ABSTRACT
ROMANET, JESSICA LEIGH. A Role for TMEM150A in Cytokine Regulation. (Under the
direction of Dr. Jeffrey Yoder).

Phosphatidylinositol ~ 4-phosphate  (PI(4)P) is a key limiting factor in
phosphatidylinositol 4,5 bisphosphate (P1(4,5)P,) production which plays critical roles in
multiple cellular processes including the targeted recruitment of TIR domain containing
adaptor protein (TIRAP) in the Toll-like Receptor 4 (TLR4) signal transduction pathway. A
crucial kinase responsible for PI1(4)P creation is phosphatidylinositol 4-kinase type Il alpha
(P14Klllea), which is known as staurosporine and temperature sensitive 4 (Stt4) in yeast, and
is partially regulated by suppressor of four kinase protein 1 (Sfkl). The suggested
mammalian homologue of Sfkl is TMEMI150A, a member of the damage-regulated
autophagy modulator (DRAM) protein family. The DRAM family consists of five proteins
with six transmembrane domains. As the name implies, three of the family members have
been implicated in the mediation of autophagy. Although autophagy is most well-known for
cellular homeostatic degradation of long-lived organelles and cell survival processes that
occur during times of starvation, autophagy has clearly been linked to immune-related
functions. In fact, it was demonstrated that DRAML1 can influence autophagy downstream of
TLR4/MyD88 signaling in a pro-survival response to infection. Because of TMEM150A’s
connection to the TLR4 pathway by way of the DRAM family and as a potential regulator of
Pl4KlIlla, we hypothesized that there might be a direct connection between TMEM150A and
the TLR4 cascade. Herein we provide the first evidence that the DRAM family member,
TMEM150A, plays a key role in the regulation of cytokine production downstream of

TLR4. These observations suggest that TMEM150A plays an important part in immune



function, particularly in regulating cytokine response, and, that it, and the pathway it affects,

may provide novel targets for controlling common inflammatory diseases.
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Introduction

Immune signaling and a healthy immune response must include an inflammatory
cascade to recognize, defend against, destroy and remove an insulting source, while
mitigating the damaging effects against the host’s tissues from a prolonged and exacerbated
immune attack (Whicher, 1990). In this process, cytokines, which can be released by
numerous cell types, play an important role in recruiting inflammatory cells to sites of
infection or injury. Although cytokine production is essential to immunity, unchecked,
overzealous or prolonged cytokine upregulation is implicated in numerous, costly diseases
that include sepsis, cancer, inflammatory bowel disorder, psoriasis and arthritis (Baliwag et
al., 2015; Dinarello, 2000; Hennessy et al., 2010; Tartour and Fridman, 1998). Identifying
novel, targeted therapeutics to treat these conditions takes a nuanced understanding of the
complexity of the pathways that trigger or dampen cytokine production. The mechanisms
modulating cytokines are vast and diverse enough to encompass toll-like receptor signaling,
autophagy and phosphatidylinositols. This work attempts to add to our understanding of the
complex pathways of innate immune regulation by providing evidence that TMEM150A, a
largely undefined but highly evolutionarily conserved protein, loosely linked to autophagy,
phosphatidylinositols, and now to toll-like receptor signaling, plays a role in cytokine

regulation.
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Chapter 1: Literature Review

Autophagy introduction (Basic)

Autophagy (“self-eating”) is a multifaceted, evolutionarily conserved, cellular
homeostasis mechanism that is implicated in an array of cellular functions (Cadwell, 2016;
Harris, 2011; Yin et al., 2016). Although autophagy is most well-known for cellular
homeostatic degradation of long-lived organelles and cell survival processes that occur
during times of starvation, autophagy has also been clearly linked to immune-related
functions (Cadwell, 2016; Criollo et al., 2012; Harris, 2011; Li et al., 2011; Meijer and van
der Vaart, 2014; Yin et al., 2016).

Autophagy occurs at a basal rate in a non-selective manner to facilitate disposal of
damaged or surplus organelles (Cadwell, 2016; Johansen and Lamark, 2011; Yin et al., 2016)
but is modulated for proper cellular responses to stress, starvation and infectious pathogens
(Cadwell, 2016; Harris, 2011; Johansen and Lamark, 2011; Yin et al., 2016). It makes sense
that multiple autophagic activation pathways have been reported since autophagy is
implicated in a myriad of cellular responses (Cadwell, 2016; Crighton et al., 2007a; Harris,
2011; Johansen and Lamark, 2011; Meijer and van der Vaart, 2014; Xu et al., 2007; Yin et
al., 2016) but the simplest and most studied activation pathway includes extracellular nutrient
sensing regulation by adenosine 5’-monophosphate-activated protein kinase (AMPK)
inhibition of mechanistic target of rapamycin complex 1 (mTORC1). In short, mTORCL is
inhibited when cells are starved and autophagy is induced by autophagy related gene 1

(ATG1)/uncoordinated-51 like autophagy activating kinase 1 (ULK1) (Cadwell, 2016;
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Delgado and Deretic, 2009; Harris, 2011; Yin et al., 2016). Autophagosome biogenesis
remains largely similar regardless of the instigating pathway and includes initiation,
nucleation, expansion and maturation (Cadwell, 2016; Cordani et al., 2017). An outline of
the steps and core proteins is categorized by Table 1.1 (Choi, 2013). In brief, ATG1/ULK1,
phosphoinositide 3-kinase catalytic subunit type 11l (PI3KC3) complex (beclinl, vacuolar
protein sorting 34 (VPS34), VPS15 and ATG14L work together to initiate nucleation of a
phagosome (Cadwell, 2016). After initiation of autophagy, there is vesicle elongation
leading to maturation of an autophagosome that in turn fuses with a lysosome to become an
autolysosome finally leading to vesicle breakdown and degradation. The major mammalian
autophagic proteins include ULK1, ATG3, ATG4b, ATG5, BECN1, ATG7, MAP1LC3B,
ATG9A, ATG10, ATG12, ATG14, and ATG16, all which have evolutionarily conserved
yeast homologues (Harris, 2011).

Autophagy can act in multiple ways to clear sources of the following: infection
(xenophagy), defective mitochondria (mitophagy), protein aggregates (aggrephagy) as well
as recycle cytoplasmic components (macroautophagy) to enhance cell survival or provide
energy in times of stress or starvation (Cadwell, 2016; Harris, 2011; Yin et al., 2016). Since
the topic of this thesis is related to innate immune signaling, the sections that follow focus on
autophagy as it is related to innate immunity, specifically in terms of toll-like receptor 4

(TLR4) signaling.
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Autophagy & Innate Immunity Toll-Like Receptor 4 (TLR4) Signaling

The lipopolysaccharide (LPS) component of gram-negative bacterial cell walls is a
potent, innate immune stimulant and serves as a pro-inflammatory pathogen-associated
molecular pattern (PAMP) and the ligand for the pathogen recognition receptor (PRR) TLR4
(Lu et al., 2008; Takeda and Akira, 2001; Tan and Kagan, 2014). A simple illustration of
the canonical LPS-TLR4 signaling pathway is shown in Figure 1.1. The best described,
downstream result of the TLR4 signal transduction pathway is activation of the transcription
factors, nuclear factor kappa enhancer-binding protein B (NF-kB) and activator protein-1
(AP-1). NF-kB and AP-1 activation lead to the production of immune signaling peptides
called cytokines (Lu et al., 2008). Cytokines, which can be released by numerous cell types,
recruit inflammatory cells to sites of infection or injury and must be well regulated to prevent
unnecessary and injurious tissue damage (Aguilar-Valles et al., 2015; Baliwag et al., 2015;
Whicher and Evans, 1990; Zhang and An, 2007).

It is now known that the engagement of TLR4 by LPS can induce autophagy. As
reported by four different groups, TLR4 stimulation induces autophagy in RAW264.7
cells (a mouse macrophage cell line) causing green fluorescent protein (GFP)-tagged
microtubule-associated protein light chain 3B (GFP-LC3) to go from a diffuse -- to a
punctate pattern (a relatively reliable autophagy marker) indicating formation of
autophagasomes (Delgado et al., 2008; Sanjuan et al., 2007; Shi and Kehrl, 2008; Xu et al.,
2007). In addition, LPS stimulation results in the production of an abundance of the
autophagy marker, LC-3II, in human (Li et al., 2011). Additionally, when key autophagy

protein, Atg7, is knocked down (by siRNA), the downstream output of TLR4 activation,
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cytokine production, is inhibited as demonstrated by reduced protein and transcript levels of
CXCLS/IL-8 (Li et al., 2011). This last finding implicates autophagy as a positive regulator
of cytokine production downstream of LPS-TLR4 signaling.

Although autophagy can contribute to both cell survival and cell death
mechanisms, the LPS/TLR4 induced autophagy pathway is best characterized as promoting
cell survival (Xu et al., 2007) through the enhancement of innate immune protection by
stimulating additional TLR signaling and the translocation of NF-kB to the nucleus
(Cadwell, 2016). Another example of the LPS/TLR4 autophagy cascade promoting cell
survival is evidenced when the human peritoneal mesothelial cell line (HMrSV5) is
challenged with Escherichia coli (E. coli) infection. Exposing HMrSV5 cells to LPS (1
ug/ml) triggers an increase in the autophagy markers BECN1, LC3II, and GFP-LC3 at 12
and 18 hours after exposure (Wang et al., 2013). When these same cells were infected with
E. coli after LPS stimulation, the E. coli was more likely to be contained within
autophagosomes and intracellular bactericidal activity increased (Wang et al., 2013). These
host defense mechanisms were attenuated by siRNA mediated knockdown of BECN1 or by
small molecule inhibition of autophagy (Wang et al., 2013). In this same study, both
silencing and inhibition of TLR4 reduced LPS-triggered autophagy and bactericidal activity
(Wang et al., 2013). Further, cell survival responses from TLR4 induced autophagy are
evidenced by studies investigating autophagy and Mycobacterium tuberculosis infection. M.
tuberculosis typically resides in autophagosomes and stunts maturation that would normally
lead to degradation via the autolysosome (Xu et al., 2007). Autophagy inducing conditions,

like starvation, exposure to rapamycin and stimulation by LPS lead to increased M.
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tuberculosis in autophagic vacuoles and decreased mycobacterial survival (Xu et al., 2007).
Similarly, knockdown of the autophagy inducer, damage-regulated autophagy modulator 1
(DRAM1), results in increased infection in a zebrafish-whole-organism model (Meijer and
van der Vaart, 2014).

Further study is required to define the specifics of the LPS/TLR4 autophagy signaling
pathway, but evidence suggests that there is more than one way to trigger autophagy via
TLR4. TLR4 receptor activation leads to two separate arms of a signal transduction
pathway, one that is myeloid differentiation factor (MyD88)-dependent and one that is
MyD88-independent (FIGURE 1.1) (Lu et al., 2008; Takeda and Akira, 2001; Tan and
Kagan, 2014). There is now evidence that autophagy can be induced by both MyD88-
dependent and MyD88-independent signaling (Meijer and van der Vaart, 2014; Xu et al.,
2007). The latter is dependent on Toll-interleukin 1 receptor domain-containing adaptor-
inducing interferon-B (TRIF) (Takeda and Akira, 2015) and its activation by LPS induces
autophagy downstream of receptor-interacting protein (RIP1) and p38 MAPK but not JNK
(Xu et al., 2007). TRIF-dependent TLR4 signaling is known to induce late phase activation
of NF-kB and MAPKs (Yamamoto et al., 2003) and it has been suggested that early TLR4
activation leads to acute phagocytosis of a pathogen or insulting source and late phase
activation may result in autophagosome formation to clear that source (Delgado and Deretic,
2009; Xu et al., 2007).

Yet, autophagy can also be invoked by the MyD88-dependent pathway. TLR4 plays a
major role in response to mycobacterium infection (Sanchez et al., 2010) and MyD88

mutation reduces the infection-dependent induction of the autophagy inducer DRAM1,
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causing decreased LC3-GFP puncta in response to Mycobacterium infection in both human
M2 macrophages and zebrafish embryos (Meijer and van der Vaart, 2014). These
observations imply that LPS-induced autophagy signaling can result from either a TRIF-
dependent or a MyD88-dependent pathway depending on the insulting source. Interestingly,
NF-kB can stimulate BECN1 thereby activating autophagy (Criollo et al., 2012; Meijer and
van der Vaart, 2014) but it has also been demonstrated that canonical NFKkB nuclear
translocation occurs only in the presence of an intact autophagic cascade (Criollo et al.,
2012).

Temporal regulation of autophagy differs by instigating source. For
instance, starvation-induced autophagy requires two hours (Kirkegaard et al., 2004) while
LPS-induced autophagy is noted at 8 hours but maximal at 16 hours (Xu et al., 2007).

What is most clear from the literature is that autophagy is an evolutionary conserved
biological process that plays an important role in the immune response to infectious disease,
specifically in regard to TLR signaling. Notably, autophagy dysregulation can lead to
inflammatory diseases like cancer, neurodegenerative disease and sepsis largely due to
aberrant cytokine response: therefore, understanding the mechanisms that regulate autophagy
is of high importance to human and animal health (Cadwell, 2016; Choi et al., 2013; Delgado

and Deretic, 2009; Hayat, 2013; Saitoh and Akira, 2010) .

Damage-Regulated Autophagy Modulator (DRAM) Family
TMEM150a, the focus of this dissertation, is a gene related by homology to a family

of proteins implicated in autophagy induction. This evolutionarily conserved family includes


https://paperpile.com/c/JIvGay/1qPv
https://paperpile.com/c/JIvGay/1qPv+VOsD
https://paperpile.com/c/JIvGay/1qPv+VOsD
https://paperpile.com/c/JIvGay/VOsD
https://paperpile.com/c/JIvGay/VOsD
https://paperpile.com/c/JIvGay/xSDwt
https://paperpile.com/c/JIvGay/Wq5c
https://paperpile.com/c/JIvGay/ZyZL+U6df+LzYW+lmee+CN5i
https://paperpile.com/c/JIvGay/ZyZL+U6df+LzYW+lmee+CN5i

five members in humans, DRAM1, DRAM2 (aka TMEM77), TMEM150B (aka TMEM224,
TTN2 and DRAM3), TMEM150C (aka TTN3 and/ DRAM4) and TMEM150A (aka TM6P1,
TTN1 and DRAMS) (O’Prey et al., 2009; Zhang et al., 2000). DRAM family members are
highly conserved across vertebrate species and predicted to encode proteins with six-
transmembrane domains with both the amino- and carboxyl-termini positioned on the
cytoplasmic side of cellular membranes (Hong et al., 2016; Kerley-Hamilton et al., 2007;
O’Prey et al., 2009). Members of the DRAM family are expressed across most tissue types
but show differential expression patterns amongst themselves in mammalian tissues and
human cancer cell lines (Crighton et al., 2007a; Hong et al., 2017; Kerley-Hamilton et al.,
2007; Mrschtik et al., 2015; O’Prey et al., 2009; Zhang et al., 2000).

The family has been termed damage-regulated autophagy modulators (DRAM) by
one group who has linked/ DRAM1 and TMEM150B/DRAM3 to differential roles in
autophagy (Crighton et al., 2007a; Mrschtik et al., 2015; O’Prey et al., 2009). However, the
roles of the other DRAM family members remain to be clearly defined. The available

literature describing each DRAM family member is summarized here.

DRAM1

DRAML is the best characterized and most studied member of the family. A screen
for TP53 target genes found that DRAML is induced by chemotherapeutic agents (DNA
Damage) and contains both an upstream p53 response element (Kerley-Hamilton et al.,
2007) and an intronic p53 response element (Crighton et al., 2006). Recombinant

exogenous DRAM1 has been reported to localize to the plasma membrane as well as in a
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punctate pattern throughout the cytoplasm in certain studies (Kerley-Hamilton et al., 2007)
while specifically to the lysosome in other reports (Crighton et al., 2006; Park et al., 2009;
van der Vaart et al., 2014; Yoon et al., 2012). There is also some conflict regarding how
DRAM1 overexpression affects clonogenic survival under stressful conditions; Kerley-
Hamilton et al reports that DRAM1 overexpression significantly increases clonogenic
survival in three different cell types whereas Crighton et al maintains clonogenicity is
unaffected in one of the same cell types (Crighton et al., 2006, 2007a; Kerley-Hamilton et al.,
2007). Differences in DRAML1 constructs, overexpression levels, cellular stress or nutrient
levels may be the source of this discrepancy. Meanwhile, there is evidence that DRAM1
contributes to cell death. Knockdown of DRAM1 with siRNA decreases apoptotic cell death
after challenge with DNA damaging agents (Crighton et al., 2006). Thus, it has been
suggested that DRAML1 is critical to p53-mediated programmed cell death but does not
contribute to cell death alone (Crighton et al., 2006). The relationship between DRAM1 and
p53 is supported by work showing that small molecule (3-nitropropionic acid; 3NP)--induced
mitochondrial dysfunction upregulates DRAM1, mostly in a p53 dependent manner (Zhang
etal., 2013).

Electron micrograph analysis shows that induction of DRAMI1 creates an
accumulation of double-membraned autophagic vesicles and changes the GFP-LC3 patterns
from diffuse to punctate, indicating an increase in autophagic activity (Crighton et al., 2006).
Likewise, GFP-LC3 patterns and LC3-11 protein levels, after siRNA mediated knockdown of
DRAM1 in a TetOn-p53 cell line, also support a role for DRAM1, downstream of p53, in

autophagy modulation (Crighton et al., 2006).
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In line with its relationship to p53, DRAML is downregulated in multiple oral tumor
cell lines and in some squamous cancers, and has been proposed to be tumor
suppressive (Crighton et al., 2006, 2007a).

However, p53 is not the only generator of DRAM1 expression. 3NP mitochondrial
damage induced DRAM1, even in a p53 knockout cell line, but the DRAML1 levels did not
match that of p53 competent cells (Zhang et al., 2013). In a separate report, p73, a p53-
related protein, also involved in cell cycle arrest and apoptosis, was found to induce both
DRAM1 expression as well as autophagy. Yet, in contrast to the relationship between p53
and DRAM1, DRAML1 is dispensible for p73-mediated induction of autophagy (Crighton et
al., 2007b).

Additionally, p73 modulates the role DRAM1 plays in neutrophil
differentiation. Neutrophil differentiation, in a cell line that has mutated, impaired p53,
(NB4 acute promyelocytic leukemia (APL) cells), is both DRAM1 and autophagy dependent
downstream of p73. Upon all-trans retinoic acid (ATRA)-induced neutrophil differentiation
of APL cells, DRAML1 expression was induced by almost 12-fold and the same was not seen
in NB4-ATRA resistant cells which do not differentiate. Reciprocally, knockdown of
DRAML1 reduced neutrophil affiliated cell markers and there was reduced expression of core
autophagy genes ATG5 and ATG7, suggesting decreased overall autophagy. Further,
DRAM1 expression was modulated by p73 and p73 knockdown cells showed decreased
neutrophil differentiation markers (Humbert et al., 2012).

More recently, DRAM1 was directly connected to the innate immune response

mounted against mycobacterial infection in both human primary macrophages and in an in
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vivo zebrafish model (Meijer and van der Vaart, 2014; van der Vaart et al., 2014). In these
models, during mycobacterial infection, DRAMU1-autophagy-induction is protective and
downstream of the TLR4-MyD88-NF-kB pathway and independent of p53 (Meijer and van
der Vaart, 2014; van der Vaart et al., 2014).

MyD88 null (myd88”) zebrafish have an impaired immune response to
Mycobacterium marinum, a natural fish pathogen and close relative to human
Mycobacterium tuberculosis) (van der Vaart et al., 2014). Gene expression analysis
of myd88” mutant zebrafish highlighted decreased draml expression after infection. In

+/+

contrast, MyD88 competent zebrafish (myd88™'") draml expression increased over the
course of the infection whereas, p53 and key autophagy genes atg5, Ic3 and p62 did not show
this same change in expression (van der Vaart et al., 2014). Zebrafish dram1 expression also
increased over the course of infection in p53 mutant embryos demonstrating that DRAM1
induction was not p53 dependent in this case (van der Vaart et al., 2014).

Furthermore, TLR4-LPS stimulation also induced dram1 expression but not in NF-kB
inhibited zebrafish or myd88” embryos (van der Vaart et al., 2014). Similar results were
obtained in human primary macrophage typel (M1) and type 2 (M2) cells after infection with
M. tuberculosis. DRAM1 was elevated four hours post infection, colocalized with M.
tuberculosis, and NF-kB inhibition negated this result (van der Vaart et al., 2014). siRNA
depletion of MyD88 showed decreased DRAM1 expression in M2 cells but not M1 (Meijer
and van der Vaart, 2014; van der Vaart et al., 2014).

Morpholino knockdown of draml in zebrafish embryos infected with M. marinum

had increased bacterial burdens, higher expression of illb, and infected cells that were
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overgrown or burst with bacteria in the cytoplasm rather than in phagosomes (van der Vaart
et al., 2014). In concert, overexpression of Draml in zebrafish increased the quantity of
GFP-LC3 and reduced M. marinum burden ((Meijer and van der Vaart, 2014; van der Vaart
et al., 2014). The higher expression of the cytokine IL1b in this knockdown model is in
contrast to the decreased levels of CXCL/IL8 cytokine in intestinal epithelial cells with
ATG7 siRNA autophagy knockdown (Li et al., 2011). One important difference that should
be understood is that IL1b samples were taken four days post infection for the in vivo model
and sixteen hours post infection for the in cellulo model. In the zebrafish model, the
increased il1b suggests a regulatory role for autophagy in cytokine production (van der Vaart
et al., 2014). The take home message from these studies is that DRAML is host protective by
being an inducer of mycobacterial autophagy.

The intricate details of how DRAML1 regulates autophagy are still being
investigated. However, there is evidence using inhibitor assays showing that DRAM1
modulates autophagy by enhancing acidification and fusion of lysosomes with
autophagosomes and also helping to manage autophagic flux by increasing turnover of
autophagosomes (van der Vaart et al., 2014; Zhang et al., 2013).

In summary, DRAML1 induces autophagy and can be activated by multiple pathways
including p53, p73 and TLR4. Autophagy modulation by DRAML1 occurs through lysosomal
mediation and has been linked to tumor suppression, neutrophil differentiation and host

defense to mycobacterial infection.
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DRAM2/TMEMT77

DRAM1 and DRAM2 (previously known as TMEM77) share 67% peptide sequence
homology depending on the method utilized by the investigator (Park et al., 2009). Unlike
DRAM1, DRAM2 expression is not induced by p53 or p73 (O’Prey et al., 2009) yet similar
to DRAML1, both DRAM2 transcript and protein levels are reduced in ovarian tumors (Park
et al., 2009).

Interestingly, there are conflicting reports about whether overexpression of DRAM2
induces autophagy or not (O’Prey et al., 2009; Yoon et al., 2012). This confusion is probably
due to the different techniques used to measure autophagy by each group; only one group
investigated knockdown of endogenous DRAM?2 (instead of recombinant, overexpression of
exogenous DRAM?2) which did show a relationship with modulation of autophagy by
inhibiting autophagosome formation, changing LC3 localization patterns and depleting LC3-
Il bands on Western Blot (Yoon et al., 2012).

Moreover, the combined expression of DRAM1 and DRAM2 synergistically
activated autophagy in HEK293 cells and induced apoptotic-like nuclear blebbing (Park et
al., 2009). Immunofluorescent labeling demonstrated that the majority of recombinant,
exogenous DRAM2 colocalized in lysosomes with DRAM1 (O’Prey et al., 2009; Park et al.,
2009). Similar to DRAM1, siRNA knockdown of DRAM2 enhanced cell viability after
exposure to the chemotherapeutic, DNA damaging and p53-inducing agent--doxorubicin,

possibly suggesting a role for DRAMZ2 in p53-induced cell death (Park et al., 2009).

13


https://paperpile.com/c/JIvGay/9Vxj+fZp3
https://paperpile.com/c/JIvGay/fZp3
https://paperpile.com/c/JIvGay/9Vxj
https://paperpile.com/c/JIvGay/9Vxj
https://paperpile.com/c/JIvGay/fZp3+RiNN
https://paperpile.com/c/JIvGay/RiNN
https://paperpile.com/c/JIvGay/9Vxj
https://paperpile.com/c/JIvGay/9Vxj
https://paperpile.com/c/JIvGay/9Vxj+fZp3
https://paperpile.com/c/JIvGay/9Vxj+fZp3
https://paperpile.com/c/JIvGay/9Vxj

All things considered, there is evidence that DRAM2 plays a role in autophagy, at
least as it pertains to LC3B changes. Furthermore, DRAM1 and DRAM2 share

downregulation in tumor tissues even though they have differential regulation.

TMEM150B/DRAM3

Similar to DRAM2 and in contrast to DRAM1, TMEMZ150B is not regulated by p53
and is not transcriptionally induced by the same chemotherapeutic drugs, inflammatory
agents or starvation conditions. Based on this finding and the differential expression patterns
of DRAM1 and TMEM150B across cell lines, coregulation of DRAM1 and TMEM150B is
not evident (Mrschtik and Ryan, 2016; Mrschtik et al., 2015).

Recombinant, exogenous TMEM150B displays cytoplasmic punctate staining,
colocalizing in similar ways as DRAM1 with endosomal, lysosomal and autolysosomal
markers. In contrast to DRAM1 and DRAMZ2, TMEM150B appears to be enriched in the
actin-rich focal adhesions of plasma membranes in cell culture; TMEM150B is not found in
the endoplasmic reticulum, golgi apparatus or on phagophores (Mrschtik and Ryan, 2016;
Mrschtik et al., 2015).

Stable expression of exogenous TMEM150B was attenuated over time indicating that
overexpression of TMEM150B may affect cell health. However, a retroviral TMEM150B
construct that induced lower levels of TMEM150B did not have this same
effect. Interestingly, overexpression of TMEM150B in cells cultured in complete media
showed increased LC3B puncta compared to control, but upon starvation conditions the

difference was no longer significant (Mrschtik et al., 2015).
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TMEM150B expression affects autophagic flux (autophagosome turnover) in normal
cell growth conditions as evidenced by LC3BIlI accumulation after chloroquine
(autophagosome turnover blocker) treatment. Reciprocally, CRISPR/Cas9 disruption of
TMEM150B demonstrated a decrease in autophagic flux on multiple independent
experiments. Interestingly, this was not always the case in every replicate suggesting that
cellular nutrient status might be complicating the results. Unexpectedly, no differences were
observed in localization or number of autophagy associated structures (phagophores,
autophagosomes, autolysosomes) in TMEM150B CRISPR knock-out cells (Mrschtik and
Ryan, 2016; Mrschtik et al., 2015).

Endogenous TMEM150B knock-out did not have an effect on cell viability, but
TMEM150B overexpression under starved conditions increased clonogenic survival in an
autophagy-independent (did not change upon chloroquine treatment) and apoptotic-
independent (differences not seen in Annexin V-positive, Pl-negative staining) manner hence
leading the authors to predict that TMEM150B may be involved in necrotic cell death
(Mrschtik and Ryan, 2016; Mrschtik et al., 2015).

In summation, TMEM150B is differentially regulated from DRAML, localizes to
multiple cellular compartments, including autolysosomes and the plasma membrane, has an
impact on autophagic flux and promotes cell survival in an autophagy-independent manner
after glucose starvation. Further investigation into the role of TMEMZ150B in cell survival

and in autophagy regulation is required for a better functional understanding of this gene.
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TMEM150C/DRAM4/TTNS3

TMEM150C has not yet been implicated in autophagy modulation. TMEM150C has
been implicated in conferring mechanosensitive currents in proprioceptive neurons and
referred to as Tentonin 3 (TTN3) (Hong et al., 2016, 2017).

TMEM150C was identified by a screen that demonstrated its knockdown caused a
decrease in the amplitude of slow adapting muscle efferents (SA) after mechanical stimuli
(Hong et al., 2016, 2017). Recombinant, exogenous TMEM150C expression localized to the
plasma membrane in HEK293T cells and also demonstrated significantly higher peak current
amplitudes after mechanical activation compared to cells expressing exogenous GFP,
TMEM150A and TMEM150B (Hong et al., 2016).

Results from TMEM150C siRNA knockdown in dorsal root ganglion (DRG) neurons
and TMEM150C knockout mice suggest that TMEM150C is required for SA currents in
DRG neurons (Hong et al., 2016). TMEM150C is found in myelinated neurons and
proprioceptive sensory neurons and TMEM150C knockout mice have significantly noticeable
motor coordination deficiencies, suggesting a role in proprioception and motor coordination

(Hong et al., 2016).

TMEM150A/TM6P1/DRAM5

In 2000, TMEM150A (originally named TM6P1), was identified from a subtracted
cDNA library screen of liver transcripts from fasted rats (Zhang et al., 2000). TMEM150A is
predicted to encode an integral membrane protein with six transmembrane domains, three N-

glycosylation sites, three casein kinase Il phosphorylation sites, and seven N-myristoylation
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sites. Two protein isoforms are predicted with translation likely initiating frequently from a
second start codon that conforms to the Kozak consensus sequence for translation initiation
(Kozak, 1991; Zhang et al., 2000). Initiation at the second start codon would eliminate the
amino-terminal transmembrane domain, resulting in a five-transmembrane domain protein.
Zhang et al report thata recombinant TMEM150A-GFP fusion protein localized to the
perinuclear region, the Golgi apparatus and the plasma membrane (Zhang et al., 2000).

Northern blot analysis demonstrated that TMEM150A expression was significantly
upregulated two-fold in the liver of fasted rats and nearly ubiquitously expressed across
fourteen different rat tissues examined (Zhang et al., 2000). Highest transcript levels of
TMEM150A were observed in placenta, liver, and kidney; lowest levels were observed in
brain and thymus (Zhang et al., 2000).

Since this initial report by Zhang et al, only one report has been published regarding
TMEM150A function. Chung, et al propose that TMEM150A is the mammalian homologue
of yeast Sfkl and involved with plasma membrane interactions of phosphatidylinositol
kinase 11l alpha (P14Kllla) (Chung et al., 2015). (Phosphatidylinositols and their kinases are
vital to a myriad of cellular processes including membrane trafficking, immunity and mRNA
processing and are discussed in slightly more detail in the next section) (De Craene et al.,
2017; Dornan et al., 2016; Kagan and Medzhitov, 2006).

Previous work has demonstrated that PI4KIlla. (Stt4 in yeast) localizes to the plasma
membrane in a complex that includes two adaptor proteins, EFR3 and TTC7 (Yppl in yeast).
However, the yeast regulator of Stt4 (P14Kllla in mammals), Sfk1, had not been identified in

mammals (Chung et al., 2015). Yeast Sfkl is a multipass transmembrane protein that
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localizes to the plasma membrane and thus the investigators decided to evaluate if
TMEM150a may be behaving in a manner similar to yeast Sfk1 (Chung et al., 2015).

Recombinant, carboxy-terminally tagged TMEM150A-GFP was localized
predominantly in the plasma membrane of mammalian cells with a minor pool localized on
intracellular structures; the carboxy-terminal tail was determined to be within the cytoplasm
(Chung et al., 2015) confirming the membrane topography of TMEM150A predicted by
(Chung et al., 2015; Zhang et al., 2000). Western blot analysis indicated that TMEM150A
but not TMEM150B (DRAM3) or TMEM150C (DRAMA4) coprecipitated with PI14Kllla and
that the carboxy-terminal cytoplasmic tail of TMEM150A is mediates this interaction (Chung
etal., 2015).

Pl4KIllo was only targeted to the plasma membrane when overexpression of
TMEM150A was coexpressed with EFR3 and TTC7 (Chung et al., 2015). Overexpression of
TMEMU150A alone as well as TMEM150A siRNA mediated knock down did not change
localization patterns of PI4KlIlla, EFR3 or TTC7 (Chung et al, 2015). Yet,
immunoprecipitation and immunofluorescent studies demonstrated that TMEM150A
interacts directly with both PI4KlIla. and EFR3 but not TTC7, suggesting that the interaction

of TMEM150A with PI4KIlla and EFR3 is mutually exclusive from the interaction of
Pl4KlIlla, EFR3 and TTC7 (Chung et al., 2015).

Both TMEM150A overexpression and knockdown did not change the total levels of
PI(4)P (the direct target of PI4KIlla phosphorylation) or P1(4,5)P, (the upstream metabolite

of P1(4)P) (Chung et al., 2015). However, in a model of P1(4,5)P, resynthesis after depletion
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that requires PI(4)P generation by PIl4KlIlla, TMEM150A overexpression accelerated
PI1(4,5)P, recovery. Conversely knock-down of TMEM150A decreased the resynthesis
recovery rate (Chung et al., 2015).

Altogether, the data from Chung et al. substantiates that TMEM150a may be the
mammalian homologue of yeast Sfkl which plays a role in interactions with PI4KIllo

(Chung et al., 2015).

Pl4KIa: A Primer

Phosphoinositides (PI) are lipids that are crucial to normal cellular function as their
roles include a key part in membrane trafficking, organelle physiology and identity, cellular
growth, and as second messengers in cell membrane signaling (Balla, 2013; Dornan et al.,
2016). PI(4)P is most-well known as a biosynthetic precursor to phosphatidylinositol 4,5
bisphosphate (P1(4,5)P,) (aka PIP;) (D’Angelo et al., 2008; Dornan et al., 2016). P1(4,5)P, is
fundamental to many cellular processes which includes the recruitment of TIR domain
containing adaptor protein (TIRAP) to the TLR4 complex and hence crucial to proper and
effective TLR4 activation (Kagan and Medzhitov, 2006; Tan and Kagan, 2014). Because of
the fundamental roles that PI(4)P and PI(4,5)P, play in a multiplicity of cellular functions,
the enzymes that regulate/phosphorylate them must be tightly controlled (D’Angelo et al.,
2008; Dornan et al., 2016). The availability of PI(4)P is a limiting factor in the synthesis of
P1(4,5)P, (D’Angelo et al.,, 2008).  Pl4Kllla generates PI(4)P by phosphorylation of
phosphatidylinositol at the 4-position and is thereby a critical enzyme upstream of PI(4)P and

P1(4,5)P, (Dornan et al., 2016).
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Rationale

TMEMU150A has been linked to the TLR4 pathway in two ways. First, by being
related to DRAML1 which has a direct connection to the TLR4-mediated immune response to
LPS. Second, because TMEM150A plays a role in recruitment of PI4Kllla and thus could
be an indirect component that limits P1(4,5)P, availability to enrich the TLR4 complex after
LPS activation. Thus, we set out to investigate the role that TMEM150A might play in the
TLR4 signal transduction pathway by monitoring the production and expression of cytokines

normally induced by TLR4 activation.
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Table 1.1. Phases and associated proteins of the autophagic pathway*

AUTOPHAGY STAGE

STRUCTURE

KEY ASSOCIATED
PROTEINS

INITIATION

NUCLEATION

EXPANSION

NUTRIENT RECYCLING

Phagophore Assembly Site

Phagophore

Autophagosome

Autolysosome

*Information adapted from Choi, 2013

ULK1-ATG13-FIP200-
ATG101 (aka mTOR
substrate complex)
BECN1-ATG14-VPS15-
VPS34

(Beclin 1 class PI3K
complex)
ATG5-ATG12-ATG16L and
LC3lIl

LAMP2A
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FIGURE 1.1 The TLR4 signal transduction pathway induces cytokine production after
activation by LPS. In the most well-studied model, LPS is sensed by a complex formed by
the combination of CD14, MD-2 and TLR4. After LPS binds TLR4, subsequent recruitment
of adaptor proteins like those of MyD88 and TIRAP lead to NFkB nuclear translocation and
the production of proinflammatory cytokines. Enrichment of PI(4,5)P2 in actin-rich
membrane ruffles helps target and recruit TIRAP (not shown) (Tan and Kagan, 2014).

Figure created by Ingenuity Pathway Analysis via Qiagen.
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Chapter 2: A Role for TMEM150A in Cytokine Regulation

Introduction

Phosphoinositides (PI) are lipids that are crucial to normal cellular function as their
roles include a key part in membrane trafficking, organelle physiology and identity, cellular
growth, and as second messengers in cell membrane signaling (Balla, 2013; Dornan et al.,
2016). An important Pl is phosphatidylinositol 4-phosphate (PI1(4)P); PI(4)P is enriched in
the golgi apparatus and is important to membrane trafficking between the golgi and the
endoplasmic reticulum, has been implicated in regulation of phagolysosome maturation but is
most well known as a biosynthetic precursor to phosphatidylinositol 4,5 bisphosphate
(P1(4,5)P,) (aka PIP;) (D’Angelo et al., 2008; Dornan et al., 2016). P1(4,5)P is critical in cell
membrane dynamics that include phagocytosis, and cytoskeleton-membrane attachments
(Czech, 2000; Raucher et al., 2000), in membrane trafficking like endocytosis and also in cell
signaling (Czech, 2000). For example, PI(4,5)P, is essential for the proper activation of
innate immune sensor, Toll-like Receptor 4 (TLR4) signal transduction because of its role in
the mediation of recruitment of TIR domain containing adaptor protein (TIRAP) (Kagan and
Medzhitov, 2006; Tan and Kagan, 2014). Because of the fundamental roles that PI(4)P and
P1(4,5)P, play in a multiplicity of cellular functions, the enzymes that regulate/phosphorylate
them must be tightly controlled (D’Angelo et al., 2008; Dornan et al., 2016).
Phosphatidylinositol 4-kinase type Il alpha (PI4Kllla), also known as staurosporine and

temperature sensitive 4 (Stt4) in yeast, generates PI(4)P Dby phosphorylation of
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phosphatidylinositol at the 4-position (Dornan et al., 2016). In yeast, Stt4 is partially
regulated by suppressor of four kinase protein 1 (Sfk1) (Dornan et al., 2016). It has recently
been suggested that TMEM150A is the mammalian homologue of yeast Sfk1, because it
plays a role in interactions with PI4Kllla in mammalian cells (Chung et al., 2015).

TMEMU150A, is related by homology to an evolutionarily conserved family of
proteins termed damage-regulated autophagy modulators (DRAM) (O’Prey et al., 2009).
The DRAM protein family consists of five proteins that are predicted to encode proteins with
six-transmembrane domains with both the amino- and carboxy-termini positioned on the
cytoplasmic side of cellular membranes (Hong et al., 2016; Kerley-Hamilton et al., 2007;
O’Prey et al., 2009). DRAML1 is most well known as being a target gene of tumor suppressor
p53 and an important factor in autophagy modulation (Crighton et al., 2006, 2007). Two
other DRAM family members, DRAM2 and TMEM150B, are also implicated in the
mediation of autophagy (Mrschtik et al., 2015; Yoon et al., 2012).

Autophagy (“self-eating”) is a multifaceted, evolutionarily conserved, cellular
homeostasis mechanism that is implicated in an array of cellular functions (Cadwell, 2016;
Harris, 2011; Yin et al., 2016). Although autophagy is most well-known for cellular
homeostatic degradation of long-lived organelles and cell survival processes that occur
during times of starvation, autophagy has also been clearly linked to immune-related
functions (Cadwell, 2016; Criollo et al., 2012; Harris, 2011; Li et al., 2011; Meijer and van
der Vaart, 2014; Yin et al., 2016). In fact, it is now known that the engagement of Toll-like
receptor 4 (TLR4) by the lipopolysaccharide (LPS) component of gram negative bacteria can

induce autophagy (Delgado and Deretic, 2009; Delgado et al., 2008; Xu et al., 2007, 2008).
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Recently it was demonstrated that DRAML1 can also influence autophagy downstream of
TLR4/MyD88 signaling in a prosurvival response to infection (Meijer and van der Vaart,
2014; van der Vaart et al., 2014). To date, the other DRAM protein family members have
not been implicated in immune-related functions.
We hypothesized that there might be a direct connection between TMEM150A and
the TLR4 signalling pathway because of the following observations:
e The DRAM family of proteins has been implicated in autophagy, a functional
output of the TLR4 pathway
e TMEMI150A has been suggested to play a role in modifying the interactions
of PI4Kllla and is thus an upstream regulator of PI(4,5)P, which is well
established to be a known player in the TLR4 pathway
This hypothesis is supported by the observation that TMEMZ150A is downregulated in human
monocyte (peripheral blood mononuclear cells (PBMCs), THP-1 monocytes, U937
monocytes) and macrophage-like (THP-1 macrophages, U937 macrophages) cell lines after
LPS exposure (Heffelfinger, thesis data not published) as well as in seven different gene
expression analyses profiled on NCBI’s Gene Omnibus (Edgar et al., 2002). Thus, we
investigated the role that TMEM150A might play in the TLR4 signal transduction pathway
by monitoring the production and expression of cytokines normally induced by TLR4
activation. Herein we provide the first evidence that the DRAM family member,

TMEM150A, plays a key role in the regulation of cytokine production downstream of TLR4.
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Results

In silico analysis of TMEM150A highlights a 6-transmembrane protein with
strong evolutionary conservation

TMEMZ150A is linked by homology and synteny to the DRAM protein family (Figure
2.1C) (Saitou and Nei, 1987; Tamura et al., 2013). Similar to the other DRAM proteins,
TMEMU150A is a highly conserved gene encoding a Type Il transmembrane protein that
possesses six transmembrane domains (Figure 2.1A). Figure 2.1B illustrates the protein
sequence alignments for human, mouse and zebrafish TMEM150A (Sievers and Higgins,
2014). The observed high homology indicates that there has been high selective pressure on
TMEM150A to remain conserved over 450 million years of evolution. Three DRAM
proteins have been linked to autophagy regulation and DRAML is directly linked to the
immune-related arm of autophagy function downstream of TLR4. Yet, TMEM150A’s role
in immune function remains undefined. An in silico search investigating the relationship
between TMEM150A expression and TLR4 provides evidence that LPS, the TLR4 agonist,

can downregulate TMEM150A (not shown).

Activation of TLR4, in the absence of TMEM150A, leads to increased CXCLS8
production

In order to investigate a possible link between LPS-induced immune modulation and
TMEM150A function, we used human embryonic kidney cells, (HEK293), that stably
express TLR4 and two cofactors necessary for LPS response—MD2, and CD14

(HEKT-R#MD2ICDI4 cals  hereafter referred to as HEK™R*). This cell line is used to
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independently study LPS-induced activation of TLR4 because other TLRs, including TLR2,
are either not present or nonfunctional (Takeuchi et al., 1999). By combining siRNA
techniques to knockdown TMEM150A with HEK™R* cells (Figure 2.2A) and challenging
them with different concentrations of LPS ranging from 0 to 1000 ng/ml for 18 hours, we
could assess how loss of TMEM150A affects TLR4 induced release of CXCL8 (Figure
2.2B). Interestingly, TMEM150A-deficient cells secreted significantly more CXCLS8 protein
across LPS concentrations (Figure 2.2B). Although this increase in CXCL8 secretion may
reflect an increase in the release of CXCLS8, it might also reflect increases in cytokine
transcript and protein production.

In order to investigate if TMEM150A knockdown affects transcription of CXCLS,
quantitative real-time PCR (qPCR) was employed with TMEM150A knockdown in HEK ™-R*
cells. Changes in CXCL8 transcript levels were observed in TMEM150A knockdown
samples (Figure 2.2C). These data implicate TMEM150A in regulating CXCL8 production
at the transcript level. Importantly, ELISA-based experiments using HEK293 cells that do
not stably express TLR4 failed to detect any CXCL8 production after LPS exposure (not
shown). In sum, in the shortage of TMEM150A, activation of TLR4 in this model leads to
significantly increased amounts of the chemokine CXCL8 when compared to control cells.
Coupled with the transcriptional response data, and the lack of other functional TLR
receptors in this cell type, this demonstrates that TMEM150A plays a specific role in the the

production of cytokines via the TLR4 signaling pathway.
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Knockdown of TMEM150A in human lung epithelial cells causes increased
protein and transcript levels of multiple cytokines

In order to determine if the changes in cytokine levels after knockdown of
TMEMZ150A were limited to HEK™* cells and/or limited to CXCLS8 cytokine production,
we evaluated if knockdown of TMEM150A would have a more global response and affect
additional cytokines in a lung carcinoma epithelial cell line, NCI-H292s (H292). Since H292
cells originate from barrier-type epithelium at the interface of the interstitium and vasculature
as well as the outside air and inhalants, H292s are more endogenously equipped to respond to
immune stimuli in comparison to HEK cells. Because the epithelium of the lung is an area of
trafficking between vital nutrients and microbes, and is thus in constant contact with potential
pathogens, H292 lung epithelial cells act as a model for this important barrier where cytokine
production and control are critical and are known to secrete cytokines like CXCLS,
CCL5(Rantes), and IL6 (Kato and Schleimer, 2007).  Additional cytokine transcripts,
including IL7, IL10, IL12B, IFNg and TNF have been reported in airway epithelial cells
(Adachi et al., 1997; Kato and Schleimer, 2007; Lam et al., 2011; Lee et al., 2010; Matsukura
et al., 1996; Oyanagi et al., 2017). Therefore, we employed similar protocol for siRNA
knockdown of TMEM150A and LPS exposure using H292 cells and assessed for a more
universal cytokine response (Adachi et al., 1997; Lam et al., 2011; Matsukura et al., 1996).
We quantified secretion of CXCLS8, IL-6 and Rantes after LPS stimulation by ELISA (Figure
2.3A) and demonstrated that IL-6 and Rantes protein production was significantly higher
after LPS exposure in cells lacking TMEM150A compared to untransfected control, vehicle

control, and scrambled siRNA control cells. CXCL8 showed the same trend in H292 cells,
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but with a more variable response. To address an array of additional cytokine protein levels
we employed milliplex map technology. Figure 2.3B shows the average cytokine fold
change for IL7, IL10, IL12B (which dimerizes with 1L12a to produce IL12), IFNg and TNF
and recapitulates the trend observed by ELISA for CXCLS, IL6 and Rantes. Increased levels
of these cytokines were observed with the knockdown of TMEM150A and no LPS exposure,
and exposure to LPS further increased cytokine levels. In contrast, granulocyte macrophage
colony stimulating factor (GMCSF) production increased only after exposure to 100 and 300
ng/ml of LPS.

To investigate if these cytokine aberrations were the result of changes in transcript
levels we employed a multiarray gPCR strategy (Figure 2.3C). At the transcript level,
Rantes, IL6, CXCL8 and TNFa showed similar expression profiles and reflected protein level
results. TMEM150A-deficient H292 cells had an increase in transcripts of these cytokines
compared to controls. No and low (30 ng/ml) levels of LPS stimulation elicited the highest
transcript fold changes versus 100ng/ml LPS. 1L12a transcripts did not mirror IL12b protein
secretion changes. IL12a transcript levels of both TMEM150A-deficient cells and siRNA
scrambled control cells were similar (Figure 2.3C). Overall, reduction of TMEM150A leads
to an increase in both transcript and protein levels of multiple cytokines suggesting that

TMEM150A plays a role upstream of cytokine transcription.
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Knockdown of TMEM150A in human lung epithelial cells causes changes in the
transcription factor activation profile

In order to determine if TMEM150A regulates transcription factor activity, we
investigated how knockdown of TMEM150A affected the activity of NFKB and AP-1, two
key transcription factors in the TLR4 pathway (Kaisho and Akira, 2001; Lu et al., 2008;
Takeda and Akira, 2015; Takeuchi et al., 1999). Unexpectedly, in both HEK™?* cells and
H292 cells, NFKkB and AP1 activation, quantified by luciferase-based reporter assays, did not
show significant differences compared to controls (data not shown). We then expanded the
investigation of how TMEM150A may regulate transcription to include 48 different
transcription factors using a transcription factor activation profiling array (Figure 2.4). Since
it takes 24 hours for the siRNA to produce an observable reduction in TMEM150A, we
evaluated transcription factor activation profiles at 24 and 32 hours post sSiRNA transfection.
For this assay, a difference of a two-fold change between samples is considered significant
(Signosis) and is shown on Table 2.2. At 24 hours post transfection, nine transcription
factors showed significant activation in TMEM150A-impaired samples compared to control
whereas fourteen showed decreased activation (Table 2.2). At 32 hours, nine transcription
factors displayed greater than a two-fold change in activation with eleven transcription
factors negatively affected regarding activation. P53, Glucocorticoid receptor/Progesterone
receptor (GR/PR), and Myocyte enhancer factor 2 (MEF2) are more activated at both time
points whereas Hypoxia inducible factor (HIF) is deactivated versus control at both time

points. In contrast, Peroxisome proliferator-activated receptor (PPAR), SP1 transcription
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factor (SP1) and Signal transducer and activator of transcription 3 (STAT3) show greater

activation at 24 hours yet decreased activation at 32 hours post transfection.

TMEM150A localizes to both the nucleus and punctate staining in the cytoplasm
in epithelial cells

Knowing that knockdown of TMEM150A causes changes in transcription factor
activation, interacts with PI4Klllo and because to date only recombinant, GFP- or HA-
tagged TMEM150A has been evaluated in transfected cells, we investigated the subcellular
localization of endogenous TMEM150A within epithelial cells. In order to identify the
cellular location of endogenous TMEM150A, we employed a TMEM150A-specific antibody
(Figure 2.2A) for indirect immunofluorescence. We observed that TMEM150A localizes
within and around the nucleus, with notable vacuoles and in a punctate pattern in the
cytoplasm (Figure 2.5). This staining pattern was common among H292 lung epithelial cells,
HEK ™" cells, and NIH3T3 mouse fibroblasts (not shown). This observation is in contrast to
the localization of recombinant, exogenous TMEM150A (Chung et al., 2015; Zhang et al.,

2000).
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FIGURE 2.1. Sequence conservation of TMEM150A. (A) Alternative predicted protein
structures of TMEMZ150A. Protein encoded by the initial start codon is on the left. Protein
encoded by the second start codon is on the right. (B) TMEMZ150A is highly conserved
across species. TMEM150A protein sequences from multiple vertebrate species were
aligned by Clustal Omega (Sievers and Higgins, 2014). Methionines reflective of alternative
start codons are indicated by asterisks. Identical residues are shaded black and structurally
similar residues are shaded gray. (C) Phylogenetic comparison of vertebrate TMEM150A
protein sequences. Sequences of human TMEM150B, TMEM150C, DRAM1 and DRAM?2
are included for comparison. Tree was constructed with the Neighbor-Joining method (Saitou
and Nei, 1987) and 2000 bootstrap replicates using MEGA6 (Tamura et al., 2013). Species
include human, mouse (Mus musculus), Carolina anole (Anolis carolinensi), Xenopus
tropicalis, West Indian Ocean coelacanth (Latimeria chalumnae), spotted gar (Lepisosteus
oculatus) and zebrafish (Danio rerio). Sequence Genbank identification numbers are

included in panel C.
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FIGURE 2.2. Activation of TLR4, in the absence of TMEM150A, leads to increased
CXCLS8 production (A) Endogenous TMEM150A protein levels are knocked down by
TMEM150A siRNA. HEK™* cells were not transfected or transfected with scrambled
SiRNA or TMEM150A siRNA. Knockdown of protein was evaluated by Western blot with
anti-TMEM150a antibody. (B) Silencing of endogenous TMEM150a increases CXCL8

KR4 cells were not transfected or

protein production after TLR4 ligand stimulation. HE
transfected with TMEM150A siRNA or controls and allowed to rest for 30 hours. Media
was replaced and cells stimulated for 18 hours with 0, 30, 100, 300, or 1000 ng/ml of
LPS. Supernatant was then collected and CXCL8 protein levels quantified by Milliplex
technology. Fold change was calculated based on protein levels in non-transfected, 0 ng/ml
LPS treated cell supernatant. Results were confirmed by ELISA. ELISA graph is
representative of three biological replicates. (C) Silencing of endogenous TMEM150A
results in an increase in CXCL8 transcripts. HEK™"* cells were treated as described above
but 18 hours after LPS exposure, RNA was extracted and CXCL8 transcript levels measured
by gPCR. Relative CXCL8 levels were normalized to levels of g actin and fold-change

calculated based on non-transfected Ong/ml LPS samples using the 244" method (LIVAK

and SCHMITTGEN 2001).
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FIGURE 2.3. TMEMI150a silencing affects cytokine regulation in human
mucoepidermoid pulmonary carcinoma cell line (H292) (A) TMEM150a knockdown
results in increased protein production of multiple cytokines. H292 cells were not
transfected or transfected with TMEM150a siRNA or controls and allowed to rest. Media
was replaced and cells stimulated with either 0, 30, 100, or 300 ng/ml of LPS. Supernatant
was collected after 18 hours of LPS stimulation (48 hours post siRNA transfection), and cells
were counted. Cytokine protein production was quantified by ELISA and normalized to cell
counts. Fold change was calculated using not transfected 0 ng/ml LPS cell supernatant as
baseline. ELISA graphs are the average of three biological replicates. Error bars represent
standard error of the mean (SEM). Statistical analyses were performed by two-factor
ANOVA testing significance and interaction of siRNA and LPS. TMEM150a siRNA treated
samples, independent of LPS exposure, produced significantly more cytokines than controls
(**P<0.001 *P<.05). (B) H292 cells were treated as described above and supernatant was
quantified by Milliplex map technology for multiple cytokines. Values represent the average
of two biological replicates. (C) Cytokine transcript levels are affected by TMEM150a
knockdown. H292 cells were treated as described above and RNA extracted 18 hours after
LPS stimulation (48 hours post siRNA transfection). Transcript levels were normalized to
GAPDH and fold change was calculated using the 2*““* method. Figures are the average of
three biological replicates. Error bars reflect SEM. Statistical analyses were performed by
two-way ANOVA. With the exception of 1L12a, TMEM150a siRNA treated samples

displayed significantly higher cytokine transcript levels than all controls (**P<0.001
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FIGURE 2.3 (Continued)
*P<.05). IL12a transcript levels were increased by both TMEMI150A siRNA and the

scrambled (SCR) control siRNA.
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C| AR  E2F1 HIF NF-E2 PXR Stat5 | AR  E2F-1 HIF NF-E2 PXR  Stat5
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Figure 2.4. Transcription Factor (TF) Activation Profiling Method (reprinted from
manufacturer’s manual) (Signosis, CA). (A) In brief, nuclear extracts are incubated with
biotin labeled probes (which correspond to TF DNA binding sites) to create TF-DNA/Probe
complexes. Unbound probes are removed and bound complexes are eluted and then assessed
using a hybridization plate pre-coated with complimentary sequences. Strepavidin-HRP
binds biotin with high affinity and relative light units (RLUs) are measured on a
luminometer. (B) 48 TFs assessed comparing TMEM150a siRNA and scrambled siRNA
control nuclear extract samples. Image reflects layout in 96-well plate.
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TABLE 2.1. Knockdown of TMEM150A in human lung epithelial cells causes changes
in the transcription factor activity profile

Transcription
Factor Symbol

AP1
AP2
AR
ATF2
Brn-3
C/EBP
CAR
CBF
CDP
CREB
E2F-1
EGR
ER
Ets

FAST-
1(FOXH1)
GAS/ISRE

GATA
GR/PR
HIF
HNF4
IRF
MEF2
Myb
Myc-Max

NF-1
NFAT
NF-E2
NFkB
OCT4
p53
Pax-5
Pbx1
Pit
PPAR

TF Description*
Activator protein 1 (JUN/FOS)
Activator protein 2
Androgen receptor
activating transcription factor 2
POU domain, class 4, transcription factor 1
CCAAT/enhancer binding protein (C/EBP),alpha
nuclear receptor subfamily 1, group I, member 3
CCAAT/enhancer binding protein (C/EBP), zeta
cut-like homeobox 1; CCAAT displacement protein
CAMP responsive element binding protein 1
E2F transcription factor 1
Early growth response
Estrogen receptor
v-ets erythroblastosis virus E26 oncogene homolog
1
Forkhead box H1

IFN-stimulated response element combing GAS and
ISRE element

GATA transcription factor

Glucocorticoid receptor/progesterone receptor
Hypoxia inducible factor

Hepatocyte nuclear factor 4

Interferon regulatory factor

Myocyte enhancer factor 2

v-myb myeloblastosis viral oncogene homolog
v-myc myelocytomatosis viral oncogene homolog
(avian)

Nuclear factor 1

Nuclear factor of activated T-cells

Nuclear factor (erythroid-derived 2)

nuclear factor of kappa light polypeptide gene
POU class 5 homeobox 1

Tumor protein p53

Paired box 5

Pre-B cell leukemia transcription factor-1
Pituitary specific transcription factor 1
Peroxisome proliferator-activated receptor

24h Fold 32h Fold
Change** Change**

-1.11
1.40
1.22

-1.55

-2.15

-3.21
2.14
3.81

-1.37
1.69

-1.98

-1.37

-1.16

-11.36

1.36

-3.67

2.00
5.86
-32.48
1.28
-6.79
7.22
-5.24
4.21

1.01
-4.13
1.83
1.26
1.38
4.64
-1.28
-3.63
-1.67
2.12

1.58
-2.98
1.73
1.15
1.83
2.75
-1.82
2.69
4.09
3.18
-1.18
1.04
-2.86
-1.15

-1.24

4.71

-1.08
18.17
-1.60
-2.05
-2.78
10.58
-1.21
151

-3.23
1.27
-9.11
-1.88
-1.18
44.88
1.59
-2.43
1.77
-25.36
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TABLE 2.1. (Continued)

Transcription 24 h Fold 32h Fold
Factor Symbol  TF Description* Change** Change**
PXR Steroid and xenobiotic receptor -6.31 1.00
SMAD (MADH) SMAD family -2.09 -3.00
Spl SP1 transcription factor 23.05 -29.84
SRF Serum response factor -2.05 -1.26
SATB1 Special AT-rich sequence binding protein 1 -1.30 -1.55
Statl Signal transducer and activator of transcription 1 1.40 -1.22
Stat3 Signal transducer and activator of transcription 3 11.68 2.00
Stat4 Signal transducer and activator of transcription 4 1.30 -8.28
Statb Signal transducer and activator of transcription 5 1.17 4.50
Stat6 Signal transducer and activator of transcription 6 -2.07 -1.11
TCF/LEF Runt-related transcription factor 2 1.79 -1.61
TFIID TATA box binding protein -1.90 1.73
TR Thyroid hormone receptor -2.35 -1.30
YY1 YY1 transcription factor -2.16 -1.05

*Transcription factor symbol and description as provided in manual (Signosis)

**The data are expressed as ratio of RLU values of TMEM150A siRNA treated samples over
scrambled control siRNA treated samples. Time points are indicated. A ratio > +/-2.0
indicates a significant change in promoter activity in TMEM150A siRNA treated samples
compared to control. A value >2 indicates up-regulatory effect. A value of < -2 indicates a
down-regulatory effect.
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FIGURE 2.5 Endogenous TMEM150A is localized in the nucleus and in a punctate
pattern throughout the cytoplasm in H292 cells. H292 cells were stained with (A)
phalloidin to label actin (pink), (B) with an anti-TMEMZ150A antibody (green), and with (C)
DAPI to identify the nucleus (blue). (D) Merge. (E) 20X image reflecting merge of anti-
TMEM150A antibody (green) merged with DAPI (nucleus-Blue). Fluorescence images were

obtained using a LSM 880 confocal laser scanning microscope
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Discussion

TMEMU150A is evolutionarily conserved across vertebrate species with minimal
amino acid changes over hundreds of millions of years, thus suggesting that TMEM150A
plays an important and vital role in vertebrate survival. Yet, heretofore, TMEM150A
function in immunity is undefined. Prior research substantiates a role for TMEM150A as
part of a highly evolutionarily conserved complex that helps control the targeting of
PI4Kllla to the cell plasma membrane (Chung et al., 2015). PI4Kllla generates PI(4)P, a
limiting factor and key precursor of P1(4,5)P, (Dornan et al., 2016). PI(4,5)P, enhances the
TLR4 response to LPS ultimately leading to the production of large amounts of cytokines
(Kagan and Medzhitov, 2006; Ptociennikowska et al., 2016). Cytokine production is critical
for eradication of pathogens yet tight cytokine control is absolutely necessary to prevent
excessive tissue damage and the induction of inflammatory diseases (Charo and Ransohoff,
2006). Here we show evidence that DRAM family member, TMEM150A, plays a role in
regulation of multiple cytokines.

The data collected from HEK'™®* cells suggests that TMEM150A modulates the
TLR4 signal transduction pathway. This is based on two major observations after sSiRNA
mediated knockdown of TMEM150A: (1) in an LPS challenge, a dose dependent response in
CXCL8 was noted in HEK™"* cells which specifically isolate the TLR4 pathway, and (2)
HEK cells that did not stably express the TLR4 pathway showed no effect on CXCLS8
production. Knockdown of TMEM150A in H292s, a better representative model of immune
barrier cells, produced cytokine changes that illuminated role of TMEM150A in regulating

multiple cytokines. The total cytokine response was not necessarily LPS and TLRA4-
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activation dependent however since this pathway is not isolated in this cell type. H292 cells
are more well equipped to mount endogenous responses to cellular stress in comparison to
HEK™R cells so it is possible and likely that other cellular stress pathways were activated
over the eighteen-hour incubation. Hence, reduction of TMEM150A, may be implicated in
regulating cytokine production outside of the TLR4 pathway, and play a more global
regulatory role.

This model is in line with its relationship to both PI4Klllo. and DRAM family
members that modulate autophagy, which are connected to, but not isolated from, the TLR4
immune response. Notably, NFkB, the canonical transcription factor responsible for
cytokine production, was not significantly activated after knockdown of TMEM150A at the
time points investigated. Therefore, follow up analysis is warranted at earlier time points.
However, we did observe a number of other transcription factors altered by knockdown of
TMEMU150A. The transcription factors most affected by a reduction in TMEM150A, such as
P53, PPAR, STATS3, and HIF have been implicated in lysosomal stress and autophagic
response (Pietrocola et al., 2013; You et al.,, 2015). For example, STAT3 fine tunes
autophagy by regulating transcription of certain autophagy inhibitor genes that sequester
BECNL1 (BCL-2, BCL-X,, MCL-1) (Pietrocola et al., 2013) and PPARYy plays a role in the
prosurvival autophagic response (Pellerito et al., 2014). Further, PXR, ETS-1 and Myb have
also been suggested to play roles in autophagy mediation (Wang et al., 2010; Yuan et al.,
2015; Zhang et al., 2017).

The nuclear and cytoplasmic localization pattern of TMEM150A illustrated in Figure

5 is not unexpected although previous studies localized recombinant, exogenous
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TMEMU150A to the plasma membrane. It is possible that overexpression of TMEM150A
may affect its cellular localization (Snapp, 2005). We predict that our method of using
antibody labeling for localizing endogenous TMEM150A is more reflective of its natural
position within a cell. In fact, a human interactome report (Bioplex Network), that utilized
high-throughput affinity-purification mass spectrometry, identified TMEM150A as co-
localizing with nuclear proteins (Huttlin et al., 2015).

Taken together, TMEM150A may interact with PI4Kllla in and around the nucleus
to regulate or sequester its activity and thereby act as an upstream regulator of PI(4,5)P,
dampening the TLR4-cytokine response to infection. Another possibility is that the
interaction of TMEM150a and PI4Kllla could modify cytoskeleton arrangements, as it has
been reported that 11-6 and CXCL8 mRNA stability is affected by cytoskeleton distortion in
airway epithelial cells (van den Berg et al., 2006). Alternatively, TMEM150A’s interactions
with PI4KIlla could affect autophagic flux and thereby cytokine production. There is
evidence that PI(4)P, the direct product of PI4KlIllo activity, is central to late
phagolysosomal maturation (Jeschke et al., 2015) and thereby significant in moderating
autophagic flux. Deeper investigation into the interactions between TMEM150A and
PI4Kllla, with a focus on how they affect autophagic flux, may be the next step in
understanding this somewhat universal inflammatory upregulation in TMEM150A deficient

cells.
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Experimental Procedures

Cell culture

HEK cells stably expressing TLR4/MD2/CD14 (HEK™R%) were provided by Dr.
Shila Nordone, and cultured in DMEM media 4.5g/L glucose (Corning Cellgro) and
supplemented with 10% fetal bovine serum (Corning Cellgro). NCI-H292 cells (ATCC
CRL-1848) were cultured in DMEM/F12 50/50 media (Corning cellgro) supplemented with

10% fetal bovine serum (Corning cellgro). Cells were incubated at 37 ° C at 5% CO2.

Western Blot

Cell protein extraction was done by concentrated radioimmunoprecipitation assay
(RIPA) lysis buffer (0.2% sodium dodecyl sulfate (SDS), 1% sodium deoxycholate, 2% NP-
40, 10mM sodium pyrophosphate and 100mM sodium fluoride) containing Halt™ Protease
Inhibitor Cocktail (78430, ThermoFisher). Cells were agitated on ice for 15 minutes,
sonicated briefly, and agitated for another 10 minutes before centrifugation at 14,000 times g
for 15 minutes at 4°C. Supernatant was collected and stored at -80 ° C until use. Protein
concentrations in lysates were determined by bicinchoninic acid (BCA) Assay (Pierce,
Thermo) Equal concentrations of protein were loaded onto precast 4-20% or 10% Mini-
PROTEAN TGX Stain-free Gels (BioRad, 17000436) for electrophoresis.  After
electrophoresis, gels were activated for one minute with UV per manufacturer’s instructions
and the protein was transferred using the BioRad Transblot turbo system (Transblot Turbo
Transfer system & Transblot Turbo Mini PVDF packs, 170-4156). After transfer, membranes

were blocked with 5% skim milk for 1 hour at room temperature. TMEM150A Primary
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antibody (Novus Biologicals, NBP1-81885) incubation was done at 4 © C overnight at 1:750.
1-actin primary antibody (cell signal) incubations were done for 1 hour at room temperature
at 1:5000._Membranes were washed with tris-buffered-saline with 0.1% Tween (TBST) and
then incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies in 5%
skim milk for 1 hour at room temperature. Membranes were washed and developed using
BioRad Clarity ECL (1705060) and visualized with the BioRad ChemiDoc MP system.

Image normalization and quantification was completed with BioRad Image Lab software.

siRNA transfection

TMEM150A was knocked down using siRNA. TMEM150A siRNA and control
siRNA was obtained from Origene Technologies (catalog #s SR315062 & SR30004). siRNA
was transfected into cultured cells using Lipofectamine RNAiMax (Life Tech 13778)
according to manufacturer’s protocol. For H292 cells were transfected with 5 pmol of
siRNA concurrent with plating the cells in 24-well plates. HEKTLR4 cells were transfected
with 5 pmol siRNA after the cells were adherent (about 18 hr) post plating. SiRNA

transfection efficacy was validated by western blot and gPCR as previously described.

ELISA/Milliplex

H292 or HEKTLR4 cells were plated and transfected with sSiRNA,or with transfection
reagent only (Lipofectamine RNAiMax) or were not transfected at all. One day post
transfection, media was changed and cells were stimulated with 0, 30, 100, or 300 ng/ml

lipopolysaccharide (LPS, Escherichia coli 055:B5 SIGMA L2880) for 18 hours. At 18 hours
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cell supernatant was collected, centrifuged at 4 °C for 5 minutes, aliquoted and immediately
stored in the -80° C. Adherent cells were washed with PBS and trypsinized. Cells were
collected and counted using a Nexcelom Vision cellometer. Supernatant was evaluated with
ELISAs to measure protein secretion of CXCL8 (IL 8), Rantes (CCL5), and IL6 (R&D
systems Quantikine catalog numbers D8000C, DRNOOB, D6050) . The readout was analyzed
by 4-parameter logistic regression and output was normalized to cell counts.

For Milliplex analysis, cells and supernatant were treated as described above and protein
secretion was measured by a Milliplex Map Human Cytokine Immunoassay (Millipore
catalog # HSCYMAGG60SPMX13). Biomarker profiling was performed in the Duke Regional
Biocontainment Laboratory (RBL) Immunology Unit (Durham, NC) under the direction of

Dr. Gregory D. Sempowski.

RNA isolation and Quantitative real-time PCR

Cells were homogenized using a QIA shredder and RNA was isolated using an
RNeasy Mini Kit per manufacturer’s instructions (Qiagen). RNA quantity and quality was
verified with both NanoDrop and an Agilent 2100 Bioanalyzer. RNA samples with integrity
numbers (RIN) less than 8.0 were excluded from analyses. cDNA was synthesized using
equal quantities of RNA and the Maxima First Strand cDNA Synthesis Kit (Thermo K1671).
Quantitative real-time PCR was performed using Applied Biosystems Tagman Universal
PCR Master Mix Il and Tagman Gene Expression array (4413266) for 18s rRNA
(Hs99999901 s1), GAPDH  (Hs02758991 gl1),  IL10(Hs00961622_m1), IL12A

(Hs01073447_m1), IL6 (Hs00985639 m1), CXCL8 (Hs00174103 ml), CCL5
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(Hs00982282_m1), TNF (Hs01113624 g1). Fold changes in transcript levels were calculated

using the 2"**“* method (Livak and Schmittgen, 2001).
Transcription Factor Array

Used the supplied in tandem with the TF Activation Profiling Plate Array | (FA-
1001). H292 cells were transfected as previously described with TMEM150A siRNA or
scrambled control siRNA from Origene. 24 and 32 hours post transfection nuclear extraction
was performed using a Nuclear Extraction kit (SK-0001) as described by the manufacturer
(Signosis). Nuclear extract was assessed for 48 different transcription factors noted in Table
2.2. TF Activation Array protocol was followed as recommended by manufacturer (FA-
1001, Signosis). In brief, 9ug of nuclear extracts were incubated with biotin labeled probes
(which correspond to TF DNA binding sites) to create TF-DNA/Probe complexes. Unbound
probes were removed and bound complexes were eluted and then assessed using a
hybridization plate pre-coated with complimentary sequences. Biotin labeled probes were
detected with Streptavidin-HRP and then chemiluminescent relative light units (RLUS) were
measured on a Perkin Elmer Victor 3 luminometer. Figure 2.4 A reprinted from the manual

illustrates the method. Figure 2.4B reflects layout in 96-well plate.

Cellular Imaging
Cells were fixed with 4% PFA for 15 min, washed three times with PBS. Cells were
permeabilized with 0.3% Triton X-100 and subsequently blocked with 5% goat serum/PBS

for 30 min. TMEM150A antibody (Novus Biologicals) was diluted in 1% goat serum/PBS
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and cells were incubated overnight at 4°C. After washing three times with PBS, the
coverslips were incubated for one hour with the secondary antibody (goat-anti rabbit
conjugated to Alexa 488, A32731, Thermofisher) and phalloidin Alexa 568 stain (A12380,
ThermoFisher). Coverslips were fixed glass slides using ProLong Gold Antifade Mountant
with DAPI (P36931, ThermoFisher). Fluorescence images were obtained using a Zeiss LSM

880 confocal laser scanning microscope.
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Chapter 3: Summary and Future Directions

The purpose of this work was to investigate a role for TMEM150A in innate immune
function. We hypothesized that TMEM150A may play a role in the TLR4 signal
transduction cascade and thereby affect cytokine response. This hypothesis was based on the
following three items: previous research that provides both evidence that TMEM150A is the
yeast homologue of Sfk1 and possible regulator of PI14KlIlla (Chung et al., 2015); the highly
conserved nature of TMEM150A and its relationship to the DRAM family of proteins linked
to autophagy modulation (O’Prey et al., 2009); and finally the observation in silico and in
pilot studies in monocyte/macrophage-like cell lines that demonstrated an overall reduction
in TMEM150A transcripts following LPS stimulation (Edgar et al., 2002, Heffelfinger,
unpublished data).

To test this hypothesis, cytokine protein and transcript levels were quantified
downstream of LPS stimulation in two cell culture models, one which isolated the TLR4
pathway and one which reflected a more endogenous, airway epithelium-type response. The
results from these studies suggest for the first time, that TMEM150A, a largely undefined,
novel protein and member of the DRAM family, plays a role in cytokine regulation. Because
overactive, unchecked cytokine response is implicated in numerous, costly diseases that
include sepsis, cancer, inflammatory bowel disorder, psoriasis and arthritis (Baliwag et al.,
2015; Dinarello, 2000; Hennessy et al., 2010; Tartour and Fridman, 1998), the impact of this
new finding could be profound. Identifying novel, targeted therapeutics to treat these

conditions takes a nuanced understanding of the complexity of the pathways that trigger or
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dampen cytokine production. Although, this work merely introduces TMEM150A as a
cytokine regulator, we have moved one step forward in our understanding. Of course, there
are still fundamental questions about the role TMEMZ150A in immune response that need to
be investigated.

First, investigating transcription factor activity along an earlier time course after
SIRNA knockdown of TMEM150A may help unravel more nuance as well as verify that we
didn’t simply miss NFkB or AP1 activity changes. Preliminary studies in our lab however
have not yet led us to believe that NFkB is significantly changed versus control.
Additionally, it would be interesting and insightful to fully explore autophagy markers by
Western Blot like LC311 after TMEM150a knockdown illuminating a more direct connection
between TMEM150A and autophagy regulation.

The next few steps in clarifying how TMEM150A contributes to cytokine regulation
might include a closer look into the interactions between TMEM150A and PI14Kllla with a
focus on how they affect autophagic flux. For instance, we found that in epithelial cells,
TMEM150A localized to the nucleus and in a punctate pattern in the cytoplasm. Since
Pl4KlIlla has also been reported to localize to the nucleus (D’ Angelo et al., 2008),
immunofluorescent microscopy could possibly reveal if TMEM150A and Pl4Klllo
colocalize without the use of recombinant overexpression plasmids. Further, it would be
interesting to investigate how siRNA mediated knockdown of either protein affected the
localization patterns of the other, as well as the patterning of the autophagy marker, LC3B.

Another question makes sense to ask is if the inhibition of P14KlIllo rescues the

cytokine production phenotype caused by knockdown of TMEM150A. PI4Kllla is sensitive
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to wortmannin (Clayton et al., 2013; D’ Angelo et al., 2008) and could be easily

inhibited. Unfortunately, this method would also inhibit phosphoinositide 3-kinase (PI13K), a
key component of autophagosome formation and thereby does not isolate PI4Kllla (Yin et
al., 2016). On a similar train of thought, reduction in TMEM150A caused a change in the
activity of several transcription factors that have been linked to autophagy regulation. We
would be able to test if small molecule inhibition of these transcription factors rescues the
cytokine phenotype produced from knockdown of TMEM150A and subsequently narrow the
pathway. Further, gaining additional information regarding the protein-protein interactions
and binding partners of TMEM150A would aid in fine-tuning the cellular pathways it plays a
role in modifying.

Importantly, transitioning to a whole organism in vivo system will be key to
translating our findings. Studies using morpholino mediated knockdown of TMEM150A in
zebrafish embryos suggested TMEMZ150A is essential for proper development (not
shown). In pilot studies in the same model, cytokine transcript level changes were detected
that mirrored the cell culture results presented here, as well as an increased susceptibility to
infection (not shown). The intricacies of working with an in vivo model leave some question
to the validity of the results however. Cytokine transcript level changes, for example, were
not uniformly consistent, therefore further fine-tuning of the methodology needs to be done
to determine if these findings can be replicated.

In sum, although much more investigation is warranted, all together, the results
presented suggest a functional role for TMEM150A in cytokine regulation. The next step

would be to tease out what underlying TMEM150A is affecting. We hypothesize that
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cytokine regulation may involve subtleties in the interactions of PI4KIlla with TMEM150A
that in turn has an effect on both the TLR4 pathway and autophagic flux. Figure 3.1
illustrates a proposed model for how TMEM150A might be playing a role in cytokine
regulation. TMEMU150A, during normal conditions, sequesters PI14Kllla, which in turn
dampens the pool of P1(4)P which subsequently decreases both P1(4,5)P2 available to enrich
TLR4 activation as well as the autophagy-driven cytokine response thus leading to a
reduction in overall cytokine transcription. Whereas under stressful conditions like gram-
negative bacterial infection or LPS exposure, TMEM150A transcript levels are reduced,
leaving more P14Kllla available to phosphorylate Pl and create P1(4)P. The increased
availability of P1(4)P leads to downstream events already discussed that upregulate cytokine
transcription. Further investigation into the dynamics of TMEM150A will help elucidate the

validity of this proposed model.
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Figure 3.1 Hypothesis regarding how TMEM150A may interact with PI4Kllla and
thereby influence cytokine response downstream (A) Hlustration of how TMEM150A
might interact with PI4KIlla at the plasma membrane as predicted by Chung et al. The
interaction of TMEM150A and PI4KIlla may have an effect on P1(4,5)P2 (labeled as PIP2 in
the diagram) synthesis and subsequently affect the TLR4 pathway. (B) Illustration of how
TMEM150A might interact with PI4KIllo at the nuclear membrane and thereby affect
nuclear pools of PI(4,5)P2. (C) TMEM150A interacts with P14Klllo and limits PI4KIllo
kinase activity thereby regulating the amount of P1(4)P available for PI(4,5)P2 synthesis and
the amount of P1(4)P available for mediation of autophagolysosomal maturation. In turn, the
TLR4 signal transduction and the autophagolysosomal pathway that results in cytokine
production is dampened. (D) Proposed cytokine changes in the event that TMEM150A
transcription is reduced after LPS exposure. We hypothesize that less TMEM150A
sequestering PI14Klllo it may allow for a greater pool of PI(4)P available for PI(4,5)P2
synthesis, and thereby enhance the TLR4 cascade by enrichment and recruitment of adaptor
molecule, TIRAP (not shown). Additionally, the availability of PI(4)P may also enhance
autophagy signaling. These two events could lead to increased cytokine production in the
reduction of TMEM150A. (Figure is adapted with changes by permission from LI, J. 2013.

Frontiers in Immunology, https://doi.org/10.3389/fimmu.2013.00347).
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