB-8 (96). The same study demonstrated that EOR-induced NF-k B activation could be
turther increased by elevating the cytosolic Ca* concentrations through the application of
the selective SERCA inhibitors thapsigargin and cyclopiazonic acid (96). The Ca*-
dependence of NF-k B activation has been confirmed by a follow up study, which used
additional Ca” chelators like BAPTA-AM and which also showed that the Ca* efflux during
EOR increased the reactive oxygen species (ROS) within the cell, which is also crucial for
the activation of NF-kB in response to the EOR (97). The important role of Ca* in the
activation of NF-k B in B cells has been further highlighted by showing that only short and
large Ca” transients are able to evoke NF-k B activation in these cells whereas lower and
sustained Ca™ elevations lead to NFAT activation (98). This fits the previous studies since
the increased cytosolic Ca* concentrations caused by thapsigargin and cyclopiazonic acid
cause short lived and very high Ca* transients.

In summary, NF-k B is a very important transcription factor, which is very important for
multiple cellular functions, including cytokine- and antibody production in immune cells.
Its activity can be evoked by a multitude of ways, including classical pathways through cell
surface receptor activation like T- and B cell receptors, as well as by intracellular stimuli
like ER stress. Ca® appears to plays a prominent role in the context of intracellular stressors
as has been demonstrated by the NF-x B activation being dependent on Ca* during the EOR.
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BAX inhibitor-1

BAX-inhibitor-1 (BI-1) is an extremely evolutionary conserved protein that has been first
identified in a screen for human proteins capable of inhibiting BAX-mediated cell death in
yeast (99). It was initially known as testis enhanced gene transcript (TEGT) due to its high
expression in rat and mouse testis. It was then discovered that TEGT is expressed in spleen,
brain, liver, kidney, thymus, lung, ovary and heart and its homologues were found in cattle,
frogs and humans (100,101).

BI-1 is a highly hydrophobic, six transmembrane protein with a C-terminal reentry loop
which resides in the ER membrane (102) where it interacts with BCL-2 and BCL-XL (99) and
where it is able to form a pore which is responsible for a passive Ca* leak from the ER (103).
The leak properties of BI-1 are pH dependent and the Ca” flux decreases when the pH is
increased or decreased from its physiological state (102). A recent study, which conducted
a structural analysis of the bacterial BI-1 homologue BsYet] confirmed its seven
transmembrane structure and its properties as a pH-sensitive Ca”-pore by showing that the
open and closed conformation of the pore can be altered by the pH (104). By measuring the
Ca” flux in BsYetJ-containing proteoliposomes, the study showed that the leak channel was
open around a physiological pH of 7 and closed above a pH of 7.4 or below a pH of 6. The
authors suggested that a di-aspartyl pH sensor at the residues 171 and 195 in BsYet] is
responsible for the bell-shaped pH dependent Ca”-flux (104). We could previously show
that mammalian BI-1 also possesses similar bell-shaped pH dependent Ca®-flux properties
(102) and that human BI-1 has an aspartyl residue at position 213, which corresponds to
residue 195 in BsYet] and is critical for the Ca™ leak across the ER membrane (103). At a pH
around 7, thus under physiological conditions, the di-aspartyl sensor is sufficiently
deprotonated to allow Ca*-flux. At a mildly basic pH above 7.4, a hydrogen bond between
D209 and H78 in human BI-1 can form that blocks the Ca* efflux. At an acidic pH of 6 and
lower, D188 and D213 in human BI-1 become protonated, additionally to a hydrogen bond
between D188 and D209 which again greatly reduces the Ca”-flux through the pore (105).
Most studies describe BI-1 as a Ca*-homeostasis modulating protein and link this to its
antiapoptotic function. Chae et al. first showed that neurons and hepatocytes from BI-1 KO
mice had an increased ER Ca” content by applying thapsigargin, a non-competitive SERCA
inhibitor, which facilitates the passive Ca™ leak from the ER. This thapsigargin-releasable
Ca” pool is generally regarded to reflect the ER Ca™ content (106). Conversely, HT1080 cells,
which were overexpressing BI-1, had a decreased thapsigargin releasable pool. These data
were corroborated when Westphalen et al. measured agonist induced Ca™ release in BI-1
transfected CHO cells. ATP was employed as an agonist, which results in IP;-mediated Ca™
release from the ER, and BI-1 overexpressing cells indeed showed a dramatically reduced
agonist-inducible Ca* release (107). In addition to its role as a Ca” regulating protein, both
studies showed that BI-1 protected from cell death, be it from ER stress mediated cell death
by thapsigargin treatment (106) or from cell death resulting from glucose deprivation
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through doxycycline application (107). The Ca*-releasing properties of BI-1 are dependent
on its C-terminal domain, which resembles the pH-sensing domain of other channels (108).
Kim et al. were able to demonstrate that BI-1 lacking its C terminus is unable to moderate
the thapsigargin or agonist induced Ca® release and in addition showed that Ca*-flux from
BI-1 transfected microsomes increases up to an acidic pH of 5.5 (108). The heightened Ca*
leak was accompanied by the translocation of BAX to the mitochondria and subsequent
cytochrome c¢ release, which lead to the proposition that BI-1 transforms from an
antiapoptotic to a proapoptotic protein under acidic conditions. While it was indeed
corroborated that the Ca*-leak property of BI-1 is pH dependent, it was revealed that the
Ca™ tlux peaks at a physiological pH of 6.8 and actually decreases when the pH became
increasingly acidic (102). Our group previously demonstrated that BI-1 forms a Ca* pore in
the ER membrane which is responsible for the decreased ER Ca™ levels observed in BI-1
overexpressing cells and that the pore formation is dependent on the pH sensing C
terminus of BI-1 (103). It was therefore concluded that that the increased Ca* flux during
very acidic conditions is independent of BI-1 since Ca™ flux could even be evoked in BI-1 KO
mouse embryonic fibroblasts (MEFs) during cytosolic acidosis (102).

Since it was previously established that BI-1 directly interacts with BCL-XL (99) and BCL-XL
is also known to decrease the ER Ca™ pool as part of its antiapoptotic function (109), Xu et
al. investigated whether the effect of BCL-XL is downstream of BI-1. While BCL-XL
overexpression decreased the ER-Ca™ content as predicted, this effect was abolished by
knocking down BI-1 (110). In BI-1 KO MEFs, BCL-XL overexpression even resulted in
increased ER Ca” concentrations. Co-expression of SERCA restored the decreased ER Ca”
phenotype which lead to the conclusion that BI-1 acts downstream of BCL-XL and functions
by either being a channel itself or by modulating Ca*-releasing proteins (110). Recent
studies actually suggested that the BI-1 C terminus is not only critical for the channel
formation of BI-1 and its pH sensing properties, but is also able to interact with IP;Rs and it
was demonstrated that BI-1 co-immunoprecipitates with IP;R1 and IP;R3 (111). By
measuring the flux of radioactive **Ca” in saponin-permeabilized BI-1 KO MEFs, the authors
demonstrated that BI-1 is able to sensitize the IP,Rs and thereby significantly lower the EC,,
of IP, induced Ca” release (111).

In addition to its proposed roles as a Ca™ channel and an IP.R sensitizing protein, BI-1 was
also suggested to be a Ca®/H' antiporter (112). Proteolisosomes were loaded with a pH-
sensitive fluorescent probe and radioactive “Ca* and upon exposing the proteolisosomes
to an acidic environment, an influx of H'-ions was observed which matched the efflux of
Ca™ (112). However, a recent study conducted a structural analysis of the bacterial BI-1
homologue BsYet] and confirmed that BsYet] indeed possesses a channel structure with a
di-aspartyl pH sensor motif which is conserved across the whole TMBIM protein family and

is able to reversibly change from a closed to an open conformation and vice versa
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dependent on the pH (104). 1t is therefore likely that BI-1 is pH sensitive Ca* leak channel
with secondary IP;R sensitizing properties and not a Ca*/H" exchanger (105).

Although Ca™ and cell death are the most studied paradigms in regard to BI-1, a few other
potential functions have been proposed in different studies. After it was discovered that
XBP-1 splicing, a marker for ER stress, is increased in BI-1 KO mice (113), follow-up studies
showed that BI-1 is a negative regulator of the ER stress sensor IRE1a (114). While IRE1a
induced XBP-1 splicing was attenuated over time in WT cells, it stayed constantly active in
KO cells as long as a stress stimulus like thapsigargin was applied. It was also shown that BI-
1 reduces the expression level of cytochrome P450 2E1, a member of the microsomal
monooxygenase system which is responsible for the generation of reactive oxygen species
(ROS), resulting in cellular stress (115). However, there is no proof that BI-1 directly
interacts with cytochrome P450 2E1, BI-1 appears to rather interact with NADPH-P450
reductase, another member of the microsomal monooxygenase system. BI-1 is supposed to
cause dissociation of NADPH-P450 reductase from cytochrome P450 2E1 and thereby ROS
reduction by attenuating the electron transfer between these proteins (115).

Another study suggested that BI-1 increases cell adhesion through actin polymerization
(116). Lee et al. were able to show that the C terminus of BI-1 is responsible for direct
interaction with G-actin, But is has also to be kept in mind that actin polymerization is a
highly Ca™ dependent process and it remains unclear what role the Ca® modulating effects
of BI-1 play on the observed phenotype. Lee et al. also later demonstrated that BI-1 is able
to enhance cancer metastasis by shifting the cell’'s metabolism towards glycolysis and
activating the Na'/H'-exchanger (117), although it remains unclear whether this is merely
another secondary effect of the altered Ca* flux in BI-1 overexpressing cells.

BI-1 expression has also been shown to be upregulated in different tumors like gliomas
(118), anaplastic large cell lymphomas (119), prostate (120) and breast cancer (121),
pulmonary adenocarcinomas (122), nasopharyngeal carcinomas (123) and acute myeloid
leukemia (124). Regarding its proposed role as an antiapoptotic protein it is not surprising
to find BI-1 highly expressed in variety of cancers.
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BI-1 family

Its high evolutionary conservation makes BI-1 an exciting studying object. Not only are
homologues of BI-1 found in bacteria and plants, but orthologues from plants are able to
substitute for mammalian BI-1 in regard to its antiapoptotic function (125). Additionally,
BI-1 is the founding member of a protein family, which consists of five more members. All
six proteins are predicted to have seven transmembrane domains and they all share a
signature pattern which spans form the beginning of the third transmembrane domain and
ends in the middle of the fourth (Prosite PDOC00957). These proteins have been identified
independently by different groups and have been given various different names. The
nomenclature accepted by the HUGO gene nomenclature committee for this gene family is
TMBIM (transmembrane BAX inhibitor motif containing) 1-6 with BI-1 being TMBIMS6.

TMBIM1

TMBIM1, also known as RECS1, PP1201, LFG3, MST100 and MSTP100, is a 35 kDa protein.
Northern blotting analysis showed that it is expressed in brain, heart, lung, liver, kidney,
stomach, intestine, ovary, uterus, skeletal muscle, skin and adipose tissue but not in the
spleen, thymus or testis and that it subcellular localization is mainly in lysosomes and
endosomes (126). Little is known about its function but it seems to play a protective role
during vascular remodeling (126) and it also protects from Fas-mediated apoptosis by
reducing Fas expression (127). Upon aging, mice lacking TMBIM1 are susceptible to cystic
medial degeneration, which is characterized by the breakdown of collagen and smooth

muscle in the arterial walls (126).

TMBIM2

TMBIM2 is a 35 kDa protein also known as NMP35, LFG, FAIM2, LFG2, NGP35 and KIAA0950.
It is located in the ER and in the Golgi apparatus (128) as well as in lipid rafts microdomains
(129) and is predominantly expressed in the central nervous system (130), especially at the
postsynaptic membrane (131). TMBIM2 is able to protect from Fas-L, but not from TNF«
mediated apoptosis (128,129). Conversely, TMBIM2 downregulation by small interference
RNA (siRNA) results in increased sensitivity of neurons to Fas-L induced cell death (129) and
TMBIM2 knockout (KO) leads to increased caspase-associated cell death and stroke volume

after cerebral ischemia in vivo (132).

TMBIM3
TMBIM3, which is also known as LFG1, NRGW, NMDARA1, MGC99687, GRINA and GBP, is a

41 kDa protein which was identified by screening a rat hippocampal ¢cDNA expression

library based on immunoreactivity against an antibody against the glutamate binding
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protein (133). Unfortunately, little more is known about this protein except that it belongs
to a group of 28 genes which are preferentially expressed beneath the marginal zone in the

developing cerebral cortex in the mouse (134).

TMBIM4

TMBIM4 has been also named GAAP, S1R, LFG4, ZPRO and CGI-119 and is a 27 kDa protein
which is ubiquitously expressed throughout all tissues in the body (135). Its subcellular
localization is similar to TMBIM2, thus mainly found in the ER and in the Golgi.
Overexpression of human TMBIM4 protects from various apoptotic stimuli like Bax
expression, staurosporine, cisplatin, doxorubicin and C,-ceramide (135) and it reduces
histamine-induced Ca™ release by decreasing the ER-Ca” concentration and by
desensitizing IP;Rs (136).

TMBIM5

TMBIMS5 is also known as GHITM, MICS1, DERP2, Myo21, PTD010, HSPC282, FLJ26584 and
DKFZp566C0746. It is a 37 kDa protein which is also ubiquitously expressed in all tissues,
albeit to a lesser extent in the intestine and in the thymus (137). It possesses a N-terminal
signal sequence which might be cleaved in order to regulate the protein’s function in vivo
(137). On the subcellular level, TMBIMS5 resides in the inner mitochondrial membrane
where it appears to be crucial for mitochondrial health since its downregulation leads to
failure of the mitochondrial network, disorganization of the cristae and release of
proapoptotic proteins from the mitochondria (138). In contrast, overexpression of TMBIMS5
stabilizes cytochrome c at the inner membrane regardless of the permeabilization of the

outer mitochondrial membrane during apoptosis (138).

BI-1 knockout phenotype

In order to study the functions of BI-1, a BI-1 KO mice was created by inserting a proviral
sequence in reverse orientation between exon 7 and exon 8 of BI-1 (125). This leads to a
truncation of BI-1 after exon seven which means that a small C-terminally truncated part
of BI-1 is still detectable in BI-1 KO mice (125). Although all previous publications as well as
our second study in this thesis treats BI-1 KO mice as if they had a tull knockout of BI-1 and
Westphalen et al. showed that C-terminally truncated BI-1 loses its function (107), it is
important to keep in mind that a small N-terminal rest of BI-1 remains in these animals,
which is still detectable by northern blotting and RT-PCR and might still affect intracellular

functions.
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BI-1 KO mice have been employed in order to elucidate the function of BI-1 in vivo and no
detrimental phenotype or histopathological abnormalities, which would have been
expected from the lack of such a conserved protein which is involved in Ca* regulation and
ER stress resistance, have been observed. It has been reported however that BI-1 KO mice
injected with tunicamycin, an inhibitor of N-glycosylation in the ER and activator of the
UPR, have increased tubular degeneration in their kidneys as well as increased neuronal
cell death in the hippocampus (106). The same study also showed that BI-1 KO mice have an
increased infarct volume after middle cerebral artery occlusion, a mouse stroke model,
which was also linked to increased susceptibility to ER stress (106). On the other hand, BI-1
KO proved to be beneficial to liver regeneration after a partial hepatectomy (139). The
authors hypothesized that BI-1 KO hepatocytes are able to enter their cell cycle faster,
resulting in faster tissue regeneration, due to the increased ER Ca” load which was reflected
in the increased nuclear translocation of nuclear factor of activated T cells (NFAT), a

substrate of the Ca™ sensitive phosphatase calcineurin (139).

Aims of the thesis

In this study, I, and other members of the Methner lab and scientific collaborators,
characterized the TMBIM protein family by comparing their primary and secondary
structure, their intracellular localization and their effects on the intracellular Ca*
homeostasis. 1 also characterized the phenotype of Bl-1-deficient mice in full detail by
comparing its effect on ER stress and Ca® handling in immune cells.

24



Publications

The transmembrane BAX inhibitor motif (TMBIM) containing protein
family: Tissue expression, intracellular localization and effects on the

ER Ca**-filling state

Dmitrij A. Lisak', Teresa Schacht', Vitalij Enders', Jorn Habicht', Santeri Kiviluoto’, Julia
Schneider’, Nadine Henke', Geert Bultynck’, and Axel Methner"

'Focus Program Translational Neuroscience (FTN), Rhine Main Neuroscience Network
(rmn?®), Johannes Gutenberg University Medical Center Mainz, Department of Neurology,
Langenbeckstr. 1, D-55131 Mainz, Germany; KU Leuven, Laboratory of Molecular and
Cellular Signaling, Department of Cellular and Molecular Medicine, Campus Gasthuisberg
O/N-I bus 802, Herestraat 49, BE-3000 Leuven, Belgium.

The publication is printed as published in BBA Molecular Cell Research:

The transmembrane Bax inhibitor motif (TMBIM) containing protein family: Tissue
expression, intracellular localization and effects on the ER CA?*-filling state. Biochim
Biophys Acta. 2015 Sep;1853(9):2104-14.

Lisak DA, Schacht T, Enders V, Habicht J, Kiviluoto S, Schneider J, et al.

Author contributions:

Dmitrij Lisak participated in all experiments, the data analysis and creation of the
following figures: 1, 2, 3, 4, 5, and 7 and was also responsible for co-authoring the whole
manuscript.

Teresa Schacht participated in all experiments and the data analysis of the following
tigures: 5 and 6.

Vitalij Enders participated in all experiments and the data analysis of figure 7.

Jorn Habicht participated in all experiments, the data analysis and creation of the
following figures: 1, 3 and 4.

Santeri Kiviluoto participated in the data analysis and creation of figure 2.

Julia Schneider participated in all experiments and the data analysis of the following
tigures: 5 and 6.

Nadine Henke participated in all experiments of figure 5 and was consulted for all
experiments, which lead to figures 1, 3,4 and 7.

25



Geert Bultynck provided scientific advice for experiments, which lead to the figures 1, 2,
3,4and 7.

Axel Methner provided scientific advice during all experiments, co-developed the

methodology, reviewed the analysis and co-authored the whole manuscript.

26



Biochimica et Biophysica Acta 1853 (2015) 2104-2114

Contents lists available at ScienceDiract

Biochimica et Biophysica Acta

journal homepage: www.elsavier.com/locate/bbamcr

The transmembrane Bax inhibitor motif (TMBIM) containing protein
family: Tissue expression, intracellular localization and effects on the ER
CA%*"-filling state

Dmitrij A. Lisak ¥, Teresa Schacht ®, Vitalij Enders ®, Jérn Habicht %, Santeri Kiviluoto ", Julia Schneider *,
Nadine Henke *, Geert Bultynck b Axel Methner **

* Focus Program Trunslational Neroscience (FTN), Rhine Moin Neuroscience Network (rmn®), Deparement of Neurolagy, Johannes Gutenberg University Medicnl Center Mainz, Langenbeckstr. 1.
Mainz D-53131, Germony
Y Laboratory of Molecular and Cellular Signaling. Depurtment of Ceflular and Molectlar Medicitie, KU Leuven, Campus Gasthuisberg O/N-1 biss 802, Herestraat 49, Leuven BE-3000, Belgium

ARTICLE INFO ABSTRACT
Article history:

Received 18 September 2014

Received in revised form 19 January 2015
Accepred | March 2015

Available online 9 March 2015

Bax inhibitor-1 (BI-1) is an evolutionarily conserved pH-dependent Ca’* leak channel in the endoplasmic
reticulum and the founding member of a family of six highly hydrophobic mammalian proteins named
transmembrane BAX inhibitor morif containing (TMBIM ) 1-6 with BI-1 being TMBIMb. Here we compared the
structure, subcellular localization, tissue expression and the effect on the cellular Ca** homeostasis of all family
members side by side; We found thar all TMBIM proteins possess the di-aspartyl pH sensar responsible for pH
sensing identified in TMBIMG and its bacterial homologue BsYet). TMBIM1-3 and TMBIM4-6 represent two

ﬁ;_':;:}rds' phylogenetically distinct groups that are localized in the Golgi apparatus (TMBIM1-3 ), endoplasmic reticulum
FAIMZ (TMBIM4-6) or mitochondria (TMBIMS) but share a common structure of at least seven transmembrane do-
GRINA mains with the last domain being semi-hydrophobic. TMBIM1 is mainly expressed in muscle, TMBIM2 and 3
GAAP in the nervous system, TMBIM4 and 5 are ubiquitously expressed and TMBIMG in skeletal muscle, kidney, liver
GHITM and spleen. All TMBIM proteins reduce the Ca** content of the endoplasmic reticulum, and all but TMBIM5
WIcSH also reduce the cytosolic resting Ca’* concentration. These results suggest that the TMBIM family has comparable
functions in the maintenance of intracellular Ca** homeostasis in a wide variety of tissues. This article is part of a
Special Issue entitled: 13th European Symposium on Calcium. Guest Editors: Jacques Haiech, Claus Heizmann and

Joachim Krebs,
© 2015 Elsevier BV. All rights reserved.
1. Introduction protein kinase and endoribonuclease, which induces the expression of

BAX inhibitor-1 (BI-1) is an anti-apoptotic protein of seven trans-
membrane domains first identified in a screen for human proteins capa-
bie of inhibiting BAX-mediated cell death in yeast [1]. In mammals, its
cytoprotective properties are most evident in paradigms of endoplasmic
reticulum (ER) stress and ischemia/reperfusion injury. Mammalian cells
stably overexpressing Bl-1 are protected against ER stress [2,3], and Bl-
1-deficient mice have increased infarct volumes after occlusion of the
middle cerebral artery, a mouse stioke model, and increased sensitivity
to tunicamycin-induced kidney toxicity [2]. The inhibitory effect of BI-1
on ER stress appears to be mediated via a direct interaction with
inositol-requiring enzyme 1o (IRE1at), an ER resident serine/threonine

# This arficle is part of 2 Special [ssue entitled: 13th European Symposium on Calcium.
Guest Editors; Jacques Haiech, Claus Heizmann and Joachim Krebs,
= Corresponding author at: Department of Neurology, Johannes Gutenberg University
Medical Center Mainz, Langenbeckstr, 1, Mainz D-55131, Germany. Tel.: 4496131 17
2695; fax: +496131 17 5967
E-mail address: axel methner@gmail.com (A: Methner),

hiep:/fdx doiorg/10.1016/) bbamer.2015.03.002
0167-4889/@ 2015 Elsevier BV, All rights reserved.

genes implicated in the unfolded protein response [4]. Lack of BI-1
therefore leads to a defective unfolded protein response and increased
susceptibility to ER stress,

BI-1 also plays an important role in maintaining intracellular Ca®*
homeostasis. TMBIMG knockout hepatocytes have an increased ER
Ca’™ content 2], whereas overexpression of Bl-1 causes reduced
agonist-induced Ca®" responses due to a reduced ER Ca** content |5].
A peptide corresponding to the semi-hydrophobic seventh transmem-
brane domain of Bl-1 is capable of causing Ca* * release from biological
and artificial membranes, and this is abolished by the mutation of a sin-
gle aspartic acid residue within this potential pore domain [6]. Also, full-
length Bi-1 with this mutation loses its ability to lower the ER Ca* " con-
tent | 6], suggesting that BI-1 isa Ca* " leak channel in the ER membrane.
Interestingly, decreases or increases in the intracellular pH shut down
Ca** flux through the Bl-1 channel but not in the pore-dead D213A
mutant [ 7). These observations are supported by a recent study charac-
Lerizing the three-dimensional structure and pH-sensitive Ca® * -flux
properties of a bacterial homologue of BI-1, BsYet] [8]. BsYet] possesses
a di-aspartyl pH sensor in its C-terminal pore domain (Asp171-
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Asp195), which corresponds to two aspartate residues in the pore do-
main of Bl-1 (Asp188-Asp213). We therefore recently proposed a ho-
mology model of BI-1 and BsYet) where the pore can be open (neutral
pH), open and sealed (acidic pH) or closed (basic pH) depending on
the cytosolic pH, explaining the bell-shaped effects of pH on Ca*™ flux
mediated by BI-1[9].

BI-1 is the founding member of a family consisting of a total of six Bl-
1-like proteins that have been described based on a signature pattern
(Prosite PDOCO0957) corresponding to a region that starts with the
beginning of the third transmembrane domain and ends in the middle
of the fourth: G - x(2) - [LIVM] - [GC] - P - x - [LI] - x(4) - [SAGDT] -
x(4.6) - [LIVM](2) - x(2) = A= x(2) - [MG] - T = x - [LIWM] - x - F.
These BI-1 family proteins have been identified in several instances by
different groups and were given a wide variety of descriptive names.
The nomenclature accepted by the HUGO gene nomenclature commit-
tee for this gene family is TMBIM (transmembrane BAX inhibitor motif
containing) 1-6 with BI-1 being TMBIMS6. This nomenclature will be
used for the remainder of the manuscript.

TMBIM1 (also known as RECS1, PP1201, LFG3, MST100, MSTP100) is
a35 kDa protein predicted to contain seven transmembrane domains lo-
cated in endosomal/lysosemal membranes and ubiquitously expressed
in brain, heart, lung, liver, kidney, stomach, intestine, ovary, uterus, skel-
etal muscle, skin, adipose tissue, but not in the thymus, spleen or testis
[10]. TMBIM1/RECS1 plays a protective role in vascular remodeling and
its deficiency induces susceptibility to cystic medial degeneration in
aged mice |10}, TMBIM1/PP1201 also protects against Fas-mediated ap-
optosis by reducing Fas expression on the cell surface [11].

TMBIM2 (also known as NMP35, LFG, FAIM2, LFG2, NGP35,
KIAAD950) is a 35 kDa pratein also predicted to contain seven trans-
membrane helices. Intracellularly, TMBIM2 is located in the ER and in
the Golgi apparatus as well as in lipid raft microdomains of the plasma
membrane [12,13]. TMBIM2/NMP35 is predominantly expressed in
the nervous system | 14], most prominently in dendritic processes and
in a subset of synapses at the postsynaptic membrane and density

2105

[15]. TMBIM2/LFG protects from cell death induced by the FAS ligand.
but not by TNFa [12,13], and downregulation of endegenous
TMBIM2/LFG by small interfering RNA increases sensitivity of neuronal
cells to Fas ligand-induced cell death [12]. The lack of TMBIM2/FAIM2
increases caspase-associated cell death and stroke volume after cerebral
ischemia in vivo [ 16].

TMBIM3 (also known as LFG1, HNRGW, NMDARA1, MGC99687.
GRINA, GBF) is a 41 kDa protein predicted to have seven transmem-
brane helices first identified by expression cloning of a rat brain library
based on immunoreactivity to an antibody against the glutamate-
binding protein, a part of an NMDA-receptor-associated complex [17].
It was also identified as one out of 28 genes preferentially expressed be-
neath the marginal zone of the developing cerebral cortex of mice [18].
TMBIM3/GRINA is upregulated during ER stress and protects against ER
stress-mediated cell death via a mechanism that involves TMBIMG and
IP4Rs [19],

TMBIM4 (also known as GAAP, S1R. LFG4, ZPRO, CGI-119) is a
27 kDa protein predicted to contain seven transmembrane domains.
TMBIM4/GAAP is expressed in many human tissues such as the heart,
brain, placenta, lung, liver, skeletal muscle, kidney, pancreas, spleen,
thymus, prostate, testis, ovary, small intestine and colon. Intracellularly,
itis lacalized in membranes of the ER and Golgi apparatus. It was first
identified in humans as GAAP with a highly conserved counterpart
found in the vaccinia virus. The function of GAAP most closely resembles
that of TMBIM6; human CAAP overexpression inhibits apoptosis trig-
gered by intrinsic and extrinsic stimuli [20] and reduces histamine-
induced Ca** release from intracellular stores by lowering the Ca**
content of these stores and decreasing the efficacy of IP5 [21].

TMBIMS (also known as GHITM, MICS1, DERP2, My021, PTDO10,
HSPC282, FLJ26584, DKFZp566C0746) is a 37 kDa protein predicted to
contain eight transmembrane domains. TMBIMS/GHITM is expressed
ubiquitously in most tissues but less in the intestine and thymus [22].
Cleavage of a proposed N-terminal signal peptide results in its mature
form in vivo [22]. TMBIM5/MICS1 appears to reside in the inner
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Fig. 1. The secandary protein structure of the TMBIM family. TMBIM1-6 all have at least 7 transmembrane domains, and the last domain is always much less hydrophobic than the others.
Hydrophobicity plots of TMBIM1-6 were generated by TMpred. Putative transmembrane domains are indicated by roman numerals. The TMBIM6 homology domain 15 indicated by a

horizontal line,

28



2106 DA Lisak et al. / Biochimica et Biophysica Acta 1853 (2015) 2104-2114

mitochondrial membrane and its downregulation results in the mainte-  effects on intracellular Ca®* homeostasis of these proteins in parallel
nance of the normal mitochondnial network and disorganization of cris- ~ experiments.

tae failing [ 23 ]. TMBIMS5/MICS 1 downregulation induces a rapid release

of pro-apoptotic proteins from the mitochondria during apoptosis, 2. Materials and methods

whereas its overexpression induces a stabilization of cytochrome ¢ at

the inner membrane, irrespective of the permeabilization of the outer  2.1. Cloning of TMBIM1-6 and generation of stable cell lines

membrane during apoptosis [23].

In this work, we first studied the primary structure, phylogenetic re- TMBIM1-6 expressing HT22 cells were generated with the PiggyBac
lation and hydrophabicity of all mammalian TMBIM family proteins and transposon system. cDNA sequences of TMBIM1-6 were generated by
BsYet). This revealed two groups of very similar structure and a com- PCR and inserted into the pPB-CAG-EBNXN vector (obtained via the
plete conservation of the di-aspartyl sensar, suggesting comparable Sanger institute), N-terminally tagged with a hemagglutinin (HA) epi-
functions in the maintenance of intracellular Ca’* homeostasis. We  tope and C-terminally followed by an internal ribosomal entry site
then compared tissue expression, intracellular localization and the (IRES) followed by the yellow fluorescent protein Venus. In TMBIM5-
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Fig. 2. Alignment of TMBIM proteins with the bacterial TMBIME orthalog BsYet]. Multiple protein sequence alignment of the TMBIM protein family and the bacterial homologue BsYer) was
performed using PRALINE with the BLOSUMG2 scoring matrix. The colors indicate the least conserved (hlue) to the most conserved residues (red ). Non-aligning N-termini of each prorein
were removed. Key residues previously shown to be impartant in gating pH-dependent Ca’ " leak by BsYet] and putative corresponding residues in TMBIMG/BI-1 (H78. D188, D209 and
D213 ) are shown in yellow. Note that only residues correspending to D188 and D213 in TMBIME are strictly conserved across all proteins. Transmembrane domains ( TMD) according to
TMpred prediction are indicated by black lines.

29



DA Lisak et al. / Biechimica et Biophysico Acta 1853 (2015) 2104-2114

A
0.61 hTMBIM1
0.95 hTMBIM2
hTMBIM3
hTMBIM4
074 hTMBIMS
hTMBIMBE
BsYetJ
0.6
B
Dr.
Ac. TMBIM4
Has
Xt
ik
" TvBIME
A
or
Dr.
Hs
ﬁ ot TMBIMS
] xt
TMBIM3
L. TMBIM
Dr.
TMBIMZ

Fig. 3. TMBIM proteins share a common structure and fall into two separate groups.
(A) Phylogeneticanalysis of the sequence alignment of the TMBIM family and the bacterial
homologue BsYet] shows that BsYet] is closest related to TMBIMS and TMBIMG. The
branch support values are indicated above the branches. (B) TMBIMG clusters together
with TMBIMS and TMBIM4 and TMBIM1 clusters together with TMBIM2 and TMBIM3:
TMBIM1 and TMBIMZ2 are the two mpst closely related proteins. TMBIMG and TMBIMS
are more closely related to each other than to TMBIM4: Both phylogenetic trees were
created using the Maximum Likelihood algorithm with the BLOSUMG2 substitution matrix
and 100 bootstrap trials,

mCherry, mCherry was cloned in frame C-terminally to TMBIMS. Each
of these constructs was co-transfecied in a ratio of 1:4 with a plasmid
encoding a transpesase into HT22 cells using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s protocol. The cDNA con-
structs, flanked by PiggyBac transposon sites, were stably inserted into
the genome and 48 h after transfection Venus-positive cells were select-
ed on a MoFlo XDP (Beckman-Coulter) cell sorter. After three to four re-
peated rounds of cell sorting, approximately 99% of cells were positive
for Venus fluorescence and considered as stably transfected, Successful
expression was confirmed by immunoblotting using an oe-HA antibody
(Sigma HBI08, 1:2000).

22, Phylogenetic analysis and bioinformatic analysis
Multiple sequence alignment focusing on amino acid conservation
was performed using the enline tool PRALINE using the Blosum62 scor-

ing matrix with default settings [24]. Alignments were preprocessed
using PSI-BLAST with 3 iterations and an E-value cutoff of 0.01 [25].
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The phylogenetic tree was constructed using the online tool phylogeny.fr
[26]. In short, the tool aligns the sequences using MUSCLE (3.7) with de-
fault settings [27]. After alignment, ambiguous regions were removed by
Gblocks (v0.91b) and reconstructed in a phylogenetic tree using the
maximum likelihood method in PhyML (v3.0 aLRT). Graphics were creat-
ed using TreeDyn (v198.3). The multiple sequence alignment of TMBIMs
across species was created using MAFFT version 6 using the E-INS-i sef-
ting and the alignment trimmed with JalView 2.5 at a cutoff value of
85% gaps. For the analysis of the secondary structure of the TMBIM fam-
ily, the amino acid sequence of each TMBIM protein family member was
entered as plain text into the "Prediction of Transmembrane Regions and
Orientation™ (TMpred) application (ExPASy), and the prediction graphic
of the preferred model with the highest score was chosen. The presence
of signal peptides was evaluated with SignalP 4.0 [28] and of mitochon-
drial targeting sequences with MitoProt [I [29].

2.3, Expression analysis

Wild-type C57/BL6 animals were sacrificed, and RNA was harvested
from tissue samples with the ZN RNA Mini Prep Kit (ZYMO Research)
according to the manufacturer's protocol. RNA was transcribed to

TMBIM1 TMBIM2
100 10000
=
] 1000
@ 10
£ 100
&
@
o 10
=] 1
[
1
0.1 0.1
Ch Br He Mu Ki Li Sp Cb Br He Mu Ki Li Sp
TMBIM3 TMBIM4
100 100
s
&
@
@ 10 10
=3
>
[
h=)
B i 1
i
0.1 0:1
Cb Br He Mu Ki Li Sp Cb Br He Mu Ki LI Sp
TMBIMS TMBIM&
100 1000
&
a 100
o 10
=
= 10
@
3
& 9
0.1 0.1

Cb Br He Mu Ki Li Sp Cb Br He Mu Ki Li Sp

Fig- 4. Tissue expression of TMBIM family members, TMBIM1 is mainly expressed in the
heart and in muscle and TMBIM2 and TMBIM3 are mostly found in the central nervous
system where TMBIMS is least expressed. TMBIM4 and TMBIMS are relatively evenly dis-
tributed throughout the tissues. Expression of TMBIM1-6 as assessed by quantitative PCR
invarious tissues shown as the mean fold + SEM fromn 3 1o 6 mice per protein measured in
triplicate. The fold was calculated with the 2RI ethad and was normalized to
the tissue with the lowest expression,
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¢DNA with the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems) using 2 pg of RNA. Quantitative PCR (qPCR) was employed
to measure DNA levels in a 7500 Real Time System (Applied Biosystem),
and the Universal Prabe Library by Roche was used with the following
primers: TMBIM1 forward: 5'-CAATGCCCATGAACTACGG-3', TMBIM1
reverse: 5'-CCAGCACGAAAGCTGTCACT-3/, TMBIM2 forward: 5'-CCAC
GCGGTCTATGCTGTA-3/, TMBIM2 reverse: 5'-CCATCAGCAACTGGGTAT
CA-3', TMBIM3 forward: 5'-CCGCATCCTGGAGATTGTAT-3', TMBIM3 re-
verse! 5'-TGCTTGTTCCCCAGGAGTAG-3", TMBIM4 forward: 5'-ACCTCT
TCCTGCACCTGTTG-3", TMBIM4 reverse: 5'-TCTCTGAACACTGCTCGGTT
AC-3', TMBIMS forward: 5'-CTTGGAACCATCAATGGAAAA-3', TMBIMS
reverse: 5'-AGAGCGCTCCAAGACCAAC-3', TMBIME forward: 5'-GGGC
CTATGTCCAGTGGT-3", TMBIMG reverse: 5'-CCATCAGCCAAATCATCA
AG-3'. HPRT was used as an endogenous housekeeping gene. Fold
expression was calculated with the 2-14e#lldelalct mothod, and the
expression of each protein was normalized to the tissue with the lowest
fold.

24. Immunofluorescence

HT22 cells were plated in six-well tissue culture plates and grown
for 24 h. Cells were then transiently transfected with the pPBCAG:HA-
POI-IRES-Venus plasmids carrying the various TMBIM proteins using
Attractene Transfection Reagent (Qiagen). After 24 h incubation,
75,000 cells were seeded on 12 mm coverslips and were grown for an-
other 24 h. Cells were then washed with DPBS (Sigma-Aldrich) and
fixed with 4 % paraformaldehyde for 20 min at 4 °C. Afterward, the
cells were washed four times with DPBS (+0.1 M Glycin and 4 mM
MgCly) for 5 min and then permeabilized and blocked with PSS (1x
DPBS, 5% FCS, 0.1% Saponin) for 1 h at room temperature. Cells were in-
cubated with the indicated primary antibodies (rabbit COXIV (1:750,
Cell Signaling); rabbit RCAS1 (D2B6N, 1:100, Cell Signaling}, mouse
HA-Tag (6E2, Alexa Fluor 488 conjugate, 1:400, Cell Signaling), rabbit
Sec62, (1:500, kind gift from Prof. Zinumermann, Universitit des
Saarlandes) in PSS overnight at 4 °C. After washing twice with PSS for
15 min, cells were incubated with the secondary antibody goat anti-
rabbit Alexa568 (1:500, Milipore) for TMBIM 1-6 or goat anti-rablit
Alexa647 (1:1000, Invitrogen) for TMBIMS-mCherry in PSS for 1 h at
4 °C and washed three times with PSS for 5 min. The cell nuclei were
stained with DAP] (Life Technologies) for 10 min and washed again
twice with PSS. Coverslips were removed from the culture plate,
washed with Aqua dest. and fixed on a microscope slide with mounting
medium (Dake). Images were taken on a confocal microscope (SP5,
Leica), Co-localization was quantified with the JACoP software (Image])
and the van Steensel approach [30).

2.5, [mmuneblotting

HT22 cells were lysed in ice-cold RIPA buffer (Invitrogen) containing
mini complete protease inhibitor cocktail (Roche) and centrifuged for
30 min at 16,000 g. Protein concentrations were determined using the
bicinchoinic acid assay protein quantification kit (Interchim), samples
were incubated for 10 min with 5x SDS loading dye with 8 M UREA.
Fifty micrograms of each sample was loaded on polyacrylamide gels
(Thermo Fisher Scientific), transferred onto nitrocellulose membranes
with the iBlot System (Invitrogen) and blocked in 3% nonfat dry milk
in PBS containing 0.5% Tween-20 (PBS-T), The membranes were incu-
bated at 4 °C overnight with primary antibodies diluted 1:3000 for
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Anti-HA (ab9112, 1:3000, Abcam), Anti-Actin (MAB1501, clone C4,
1:4000, Millipare) or Anti-RFP (5 F8, 1:1000, Chromotek). Anti-mouse,
anti-rabbit 1gG (Fc) or Anti-rat infrared fluorescence conjugated sec-
ondary antibodies (Licor, 1:30.000) were added following washing
with PBS-T and incubated for 1 h at RT. The membranes were scanned
for infrared fluorescence at 680 and 800 nm using the Odyssey system
(Licor).

2.6, Cytosolic Ca® * measurements using Fura2

Fura2 Ca** imaging experiments were conducted on a BD Pathway
855 High Content Imaging System (BD Biosciences). HT22 cells were
seeded in a density of 5000 cells/well on 96-well imaging plates (BD
Bioscience) for 24 h and loaded with 5 pM Fura2-AM (Molecular
Probes) in HBSS at 37 “C for 20 min prior to the experiment. Measure-
ment was performed with excitation at 340 nm and 380 nm for radio-
metric analysis, and pictures were taken with a delay of 5 s, After
baseline recording, ER Ca’* stores were depleted in EGTA buffer
(Ca*"-free HBSS supplemented with 0.5 mM EGTA, 20 mM HEPES,
1 mM MgCl; and 1 g/l Glucose) with 2 uM thapsigargin for 8 min.
Each cell type was measured at least three times and analyzed with
Attovision 1.7.1.0 (BD Bioscience). Calibration was performed after
each measurement, and Fura2 values were converted into absolute
Ca®" concentrations by the formula where the k; = 224 nM, the
minRatio was measured in EGTA, maxRatio was measured in 20 mM
Ca”" and max380 and min380 represent the maximum and minimum
values at 380 nim.

2.7. Statistical analysis

Data were analyzed as mean + SEM and the statistical significance
using two-tailed t-tests or analysis of variance (ANOVA) with Tukey's
multiple comparison test as indicated.

3. Results

3.1. TMBIM proteins share a common structure and fall into two
separate groups

We started by comparing the secondary protein structure of the
human TMBIM family using TMpred, an algorithm that makes pre-
dictions about potential membrane-spanning regions and their orien-
tation. This revealed a remarkably similar structure in all family
members with at least seven domains with high hydrophobicity and
an N-terminus of different lengths. Of note, in all TMBIM preteins, the
last transmembrane domain is less or semi-hydrophobic as reported
for TMBIMG [6] and TMBIM4 [31}. These studies favored a six-
transmembrane domain model with a putative reentrant loop
at the C terminus and both termini located in the cytosol for these
two proteins. Only TMBIMS, the only family member reported to
have an N-terminal signal sequence that is cleaved in order to ensure
proper protein expression and function [22], contains an additional
transmembrane domain of significant hydrophobicity preceding
the TMBIME homology region (Fig. 1). This domain, however, starts
at amino acid 82 and likely does not serve as a signal peptide se-
quence, an aspect that is studied in more detail in this manuscript.
We next aligned the sequences of all TMBIM proteins with the bacte-
rial TMBIMG ortholog BsYet] using the online tool PRALINE. This

Fig. 5. Group-specific expression in the Golgi apparatus or the ER. TMBIM 1-3 mainly co-localized with a Golgl apparatus marker and TMBIM4-6 with an ER marker. None of the N-
terminally tagged TMBIM family member co-localized with mitochondria. HT22 cells were transiently transfected with HA-tagged TMBIM 1-5 and stained with primary antibodies against
HA and either COXIV (mitachondria), RCAS | (Golgi apparatus) or Sech2 [ ER), FITC-labeled secondary antibodies against HA (green} and Cy3-labeled secondary antibodies against COX IV,
RCAS1 and SecB2 (red) were used to assess intracellular localzation of TMBIM1-6 with confocal microscopy: The scale bar corresponds to 5 pm. The JACoP software wath the van Steensel

appioach was employed to quantify co-localization.
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revealed a strong conservation of the first five amino acids preceding
transmembrane domain (TMD) 1 and the TMD 6 and 7, respectively,
2 and 7/8 in TMBIMS. All proteins contain the completely conserved
di-aspartyl pH sensor identified in BsYet] [8]. Besides this, only two
other residues were completely conserved in all proteins: a leucine
in TMD 2 and a phenylalanine in TMD 7 (Fig. 2). We next generated
a phylogenetic tree to clarify the relationship of the TMBIM family
members to BsYet], which revealed that TVIBIME is the closest rela-
tive to this ancestral protein (Fig. 3A). To more clearly delineate
the relationship of the TMBIM family members to each other, we
then constructed a phylogenetic tree using a completely unrelated
TMD protein as an outlier and 100 bootstrap trials. We also chose
orthologs of TMBIM1-6 from four evolutionarily separated verte-
brates (Homo sapiens, Anolis carolinensis, Xenopus tropicalis and
Danie rerie) to avoid species-specific changes or artifacts. The
resulting phylogenetic tree clearly separated the six TMBIM family
members and revealed two separate clades: group | (TMBIMI,
TMBIM2 and TMBIM3) and group 1l (TMBIM4, TMBIMS and
TMBIMG). Within the groups, TMBIM1 and 2 and TMBIMS and 6 clus-
tered together (Fig. 3B). In summary, these results suggest a close
homology of all TMBIM family members and reveal that the previ-
ously identified di-aspartyl pH sensor is conserved among all
TMBIM proteins.

3.2, Tissue expression of TMBIM family members

The hydrophabic nature of the TMBIM family renders the generation
of specific antibodies difficult. Despite considerable efforts, no function-
al antibodies that can distinguish between TMBIMS deficient, and wild-
type tissues are currently available (see supplementary data in [7]). We
therefore used quantitative RT-PCR to quantitate the expression of the
TMBIM family members in a comparable manner in the cerebellum,
brain, heart, femoral muscle, kidney, liver and spleen. The housekeeping
gene hypoxanthine-guanine phosphoribosyltransferase (hprt) served
as an endogenous control, and the expression of each transcript was
normalized to the tissue with the lowest expression. This revealed
that TMBIM1 has its highest expression in the two muscle tissues,
TMBIM2 and TMBIM3 in the two tissues from the central nervous sys-
tem, TMBIM4 and TMBIMS are rather ubiquitously expressed and
TMBIMG predominantly in skeletal muscle, the kidney. liver and spleen
(Fig. 4).

3.3, Group-specific expression in the Golgi apparatus or the ER in HT22 cells

A number of different intracellular locations for each TMBIM family
member were proposed mainly based on bioinformatic predictions.
We decided to compare the intracellular localization of all family mem-
bers in a comparable and quantitative manner and transiently
transfected HT22 cells with N-terminally HA-tagged TMBIM1-6, which
were then stained with an «-HA antibody and antibodies against the
Golgi marker protein receptor binding cancer antigen expressed on
SiSo cells (RCAS1) [32], the ER marker protein SEC62 [33] and the mito-
chondrial protein cytochrome c oxidase IV (COX1V) | 34]. Co-localization
was quantified by the van Steensel cross-correlation function and the
Pearson coefficient [30]. This proved an interesting dichotomy in that
group | (TMBIM1-3) showed a predominant localization in the Golgi ap-
paratus and group [1 (TMBIM4-6) in the endoplasmic reticulum (Fig. 5).
Because of the reported mitochondrial localization of TMBIMS [23] and
the fact that its secondary structure differs from the other family mem-
bers by the presence of an additional transmembrane domain preceding
the TMBIM6 homology domain (Fig. 1), we decided to study this protein
in more detail, Yoshida et al. [22] reported the presence of an N-terminal
signal sequence, which we could not verify using the SignalP 4.0 detec-
tion method [28] (Fig. 6A). We, however, noted an enrichment of argi-
nine, leucine, serine and alanine residues (shown in blue in Fig. 6A), a
net charge of +18 and a predominance of basic amino acids in the
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TMBIMS N-terminus, These are all characteristics of a mitochondrial
targeting sequence [29] and an analysis with MitoProt 1l indeed indicat-
ed the presence of a poténtial cleavage site at position 57 of TMBIMS
(Fig. GA). In the experiments described above, we tagged TMBIMS
with the 11-amino acid HA tag at its N-terminal end and used an anti-
body against this tag to determine the subcellular localization, Because
we observed a band of the predicted size by immunoblotiing this
means that at least a part of TMBIMS remains uncleaved and that this
uncleaved TMBIM5 resides in the ER whereas cleaved TMBIMS5 could re-
side in mitochondria. To distinguish between these two possibilities, we
now claned the red fluorescent mCherry protein in frame with the C
terminus of TMBIMS and studied the subcellular localization by co-
localizing mCherry fluorescence with the organelle markers. In compar-
ison to the N-terminally tagged protein, this revealed a reduced localiza-
tion in the ER, an absent localization in the Golgi apparatus and a
significant co-localization with the mitochondrial marker protein cyto-
chrome ¢ oxygenase IV (Fig. 6B). Also, when we immunoblotted tran-
siently transfected TMBIM5-mCherry and stained with an c-mCherry
antiserum, we observed two distinct bands of equal density but only
one band when stained with an a-HA antiserum (Fig. 6C). This means
that TMBIMS can indeed be cleaved after the predicted mitochendrial
targeting signal and translocate to mitochondria.

3.4, Prafound effects of TMBIM 1-6 on the intracellular Ca” * homeostasis in
HT22 cells

Ca’" isan important signaling molecule in the cytosol of virtually all
cell types and several members of the TMBIM protein family, especially
TMBIMB, have been reported to play a role in the control of intracellular
Ca®" homeostasis. We investigated the effect of each family member on
intracellular Ca** by stably overexpressing HA-tagged TMBIM1-6 in
HT22 cells. The expression of each protein was confirmed by immuno-
blotting (Fig. 7A). Ca** kinetics were measured in a high-throughput
micrascope which allows simultaneous measurement of several hun-
dred cells independently. The ER Ca®* content was measured by apply-
ing thapsigargin, an irreversible inhibitor of the SERCA pumps in the ER
membrane, causing immediate Ca® ' efflux from the ER. In the presence
of the extracellular Ca?* buffer, Ca>* influx from the extracellular medi-
um is prevented and the thapsigargin-releasable Ca?* in the cytosol is
solely originating from the ER Ca®" stores. The TMBIM-expressing
HT22 cells were compared to HT22 cells that only expressed the
empty vectar. Fig. 7B shows the combined Ca®" traces of each cell line
and Fig. 7C a quantitative analysis of the baseline cytosolic [Ca®" | and
the peak [Ca® ' | reached after addition of thapsigargin. In these experi-
ments, we examined one cell line after another and always compared
against the cantrol cell line explaining the higher number of analyzed
cells. This revealed that all TMBIM family members reduced the ER
Ca®" content and all but TMBIMS5 also reduced the basal Ca®* concen-
tration in the cytosol.

4. Discussion

This is the first work systematically describing the relationship, sec-
ondary structure, rissue expressian, intracellular localization and effects
on cellular Ca’* homeostasis of the TMBIM protein family sharing the
evolutionary conserved motif UPFO005. All family members are charac-
terized by at least six transmembrane domains and an additional C-
terminal domain that may serve as a reentrant loap, as previously pro-
posed for TMBIMG |6] and TMBIM4 [31]. Our phylogenetic analysis
demonstrated two groups consisting of TMBIM1-3 on one hand and
TMBIM4-6 on the other, which differ mainly in regard to intracellular lo-
calization, We could confirm that TMBIM1 [11], TMBIM2 [12] and
TMBIM3 [19,35] are mainly located in the Golgi apparatus and to a less-
er extent in the ER. TMBIM4 and TMBIMS are more closely related to
TMBIMSG and these three have a predominant localization in the ER.
Gubser et al. [20] also found TMBIM4 primarily located in the ER and
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partly in the Golgi apparatus in line with our results. Regarding
TMBIMS, a previous study suggested that it is exclusively located in
the mitochondria [23]. We indeed identified the presence of a mito-
chondrial targeting sequence in this protein leading to cleavage after
residue 57 and therefore repeated our co-localization experiments
using C-terminally tagged TMBIMS5. This still demonstrated a
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predominant ER localization but also a substantial mitochondrial local-
ization not present in the co-localization experiments with the N-
terminal tag. We therefore assume that TMBIMS can be localized at dif-
ferent organelles depending on the efficiency of cleavage that could be
altered by the presence of the small HA tag at its N-terminus as sug-
gested earlier [22]. It should be noted, however, that a bioinformatic
analysis using PSORT 1 also suggested a predominant ER localization. In-
terestingly, a splice isoform of TMBIMS5 (GenBank accession
EAWB0370.1) with 243 amino acids adding a novel N-terminus
starting 10 amino acids before the TMBIM6 homoelogy domain can
be found in databases. Such a protein would most probably not local-
ize to mitochondria. Finally, TMBIME was undoubtedly expressed in
the ER in line with previous data using EGFP- [1,5] and mCherry-
tagged [7] TMBIMG.

In line with Zhao et al., we detected the lowest expression of
TMBIM1 in the spleen where it was below the detection limit of
northern blotting, We observed the highest expression of TMBIM1 in
the heart and in the skeletal muscle, followed by the cerebellum,
which is similar to the expression pattern previously obtained by north-
ern blotting [10]. Our results are also in line with previous ebservations
from northern blotting [13,14], RT-PCR [ 12] and immunohistochemistry
[15] that TMBIMZ is mainly expressed in the central nervous system.
TMBIM3 was also found to be mainly expressed in the central nervous
system and to a lower extent in the kidney by northern blotting and
RT-PCR [35], supporting our own results which show a comparable ex-
pression pattern. TMBIM4 has been reported by PCR analysis to be ubiq-
uitously expressed throughout all tissues with its lowest expression
being in the brain |20], which exactly matches our results. Northern
blot analysis showed that TMBIMS is highly expressed in the brain,
heart, liver kidney and muscle with lower expression in the intestines
and in the thymus [22]. Our data support this analysis since we ob-
served a similar expression pattern, although we measured a lower ex-
pression in the liver compared to the brain, heart and skeletal muscle.
TMBIMB, also known as Bl-1, is the best-characterized member of the
TMBIM family yet. We were able to confirm its ubiquitous expression
throughout the body |36-38] with the exception of the nervous system.

In line with the conserved overall structure and the homology with
TMBIMS, we observed that the overexpression of each pratein resulted
in a decreased thapsigargin-releasable Ca** pool from the ER. A lower-
ing effect on the ER Ca®* content has been previously reported far
TMBIM3 [19], TMBIM4 [21] and TMBIMG [5]. Yet the impact of
TMBIM1, TMBIM2 and TMBIMS on intracellular Ca** homeostasis has
not been reported before, but our data are now the first to indicate
that these proteins indeed influence the Ca®' handling of the ER.
Westphalen et al. [5] transfected CHO cells with TMBIMG-EGFP and
measured Ca? " traces after ATP stimulation with the ratiometric Ca®”*
dye Fura2-AM and the ER Ca®" content after treatment with
thapsigargin using the ER cameleon D1ER. Rojas-Rivera et al. stably

Fig. 6. Detailed analysis of the subcellular localization of TMBIMS. (A} TMBIMS contains no
signal peptide but a mitochendrial mrgeting sequence with a proposed cleavage after res-
idue 57, The amino acid sequence was analyzed by SignalP 4.0 and MitoProt 1. None of the
scores reported by SignalP 4.0 (C 5 Y scor reaches the threshold necessary for
classification as signal peptide shown as horizontal line. However, the N-terminus
possesses a net positive charge and 21 out of 57 residues typically found in mitochondrial
targeting sequences (shown in blue). The predicied cleavage site is indicated by an arrow,
(B) C-terminally mCherry-tagged TMBIMS localizes to mitochondria and the ER. HT22
cells were transiently transfected with TMBIMS tagged on both sides and stained with
primary antibodies against HA and mCherry, or mCherry and either COXIV [ mitochon-
dria), RCAS1 (Golgi apparatus) or Sec62 (ER), FITC-labeled secondary antibodics against
HA or the organelie markers (green) and Cy3-labeled secondary antibodies against
mCherry (magenta) were used to assess intracellular localization with confocal micro-
scopy. The scale bar corresponds to 5 pm. The JACoP software with the van Steensel
approach was employed to quantify co-localization. (C) TMBIMS is cleaved. HT22 cells
were transiently transfected with HA-TMBIMS5-mCherry and immunoblotted. The
mCherry-stained blot reveals two bands corresponding to cleaved and uncleaved
TMBIMS whereas the HA-stained blots shows only a single band. Size 15 indicated.
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overexpressed TMBIM3-myc in mouse embryonic fibroblasts and mea-
sured Ca®" release with Fluo4-AM after ATP stimulation [19). HA-
tagged TMBIM4 was stably overexpressed in U20S cells, which were
stimulated with histamine and Ca’~ was measured with Fura2-AM by
de Mattia etal. [21]. Inall cases, the overexpression of the TMBIM family
members resulted in a decreased agonist-inducible Ca®* pool, similarly
o the reduced thapsigargin-releasable pool, which we observed after
stably overexpressing TMBIM1-6 in HT22 cells. This property likely is
not limited to mammalian TMBIM proteins since the overexpression
of viral TMBIM4 has been shown to lower the ionomycin-releasable
Ca®" in cells [39], However, it is important to note that the impact of
TMBIM on agonist-induced Ca®* release is not solely due to its impact
on the filling state of the ER Ca®* stores since several TMBIM family
members (TMBIM3, TMBIM4 and TMBIMG) have been reparted to in-
teract with the IP3 receptor, an intracellular Ca**-release channel pres-
ent at the ER Ca’* stores. On one hand, TMBIM6 overexpression
sensitizes IP3R to low [IP3] and thus promotes IP3-induced Ca® " release
in Ca® "flux assays performed in permeabilized cell systems [40]; on
the other TMBIM3 [19] or TMBIM4 [21] overexpression suppressed
IP3-induced Ca®™ release in these assays which could of course be also
caused by the reduced ER Ca®" content.

Whether the Ca* flux through all TMBIM family members is pH
dependent remains to be investigated. The pH-dependent properties
of TMBIMG are due to a complex network of interactions with a promi-
nent role for the di-aspartyl pH sensor (D188 and D213 of TMBIMG)
conserved in all family members, but also on D209 and H78. At neutral
PH, the D188, D209 and D213, which form the Ca® " -permeable pore,
are sufficiently negatively charged to allow Ca** flux. At more acidic
pH (e.g. about pH 6), D188 and D213 become protonated (due to their
relatively high pKa values) and prevent Ca®* flux through the pore. At
more basic pH, a hydrogen bond between H78 and D213 may be formed
and thus alter the conformation, leading to closure of the Ca*" pore
(discussed in [9]). In contrast to D188 and D213 residues, which are
conserved among all TMBIM family members, H78 and D209 are unique
to TMBIMG. However, all other family members also contain a positively
charged residue (namely R) at this position except TMBIM5, where it
correspands to a negatively charged residue (namely D). The impor-
tance of this residue for the function of the TMBIM family members
awaits further investigation. It is interesting to note that all TMBIM fam-
ily members except TMBIMS caused a slight decrease in the basal cyto-
solic [Ca** |, which matches an increased cytosolic Ca’* content in
TMBIMG knockout splenocytes (own unpublished data). At this point.
itis not clear what causes this and why TMBIMS5 overexpression has
the opposite effect. TMBIMS differs from the other family members by
the presence of a unique acidic (D) instead of a basic (H or R) residue
near transmembrane domain 2, an additional transmembrane domain
preceding the TMBIMG homology domain and its unique localization
in the mitochondrial membranes. This mitochondrial localization

Fig. 7. Profound effects of TMBIM 1-6 on the intracellular Ca** homeostasis. (A) Cells
stably express HA-tagged TMBIM family members. HT22 cells were stably transfected
with HA-tagged TMBIM1-6 or empty vector and expression was verified by immuno-
blotting. Actin was used as the loading control; size is indicated. (B) Each member of the
TMBIM famuly, except for TMBIMS, lowered the baseline ca*t compared to cells
transfected with the empty vector. Additionally, TMBIM1-6 lowered the thapsigargin-
releasable pool. The traces show the calibrated absolute Ca* ~ concentrations of each cell
line compared to empty vector-transfected cells. Each cell line was measured at least
three times and the total cell count is indicated in panel C. (C) Single-cell analysis of the
Ca®" traces shows that while TMBIM1-4 and TMBIMG significantly but modestly lowered
the basal cytosolic [Ca2+ |, TMBIMS significantly increased it Further, cach TMBIM family
member significantly decreased the ER Ca®* pool when compared to empty vector-
transfected cells. FuraZ-AM-based Ca®* traces were recorded with a high content imaging
systen. After baseline recording, extracellular Ca’* was depleted by adding 2 mM EGTA.
Then ER Ca™* content was released through the addition of 2 pM thapsigargin. The box
and whiskers plot represent the absolure Ca’* values at baseline conditions as well as
the maximum cytosolic Ca’™ concentrations as the mean + SD. Data were analvzed
with one-way ANOVA. *P< 0.05.
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could alter the buffering capacity of the mitochondria and thereby alter
the cytosolic Ca®* levels.

The reduction of intracellular Ca** concentrations might impact the
cell's susceptibility to apoptosis since Ca* is known to influence apo-
ptosis pathways (reviewed in [41,42]). Ca** released from the ER can
be taken up by the mitochondria, which is facilitated by the close prox-
imity of these two organelles |43, Although Ca** uptake by the mito-
chondria can activate oxidative metabolism and promote cell survival,
dysregulated release of ER Ca** initiates programmed cell death by sev-
eral mechanisms including mitochondrial Ca®* overload, depolariza-
tion, ATP loss, generation of reactive oxygen species, and cytochrome ¢
release (reviewed in [44]). The decreased ER and Golgi Ca®* pool by
the overexpressed members of the TMBIM family members might
therefore correlate with their potential anti-apoptotic properties that
has been recently reviewed elsewhere [45]). We were unfortunately
not able to reliably measure cell death in our cell lines. This resulted pri-
marily from very heterogeneous growth characteristics between the
cell lines, also between empty vector-transfected cells and cells carrying
the actual protein, It therefore remains to be investigated how the
changes in the intracellular Ca** handling caused by the TMBIM family
exactly relate to their anti-apoptotic properties,

Conflict of interest

The authors have no conflict of interest.

Traparency Document

The Transparency document associated with this article can be
found, in the online version.

Acknowledgment

This work was supported by DFG ME1922/9-1 to Axel Methner.
Support in the laboratory of Geert Bultynck was provided by the
KU Leuven (OTSTRT1/10/044 and OT/14/101) and from the Research
Foundation-Flanders (FWO; G.0571.12). We thank Darragh O'Neill
for proofreading the manuscript. Confocal images were taken in the
Core Facility Microscopy of the Institute of Maolecular Biology (IMB)
Mainz,

References

1] @ Xu, J.C Reed. Bax inhibitor-1, a mammalian apoptosis suppressor identified by
functional screening in yeast, Mol. Cell 1 (1998) 337-346.

|2] H-J Chae, H-R. Kim, C. Xu, B. Bailly-Maitre, M. Krajewska, 5. Krajewski, et al, Bl-1
regulates an apoptosis pathway linked to endoplasmic reticulum stress, Mol, Cell
15 (2004) 355-366, hitp://dx.doiorg/ 10,1016/ molcel 2004.06.038.

I3] B. Bailly-Maitre, C, Fondevila, F. Kaldas, N, Droin, F, Luciano, |.-E. Riccl, et al,
Cytaprotective gene bi-1is recquited for intrinsic protection from endoplasmic retic-
ulum stress and 1schemia-reperfusion injury, Proc. Natl. Acad. Sci. U. 5. A. 103
(2006) 2809-2814, hutp://dx.doiorg/ 10,1073 /pnas 0506854 1 03,

[4] F. Lisbona, D. Rojas-Rivera, P, Thielen, 5. Zamorano, D. Todd, F. Martinon, et al, BAX
inhibitor-1 is a negative regulator of the ER stress sensor IRElalpha. Mol. Cell 33
(2009) 679-691, http: /dx.doiorg/10.1016/molcel 2009.02.017,

|5] B.C. Westphalen, |. Wessig, F. Leypoldt, §. Arnold, A. Methner, BI-1 pratects cells
from oxygen glucose deprivation by reducing the calcium content of the endoplas-
mic reticulum, Cell Death Differ. 12 {2005) 304-306, http://dx.dov.org/10.1038/s).
cdd44013547.

|6] G. Bultynck, 5. Kiviluoto, N. Henke, H. lvanova, L Schneider, V. Rybalchenko, et al,
The C terminus of Bax inhibitor-1 forms a Ca2 + -permeable channel pore, ], Biol.
Chem. 287 (2012) 2544-2557, hitp://dx.doiorg/10.1074/jbc.M111.275354,

|71 5. Kiviluoto, T Luyten. L Schneider, D. Lisak, D. Rojas-Rivera, K. Welkenhuyzen, et al,
Bax Inhibitor-1-mediated Ca(2+) leak is decreased by cytosolic acidosis, Cell Calci-
um 54 (2013) 186-192, hup: //dx.doiorg/10.1016/ ceéca 2013 06,002

18] Y. Chang, R. Bruni, B, Kloss, 2. Assur, E. Kloppmann, B, Rost, et.al,, Structural basis for
4 pH-sensitive calcium leak across membranes, Science 344 (2014) 1131-1135,
htip://dx.doiorg/10.1126/sclence. 1252043,

191 G. Bultynck, 5. Kiviluoto, A. Methner, Bax inlibitor-1 is likely a pH-sensitive calcium
leak channel, not a H-+/Ca2 + exchanger, Sei. Signal. 7 (2014) pe22, htp://dx.doi,
org/10:1126/scisignal 2005764

36

213

[10] H. Zhao, A lto, SH. Kimura, N. Yabuta, N. Sakai, M. Ikawa, et al, RECS1 deficiency in
mice induces susceptibility to cystic medial degeneration, Genes Genet. Syst. 81
(2006) 41-50,

[11] A shear stress responsive gene product PP1201 protects against Fas-mediated apo-
ptosis by reducing Fas expression on the cell surface, 162011. 162173, http:/dx:
doLorg/10.1007/5 10495-010-0556-y.

|12 M. Fernandez, MLF. Segura, C Solé, A. Colino, | X Comella, V. Cefa. Lifeguard/neuro-
nal protein 35 Fas ligand-mediated apoptosis in neurons via
microdomain recruitment, ], Neurochem. 103 (2007) 190-203, http://dx.doiorg/
10,1111 /5.1471-4159.2007 04767 .

[13] NV, Somda, M.J. Schmift, DE. Vetter, D, Van Anfwerp, S.F. Heinemann, LM. Verma,
LFG: an anti-apoptotic gene that provides protection from Fas-mediated cell
death, Proc. Natl. Acad, Sci. U. S, A. 96 (1999) 12667-12672.

[14] B. Schweitzer, V. Taylor, AA Welcher, M, McClelland, U, Suter, Neural membrane
protein 35 (NMP35): a novel member of a gene family which is highly expressed
in the adult nervous system, Mal, Cell Neuroscl, 11 {1998) 260-273, hitp://dx.dal.
org/10,1006/mene. 1998 0697,

[15] B.Schweitzer, U. Suter, V. Taylor. Neural membrane protein 35/Lifeguard is localized
at postsynaptic sites and in dendrites, Brain Res. Mol. Brain Res. 107 (2002) 47-56.

|16] Fas/C195 Regulatory Protein Faim2 Is Neuroprotective after Transient Brain Ische-
mia, 312011. 225-233, hirp://dx.doi.org/10.1523/JNEUROSCI 2188-10.201 1.

[17] K.N. Kumar, N. Tilakaratne, P.S. Johnson, AE Allen, E.K. Michaelis, Cloning of cDNA
for the glutamare-binding subunit of an NMDA receptor complex, Nature 354
(1991 70-73, hitp!//dx doiorg/10.1038/354070a0.

[18] Identification of molecules preferentially expressed beneath the marginal zone in
the developing cerebral cortex, 602008, 135-146, hitp://dx.dolorg/10.1016/].
reures.2007.10.006,

|18] D. Rojas-Rivera, R, Armisén, A. Colombo, G. Martinez, AL Eguiguren, A, Diaz, et al,
TMBIM3/GRINA is a novel unfolded protein response (UPR) target gene that con-
trols apoptosis through the modulation of ER calcium homeostasis, Cell Death Differ.
19 (2012) 1013-1026. http://dx.dororg/10.1038/cdd.2011.189,

|20] A New inhibitor of Apoptosis from Vaceinia Virus and Eukaryote, 32007, e17, http://
dx.doiorg/10.1371/journal.ppac.0030017.

|21] F..de Mattia, C. Gubser, MM.T. van Dommelen, H-]. Visch, F. Distelmaier; A

Postigo, et al, Human Golgi antiapoptotic protein modulates intracellular calci-

um fluxes, Mol. Biol. Cell 20 (2009) 3638-3645, http://dx.doi.org/10.1091 /mbc.

E09-05-0385.

T. Yoshida, S. Nagata, H. Katapka, Ghitm is an ortholog of the Bombyx mori protho-

racic gland-derived receptor (Pgdr) that is ubiguitously expressed in mammalian

cells and réquires an N-terminal signal sequience for expression, Biochem. Biophys.

Res. Commun. 341 (2006) 13-18, http://dx.do,org/10.1016/j hbre 2005,12. 141,

T. Oka, T. Sayano, 5. Tamai, 5. Yokota, H. Kato, G. Fujii, et al., Identification of a novel

protein MICS] that is involved in maintenance of mitachondrial morphology and

apoptotic release of cytochrome ¢, Mol Biol. Cell 19 {2008) 2597-2608, hitp://dx.
doiorg/10.1091/mbc.EO7-12-1205.

|24] S. Henikoff. |.G. Henikoff, Amino acid substitution matrices from protein blocks,
Proc. Natl. Acad. Sci. LS. A. B9 (1992) 10915-10919.

|25] V.A. Simassis, |. Kleinjung, ]. Heringa, Homology-extended sequence alignment,
Nucleic Acids Res. 33 (2005) 816-824, http://dx.dor.org/10.1093/nar/gki233.

|26] A.Dereeper, V. Guignon, G. Blanc, 5. Audic, S. Buffet, F. Chevenet, et al,, Phylogeny.fr
robust phylogénetic analysis for the non-specialist, Nucleic Acids Res, 36 (2008)
Wa65-W469, http://dx.doi.org/10.1093/nar/gkn 180,

|27] R.C. Edgar, MUSCLE: multiple sequence alignment with high dccuracy and high
throughput, Nucleic Acids Res, 32 (2004) 1792-1797, hutp:/dx.doi.org/10.1093/
nar,/gkh340,

[28] T.N. Petersen, S. Brunak, G. von Heijne, H. Nielsen, SignalP 4.0: discriminating signal
peptides from transmembrane regions, Nat. Methods 8 (2011) 785-786, http://dx.
dai.org/10,1038/nmeth.1701,

|28] M.G. Claros, P. Vincens, Computational method to predict mitochondually imported
proteins and their targeting sequences, Eur. |, Biochem. 241 (1996G) 779-786.

|30] S. Bolte, F.P. Cordeliéres, A guided tour into subcellular colocalization analysis in

light microscopy, |. Microsc. 224 (2006) 213-232, hup://dx.doiorg/10.1111/j.

1365-2818.2006:01706.x.

G. Carrara, N, Saraiva, C, Gubser, B.F, Johnson, G.L. $mith, Six-transmembrane

topology for Golgi anti-apoptotic protein (GAAP) and Bax inhibitor 1 (BI-1)

provides model for the transmembrane Bax inhibitor-containing motif

(TMBIM] family, J. BioL Chem. 287 (2012) 15896-15905, hitp://dx.doiorg 10,

1074/jbcM111.336149,

T.A. Reimer; L. Anagnostopoulos, B. Erdmann, L. Lehmann, H. Stein, P. Daniel,

et al,, Reevaluation of the 22-1-1 antibody and its putative antigen, EBAGH/

RCAS1, as a tumer marker, BMC Cancer 5 (2005) 47, hrtp;//dx.doiorg/10.

1186/1471-2407-5-47.

S. Lang, |. Benedix, SV. Fedeles, S. Schorr, C. Schirra, N. Schiuble, et al, Different el~

fects of Sech 1o, Sec62 and Sec63 depletion on transport of polypeptides into the en-

doplasmic reticulum of mammalian cells, |. Cell Sci. 125 (2012) 1958-1969, hitp://

dx.doi.org/10.1242)jcs 096727,

B. Kadenbach, M; Hiittemann, 5. Armiold, 1. Lee, E. Bender, Mitachondrial energy me-

tabolism is regulated via nuclear-coded subunits of cytochrome ¢ oxidase, Free

Radic. Biol. Mecl. 29 (2000) 211-221.

|35] LA Nielsen, MA. Chambers, E. Romm, LY.-H. Lee, | A. fliendt, LD. Hudson. Mouse
transmembrane BAX inhibitor motif 3 (Tmbim3) encodes a 38 kDa transmembrane
protein expressed in the central nervous system, Mol. Cell. Biochem, 357 (2011)
73-81, http://dx.deiorg/10,1007/511010-011-0877-3,

[36] L Walter, B, Dirks, E. Rothermel, M, Hevens, C. Szpirer, G, Levan, et al, A novel, con-

-setved gene of the rat that is developmentally regulated in the testis, Mamm, Ge-
nome 5 (1994) 216-221.

122]

1231

31]

1321

133]

[34]



2114 DA Lisak et al / Biochimica et Biophysica Acta 1853 (2015) 2104-2114

137] L Walter, P. Marynen, | Szpirer, G. Levan, E. Giinther, Identification of a novel con-
served human gene, TEGT, Genomics 28 {1995] 301-304, hitp://dx.doi.org/10.
1006/geno.1995.1145,

|38 N. Henke, DA Lisak, L Schneider, ], Habicht, M. Pergande, A Methner, The ancient

cell death suppressor BAX inhibitor-1, Cell Calcium 50 (2011) 251-260, http://dx.

doi.org/10.1016/j.ceca.2011.05.005.

N. Saraiva, DL Prole, G. Carrara, €. Maluguer de Mates, BF. Johnson, B. Byrne, et al.,

Human and viral Golgi anti-apoptotic proteins (CAAPs) oligomerize via different

mechanisms and monomeric GAAP inhibits apoptasis and modulates calcium, J.

Biol. Chem. 288 (2013) 13057-13067, http://dxdoi.org/10.1074/bcM112.414367.

[40] S. Kiviluoto, L. Schneider, T. Luyten; T. Vervliet; L. Missiaen, H. De Smedt, et al, Bax
inhibitor-1 is a novel IP. receptor-interacting and -sensitizing protein, Cell Death
Dis. 3 (2012) e367, hitp://dx.dororg/10.1038/cddi5.2012.103.

139

37

[41] N. Demaurex, CW. Di Cell biology. A is-the calcium connection, Sci-
ence 300 (2003) 65-67, http://dx.doi.org/10.1126/science. 1083628,

[42] J-P. Decuypere, G. Monaco, G. Bultynck, L Missiaen, H. De Smedt, J.B. Parys, The
1P{3) receptor-mitochond ria connection i apoptosis and autophagy, Biochim. Biophys.
Acta 1813 (2011) 1003-1013, htip://dx.doi.arg/10.1016j bbamer.2010.11,023,

[43] S. Marchi, S. Patergnani, P. Pintan, The endoplasmic retculum-mitochondria con-
nection; one touch, multiple functions, Biochim. Biophys. Acta 1837 (2014)
461-460, hutp /cbe doLorg/10.1 016/ bbabie2013.10.015,

[44] M.KE Schifer, A. Pfaiffer, M. Jaeckel, A. Pouya, AM. Dolga, A. Methner, Regulators of
mitochondrial Ca(2+) homeostasis in cerebral ischemia, Cell Tissue Res, (2014)
http: //dx.doi.org/10,1007/500441-014- 1807 -y,

[45] D. Rojas-Rivera, C. Hetz, TMBIM protein family: ancestral regulators of cell death,
Oncogene (2014)htip://dx.doiorg/10.1038/0nc2014.6.



Bax inhibitor-1 is a Ca** channel critically important for immune cell

function and survival

Dmitrij Lisak', Alexander Gawlitza', Teresa Schacht', Philipp Albrecht’, Orhan Aktas’,
Barbara Koop?, Michael Gliem?, Harald H. Hofstetter?, Klaus Zanger®, Geert Bultynck’, Jan B.
Parys', Humbert de Smedt’, Thomas Kindler®, Petra Adams-Quack®, Matthias Hahn®, Ari
Waisman®, John C. Reed’, Nadine Hovelmeyer®and Axel Methner'

'Focus Program Translational Neuroscience (FTN), Rhine Main Neuroscience Network
(rmn”) and Department of Neurology, University Medical Center of the Johannes Gutenberg
University Mainz, Mainz, Germany; *Heinrich Heine Universitat Diisseldorf, Department of
Neurology and *Center for Anatomy and Brain Research, Diisseldorf, Germany; ‘Laboratory
of Molecular and Cellular Signaling, Department of Cellular and Molecular Medicine, KU
Leuven, Belgium; °IIl. Medical Clinic and “Institute for Molecular Medicine, University
Medical Center of the Johannes Gutenberg-University of Mainz, Mainz, Germany; "Sanford
Burnham Institute, La Jolla, USA

The publication is printed as published in Cell Death & Differentiation:

Lisak D, Schacht T, Gawlitza A, Albrecht P, Aktas O, Koop B, et al. BAX inhibitor-1 is a Ca*
channel critically important for immune cell function and survival. Cell Death Differ. 2015
Oct ;23(2):358-68.

Author contributions:

Dmitrij Lisak participated in all experiments, the data analysis and creation of the
following results: table 1 and figures 2 b) - d), 3, 4 a)-c), 5 a)-h), and 6 a) and d) as well as
supplementary figures 2 b) - ¢) and 3. Dmitrij Lisak also co-authored the whole manuscript.
Alexander Gawlitza and Teresa Schacht participated in all experiments and the data
analysis of the following results: figure 4 d) and 5 i). Teresa Schacht also supported the
experiments, which lead to figures 1 and 6 d) and e).

Philipp Albrecht participated in the experiment and data analysis of figure 6 a).

Orhan Aktas participated in the data analysis of figures 6 b) and c).

Barbara Koop participated in all experiments and the data analysis of figure 6 b) and c).
Michael Gliem provided scientific advice for the experiments, which lead to figures 6 a) -
c).

Harald H. Hofstedter provided scientific advice and participated in the experiment and
data analysis of figure 6 a).

Klaus Zanger participated in all experiments, the data analysis and creation of

supplementary figure 4,

38



Thomas Kindler participated in all experiments, the data analysis and creation of
supplementary figure 1 a) and b).

Petra Adams-Quack, Matthias Hahn and Nadine Hovelmeyer participated in all
experiments and the data analysis of the following results: figure 1, figure 2 a) and 6 d) and
e) as well as supplementary figure 2 a).

Ari Waisman provided scientific advice for the experiments, which lead to figure 1, figure
2 a) and 6 d) and e) as well as supplementary figure 2 a).

Geert Bultynck, Jan B. Parys and Humbert de Smedt provided scientific advice for all
calcium related experiments.

John C. Reed reviewed and manuscript and gave editorial advice.

Axel Methner provided scientific advice during all experiments, co-developed the

methodology, reviewed the analysis and co-authored the whole manuscript.

39



Cell Death and Differentiation (2015), 1-11
© 2015 Macmillan Publishers Limited  All rights reserved 1350-9047/15

wvnw,nature.com/cdd

BAX inhibitor-1 is a Ca®* channel critically important for
immune cell function and survival

D Lisak', T Schacht', A Gawlitza', P Albrecht?, O Aktas?, B Koop?, M Gliem?, HH Hofstetter?, K Zanger®, G Bultynck’, JB Parys®,
H De Smedt®, T Kindler®, P Adams-Quack®, M Hahn®, A Waisman®, JC Reed’, N Hovelmeyer® and A Methner*'

The endoplasmic reticulum (ER) serves as the major intracellular Ca** store and has a role in the synthesis and folding of proteins.
BAX (BCL2-associated X protein) inhibitor-1 (BI-1) is a Ca** leak channel also implicated in the response against protein
misfolding, thereby connecting the Ca®* store and protein-folding functions of the ER. We found that Bl-1-deficient mice suffer
from leukopenia and erythrocytosis, have an increased number of splenic marginal zone B cells and higher abundance and nuclear
translocation of NF-x<B (nuclear factor-x light-chain enhancer of activated B cells) proteins, correlating with increased cytosolic
and ER Ca®* levels. When put into culture, purified knockout T cells and even more so B cells die spontaneously. This is preceded
by increased activity of the mitochondrial initiator caspase-9 and correlated with a significant surge in mitochondrial Ca®* levels,
suggesting an exhausted mitochondrial Ca?* buffer capacity as the underlying cause for cell death in vitro. In vivo, T-cell-dependent
experimental autoimmune encephalomyelitis and B-cell-dependent antibody production are attenuated, corroborating the ex vive
results. These results suggest that Bl-1 has a major role in the functioning of the adaptive immune system by regulating
intracellular Ca® homeostasis in lymphocytes.

Cell Death and Differentiation advance online publication, 16 October 2015; doi:10.1038/cdd.2015.115

The endoplasmic reticulum (ER) serves as the major antiapoptotic function is most pronounced in paradigms of ER
intracellular calcium (Ca®*) store, the release of which controls  stress® and involves changes in the amount of Ga*" that can
a vast array of cellular functions from short-term responses be released from intracellular stores®? BI-1 is a highly
such as contraclion and secretion to long-term regulation of hydrophobic protein that forms a Ca®" pore responsible for
cell growth and proliferation.! Dysregulated release of ER its Ca®* leak properties® and is the founding member of a
Ca®, in contrast, initiates programmed cell death by several family of six proteins with similar properties.” The increase in
mechanisms including mitochondrial Ca®* overload, depolar- the ER Ca®* leak mediated by BI-1 is blocked at a more acidic
ization, ATP loss and cytochrome ¢ release.? Besides this, the pH'® - a function recently corroborated by a structural analysis
ER also has a key role in the synthesis, folding and sorting of of a bacterial homolog of BI-1.""
proteins destined for the secretory pathway. The deleterious Despite its evolutionarily conserved role in important
consequences of an increase in unfolded proteins is called ER functions such as ER stress and Ca®* regulation, bi-1—-/—
stress and can be antagonized by the unfolded protein mice were reported to have no phenotypic abnormalities but
response (UPR), a mechanism that coordinates a simulta- increased infarct volumes in a stroke model, and increased
neous increase in the ER folding capacity and a decrease in sensitivity to tunicamycin-induced kidney toxicity.® Moreover,
folding load. In the case of insufficient adaptation to ER stress, livers from BIl-1-deficient mice regenerate faster than those
cells undergo apoptosis.® from wild-type (WT) mice and this correlates with increased
BAX (BCL2-associated X protein) inhibitor-1 (Bl-1) is an nuclear translocation of nuclear factor of aclivated T cells
evolutionarily conserved protein that bridges both the Ca®*  (NFATs)'?, a Ca®*-dependent process. Bl-1 knockout (KO)
homeostasis and UPR functions of the ER.* BI-1 was first mice also express more of the spliced form of X-box-binding
identified in a screen for human proteins capable of inhibiting protein-1 (sXBP-1) in their liver and kidney,'® which is
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requiring enzyme 1 (IRE1), and is considered an indicator of
increased UPR activity. This was later reproduced and
attributed to an inhibitory function of BI-1 on IRE1a mediated
via a direct interaction of the two proteins.

In our study, we found that bi-71—/— mice are more obese
and suffer from leukopenia. T and B cells from these mice
show significant changes in cellular Ca®* homeostasis and
dynamics, and are more prone to spontaneous death in
culture but, surprisingly, demonstrate no signs of ongoing ER
stress within the homeostatic system of the living animal.
These changes lead to an attenuated functioning of the
adaptive immune system in vive. Our results suggest that a
major role of BI-1 in vivo involves its effects on the intracellular
Ca®* homeostasis in lymphocytes in line with its function as an
ER Ca®" leak channel.

Results

Bl-1 mice are obese and suffer from leukopenia and
erythrocytosis. Previously described Bl-1 KO mice® were
backcrossed to WT C57/BL6 mice and identified by
genotyping because of the lack of functional antibodies.'®
A thorough phenotypic analysis of WT and KO littermates
revealed that Bl-1 KO mice at the age of 3 months are
significantly more obese, even on a normal chow diet, and
suffer from leukopenia (shown to be mainly lymphopenia and
neutropenia by manual inspection) and erythrocytosis
(Table 1). The effect of Bl-1 deficiency therefore appears to
be most pronounced with respect to homeostasis of the
hematolymphoid system and energy balance.

Bl-1 deficiency causes significant alterations of the
B-cell compartment in the spleen. We focused on the
immune system and studied the secondary lymphoid organs.
The spleen, thymus, Peyers’ paiches and lymph nodes
showed no gross abnormalities and were of similar size. The
bone marrow, thymus, the peritoneal cavily and the spleen
contained similar counts of total cells (Supplementary Figure 1a),
and the subcellular composition of cells in the bone marrow
(pro/pre, immature and mature recirculating B cells) and the
thymus (CD4 and CD8 T cells) determined by flow cytometry
were comparable (Supplementary Figures 1b-d). We also
observed no significant difference in the percentage as well
as total cell counts of splenic B and T cells of Bl-1 KO mice
compared with age-matched controls (Figure 1a).

Table 1 Body weight and laboratory results from WT and KO mice

Immature B cells |eave the bone marrow and migrate to the
spleen where they complete their maturation process. In the
spleen, these cells become follicular (FO) B cells, which
recirculate in the periphery, or marginal zone (MZ) B cells,
which are largely sessile. An analysis of these cell types,
immature (CD217IgM™), FO (CD21™igM™®") and MZ
(CD21"NgM"=e°") B cells revealed a significant elevation
of MZ B cells in KO spleens (KO 20.5+5.2% versus WT
10.9+2.7%) at the expense of FO B cells (Figure 1b). This
was also evident in splenic sections stained with an anti-CD1d
antibody, which recognizes MZ B cells. Interestingly, in the KO
mice, MZ B cells were also found within the follicles, whereas
in controls, strong CD1d staining was only detected in the MZ
as expected (Figure 1c). Taken together, these results
demonstrate a significant increase in the generation, differ-
entiation or maintenance of mature MZ cells at the expense of
FO B cells in BI-1 KO mice compared with WT controls.

Increased constitutive nuclear translocation of the
transcription factor NF-kB in BI-1 KO splenocytes. Such
a shift towards MZ B cells has been previously linked to
NF-kB (nuclear factor-x light-chain enhancer of activated B
cells) signaling. NF-«kB1 (p105/p50) and NF-xB2 (p100/p52)
need to be processed to become active and translocate to the
nucleus where they associate with RelA (p65), c-Rel and
RelB in different hetero- and homodimers to form the
transcriptionally active complex.’® Mice deficient in RelB
show reduced numbers of MZ B cells,'” whereas mice
lacking a negative regulator of NF-kB have more MZ B cells'®
similar to mice that lack the inhibitory p100 subunit of
NF-xB2."7

We therefore quantified the abundance of all NF-«B proteins
in the cytosol and the nucleus by immunoblotting of subcellular
fractions obtained from freshly isolated splenocytes. This
revealed an increased cytosolic abundance of c-Rel and RelA
and an increased nuclear abundance of RelB in Bl-1 KO cells
(Figure 2a), whereas the proteins that lack transcrip-
tional activation domains, NF-xB1/2, remained unchanged
(Supplementary Figure 2a). Because of the feeble nuclear
abundance of RelA (p65) in these unstimulated cells, we used
immunocytochemistry with another antibedy and quantifica-
tion by high-content imaging as an additional read-out. In
these experiments, RelA (p65) translocated to the nucleustoa
much higher degree (P<0.0001) in Bl-1-deficient spleno-
cytes, as suggested by the immunoblotting experiments
(Figure 2b).

WT KO P-value
Body weight (g+ 5.0.) 23.1+1.821 26242186 0.0235
Leukocytes (x10E3/ul +8.D.) 3.7310.95 1.94 £1.14 0.0043
Erythrocytes (x10EB/ul + 8.D.) 9.10+1.08 10.38.£0.79 0.0403
Thrombocytes (x10E3/ul + S.D.) 530,00+ 144.24 520.50 +182.47 0.8097
Hematocrit (% +5.0.) 4732+525 52.78+2.56 0.0454
Mean corpuscular volume (fl + S.0.) 52.03+0.92 505+1.91 0.1073
Mean corpuscular hemoglobin {pg+ 5.D.) 1545+ 026 14,88 £0.30 0.0057
Mean corpuscular hemoglobin (gxHb/dl +S.0.) 29,67 +0.37 29.5040.96 0.6993
Alanine transaminase (U +S.D.) 23.4+5.90 19.83+8.47 0.4488
Agpariate transaminase (U +S.D) 67.20+19.29 B84.83 +44.41 0.4334
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Figure 1  BI-1 deficiency causes significant alterations of the B-cell compartment. Flow cytometric analysis of splenic cells from 8- to 12-week o/d WTand BI-1 KO mice. Tand
B cells were stained with (a) B220 and CD90.2 antibodies, and (b) MZ and FO B celis with IgM and CD21 antibodies pregated on live B220" B cells. Bar graphs show the
mean + S.EM., n=3. Dala were analyzed by two-tailed #ests, *P<0.05. (c) Representative immunofiuarescence analysis of MZ B cells stained with «-CD1d and metallophiliic

macrophages stained with «-MOMA-1 in spieen lissue sections

In unstimulated cells, the Rel/NF-«B dimers associate with
members of the family of inhibitor proteins called IkBs and
remain inactive in the cytoplasm. In NF-«kB not bound by IkBa
in the cytosol, the nuclear localization signal of p65 is
liberated, which allows its translocation into the nucleus. The
NF-«B/IkB ratio thus determines the amount of nuclear-
translocated NF-kB and this ratio was indeed increased in
Bl-1 KO splenocytes (Figure 2c). kB is usually removed from
NF-xB by activation of the IkB kinase complex, which leads to
phosphorylation of IkBa, resulting in ubiquitination and
degradation of IkBa. Phosphorylated IkBa was downregulated
in BI-1 KO splenocytes (Figure 2d). We conclude that NF-«xB
proteins harboring a transcriptional activation domain are
upregulated and show an increased nuclear localization in the
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absence of Bl-1, which may explain the increase in MZ B cells
in these animals compared with controls.

BI-1 KO splenocytes have increased ER and cytosolic
Ca®* levels and a compensatory downregulation of
store-operated Ca®* entry. NF-xB is activated in a
pleiotropic manner including changes in the amplitude and
duration of Ca®* signals in lymphocytes.*®' Also, treatment
with inhibitors of sarcoplasmic/ER Ca®*-ATPases (SERCA),
which increase cytosolic Ca®*, causes nuclear NF-xB
translocation.? NF-«B can also be activated by a pathologi-
cal mechanism known as the ER overload reaction. This
condition is caused by retention of proteins within the ER
lumen, and in contrast to the UPR does not induce Grp78/BiP

Cell Death and Differentiation
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Figure 2 Increased expression and nuclear translocation of class Il NF-xB
proteins in BI-1 KO splenocytes. (a) Immunoblots with cytosolic and nuclear fractions
obtained from WT and KO splenocytes incubated with antibodies against class I
NF-xB proleins show increased cytosolic and nuclear abundance in Bl-1 KO
splenocytes. Loading controls, a/f-tubulin for the eytesolic fraction and HDAC for the
nuclear fraction, are shown on the top. Molecular weight is indicated. Bar graphs
show mean intensity values normalized to WT + S.EM,, n=8. (b} Increased nuclear
localization of RelA (p65) shown by quantitative immunocytochemistry in Bl-1 KO
splenocytes, Splenocytes were stained with an «-RelA (p65) antibody and analyzed
by confocal microscopy. Quantification was carried out on a high-content imaging
microscope by measuring the fluorescence intensity in the nucleus defined by DAPI
(4',6-diamidina-2-phenylindole) staining and in the cytosol defined as an area around
the nucleus. The scatter plot shows the ratio of nuclear 1o cytosolic RelA (p85)
(300 WT and 432 KO celis, n=3 independent experiments, mean is indicated).
(c) Increased ratio of RelA (p65) and IxBer and (d) downregulated phosphorylated
IxBe in BI-1 KO splenocytes. Actin served as a loading control on the same blot, size
is indicated. Bar graphs show mean intensity values normalized to WT + SEM,,
n=46. Data were analyzed by two-ailed Hests, *P<0.05
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(glucose-regulated protein 78 kDa/binding immunoglobulin
protein) > which is also unchanged in the absence of
BI-1.'"%'* Notably, NF-kB induction by the ER overload
reaction can be attenuated by intracellular Ca®* chelators 2

Therefore, both major functions of BI-1, its role in ER stress
and in the maintenance of the intracellular Ca®* homeostasis,
might be implicated in the observed phenotype. We first
investigated the relative abundance of UPR proteins by
immunoblotting of splenocyte lysates from BI-1 KO and WT
mice and detected no evidence of ongoing ER stress in Bl-1-
deficient splenocytes. Rather, several of the UPR proteins
were downregulated, especially ERp57. Importantly, BiP was
unchanged (Supplementary Figure 3a). Despite the role of
Bl-1 as a direct inhibitor of IRE1a,’* we observed decreased
XBP-1 splicing in KO cells (Supplementary Figure 3b) in line
with the decreased expression of ER stress-regulated
chaperones. We concluded that the UPR and the ER overload
reactions are not constitutively active in splenocytes isolated
directly from Bl-1 KO mice.

The other maijor role of BI-1 is the regulation of cellular Ca®*
homeostasis. Using flow cytometry of freshly isolated splenoc-
cytes, we measured resting Ca®* levels in WT and KO
splenocytes with Fluo8-AM and found increased cytosolic
Ca®* levels in KO cells (Figure 3a). We next quantified the ER
Ca®" content and store-operated Ca®* entry (SOCE) from the
extracellular space, which is activated by a decrease in [Ca”*Jgn
using the ratiometric probe Fura2. The cells were attached to
plates to allow a kinetic analysis of (1) Ca** passively leaking
from the ER after inhibition of the Ca®* reuptake pump SERCA
in the absence of extracellular Ca®* and then (2) Ca®* re-entry
from SOCE after re-exposure of the cells to large amounts of
extracellular Ca®*. BI-1 KO splenocytes had an increased
baseline Ca®* concentration (corroboraling the results
obtained with Fluo8), an increased thapsigargin-releasable
ER Ca®* pool and reduced SOCE (Figure 3b).

This SOCE reduction is mediated by a downregulation of
Orail, the plasma membrane channel mediating SOCE,?*#"
and probably serves as a compensatory mechanism to limit
filling of the already Ca®*-full ER (Figure 3c). Taken together,
these data corroborate that BI-1 deficiency causes profound
alterations of the intracellular Ca** homeostasis in freshly
isolated splenocytes, which manifests as increased Ca**
concentrations in the ER, and, surprisingly, also in the
cytoplasm. It is thus possible that the alterations in the
intracellular Ca®* homeostasis are implicated in the observed
increase in NF-kB nuclear translocation.

To test this assumption, we investigated the cellular
localization of another transcription factor, NFAT, which
translocates to the nucleus upon the pronounced Ca®" release
from the ER in response to activation of the antigen
receptors.”’ We observed that NFATc1 was also already
translocated to a much higher degree in BI-1-deficient
splenocytes even without stimulation, similar to NF-xB
(Figure 3d) but unchanged at the expression level
(Figure 3e). These data corroborate results obtained in
Bl-1-deficient hepatocytes, which also showed an increased
constitutive translocation of NFATc1,'® and support the
assumption that the changes in Ca®* signaling are responsible
for the increased abundance and nuclear translocation
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Figure 3 Increased ER and cytosolic Ca®* levels cause increased constitutive nuclear translocation of the Ca®*dependent transcription factor NFAT in BI-1 KO splenocytes.
(a} Increased cytosollc Ca™ in BI-1 KO splenacytes measured hy flow cytometry of splenocytes stained with Fluog-AM. Fluog-AM fluorescence at 488 nm is propartional to the
amount of bound Ca®* and is quantified as mean flucrescence infensity (MF1). The histogram shows representative data of unstained (black), WT (blug) and BI-1 KO (red)
splenocyies where each cell is plotted against its relative fluorescence intensity on & log scale. Box and whiskers show the guantification of data normalized to WT animals
{n=12, median, box from the 26th quartile to the 75th quartile, whiskers minimum to maximum). (b) Bl-1 KO splenocyles have increased baseline Ca® and an increased
thapsigargin-releasable Ca™ pool but decreased store-operated Ca™ entry (SOCE). Cells siained with Fura2-AM were attached to poly-L-ysine-coated plates and the
intracellular Ca®* concentration recorced in response to the indicated SOCE protacel on a high-content imaging microscope. The traces show the mean of the calibrated Ca®
concentration from three pooled independent experimants. The box and whisker plat represent the statistical distribution of the absolute Ca™ concantration at baseline, the
baseline-corrected thapsigargin-releasable pool and the amount of Ca®* that entered the cell during SOCE. (¢} Orait is downregulated in BI-1 KO splenocyles. Immunoblots were
Incubated with -STIM1, -STIM2, -ORAI1 and «-pan IP;R antibodies. Actin served as a loading control en the same blot; size is indicated. Bar graphs show mean infensity
values normalized to WT + S.EM., n=86. (d) Increased nuclear localization of NFATc1 in Bl-1 KO splenocytes. Splenocytes were stained with «-NFATc1 and analyzed by
confocal microscopy. Quantification was carried oul on a high-conlent imaging microscope by measuring the fluorescence intensity in the nucleus defined by DAPI
(4' 8-diamidino-2-phenylindole) staining and in the cyloscl defined as an area around the nucleus. The scatter plot shows the ratio of nuclear-to-cytosalic NFAT (275 WTand 312
KO cells from n= 3 independent experiments. The mean is indicated. (¢) The expression of all three NFATc1 isaforms is not requlated in BI-1 KO splenoeyles. Immunoblots were
incubated with an «-NFATc1 antibody. Actin served as a loading control on the same blat. size is indicated. Bar graphs show mean intensity values normalized to WT + S.EM.,
n=#6. Dala were analyzed by two-tailed Hests, "P<0.05

of NF-xB in Bl-1-deficient lymphocytes and thus for the increased Ca®* release after stimulation (Figure 4c). To further

changes in MZ cell abundance.

We next investigated alterations of the Ca® homeostasis
and NF-«B translocation in purified T and B cells. Fluo8-AM
staining revealed higher resting cytosalic Ca** concentrations
in B cells compared with T cells (Figure 4a) matching nuclear
translocation levels of RelA (p65) (Figure 4b). To study
physiological ligand-activated Ca®* release, we incubated
FluoB8-stained splenocytes with biotinylated anti-CD3 anti-
bodies and measured Fluo8 intensity by flow cytometry for
60 s to establish a baseline. Then, stieplavidin was added to
crosslink the ant-CD3 aniibodies on the surface, which
activates the T-cell receptor and elicits inositol 1,4,5-trispho-
sphate (IP2)-dependent Ca** release from the ER and
subsequent SOCE. B cells were similarly stimulated by the
addition of anti-lgM. Both KO T and B cells showed increased
baseline Ca®* concentrations and B cells also showed an

substantiate this, we then quantified IgM-mediated increases
in the mitochondrial electron transfer capacity of B cells from
WT and KO animals. lgM-mediated Ca®* release from the ER
elevates mitochondrial matrix [Ca®], thereby stimulating
Krebs' cycle dehydrogenases and elevating mitochondrial
[NADH],*® which is then fed into the oxidative phosphorylation
pathway. This indeed revealed an increased stimulation in KO
cells as a functional readout of the increased ER Ca®’ release
(Figure 4d).

Increased spontaneous B-cell death in culture is asso-
ciated with exhausted mitochondrial Ca® buffering
capacity and caspase activation. When we took purified
Tand B cells into culture, we noted that after 24 h, KO cells
were much more prone to spontaneous cell death. This was
again more pronounced in B cells (Figure 5a) and we focused

Cell Death and Differentiation
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on these cells for further investigations of the impact of BI-1
deficiency. An analysis by eleciron microscopy of purified B
cells revealed alterations in the texture of the cytoplasm,
defective organelles (e.g., mitochondria) and the presence of
nuclear inclusions in nearly all KO cells (Supplementary
Figure 4). Quantification of B-cell death in a time-course
analysis by flow cylometry revealed a slalistically significant
difterence in viability after only 4 h in culture (WT 11.0+1.2%
and KO 15.6 + 0.3%) that increased over time. After 24 h in
culture, =68 +4.8% of KO cells were dead compared with
28+5.9% WT cells (Figure 5b).

Because caspases are principal effectors of apoptosis, we
measured the activity of the effector caspases 3 and 7 after
placing B cells into culture, We detected a significant
difference between KO and WT cells already after 4h in
culture, with higher relative levels of effector caspase activity in
the KO cells (Figure 5¢). We quantified the activity of initiator
caspases 8 and 9, which represent the apical proteases in the
‘extrinsic’ and ‘intrinsic’ apoptosis pathways, respectively, after
3 hin culture (thus before effector caspase activation became
different), Activity of both of these initiator caspases was
significantly higher in Bl-1 KO compared with WT B cells
(Figure 5d), with relative levels of caspase-9 activity con-
siderably higher compared with caspase-8 In both KO and WT
B cells placed into culture.

Caspase-9 activation classically involves cytochrome ¢
release from the mitochondria,® which can be stimulated by a
Ca®*-dependent mechanism that impacts inner membrane
permeability, followed later by rupture of the outer membrane.®
BI-1 is capable of regulating Ca®* transport between ER and
mitochondria,* leading us to hypothesize that the altered ER
and cytoplasmic Ca®* levels in Bl-1-deficient cells might be
reflected by similar alterations of mitochondria. Measuring
mitochondrial [Ca®] using Rhod2-AM in freshly isolated
B cells from KO versus WT animals demonstrated that
Rhod2-AM fluorescence was only slightly increased at base-
line but much more significantly after 4 h in culture (Figure 5¢),
whereas the difference between KO and WT in cytosolic [Ca®*]
declined (Figure 5f). Levels of reactive oxygen species
(Figure 5g) and XBP-1 splicing (Figure 5h), in contrast, did
not differ in WTand KO cells at baseline or after 4 h, Exposure
of these cells to different pH or extracellular [Ca®*] did not
profoundly affect cell death or cytosolic and mitochondrial
Ca™" levels (Figure 5i).

These data suggest that mitochondria of Bl-1-deficient
B cells exceed their buffering capacity after a few hours in
culture, and we envisaged that clamping the intracellular Ca®*
with the cell-permeable Ca®* buffer BAPTA-AM should inhibit
this Caa*-dependent cell death. However, this experimental
approach was not possible because BAPTA-AM treatment
rapidly killed primary B cells (not shown), as has previously
been shown for leukemic cells.?' Thus, the observed defects
in mitochondrial Ca®* buffering capacity seen in cultured BI-1
KO B cells are correlated with caspase activation and cell
death, but a direct cause and effect relationship was not
demonstrable.

Bl-1 deficiency attenuates T- and B-cell function
in vivo. We finally aimed to clarify the effect of the identified
changes in T and B cells on immune system function in vivo
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Figure 5 Increased spontansous B-cell death in culture is caused by an exhausted mitochondrial Ca®* bufier capacity leading lo caspase activation. (a) B and T cells were
magnetically sorted, negatively selected and put into culture, Cell death was assessed 24 h later by flow cylomelry using a live/dead stain and demonsirates increased
spontaneaus cell death in KO splenacytes with B cells being more susceplible compared with T cells. (b) A time-course analysis of B-cell death with significan! differences already
avident after 4 h in culture. Cell death was assessed as described in (a). The graphs in (a and b) show the mean percentage of dead cells + S.E.M. from six mice &t each tims
point. {c) Caspase-37 activity in both WT and BI-1 KO B cells increases in a time-dependent manner and becomes significantly increased in KO cells at 4 in culture.
{d) Caspase-8 and -9 are significantly increased in BI-1 KO B cells after 3 h in culture, with caspase-9 being more prominent. All caspase activity was assessed in magnefically
sorted and negatively selected B cells using a luminescent caspase assay. Caspase-8 and -9 were assessed in parallel. Bar graphs represent the mean average relative
luminescence + S.EM. from six mice measured in triplicales (e—g) After 4 h in culture, the mitochondrial Ca®* is significantly increased in KO B cells. Magnetically sorted
and negatively selected B cells were stained with (e) Rhod2-AM, (f) Fluo8-AM or (g) CellROX at the indicated time points: The graph represents the mean fluorescence
intensity + S.0., n= 3-6. Data were analyzed by two-tailed iests, *P- 0.05, (h) XBP-1 splicing was assessed by PCR in magnetically sorted and negatively selecied B cells at
the indicated time paints n culture. Bar graphs show the mean percentage + S.0. of spliced XBP-1/(spliced XBP-1+unsgliced XBP-1) from six mice. Data were analyzed by two-alled
Hests, *P< 0,05, (i) Magnetically sorted and negatively selected B cells were stained with a live/dead stain, Fluo8-AM or Rhod2-AM after 4 h in culture. Inthe pH experiments, the cells
were cultured as normally and put into HBSS buffer with the indicated pH immediately after staining and directly processed; in the Ca®* experiments, the culturing medium was adjusted
with CaCl, (mM) and EGTA and processed as described above, Bar graphs represent the mean fluerescence intensity as the median = 8.0, n=6-24 mice

using two different experimental paradigms. First, in experi- immunohistochemistry (Figures 6b and c). Second, fo assess
mental autoimmune encephalitis (EAE), the immune system B-cell function, we immunized the mice with 4-hydroxy-3-
is challenged by immunization with myelin proteins emulsified nitrophenylacetyl coupled to chicken globulin (NPCG), which
in complete Freund's adjuvant, causing a mainly T-cell-driven is a standard T-cell-independent immunogen, and then
autoimmunity against the ceniral nervous system and the quantified the resulting antibody response. Bl-1 KO animals
development of a multiple sclerosis-like disease that can be generated significantly lower amounts of IgG1 and 1gG2b in
scored for severity. KO mice displayed a later onset of clinical response to this antigen (Figure 6d). We conclude that both
symptoms and an overall lower clinical score (Figure 6a), T and B-cell functions are attenuated in vivo, thereby
despite the fact that the brain of Bl-1 KO mice appears to be corroborating the in vitro changes. To clarify whether this is
more vulnerable to exogenous siress, as shown by larger because of defective cell signaling or the reduced number of
infarcts in a stroke model.® The attenuated EAE disease lymphocytes in vivo, we investigated in vitro isotype switching
score was associated with reduced infiltration of microglia as of splenic B cells, In these experiments, splenocytes
well as a decreased number of lesions detectable by stimulated ex vivo with LPS and IL-4 start producing IgG1,
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Figure6 BI-1 deficiency attenuates T-and B-cell function. (a) Bl-1 KO mice are less susceptible to EAE elicited by immunization with the MO G55 peptide. Individual clinical
disease scores (1, limp tail; 2, weakness of hind legs; 3, hind leg paralysis; 4, hind and front leg paralysis; 5, death) were assessed daily. Shown is the mean - 5.E.M. of the daily
average score for the indicated number of WT and BI-1 KO mice from one representative expenment of thrse. (b) Histopathology of cryosectioned brain stained with Ibai
(micraglia, green), MBP (myelin, red) and Hoechst {nuclei, blue) shows less demyelination in BI-1 KO mice. (¢} Cuffs and lesions caused by intruding microglia were counted
15 days after immunization. Cufis are inflammatory vessel-centered lesions without lissue Infiltration, undemyelinated (undem) is defined as parenchymal lesions without
demyelination and demyelinated (demyel) is defined as parenchymal lesions with demyelination. Three to sight sections from seven mice were quantified and BI-1 KO mice show
a significantly reduced number of undemyelinated lesions per section (WT 0.7 +0.4 versus BI-1 KO 0.05 + 0.09). Bar graphs show the average number of lesions per section of
each genotype as the mean -+ S.E.M. (d) Attenuated immunoglobulin production quantified by ELISA 10 days after immunization with NPCG precipitatedin Alum in BI-1 KO mice.
(e} Class switching of BI-1 KO and canfrol splenecyies and CD19+ B cells at day 4 of in vifro stimulation with LPS+IL-4. 1gG1 of 200 000 events was quantified by intracellular
siaining as indicated. Bar graphs show the mean +8.EM., n= 3. The box and whiskers represent the median amount of the indicated immunoglobulins with the box extending
from the 25th quartile to the 75th quariile and the whiskers represent the minimum and maximum values (n=10). EAE data were analyzed by two-way ANOVA with Bonferroni
post hoc correction; all other data were analyzed by two-lalled Hests, *P<0.05

which can be quantified intracellularly by flow cytometry. inintracellular Ca** homeostasis and dynamics. All aspects of
Upon this treatment, significantly less Bl-1 KO celis switched the cellular Ca® machinery are altered in the absence of
to 1gG1 compared with control splenocytes, suggesting that functioning BI-1 and this correlates with an enhanced nuclear
defective signaling is involved in the observed phenotype translocation of Ca®*-dependent transcription factors and an
(Figure Be). overload of the mitochondrial Ca®* buffer capacity leading to
spontaneous cell death in culture. These results are well in line
with previously reported effects of BI-1 in the control of the ER
Ca®* content."®'° Also, structural evidence obtained from a
Our observations indicate that BI-1 has a major role in the bacterial homolog of Bl-1 just demonstrated that BI-1 is indeed
correct functioning of the adaptive immune system. B and a Ca®* leak channel with an evolutionarily conserved pH
T cells malfunction apparently because of profound changes sensor."”’

Discussion
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We observed an increased ER Ca®* concentration as
expected for cells lacking an important ER Ca®* leak channel
and a reduced SOCE caused by downregulation of the plasma
membrane Ca®* channel Orail. It is clear that the already
overfilled ER does not need further filling, but why and how
does this result in the observed increase in cytosalic Ca®"
concentration?

In Bl-1 KO, there is less Ca®* leak from the ER, and, hence,
more Ca”" is available for IPs-induced Ca®* release, which can
explain the higher Ca®' transients. It is possible that even
under resting conditions, constitutive activation of B- or T-cell
receptors provokes basal Ca®* release, which is expected to
be higher in KO cells. Cytosolic Ca®* transients are normally
cleared efficiently by extrusion to the extracellular space or
immediate refilling of the ER by SERCA, which (i) is apparently
less effective in immune cells in general, thereby explaining
why this phenotype is most pronounced in the immune
system™ and (i) is directly inhibited by the Ca®* load of the
store.® It was also shown previously that a high ER Ca®* load
negatively regulates Ca® reuptake from the cytosol,* which
is probably mediated by the oxidoreductase ERpS57. In
conditions of high luminal Ca®*, like in the absence of
functional Bl-1, ERp57 binds SERCAZ2b (the ubiquitously
expressed isoform) and inhibits its activity through the
facilitation of disulfide bond formation in the longest ER facing
loop of SERCA2b.*® As we observed an unexpected down-
regulation of the UPR target protein ERp57 in Bl-1 KO
splenocytes, we speculate that this represents a compensa-
tory mechanism to remove the breaks from SERCA2b and
relieve the cell from the excessive cytosolic Ca®* load.

Finally, how can we resolve our findings with the proposed
function of BI-1 as a direct inhibitor of IRE1a?"* IRE1a not only
interacts with Bl-1 but also with the proapoptotic proteins BAX
and BAK (Bcl-2 homologous antagonist/killer), which in
contrast to Bl-1 activate IRE1a signaling.®” Cells lacking both
proteins have a reduced ER Ca®' concentration®® because of
an increased Ca®" leak™ and therefore behave like Bl-1-
overexpressing cells.” As BI-1 does not directly interact with
BAX/BAK™'" but attenuates the interaction of BAX with
IRE1a," it was speculated that Bl-1 acts upstream of these
proteins in the control of IRE1a inactivation.'* However,
maybe the proposed inactivation of IRE1a by BI-1 is
reciprocal, meaning that IRE1a also inhibits BI-1 channel
activity. To the best of our knowledge, this has not yet been
studied. In this scenario, the lack of BAX/BAK in double KO
cells would inhibit IRE1a, thereby activating BI-1 and causing
a reduction in the ER Ca®" concentration, which is in
accordance with reported results.

In summary, our findings present in vivo evidence that the
Ca®* channel activity of BI-1 is critically important for immune
cell function and survival.

Materials and Methods

Animals and laboratory tests. Bl-1 KO mice first described by Chae et &l®
were identified by genotyping according to the published protocol and backcrossed
to WT C57/BI6 mice for more than generations. All mice were maintained in the
local animal facility. All animal experiments were fully approved by local authorities
for animal experimentation. Mice were age and sex malched and B-12 weeks old.
The blood count and liver enzyme analysis were carried out by the clinical
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laboratory of the University Hospital Disseldorf. A differential blood count was
carried out manually in stained blood streaks.

Flow cytometry. Singie-cell suspensions were prepared from different organs
and the erythrocytes Ilysed with tris-ammonium chioride, pH 7.2 Cells were treated
with Fe-block (Affymetrix eBioscience, San Diego, CA, USA), washed and surlace
stained with antibodies against CD5, CD19, CD21 (7G6). €023, 00,2, and IgD,
B220 and anti-lgM (BD Bioscience, Franklin Lakes, NJ, USA). All samples were
measured on @ FACSCanto Il (Beclon, Dickinson, Franklin Lakes, NJ, USA) and
analyzed with FlowJo, LLC (Ashland, OR, USA).

Immunohistochemistry. Animals were perfused and lissues fixed with 4%
paraformaldehyde (Carl Roth, Karisruhe, Germany). Thick slices (20 uM) of the
spinal cord and Bum sections from spleens were cut in a Cryotome (Leica
Mikrosysteme Vertrieb GmbH, Weizlar, Germany) and stained with primary
antibodies against CDid (Affymetrix eBioscience), MOMA-t  (Aflymetrix
eBiosciance), Ibal (Wako Chemicals GmbH, Neuss, Germany; 1:800) and MBP
(EMD Millipore, Billerica, MA, USA; 1:500). Ibal and MBP were detected with
secondary anti-Cy2 and anti-Cyd antibodies (EMD Millipore; 1:500) and CD1d and
MOMA-1 with a bictinylated secondary antibody (DIANOVA Vertriebs-Geselischatt
mbH, Hamburg, Germany), treated with streptavidin-horseradish peroxidase and
stained with tyramide (Cy3) and fluorescein (FITC). Nuclel were counterstained with
Hoechst 33258 (Life Technologies GmbH, Darmsladl, Germany). Slices were
mounted with Immuno Mount (Fisher Scientific GmbH, Schwerte, Germany) and
analyzed on an Qlympus BX51 (Olympus, Hamburg, Germany).

Transmission electron microscopy. Cells were pelleted, fixed in 2.5%
glularaldehyde, 2% PFA and 0.05% tannic acid and later trealed with 2% osmiun
tetroxide. After staining with 1.5% urenylacefale and 1.5% phospholungstic acid,
pellets were embedded in epoxide resin (Spurr] and dissected in 70- to 80-nm-thick
slices on an ultramicrotome (Reichert Ultracut; Reichert-Jung, Vienna, Austria).
Images (30 KO and 32 WT) were taken on & Hitachi H 600 transmission electron
microscope (Hitachi High Technologles America, Schaumburg, IL. USA).

Ca®" measurements

Flow cytometry, Cells were incubated in culture medium consisting of RPMI
1640 (Fisher Scienfific GmbH) supplemented with 10% FCS (Fisher Scientific
GmbH), 100 U'ml penicillin and 100 pg/ml streptomycin (Invitragen), 1% glutamax
(Invitregen) and 0,1% f-mercaptoethancl (Fisher Scientiic GmbH), and the Ca™
concentration was acjusted with 1M CaClz and 1M EGTA. A total of 1x 10° calls per
ml were loaded with either 5 uM FlucB-AM (Santa Cruz Bintechnelogy, Inc., Dallas,
TX, USA), 2 uM Rhod2-AM (AAT Bioquest, Sunnyvale, CA, USA) or 5 uM CellROX
(Flsher Scientific GmbH), washed, measured on a BD FACSCalibur or BD FACS
Canto Il (BD Binsclence) and analyzed with FiowJo, LLC. For pH-dependent
measurements, cells were resuspended in HBSS (Fisher Scienlific GmbH) adjusted
to the indicated values with 1M HCl and 1M NaOH, directly after staining and
measured immediately.

Ca® kinetics: Fura2 Ca® Imaging experiments were conducted on a BD
Pathway 855 High Content Imaging System (BD Bioscience). The 56-well imaging
plates (8D Bioscience) were coated with 5mg/ml BSA (Carl Rath) and 0.01% (wiv)
poly-L-lysine (Sigma-Aldrich, St. Louls, MO, USA), splenocytes seeded at a density
of 150 000 cells par wall and loadad with 3 M Fura2-AM (Life Tachnologies GmbH)
in HBSS at AT for 20 min before the experiment. SOCE was quantified by a high-
throughput method previously validated using STIM1—/— mause embryonic
fibroblasts and shawn to be reliable *” Ratiometric Fura2-AM values were converted
to absolule Ca™* values as described'' and analyzed with Atfovision (BD
Bioscience). For measuring the Ca™ kinetics of B and T cells, splenocytes were
incubated with 3 uM Fluo8 for 30 min at RT. Cells were washed once in DMEM
without phenol red (Fisher Scientific GmbH) and resuspended at 40 10° cells per
mi in the washing medium. A total of 2 10° cells were addifionally incubated with
3 ug/ml bictinylated ant-CD3 antibody (Affymetrix eBlescience) for 10min at RT,
and before the measurement, 2x 10* cells were transfermed Into 5004l Ringer
solution (Fresenius Kabi, Bad Homburg, Germany). Atter recording the baseline for
1min in a FACS Canto Il flow cytometer, either 3ug/ml streptavidin (Fisher
Scientific GmbH) were added to the cells, which were previously incubated with
biotinylated anti-CD3 antibody or 10 xg/ml anti-IgM (Jackson ImmunoResearch
Laboratories; Inc.. Wesl Grove, PA, USA). Data were recorded for 5min and
analyzed with the kinetics module of FlowJo, LLC.

o
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Immunoblotting. Splenocytes were lysed in ice<cold Cellytic M buffer
(Sigma-Aldrich) containing Mini Complete Protease Inhibiter Cockiall (Sigma-Aldrich)
and centrifuged for 30 min at 16000 g. Subeelular fractionations were prepared as
described previously™ Fitty micrograms of protein lysates were blotted and incubated
with primary antibodies (diluted 1 : 1000) as follows: IP3R Pan (Rbtd75),** ERpST (Cell
Signaling; no. 2881), Erot-Ler (Cell Signaling; no. 3264), BIP (Cell Signaling; no. 3177),
ERp72 (Cell Signaling; no. 5033), ERpd4 (Cell Signaling; no. 3798), GrPg4 (Cel
Signaling. no. 2104), lxBa (Cell Signaling; no, 4814), phospho-IkBa (Cell Signaling;
no. 2859), NF-«B p85 (Cell Signaling; no. 8242), phospho-NF-+B p85 (Cel
Signaling: no. 3033), ubiquitin (Dake Deutschland GmbH, Hamburg, Germany; no.
Z0458), STIM1 (stromal interacion molecule 1, Abnova (Taipel, Taiwan): no.
h0000678-m01), ORAI (1:500; Alomone Labs, Jerusalem, Israel; no. ACC-062),
NFATe! (7A8) (1:200; Santa Cruz Biotachnology, Inc.; no. msec-7294), NF-xB2 p100/
p52 (Cell Signaling; no. 4882), HDAC1 (Cell Signaling; no, 2062), «-tubulin (Cell
Signaling: no. 2148), RelB (Santa Cruz Biotechnology, Inc; no. sc-226), RelA
(Santa Cruz Biotechnology, Inc.; no. sc-8008), c-Rel (Santa Cruz Biotechnology,
Inc.; no. se-71), NF-xB2 p105/p50 {Santa Cruz Biolechnology, Inc.; no, se-7178),
Serca2h (a kind gift from Frank Wuytack and Peter Vangheluwe), calreticulin
(1:500), calnexin C20 (1 :500), calnexin H70 (1 : 500), HSPAB (Cell Signaling; no.
§444) and actin (1:4000; EMD Millipore; no. MAB1501). Antisera without vendor
were obtained from the Bultynck Lab (Leuven, Belgium). Secondary antibodies used
were as follows: anti-mouse or anti-rabbit oG (Fc) infrared fluorescence conjugated
secondary anlibodies (LI-COR; Lincoln, NE, USA; 1:30000). The membranes
were scanned for infrared fluorescence at 680 and 800nm using the Odyssey
System (LI-COR) and the signal was analyzed with the image processing software
Imaged (National Institutes of Health, Bethesda, MD, USA).

P

Immunofluor g and T translocation
assay. Splenocyles were seeded at a density of 150000 cells per wel on
BSA and poly-t-lysine-coated 96-well imaging plates, fixed, blocked and incubated
overnight with anti-NF-xB p65 (Cell Signaling; no. 8242) or ant-NFATC1 (Hybridoma
Bank; lowa City, 1A, USA no. 7A6) diluted 1:100 in blocking solution. After
incubation with Cy3-labeled secondary antibody (EMD Millipore; 1:500) and
nuclear staining with 150 nM DAP| (Sigma-Aldrich), pictures were taken on a Leica
TSC SP5 confocal microscope (Leica Mikrosysteme Veririeb GmbH) at x63
magnification and nuclear translocation of NF-xB p65 or NFATc1 was guantified in a
BD Pathway 855 high content imaging system (BD Bioscience). Nuclear regions of
interest were identified by DAP! signal and a concentric region around the nuclear
region of interest was assessed as the cytoplasm. The ratio of the nuclear and
cytoplasmic Cy3 signal was quantified with Attovision (BD Bioscience).

Measurement of mitochondrial oxygen consumption. A phosphor-
ylation control protocol was performed for measurements of mitochondrial oxygen
cansumption of purified B cells using the high-resolution respirometer Oxygraph-2k
(Oroboros Instruments Corp., Innsbruck, Austria). Intact B cells were monitored in
two closed glass chambers under continuous stirring at 750 rp.m, at 37 °C In 2 ml
growth medium at a density of 3-4 % 10° cells per ml. Afier measurement of routing
respiration, 2 wg/ml oligomyein was added to measure the leak respiration state.,
The electron transfer system capacity was determined by fitration of the uncoupler
carbonyl cyanide 4-(Irifluoromethoxy) phanylhydrazene (FCCP) in 0.5 uM steps unil
a maximum flow was reached. Respiration was inhibited by application of 0.5 uM
rotenone and 2.5 4M antimycin A to determine nen-mitochondrial residual oxygen
consumption (ROX). All substrates and inhibitors used were obtained from
Sigma-Aldrich. Oxygen concentration and cxygen flow per cell were recorded in 2s
intervals using the DatLab Software 5.1 (Oroboras Instruments Corp.). To compara
mitochondrial respiratory states, all values measured were correcled for ROX. All
experiments were perormed using instrumental background correction and after
callbration of the polarographic oxygen sensors.

Viability and caspase assays. Splenocytes were magnetically sorted with
an AutoMACS (magnelic cell seperation) cell separator (Millenyi Biotes GmbH,
Bergisch Gladbach, Germany), using either the CD43 (Ly-48) or Pan T-Cell Isclation
Kit Il (Milteny! Biotec GmbH). Cell viability was assessed with LIVE/DEAD Fixable
Dead Cell Stain Kit Green/Viglet (Invitrogen). Caspase-377, -8 and -8 activity was
measured with the Caspase Glo Assay Systems (Promega Corporation, Madison,
WI, USA). In short, 50000 B cells were seeded in 100 4l culture medium (as
described above) in white-walled 96-well plates (Fisher Scientific GmbH). One
hundred microliters of Caspase Glo reagent (Promega Corporation), containing the
proteasome inhibitor MG-132, was added fo the wells, the plate was shaken on a
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plate shaker for Tmin at 300rpm. and then incubated for 40min at RT
Luminescence was measured in a GENios Pro plate reader (Tecan Group AG.
Mannedor!, Switzerland).

XBP-1 splicing. PCR primers 5-ACACGCTTGGGAATGGACAC-3' and
5-CCATGGGAAGATGTTCTGGG-3' encompassing the spliced sequences in
abp-1 mRNA were used for PCR amplification with Platinum Taq Super Mix
(Invitrogen), PCR products were separated on a 2.5% agarose gal (Sigma-Aldrich)
and visualized with ethidium bromide (Sigma-Adrich). Band density was analyzed
with the ImageJ software (National Insfitutes of Health) and was expressed as the
density of spliced XBP-1 divided by the density of spliced XBP-1 plus unspliced
XBP-1, where no splicing carresponds to 0%.

Active EAE and immunization. Female WT and KO mice were Injected
subcutaneously with 200 g MOGas .55 peptide (Biotrend Chemikalien GmbH, Kaln,
Germany) emulsified in Complete Freund's Adjuvant (1 : 1 (vv)), which consisted of
Incomplste Freund's Adjuvant supplemented with Smg/ml  Myeobacterium
tubgrouiosis H37RA (Difco Laboratories, Beckton, Dickinson, USA). For boosting,
200 ng Pertussis toxin (Sigma-Aldrich) was injected intraperitoneally on days 0 and
2 after immunization, From day 1, severity of the EAE was manitored and graded on
2 scale from 0 to 5: 0, no disease; 1, limp tail; 2. hind limb weakness: 3; hind limb
paralysis; 4, hind and fore limb paralysis; 5, moribundity and death.

Immunoglobulin measurements. For immunizations, mice were injected
intraperitoneally with 100 g NPCG (Biosearch Technologies, Petaluma, CA, USA).
Serum was collected from the peripheral blood and the immunaglobulin
concentrafions and NPCG-specific antibodies were determined by ELISA For
in vitro class switch experimants, splenocytes were cultured in triplicates of 300 000
treated with LPS (Sigma-Aldrich; 50 pig/mi}+IL4 (R&D Systems, Inc., Minneapolis,
MN, USA; 20 ng/ml) for 4 days, The frequency of switched celis was measured by
flow cytemetry by gating on IgM™ 1gG1" events. For each sample 200 000 events
were acquired for analysis.

Statistical analysis. Dala were analyzed as mean = S.0,, and the stalistical
significance was analyzed using two-tailed Hests or analysis of variance (ANOVA)
with Tukey's multiple comparisen test as indicated.
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Supplemental Figure 1: Additional phenotype of the immune system in
Bl-1 KO splenocytes. (a) Total cell number in the thymus, bone marrow (BM),
peritoneal cavity (PC) and spleen are similar in WT (closed) and Bl-1 KO (open)
mice. Bar graphs represent the average cell number as the mean £ SD from 12
mice. (b) The relative fractions of bone marrow cell types do not differ between
WT and BI-1 KO mice. Bar graphs represent the relative percentage of segment
cells (Seg), erythroblasts (EB), normablasts (NB), lymphocytes (Lym),
myelocyte promyelocytes (My), promyelocytes (Pro), eosinophils (Eos) and
plasma cells (P) as the mean = SD from n = 3 mice (c) Percentages of pro/pre,
immature as well as mature recirculating B cells do not differ between WT and
Bl-1 KO mice. Bone marrow cells were stained with IgM and B220 and gated for
IgM+/B220- (pro/pre B cells), IgM+/B220+ (immature B cells) and IgM++/B220+
(mature recirculating B cells). Dot plots show representative gates from one WT
and one Bl-1 KO mouse. Bar graphs represent the average percentage of the
indicated cell types as the mean + SEM from two independent experiments. (d)
The percentages of CD4 SP (single positive), CD8 SP and CD4CD8 DP (double
positive) cells in the thymus are similar in WT and Bl-1 KO mice. Thymus cells
were stained with CD4 and CD8 and gated accordingly with a flow cytometer.
The dot plots show representative gates for one WT and one BlI-1 KO mouse.
Bar graphs show the average percentage of CD4+ and CD8+ as the mean =
SEM from 3 versus 3 mice. Data was analyzed by two-tailed t-tests, *P < 0.05.
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Supplemental Figure 2: No changes
in the expression levels of class |
NF-kB, IKKs and ubiquitination. (a)
No changes in p100/p52 and p105/p50
abundance in cytosolic and nuclear
fractions and (b) IKKa, IKKB and IKKy
in unfractionated lysates of Bl-1 KO
splenocytes compared to WT
splenocytes. Immunoblots were
incubated with the indicated
antibodies. ao/f Tubulin served as
loading control for the cytosolic
fraction, HDAC for the nuclear fraction,
and Actin for whole cell lysates.
Molecular weight is indicated. Bar
graphs show mean intensity values
normalized to WT + SD from six mice.
(c) Similar level of ubiquitination in WT
and BI-1 KO splenocytes. Immunoblots
were incubated with a primary
a-poly-ubiquitin - antibody. GAPDH
served as loading control on the same
blot and size is indicated. Bar graphs
show mean intensity values normalized
to WT % SD from six mice. Data were
analyzed by two-tailed t-tests, *P <
0.05.
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Supplemental Figure 3: No evidence of ER stress or altered autophagy in Bl-1 KO
splenocytes immediately after preparation. (a) No upregulation of ER chaperones and ER
folding proteins in Bl-1 KO splenocytes. ERp57 is significantly downregulated. Immunoblots were
incubated with the indicated antibodies. Actin served as loading control on the same blot and size
is indicated. Bar graphs show mean intensity values normalized to WT £ SD from six mice. (b)
Decreased XBP-1 splicing in BI-1 KO splenocytes analyzed by PCR visualized on an agarose
gel. Bar graphs show the mean percentage + SD of spliced XBP-1 / (spliced XBP-1 + unspliced
XBP-1) from six mice. (c) The autophagy marker ATG12 is significantly upregulated in kidney
tissue from BI-1 KO mice but not in splenocytes or liver. Immunoblots were incubated with an
antibody against ATG12. Actin served as a loading control on the same blot and size is indicated.
Bar graphs show the relative expression of ATG12 normalized to its expression in WT mice as
mean + SEM from six mice. Data were analyzed by two-tailed t-tests, *P < 0.05.
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Supplemental Figure 4: Ultrastructural
changes in Bl-1 KO B cells.
Representative electron-microscopic
images of magnetically sorted and
negatively selected WT and BI-1 KO B
cells shows an altered texture of the
cytoplasm (shaded in blue), defective
organelles (shaded in blue) and presence
of nuclear inclusions (shaded in red) in BI-1
KO B cells. Magnification is indicated.



Summary of the results

The transmembrane BAX inhibitor motif (TMBIM) containing protein
family: Tissue expression, intracellular localization and effects on the

ER Ca**-filling state

In this study, we investigated the relationship between the six TMBIM protein family
members TMBIM 1 - 6, their secondary structure, their intracellular localization and their
effects on the cellular Ca* homeostasis. Bioinformtical analysis showed that all six TMBIM
proteins and their bacterial homologue BsYet] share seven conserved transmembrane
domains and posses a C-terminal di-aspartyl pH sensor. They can be mostly found in the
Golgi apparatus (TMBIM 1 - 3) or in the ER (TMBIM 4 - 6). We found that TMBIM 5 has an
N-terminal mitochondrial target sequence and were able to show that it can localize in the
ER as well as in the mitochondria. Overexpression of all six TMBIM proteins in HT22 cells
resulted in decreased Ca™ levels in the intracellular Ca™ stores, reflecting cellular

localization.

Bax inhibitor-1 is a Ca®* channel critically important for immune cell

function and survival

TMBIM 6, also known as BI-1, is a pH-sensitive Ca™ leak channel and an antiapoptotic
protein. We discovered that BI-1 deficient mice have increased numbers of marginal zone
(MZ) B cells, which correlated which increased nuclear translocation of the transcription
factors NF-k B and NFAT. Simultaneously, BI-1 KO T and B cells had increased cytosolic Ca*
levels and were prone to apoptosis when cultured. B cells appeared to be especially
sensitive and displayed defective cell organelles when analyzed by electron microscopy as
well as increased caspase activity and elevated mitochondrial Ca” concentrations.
However, they showed no signs of ER stress and we therefore concluded that the high
amount of B cell apoptosis is a result of an exhausted mitochondrial Ca* buffer capacity.
We employed experimental autoimmune encephalomyelitis (EAE) as a T cell dependent in
vivo model and immunization with NPCG as a B cell dependent in vivo model and saw
decreased function of both cell types from BI-1 KO mice. BI-1 deficient mice had less clinical
symptoms during an EAE and less microglia invasion as well as reduced antibody

production after NPCG immunization.
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Discussion

BI-1 is the founding member of the TMBIM protein family, which consists of six proteins
and shares the evolutionary conserved motif UPF0005. In the first publication presented in
this dissertation, we systematically described the relationship between these proteins,
their tissue expression, their subcellular localization, their secondary structure and their
effect on the cellular Ca* homeostasis.

We used the bioinformatical tool TMpred to compare the structure of TMBIM1 - 6. All six
proteins have a very similar structure containing at least seven transmembrane domains
with the last domain being less hydrophobic than the previous. While TMBIM1 - 4 and BI-
1 have seven transmembrane domains, TMBIM5 has one more on its N-terminal end,
preceding the TMBIM homology region.

We next aligned the sequences of TMBIM1 - 6 and the bacterial homologue BsYet] with the
bioinformatical tool PRALINE, which showed a strong conservation of the amino acid
sequence at the first, sixth and seventh transmembrane domain (the second, seventh and
eighth for TMBIM5) between all investigated proteins. Additionally, the five amino acids in
front of the first (or the second in case of TMBIM5) transmembrane domain are strongly
conserved. The most important finding however is that the di-aspartyl pH sensor (which
corresponds to D188 and D213 in BI-1) is conserved in all proteins, including the bacterial
homologue. As previously described (104), D188 and D213 are negatively charged at a
physiological pH around 7 and can thereby allow Ca* flow through a pore which they form
with D209. At more acidic pH, the amino acids become protonated and inhibit the Ca* flow.
At more basic pH, a hydrogen bond between H78 and D213 can form which closes the Ca*
pore. The interplay between D188, D209, D213 and H78 thus allows the pH dependent
regulation of the Ca* flux. While only D188 and D213 are conserved through the whole
TMBIM family and their bacterial homologue, L-arginine (R) can be found instead of L-
histidine (H) at the position which corresponds to H78 in BI-1 in TMBIM1-4. L-arginine
shares the positive charge of L-histidine and likely performs similar in regard to the pH
dependent pore formation. TMBIM5 however is again an exception, since it possesses a
negatively charged L-aspartic acid at this position, which will not show the same behavior
at basic and acidic pH as R and H. This might indeed alter any Ca™ regulating properties
which TMBIM5 might have, as highlighted by the fact that TMBIM5 was the only family
member whose overexpression failed to lower the intracellular Ca” concentration.
Whether the different characteristics of the amino acid at this position are responsible for
that is unclear. Although the strong conservation of the amino acids responsible for
regulating the Ca” flux dependent on the pH hints at that direction, it still remains
ambiguous to what extent the pH is responsible for the Ca® regulating properties of the
other TMBIM family members besides BI-1.
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After we compared the sequences of the TMBIM family, we constructed two phylogenetic
trees in order to clarify the relationship between the TMBIM family and the bacterial
homologue BsYet] and the relationship of TMBIM1 - 6 to each other. One observation was
that BI-1 is most closely related to BsYet]. The second observation was that the TMBIM
family falls into two clades: TMBIM1 - 3 and TMBIM4 - 5 and BI-1 cluster together in two
separate groups. Within the first group TMBIMS5 and BI-1 cluster together and within the
second group TMBIM1 and TMBIM2 cluster together.

Interestingly, the proteins within one of the two groups had similar intracellular locations.
By adding an HA-tag to the N terminus of all six TMBIM proteins and transiently
transtecting HT22 cells with these constructs, we were able to assess the degree of
colocalization with the mitochondria, the Golgi apparatus and the ER. TMBIM1-3 were
mainly located in the Golgi apparatus and to a lesser extent in the ER, which corroborates
earlier studies regarding their intracellular localization (127,129,140,141). TMBIM4 and 6
were primarily located in the ER and TMBIM4 was also found in the Golgi apparatus to a
lesser extent, matching earlier reports of its subcellular location (135). BI-1 is the most
extensive studied member of the TMBIM family and it has been shown numerous times that
it is located in the ER by using EGFP- (99,107) and mCherry-tagged (102) BI-1, which we
could confirm in our publication. TMBIM5 however was previously reported to be
exclusively located in the mitochondria (138) while we found it to be primarily located in
the ER. The previously described N-terminal signal sequence might be responsible for this
divergence since it has been previously suggested that a N-terminal tag might interfere
with the cleavage of this signal sequence (137). We indeed identified a mitochondrial target
sequence, which leads to cleavage after residue 57. It is thus possible that the 11 amino acid
long HA-tag shifts the cleavage site and thereby interferes with the physiological
processing of TMBIMS5. Although studies exist that suggest that protein tags interfere with
protein processing (142), they involve much larger tags like EGFP or mCherry at the affected
Terminus. HA-tags are much smaller and it is unclear whether and how they might alter
protein localization, which is dependent on some form of degradation. It is also possible
that TMBIMS5 is co-expressed in the ER and in the mitochondria depending on the cellular
needs. We therefore created a second construct with a C-terminally mCherry tagged
TMBIMS5 in order to further elucidate the intracellular localization of TMBIMS5. This
construct showed decreased co-localization with the ER and increased localization in the
mitochondria. When immunoblotting lysates from cells transfected with this new construct
and staining against the mCherry tag, two distinct bands could be identified. This means
that TMBIM5 can probably exist in both its cleaved and uncleaved form and the cleaving
efficiency decides its intracellular location. How the cleaving process is regulated in vivo
and in what ways this could influence the function of TMBIM5 however remains unclear

and warrants further investigation.
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The hydrophobic nature of the TMBIM family renders the generation of antibodies against
these proteins very difficult and our group reported that commercially available antibodies
for BI-1 are not able to distinguish between tissues from wild-type and knockout mice (102).
For that reason we employed quantitative RT-PCR to assess the expression levels in various
tissues and corroborated the results of Zhao et al. that TMBIM1 is mainly expressed in heart
and skeletal muscle tissues and to a lesser degree in the cerebellum (126). We detected the
lowest expression of TMBIM1 in the spleen while Zhao et al. did not detect any expression
in the spleen, probably because it is below the detection threshold of northern blotting,.
TMBIM2 was reported to be primarily expressed in the central nervous system by
employing northern blotting (128,130), RT-PCR (129) and immunohistochemistry (131) and
TMBIM3 has been shown to have a similar expression pattern except that it was also found
in the kidney by Northern blotting and RT-PCR (141). Our own results match previous
reports regarding TMBIM2 and TMBIM3. The same is true for TMBIM4, which was analyzed
by PCR and reported to be ubiquitously expressed in all tissues with the lowest expression
being in the brain (135) matching exactly our findings. According to Yoshida et al., TMBIM5
is mainly expressed in the brain, heart, liver, kidney and skeletal muscle with a lower
expression in the thymus and in the intestines (137). While our results support these
findings in general, we measured a lower expression in the liver compared to the brain,
heart and skeletal muscle. BI-1 is supposed to be ubiquitously expressed throughout all
tissues (100,101,143) with the exception of the central nervous system, which is exactly
what we found in our RT-PCR analysis.

We next analyzed the effects on the ER Ca” homeostasis of the TMBIM protein family by
stably overexpressing each protein in HT22 cells and measuring the thapsigargin releasable
Ca” pool as the readout for the ER Ca*-content. Following their strong structural
conservation, each protein lowered the thapsigargin releasable Ca* pool. This effect was
previously shown for BI-1 by measuring the Ca™ flux after ATP and thapsigargin application
in BI-1-EGFP overexpressing CHO cells (107), for TMBIM3 by measuring the Ca™ release after
ATP stimulation in TMBIM3-myc overexpressing MEFs (140) and for TMBIM4 by measuring
the histamine-induced Ca™ release in U20S cells overexpressing HA-tagged TMBIM4 (136).
Our publication is the first to demonstrate that the overexpression of TMBIM1, TMBIM2
and TMBIM5 in HT22 cells also has a lowering effect on the thapsigargin-releasable Ca”
pool. The putative channel forming properties of the TMBIM protein family, which is
reflected in the conserved residues responsible for pH-dependent Ca™-channel formation
as well as the common seven to eight transmembrane domain structure are one
explanation for the lowered ER Ca* pool. However, studies have also shown that BI-1
sensitizes IP;Rs and thereby promotes IP; induced Ca® release while overexpression of
TMBIM3 (140) and TMBIM4 (136) led to suppressed IP; inducible Ca* release. TMBIM family
members thus might additionally interact with other Ca*-regulating proteins in order to
alter the filling state of the ER.
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The reduction of the intracellular Ca* stores might have a direct impact on the
antiapoptotic properties of the TMBIM proteins. As previously described, mitochondrial
Ca™ uptake is a physiological process required for cell survival. However, prolonged
elevated Ca* concentrations in the cytoplasm and the ER might lead to overfilling of the
mitochondria with Ca*, ultimately resulting in bursting of the mitochondrial wall and the
release of cytochrome c, which will lead to apoptosis. The observed decrease of the ER Ca”
concentrations might thus represent a, due to overexpression, amplified cytoprotective
effect of TMBIM1 - 6. We were unfortunately not able to reliably measure cell death in our
cell lines, partly due to the fact that the overexpression of the proteins influenced the
growth characteristics such as growth rate and cell density, which renders comparable and
reproducible measurements very difficult. The antiapoptotic properties in relation to the
intracellular Ca® homeostasis of the TMBIM family have to be evaluated further in different
paradigms of cell death (such as ER stress, ROS stress etc.) in order to clarify their function
and the underlying mechanisms.

In our next publication, we focused on the role of BI-1 in immune cells, since our
observations showed that BI-1 KO mice suffer from leukopenia (and also from obesity and
erythrocytosis) albeit previous studies did not notice these abnormalities. A first screening
of the immune system revealed no differences in cell numbers in different immune organs
between WT and KO animals or a difference in composition of the immune cell
subpopulations like B- and T cells. However, there was a significant increase of marginal
zone (MZ) B cells at the expense of follicular (FO) B cells in BI-1 KO mice. After B cells exit
the bone marrow, they migrate to the spleen where they become either residual MZ B cells
or circulating FO B cells. Such a shift of the B cell subpopulations has been previously linked
with alterations of NF-k B signaling. NF-xB is a family of transcription factors, which
consists of five proteins in two classes. Class I proteins are NF-k B1 (p105/p50) and NF-k B2
(p100/p52) which reside in the cytoplasm and translocate to the nucleus upon activation
where they can form dimers with the class II proteins RelA (p65), c-Rel and RelB (86). While
the knockout of RelB leads to a decreased number of MZ B cells (144), an increase in NF-k B
signaling by knocking out the inhibitory regulator CYLD significantly increases the amount
of MZ B cells (145). In BI-1 KO splenocytes, the expression of RelA, RelB and c-Rel was
significantly increased in the nucleus and in the cytoplasm and RelA also showed
significantly increased nuclear translocation. RelA is only able to translocate to the nucleus
after is has been released by Ix Ba which requires the phosphorylation of Ik Ba (plk Bat).
plkBa was also significantly downregulated in BI-1-deficient splenocytes, indicating a
compensatory mechanism to retain as much RelA in the cytoplasm as possible.

But what leads to the activation of NF-k B in BI-1 KO splenocytes? Multiple stimuli lead to
NF-k B translocation, like changes in the amplitude and duration of Ca* signals (98) or
increases in the cytosolic Ca* concentration caused by SERCA inhibitors (96). Another

mechanism leading to NF-k B activation is the ER overload reaction (EOR), which results
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from the retention of proteins in the ER lumen. It is distinguished from the UPR by the lack
of Grp78/BIP activation (97) and is also dependent on alterations of the cell’s Ca* handling
(97,146). The two major functions of BI-1 are the regulation of the ER Ca” concentrations
and modulation of the UPR by being an inhibitor of IREla. We first looked for signs of
increased ER stress in BI-1 KO splenocytes. However, contrary to previous results obtained
in MEF cells (114), BI-1 KO splenocytes displayed decreased XBP-1 splicing and UPR proteins
were rather downregulated and not upregulated, especially ERp57. We therefore concluded
that the increased NF-k B activation is not a result of the UPR or the EOR and that in vivo
the lack of BI-1 can be compensated.

When we investigated changes in the Ca” homeostasis, striking differences between BI-1
KO and BI-1 WT splenocytes emerged. BI-1 deficient splenocytes had significantly higher
cytosolic and ER Ca* concentrations and additionally a significantly reduced SOCE. This was
accompanied by a significant downregulation of Orail, which is probably a compensatory
mechanism to prevent further Ca* flux into already overfilled Ca* stores and explains the
reduction in SOCE. The Ca* sensors STIM1 and 2 and IP;Rs were not regulated,
demonstrating the specific regulation of intracellular Ca* handling.

Another important transcription factor in immune cells is NFAT, which is also sequestered
in the cytoplasm and released to act in the nucleus through elevations in the cytosolic Ca*
after activation of the antigen receptors on the surface of immune cells (98). The elevated
cytosolic Ca* in BI-1 KO splenocytes indeed resulted in significantly increased translocation
of NFAT to the nucleus, without any actual upregulation of any NFAT isoform, which
matches previous reports of increased NFAT translocation in BI-1 KO cells (139). Taken all
into consideration we suspect that the elevated Ca™ in BI-1 KO splenocytes is responsible
for the sustained NF-k B activation, which results in increased numbers of MZ B cells.

We then looked specifically at the two largest compartments of the immune system, B- and
T cells. Both B- and T cells from BI-1 KO mice showed increased baseline Ca™ levels as well
as elevated Ca™ concentrations after stimulation with their specific ligands anti-CD3
antibodies and anti-IgM in order to activate their surface receptors. The elevated Ca™ levels
were also mirrored in increased nuclear translocation of NF-k B in both T- and B cells. Since
sustained elevated Ca® may result in cell death, we investigated spontaneous cell death in
B- and T cells and observed increased apoptosis in cells from KO mice with B cells being
much more affected than T cells. BI-1 KO B cells also showed defective organelles and
nuclear inclusions when analyzed by electron microscopy.

The key players during apoptosis, the effector caspases 3 and 7, showed elevated activity in
line with the increased cell death in KO B cells and were preceded by significantly increased
activity levels of caspase 9. Caspase 9 is generally associated with the intrinsic apoptosis
pathway, involving cytochrome c release from the mitochondria due to the rupturing of
the outer mitochondrial wall (147). Since BI-1 is also able to regulate the Ca* transport
between mitochondria and the ER (148) and the mitochondrial Ca* levels were highly
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increased in BI-1 KO B cells, we concluded that the increased cell death which was observed
in BI-1 KO B cells is a direct consequence of mitochondria not able to handle the increased
Ca” load which is caused by the lack of BI-1. This hypothesis was further corroborated when
we observed that XBP-1 splicing is not significantly increased in BI-1 KO B cells, rendering
ER stress and the UPR an unlikely cause for the premature cell death of B cells in culture.
One possibility to protect the cells from Ca”-induced cell death might be reducing the
intracellular Ca” load by chelating it, this however led to rapid cell death in both WT and
KO B cells, probably due to a heavily disturbed Ca* homeostasis, as previously reported for
leukemic cells (149).

The observed effects also affected lymphocyte function in vivo. We employed experimental
autoimmune encephalomyelitis (EAE) as model for a T cell-mediated autoimmune disease,
which targets the central nervous system. BI-1 KO mice had a much milder disease
progression accompanied by significantly less microglia infiltration, which resulted in less
damage to the brain and spinal cord (106). In another paradigm we assessed the B cell
function by measuring the immunoglobulin production after immunization with the T cell
independent immunogen 4-hydroxy-3-nitrophenylacetyl coupled to chicken globulin
(NPCG). BI-1 KO mice showed significantly decreased 1gG1, 1gG2b and IgM production. The
observed effects of BI-1 KO T- and B cells, like the increased Ca® concentrations and the
increased cell death, thus also have an attenuating effect on B- and T cell function in vivo.

The elevated ER Ca* concentrations, which we observed in BI-1 KO splenocytes, T cells and
B cells, and which were previously reported in numerous studies using BI-1 KO cells, can be
explained by the Ca* channel properties of BI-1. If a Ca” channel is knocked out, the Ca*
leak from the ER decreases which conversely increases the ER Ca” concentrations. Upon
stimulation of the cell, the Ca™ transients from the ER increase in analogy to the elevated
ER Ca” concentrations, thereby increasing the cytosolic Ca” concentrations. Due to
constant basal cell activation, the cytosolic Ca* might build up over time. Under normal
conditions the cytosolic Ca* would be cleared by refilling the Ca™ stores, the refilling
however is directly inhibited by a high Ca™ load of the ER since the dissociation of Ca” from
the luminal side of SERCAs is impeded by high luminal Ca* concentrations (150). A later
study also demonstrated that a high ER Ca* load reduces the Ca* uptake from the cytosol
in order to prevent unevoked Ca* release from the ER, although the mechanism how the
Ca” reuptake is regulated remained unclear (151). This creates a vicious circle in which the
overfilled ER floods the cytosol with an excess of Ca* upon each stimulus but remains
unable to clear the Ca™ from the cytosol. Interestingly, BI-1 KO splenocytes even showed
attempts to compensate for this Ca” overload. Under conditions of high luminal Ca*
concentrations in the ER, like in case of the BI-1 KO, ERp57 binds to the Ca* ATPase Serca2b
and thereby inhibits its function (152) and we observed a significantly decreased expression
of ERp57 in BI-1 KO splenocytes, possibly in order to disinhibit SERCA2b and to facilitate

clearance of the cytosolic Ca™.
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The unsolved question is how the proposed inhibition of the ER stress sensor IRE1a by BI-
1 (114) fits into this narrative of the ER overfilled with Ca™. The proapoptotic proteins BAX
and BAK also directly interact with IRE1a and activate it (153). The double knock out of BAX
and BAK causes directly opposite effects of the BI-1 knock out, namely a decrease in the ER
Ca” concentration (154) due to an increased Ca* leak from the ER (155). And since BI-1 does
not directly interact with BAX and BAK (99,114) but attenuates the interaction of BAX and
BAK with IREla (114), it has been suggested that BI-1 acts upstream of BAX and BAK and
regulates the inactivation of IRE1a (114). It has however not been studied whether IRE1a
itself has an inhibitory effect on BI-1, creating a reciprocal relationship between these
proteins. In this the case, the double knock out of BAX and BAK would inhibit IRE1a, which
would in turn disinhibit BI-1, increasing the Ca* efflux from the ER and matching previous
reports,

In conclusion, our results show the close relationship of the TMBIM proteins to each other,
which are not only reflected in their conserved amino acid sequence, but also in their
similar secondary structure and their specific subcellular localization. All TMBIM family
members were able to significantly lower the ER Ca™ pool, which might explain their
antiapoptotic properties, since the overloading of the cytoplasm with Ca” is associated with
apoptosis. Additionally, all TMBIM proteins except TMBIM 5 were able to decrease the
resting Ca® levels in the ER. The role of the N-terminal signal sequence of TMBIM 5 needs
to be further investigated since it apparently influences its intracellular localization and
thereby the effects TMBIM 5 might have on the Ca* homeostasis. The lack of the most
prominent member of the TMBIM family BI-1 had a profound eftect on the Ca” homeostasis
of mice immune cells. BI-1 KO resulted in Ca”* overload of the immune cells, which was
reflected by increased nuclear translocation of NFAT and NF-x B as well as increased cell
death of T- and B cells. On the other hand, no direct proof of increased ER stress were
observed, indicating that ER stress caused by the lack of BI-1 is probably combated
efficiently in vivo. On the other hand, the effects of BI-1 deficiency were clearly visible in
in vivo paradigms of T- and B cell function as BI-1 KO mice had a less severe T cell mediated
EAE and displayed attenuated B cell immunoglobulin production, indicating a partial loss
of function of these cell types.
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