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Abbreviations

9-cis-RA 9-cis retinoic acid

AF-1/2 Activator function 1/2

AKT RAC-alpha serine/threonine-protein kinase
AMP Adenosine monophosphate

APC Adenomatous polyposis coli

AR Androgen receptor

AT-RA All-trans retinoic acid

Ch Chlorella sp.

CHAPS 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate hydrate
COUP-TF | Chicken ovalbumin upstream promoter-transcription factor
cWNT canonical WNT pathway

DBD DNA binding domain

ddPCR Digital droplet PCR

DEC Dorsal epithelial cells

ECM Extracellular matrix

ER Estrogen receptor

FLAG Polypeptide protein tag

FOX Forkhead box proteins

GFP Green fluorescent protein

GSK3B Glycogen synthase kinase 3b

GST Glutathione-S-transferase

HNF4 Hepatocyte nuclear factor 4

IPTG Isopropyl-p-D-thiogalactopyranosid




JAK/STAT

The Janus kinase/signal transducers and activators of transcription

LBD Ligand binding domain

MC Multicellular

MED Mediator complex

ME T. adhaerens closest putative homologue and likely orthologue of L-
malate-NADPC oxidoreductase (EC1.1.1.40).

MR Mineralocorticoid receptor

NRs Nuclear receptors

PCR Polymerase chain reaction

Po Porphyridium cruentum

PPAR Peroxisome proliferator-activated receptor

PR Progesterone receptor

gRT-PCR | Quantitative reverse-transcription polmyerase chain reaction

Rh Rhodomonas salina

RTKs Receptor tyrosine kinases

RXR Retinoic X receptor

SMART Simple Modular Architecture Research Tool

SMRT Nuclear Receptor Corepressor 2

TaRXR Trichoplax adhaerens retinoid X receptor

TF Transcription factor

TGF Transforming growth factor

TR Thyroid hormone receptor

ucC Unicellular

VDR Vitamin D receptor




Abstract

With the first appearance of life on Earth, organisms had to adapt to an ever-changing
surrounding environment in order to survive. Since the emergence of metazoan multi-
cellularity, subsets of cells could adapt to perform specific biological tasks beneficial to
the whole organism, necessitating not only spatiotemporal regulation of gene expression
during development, but also integration of tissue specific needs with overall organis-
mal status. Within the set of evolutionary conserved regulatory systems, the family of
nuclear receptor (NR) transcription factors stands out due to its high degree of evolu-
tionary conservation, plasticity and uniqueness to the metazoan kingdom, regulating
gene expression in response to, or in the absence of a ligand by genomic and non-
genomic actions. With an increasing number of different compounds being recognized
as ligands to NRs, it is now thought that ancient NRs were probably characterized by
low ligand binding specificity, eventually serving as environmental sensors, integrating
nutrient availability and gene expression at the base of metazoan evolution. Characteri-
zation of the NR network in one of the simplest metazoan organisms, Trichoplax ad-
haerens, revealed not only a functional network and sub-specialization of NR dependent
gene regulation, but also exceptional sensitivity to 9-cis retinoic acid. Viewed together,
these results suggest that the family of NRs not only expanded and subspecialized dur-
ing the course of evolution, but also took part in the formation of new regulatory layers

eventually attenuating previously established ones.



Abstrakt

Od samého pocatku zZivota na planeté Zemi se organismy, k tomu, aby pieZily, musely
adaptovat ménicim se podminkdm prostiedi. S vyskytem metazoické mnohobunécnosti
se skupiny bunék mohly adaptovat k tomu, aby vykonavaly specifickou biologickou
funkci, ze které tézi cely organismus. To vyzadovalo nejen Casoprostorovou regulaci
exprese genti béhem vyvoje, ale i integraci specifickych pozadavki tkani s celkovym
stavem organismu. V ramci souboru vyvojové zachovanych regulacnich systémui vy-
¢niva rodina transkripénich faktorti jadernych receptort (NR). Diivodem je jeji vysoky
stupent evolu¢ni konzervace, plasticita a jedine¢nost ve vztahu k zivoci$né tisi a cast
pii regulaci exprese genit v odezvé na ligand, ¢i jeho nepfitomnost, genomovymi a
negenomovymi mechanismy. Se zvysujicim se poctem molekul, které jsou povazovany
za ligandy téchto receptort, se dnes piedpoklada, Ze piivodni receptory byly pravdépo-
dobné charakterizovany nizkou specificnosti vazby ligandu a eventudlné slouzily jako
environmentalni senzory, které integrovaly dostupnost zivin a expresi genll na samém
zacatku evoluce Metazoa. Charakteristika sit¢ NR v jednom z nejjednodussich metazo-
ickych organismti, Trichoplax adhaerens, odhalila nejen funk¢ni sit’ a sub-specializaci
genoveé regulace zavisejici na NR, ale 1 vyjimecnou citlivost na 9-cis kyselinu retino-
vou. S ohledem na tyto poznatky vysledky naznacuji, Ze rodina jadernych receptorti se
nejenze béhem evoluce rozsifila a sub-specializovala, ale také se podilela na tvorbé no-

vych regulacnich vrstev, které v dasledku tlumi vrstvy, které se vyvinuly dfive.



Thesis statements, goals, hypotheses

In this dissertation, I want to provide evidence supporting the hypothesis that increas-
ingly complex regulation of gene expression by NRs is, at least to some extent,
achieved by formation of new regulatory layers that eventually override/attenuate regu-

latory functions of a preexisting NR network.

To test this hypothesis, the following goals were set:

e (Characterize NRs in one of the simplest and basal metazoan species, Trichoplax
adhaerens.

e Search and characterize NR-ligand response at the base of metazoan evolution.

e Provide evidence for specific gene regulation by NRs that, during the course of
evolution, was taken over by a new regulatory layer.

e Search and characterize evidence for regulatory mechanisms integrating cellular
and general organismal status with gene expression that are likely to evolve at

the base of metazoan evolution.



Introduction

From eukaryotic unicellularity to multicellularity

Evolution of multicellular life on Earth started around 700-1000 million years ago (Ma)
in the proterozoic eon (2500-542Ma) (Knoll et al., 2006) and cumulated in the appear-
ance of the first metazoan organisms about 750-800Ma (Erwin, 2015). It was, however,
not until the Cambrian explosion (580-500Ma) that a wide variety of animals (Metazoa)
appeared on Earth, which was probably linked ecological changes, such as the increase
in atmospheric oxygen levels that allowed for higher metabolic activity (Knoll, 1996,
Knoll and Carroll, 1999). In contrast to the metazoan fossil record, paleontological data
regarding the first eukaryotic cells are scarce with estimates placing their first appear-
ance to a timeframe of about 1866-1679 million years ago (Parfrey et al., 2011).
Comparative molecular studies, however, revealed an astonishing amount of genes cod-
ing for cellular system components probably of bacterial and/or archaeal origin
(Koonin, 2010), suggesting that the last common eukaryotic ancestor was already in
possession of a cellular organization and gene complement of key systems such as RNA
polymerase subunits that can be traced to archaeal origins (Makarova et al., 2005, Cox
et al., 2008, Yutin et al., 2008, Blombach et al., 2009). Evidence thus indicates that core
components of transcriptional gene regulation were already present before the appear-
ance of modern eukaryotic organisms and probably evolved as defense mechanism
against parasitic nucleic acids capable of hijacking the hosts ribosomes in order to repli-
cate (Madhani, 2013). One of these defenses, the Mediator complex (MED) (Kornberg,
2005, Madhani, 2013), is found in all eukaryotic kingdoms (Allen and Taatjes, 2015,
Nagulapalli et al., 2016) and represents a key regulatory element for class II gene ex-

pression by interacting with RNA Polymerase Il and DNA bound transcription factors
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(Malik and Roeder, 2010, Yin and Wang, 2014, Poss et al., 2013, Kim and Lis, 2005).
The Mediator complex is conserved across species (Bourbon, 2008) and increased com-
plexity was probably built upon an ancient four-module complex (Bourbon, 2008), al-
lowing for specific gene expression by distinct Mediator subunits (Linder et al., 2008,
Holstege et al., 1998, van de Peppel et al., 2005, Uwamahoro et al., 2012). In accord-
ance with that, overexpression of the allegedly metazoan specific MED28 (Harper and
Taatjes, 2017) was shown to repress smooth muscle differentiation (Beyer et al., 2007)
and leads to cellular proliferation in different human cell lines (Lu et al., 2005). Thus,
the presence of a set of allegedly metazoan-specific subunits (e.g. MED23, MED?25,
MED26, MED28 and MED30) might indicate specialized MED functions restricted to
metazoan organisms (Conaway and Conaway, 2011).

Indeed, metazoan multicellularity differs from other multicellular arrangements that can
be observed in prokaryotes, such as aggregates or filaments found with different bacte-
rial or archaeal species (Lyons and Kolter, 2015, Frols, 2013, Mayerhofer et al., 1992)
and is characterized by higher complexity when compared to non-metazoan multicellu-
lar eukaryotes, such as volvocine algae.

Even though multicellularity was invented multiple times during the course of evolu-
tion (Bonner, 1998a, Bonner, 1998b), it is thought to have occurred only once for Meta-
zoa hundreds of million years ago (Herron et al., 2009, Grosberg and Strathmann,
2007). One of oldest fossil records of a multicellular eukaryote known to date are fila-
ments belonging to the bangiacean red algae Bangiomorpha pubescens within Hunting
formation in arctic Canada that were dated back to about 1200Ma (Butterfield, 2000).
Within the primordial ocean, multicellularity probably provided benefits like avoiding
predation (Labarbera, 1988) or better homeostasis (Michod and Roze, 2001), thereby

increasing the organisms fitness. True multicellularity with differentiated cells perform-
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ing specific tasks beneficial to the whole organism, however, is not possible without the
transition from cellular autonomy to cooperation, which requires, amongst other events,
changes in gene regulation (Simpson, 2012, Kirk, 2005). Keeping in mind that ancestral
organisms probably went through a mobile and reproductive state, multicellularity thus
represents a tradeoff between mobility and reproduction (Michod and Roze, 2001), in
which the specialization of cells into germ and soma is necessary to form a new indi-
vidual from a complex of cells (Michod, 2007). This cooperation among cells, which
results in division of labor and synergism, however, needs mediation to reduce the con-
flict between cells in order to export fitness from a lower to a higher level (Michod,
2007). Hence kinship and altruism is a prerequisite for true multicellularity (Szathmary
and Smith, 1995, Thara, 1999) and if cooperation fails, it leads to the death of the organ-
ism (Merlo et al., 2006). True multicellularity therefore represents a state in which cells
decrease their individual fitness to increase the overall fitness of the organism by the so-
called covariance effect (Michod, 2006, Michod, 2007). This, however, implies that
once individual cells become fitness components of the organism they can’t survive on
their own (Michod, 2006) so that not only processes like asymmetric cell division or
incomplete cytokinesis had to evolve (Kirk, 2005), but also regulatory networks that
integrate overall organismal homeostasis, individual cell status and environmental cues.
Failure to properly mediate conflict between cells leads to loss of altruism and, eventu-
ally, to regainment of a self-sustaining ability at the expense of the whole organism
(Arnal et al., 2015). In animals, this process can be observed in case of cancer, which
shares striking features with the evolution of species (Lowe et al., 2004) and probably
represents a disease as ancient as multicellularity itself (Domazet-Loso and Tautz,
2010). As such, tumor-suppressive mechanisms were imperative for the emergence of

true multicellularity (Lowe et al., 2004) by preventing rogue growth of individual cells
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(Casas-Selves and Degregori, 2011). These mechanisms include various pathways lead-
ing to apoptosis (Hipfner and Cohen, 2004, Lowe et al., 2004), DNA repair
(Hoeijmakers, 2009), as well as maintenance of DNA integrity by telomere capping
(Sharpless and DePinho, 2004, Chan and Blackburn, 2004), a process that shows co-
evolution with body mass (Gorbunova and Seluanov, 2009). In addition to these intrin-
sic surveillance mechanisms, a number of metazoan organisms evolved an adaptive
immune system able to actively detect rogue cells (Robert, 2010).

Furthermore, the role of the microenvironment in tumor suppression is increasingly
recognized (Bissell and Hines, 2011). With many regulatory mechanisms in place, can-
cer cells thus have to alter several key pathways for evasion and subsequent uncon-
trolled growth to happen.

With systems activated to mediate conflict between cells on one side and autonomous
growth of cells on the other, there exists a tight link between cancer and evolution of
metazoan multicellularity. Dissection of core regulatory pathways in basal metazoan
species, which in phylogenetically recent organisms are probably obscured by addition-
al regulatory layers, might therefore shed light on the interplay allowing for cancer
growth and possible therapeutic targets.

As described above, the mediator complex represents a highly conserved core system
integrating various biological signals, such as those transmitted by nuclear receptors and
cellular status, with gene expression. Of the signaling pathways unique to and con-
served across metazoan species, the regulation of cellular proliferation and differentia-
tion by the NR-MED signaling axis is of particular importance, because it is a pathway
without an extensive intermediary signaling cascade.

Increasing evidence suggests that the first nuclear receptors showed low ligand specific-

ity and eventually also functioned as environmental sensors (thereby eventually convey-
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ing a pro-proliferation signal), which later-on adapted to serve more specialized func-
tions that are seen in vertebrates, for example (Holzer et al., 2017). This was probably
enabled by several rounds of gene duplications, which allowed for emergence of new
functions by mutations during the course of evolution (Baker, 2005) and finally the
presence of an endocrine system in vertebrates in which nuclear receptors play a pivotal
role in organismal homeostasis. The NR-MED axis can thus be thought of a system of
mediators that together perform the task of integrating not only environmental cues to
specific gene expression, but also tissue specific demands that allowed for more com-
plex animal evolution by addition of several regulatory layers within increasingly com-

plex animals.

Regulation of gene expression in the context of metazoan evolution

Altruistic features of individual cells within a metazoan organism require strict regula-
tion at cellular, as well as organismal level. Since the Cambrian explosion, the body
plans of animals range from as simple as that of Trichoplax adhaerens, with only six
described cell types, to complex organisms in possession of specialized endocrine tis-
sues. Despite the range of complexity, only seven signaling pathways are essential for
metazoan development (TGF-B, WNT, RTKSs, NRs, Notch-Delta pathway, Hedgehog
and JAK/STAT pathway) (Pires-daSilva and Sommer, 2003, Gerhart, 1999), of which
three evolved in the stem metazoan (Babonis and Martindale, 2017). They are highly
conserved, transmit extracellular signaling into regulation of gene expression and may
represent the ancient mechanism that permitted altruism by allowing differentiation of

cells (Babonis and Martindale, 2017).
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Receptor Tyrosine Kinase (RTK) signaling

RTKSs are membrane bound receptors with an extracellular ligand binding site, a trans-
membrane helix and a cytosolic protein tyrosine kinase domain. Briefly, upon binding
of a membrane-bound or soluble peptide or protein hormone, its extracellular domain
changes confirmation, promoting dimerization of the extracellular domains, thereby
causing approximation of their transmembrane and cytosolic domains and cross-
phosphorylation, leading to activation of certain signal transduction pathways. The im-
portance of proper conformation is highlighted in case of the insulin receptor, which can
form disulfide-linked dimers in the absence of a ligand, but activation of the kinase do-
main is eventually achieved upon ligand binding. They are involved in numerous pro-
cesses such as differentiation or cell-cell communication (Schlessinger, 2000) and over-
expression is implicated with cancer (e.g. HER2 in breast cancer).

While not found in prokaryotic organisms and previously being thought to be metazoan
specific, RTKs are now known to have appeared before the split of multicellular and
unicellular eukaryotes (Manning et al., 2008, Miller, 2012), sharing a significant

amount of features, such as autophosphorylation (Schultheiss et al., 2013).

JAK/STAT signaling

The Janus kinase-signal transducer and activator of transcription (JAK/STAT) pathway
is activated upon binding of a ligand to a cytokine receptor, which results in conforma-
tional changes, dimerization and activation of the associated intracellular Janus kinases
(JAKSs). This leads to phosphorylation of signaling proteins that dimerize and translo-

cate to the nucleus. In contrast to RTKs, this pathway involves receptors and kinases
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encoded by different genes. The exact appearence of the JAK/STAT pathway in the

course of evolution is, however, still debated (King et al., 2008).

Hedgehog signaling

Initially identified in Drosophila melanogaster (Nusslein-Volhard and Wieschaus,
1980), the hedgehog pathway is a key regulator in many processes, including cellular
differentiation and tissue differentiation. In animals, the hedgehog protein is composed
of a signaling domain at its N-terminal (Hedge) and a C-terminal domain responsible
for autocatalytic protein cleavage (Hog). Even though a Hog-domain has been identified
in choanoflagellates, the association with a Hedge domain represents a metazoan inno-
vation (Ingham et al., 2011), whilst the identification of other components (such as a
Hedge domain or dispatched and patched genes) in the choanoflagellate Monosiga
ovata indicates that components of the Hedgehog pathway were already present in the

last common ancestor of animals and choanoflaggelates (King et al., 2008).

Notch/Delta signaling

Orthologues of the Notch type I transmembrane receptor have been found in all Para-
hoxoans [Placozoa (Srivastava et al., 2008), Porifera (Riesgo et al., 2014), Ctenophora
(Ryan et al., 2013), Cnidaria (Technau et al., 2005) and Bilateria (Gazave et al., 2009)]
and the paracrine Notch signaling pathway represents a major system in controlling
gene expression with regard to cellular identity, differentiation and apoptosis
(Greenwald, 1998, Artavanis-Tsakonas et al., 1999, Mumm and Kopan, 2000, Baron,
2003, Kadesch, 2000, Kadesch, 2004). The mechanism of action includes binding of the

transmembrane ligand Delta to Notch and subsequent proteolytic cleavage of the intra-
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cellular Notch domain by a set of proteases, which then enables translocation of the
Notch intracellular domain into the nucleus to affect transcription of target genes
(Oswald et al., 2001). Due to the nature of a membrane-bound ligand, signaling is initi-
ated by direct cell-cell contact thus behaving as a juxtacrine signaling system allowing
for promotion of cell identity of adjacent cells. While all components of the Notch
pathway are found in most Bilaterians and most in basal metazoans such as Trichoplax
adhaerens or Amphimedon queenslandica, the absence of some components (SMRT,
Furin, Numb and Neuralized) suggests evolutionary adaptions of this pathway in bilat-
erian species (Gazave et al., 2009). Furthermore, even though only metazoans possess a
fully functional Notch signaling cascade, many of the components could be traced to

other, unicellular, eukaryotic species (Gazave et al., 2009).

Transforming growth factor 8 (TGF-f) pathway

TGF-B signaling is one of the fundamental signal transduction pathways found only
within the animal kingdom and seems to be associated with the appearance early meta-
zoan species, probably to allow for control of multicellular life (Huminiecki et al.,
2009). As such, it has important regulatory functions in development, stem cell control,
organogenesis, immunity, as well as in the context of disease (Massague and Gomis,
2006, Heldin et al., 1997, Dijke and Heldin, 2007). Orthologues can be found only
across metazoan species, including Trichoplax adhaerens, (King et al., 2008, Suga et
al., 2013), suggesting that the TGF-B cytokine pathway is a metazoan innovation
(Huminiecki et al., 2009).

By binding to and approximating type I and type Il receptor serine/threonine kinases on

the cell membrane, signaling is initiated through a TGF-8 ligand. The proximity of the
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kinases then allows for phosphorylation of the type I receptor kinase by the type II re-
ceptor kinase. Phosphorylation of the type I receptor kinase subsequently results in sig-
nal transduction through a complement of eight different SMAD proteins representing
three functional classes (receptor regulated SMAD, co-mediator SMAD and inhibitory
SMAD). Activation of the SMAD proteins by phosphorylation subsequently leads to
translocation of activated multiunit SMAD complexes (Massague and Wotton, 2000)
into the cell nucleus and leads to activation or repression of transcription (Shi and
Massague, 2003). While the full complement of the TGF-B cascade is only found in
metazoan species, the lack of pathway antagonists and intracellular cofactors in basal
metazoans, such as ctenophores and sponges, indicates TGF- pathway modulation to
have appeared during the course of evolution, adopting new functions in addition to the
presumed integration of maternally derived signaling molecules for axis specification
(Babonis and Martindale, 2017). The presence of tissue specific regulation of gene ex-
pression of the same gene by TGF-B, such as the transcriptional repression of inhibitor
of differentiation 1 (/D) in mammary epithelial cells (Kang et al., 2003) and induction
of the same gene in metastatic breast cancer cells (Padua et al., 2008), as well as stimu-
lation or inhibition of cellular proliferation within a wound depending on cell differenti-
ation (Ashcroft et al., 1999), highlights the contextual dependency of TGF-8 action.
SMAD complexes can recognize CAGAC DNA sequences, but with an affinity that is
probably too low for unassisted binding under physiological conditions (Shi et al.,
1998). Binding of activated SMAD complexes to their target DNA sequence is therefore
probably assisted by cofactors with the ability to bind to R-SMAD and a specific DNA
sequence simultaneously (Massague and Wotton, 2000). It is by these cell type and cel-
lular context specific cofactors that the biological inputs to TGF-8 pathway are translat-

ed into a variety and sometimes opposite responses (Massague and Wotton, 2000).
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WNT signaling pathway

By regulating embryogenesis and cellular differentiation in different animals, the WNT
pathway is responsible for primary (dorso-ventral) axis determination in several meta-
zoan species (Petersen and Reddien, 2009, Holstein, 2012). Even though components of
the WNT pathway were identified in several protozoans (Holstein, 2012), no unicellular
organism analyzed to date was shown to encode for the full WNT signaling pathway. In
addition to its role in axis determination, the original function of the WNT pathway was
probably in defining the site of primitive streak formation (Arkell et al., 2013, Babonis
and Martindale, 2017).

Briefly, pathway activation occurs after binding of a WNT ligand to the cysteine rich
domain (CRD) of Frizzled receptors (Fzd) (Rao and Kuhl, 2010) that, together with
low-density lipoprotein-related receptors, form a ternary complex (Tamai et al., 2000,
Wehrli et al., 2000, Pinson et al., 2000). This in turn activates the B-catenin/T cell factor
signaling pathway, which is enabled by inactivation of the destruction complex com-
promised of Axin, glycogen synthase kinase 3b (GSK3B), Adenomatosis polyposis coli
(APC) and Casein kinase I (CK1) that normally targets B-catenin for proteosomal deg-
radation by phosphorylation and sequestration of B-catenin (van Amerongen and Nusse,
2009). Despite the division of downstream pathways into canonical and non-canonical,
cellular responses after activation of the WNT signaling cascade are largely context and
cell type specific (van Amerongen and Nusse, 2009). In the evolutionary context the
presence of Wnt genes in basal metazoans and the importance of the pathway shows its
essentiality for proper metazoan development (van Amerongen and Nusse, 2009). The
presence of a full Wnt complement in Cnidaria, which possess blastoporal signaling
center similar to that of deuterostomes and protostomes (Holstein, 2012), indicates evo-

lutionary adapations of this pathway.
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Nuclear receptors

The third signaling pathway unique to metazoans (with TGF-8 and WNT being the oth-
er two) is executed by nuclear receptors. NRs are highly conserved transcription factors
sharing a common Bauplan (Pawlak et al., 2012) and are, in contrast to the other signal-
ing pathways discussed, capable of directly translating ligand binding into regulation of
gene expression. As such they provide a direct link between stimulus and biological
response without the need for an extensive signaling cascade, which eases evolution
(Babonis and Martindale, 2017), a hypothesis that is supported by the huge expansion
of NRs in nematodes (Taubert et al., 2011). Even though fragments of NR domains
have been found in prokaryotic organisms, evidence suggests that full sized NRs are a
metazoan innovation. In accordance with that, genome sequence analysis of the pre-
sumably closest relative to the metazoan kingdom, Choanoflaggelates, did not reveal
any genes coding for NRs (King et al., 2008). Despite the high sequence similarity of
NRs across metazoan species, NRs show a considerable heterogeneity with regards to
their number and function, with only four NRs present in the basal metazoan Trichoplax
adhaerens to over 280 NRs found in Caenorhabditis elegans (Kostrouchova and
Kostrouch, 2015). The evolutionary implication of such relatively simple and plastic
signal transduction system is exemplified by the independent invention of transcription
factors that are surprisingly similar to metazoan NRs in fungi (Shalchian-Tabrizi et al.,
2008) and probably evolved for regulation of metabolism and as response to xenobiotics
(Naar and Thakur, 2009, Thakur et al., 2008). Indeed, as more data are emerging re-
garding NR ligands, such as the rather promiscuous binding of PPARSs to a variety of
compounds (Issemann and Green, 1990), the historical view of specific high affinity
ligand binding by NRs is challenged in the evolutionary context. The current concept

therefore implies a soft key-lock model in which ancestral NRs were characterized by
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low ligand affinity and specificity (Holzer et al., 2017) and later-on acquired high-
affinity binding to a certain set of ligands as regulators in different species (Escriva et
al., 2000, Markov and Laudet, 2011). Furthermore, the increasing number of non-
hormonal substances recognized as NR ligands (Holzer et al., 2017), points towards a
metabolic or environmental origin of NR ligands. Adoption of new and more special-
ized functions was then granted to the NR-ligand couple during the course of evolution.
Thus, it is not surprising to see binding of different ligands to an orthologous NR exert-
ing similar biological effect as it is the case for Triac and T; in the cephalochordate am-
phioxus and vertebrates, respectively (Paris et al., 2008).

Since the introduction of a unified system of NR nomenclature in 1999, the NR super-
family is divided into 7 subfamilies (Nuclear Receptors Nomenclature, 1999) and is
based upon sequence homology (Laudet, 1997) of the evolutionary conserved DBDs, as
well as LBDs that are consistent with the evolutionary scheme based upon a large num-
ber of sequenced genomes (King-Jones and Thummel, 2005, Reitzel and Tarrant, 2009,
Srivastava et al., 2008, Bridgham et al., 2010) and is depicted in Table 1. Of these seven
subfamilies, six can already be found before the split of Protostomia and Deuterostomia
(Escriva et al., 1997, Escriva et al., 2002). In basal metazoan species the NR comple-
ment ranges from two in Amphimedon queenslandica (Bridgham et al., 2010), to four in
Trichoplax adhaerens and 17 in Nematostella vectensis (Reitzel and Tarrant, 2009)
mostly related to the NR2 subfamily, indicating that the ancestral NR probably was
probably most closely related to the NR2 subfamily of nuclear receptors (Holzer et al.,
2017). The differences of the NR complement in various species, however, can only be
explained partially by whole genome duplications that happened twice in vertebrates

(Escriva et al., 2002), rather it seems to reflect the NR regulatory and evolutionary po-
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tential (Kostrouchova and Kostrouch, 2015) leading to multiplied NRs within subfami-

lies and probably sub-specialization of function.

=
, : | e | €
Nuclear Nuclear receptor | Nomenclative ) § S
Common name | & S =z
receptor group name § S §
. < | Z S
subfamily <
1A NRIAI TRA
Thyroid hormone
NRI1A2 TRB
receptors
1B NRI1B1 RARA
Retinoic acid re- NR1B2 RARB
ceptors NR1B3 RARG
1C NRICI PPARA
Peroxisome NR1C2 PPARD
prolferator activat-
NR1C3 PPARG
ed receptors
NRI 1D NR1DI1 Rev-Erb-alpha
Rev-Erb receptors | NR1D2 Rev-Erb-beta
1F NRI1F1 RORA
RAR related or- NRI1F2 RORB
phan receptors NR1F3 RORG
1H NRIHI LXRB
Liver X receptor- [ NR1H2 LXRA
like receptors NR1H3 FXRA
NR1HS5 FXRB
11 NRI1I1 VDR
Vitamin D recep- | NR1I2 PXR
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tor-like receptors | NR113 CAR
2A NR2AI HNF4A
Hepatocyte nuclear
NR2A2 HNF4G
factor 4 receptors
2B NR2B1 RXRA
Retinoid X recep- | NR2B2 RXRB *
tors NR2B3 RXRG
2C NR2C1 TR2
NR2 Testicular recep-
NR2C2 TR4
tors
2E NR2EI TLX
Tailless-like recep-
NR2E2 PNR
tors
2F NR2F1 COUP-TF1
COUP-TF like NR2F2 COUP-TF2
receptors NR2F3 EAR-2
3A NR3Al ESRI1
Estrogen receptors | NR3A2 ESR2
3B NR3B1 ESRRA
Estrogen related NR3B2 ESRRB
NR3 receptors NR3B3 ESRRG
3C NR3Cl1 GR
3-Ketosteroid NR3C2 MR
receptors NR3C3 PR
NR3C4 AR
4A NR4A1 NGFIB
Nerve growth NR4A2 NURRI1
NR4
factor IB like-
NR4A3 NORI

receptors
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S5A NRS5A1 SF1
NR5S Fushi tarazu F1-
NRS5A2 LRH-1
like receptors
6A
NR6 GCNF NR6A1 GCNF
receptors
0B NROBI DAXI1
NRO DAX-like recep-
NROB2 SHP
tors

Table 1: Classification of NRs according to the current classification system. The NR
complement of three basal metazoan species - Placozoa (7. adhaerens), Cnidaria (Nem-
atostella vectensis) and Porifera (Amphimedon queenslandica) - 1s indicated by black
color. * Probable secondary loss of RXR in N. vectensis. Table modified and expanded
according to (Germain et al., 2006, Reitzel and Tarrant, 2009, Bridgham et al., 2010,

Srivastava et al., 2008).

Another classification system takes into account the dimerization capabilities of NRs
and DNA binding capabilities, dividing the superfamily into four classes (Mangelsdorf
et al., 1995). In this classification system, Class I receptors are recognized by their abil-
ity to bind as homodimers to inverted DNA repeats, while Class II receptors heterodi-
merize with retinoic acid receptor (RXR), binding to direct repeats (with exceptions).
Class III and IV receptors bind as homodimers to direct repeats and extended core sites
as monomers, respectively (Mangelsdorf et al., 1995).

Examples of Class I receptors include the glucocorticoid receptors (GRs), estrogen re-
ceptors (ERs), progesterone receptors (PRs), mineralocorticoid receptors (MRs) and
androgen receptors (ARs), which, when unliganded, are complexed to chaperones (e.g.

Hsp70) in the cytosol and dissociate into the nucleus to affect gene expression after lig-
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and-induced allosteric change has occurred (Beato and Klug, 2000). NR action is then
executed depending on the set of associated proteins (Hermanson et al., 2002, Kraus
and Wong, 2002), such as co-activators (Cosma, 2002) and co-repressors (Privalsky,
2004), as well as chromatin structure by managing access of the transcriptional machin-
ery to specific gene sequences (Khorasanizadeh, 2004).

In contrast to Class I receptors, Class II receptors not only bind as RXR heterodimers,
but are also located within the nucleus complexed with co-repressors in their cognate
state, repressing transcription. After ligand binding induced conformational change,
histone acetylase complexes are recruited, reversing the repressive effects and assembly
of the preinitiation complex is started by binding to the Mediator complex (Chen and
Roeder, 2011). Repression is maintained by NCoR and SMRT co-repressor complexes
(Chen and Evans, 1995, Horlein et al., 1995) associated with histone deacetylases
(Watson et al., 2012). Cell-autonomous feedback with several NRs in Class II is ob-
served, because they bind ligands produced in the same cell (Sever and Glass, 2013).
This class of receptors includes e.g. retinoic X receptor (RXR), thyroid hormone recep-
tor (TR) and vitamin D receptor (VDR).

Class III NRs function similarily as Class I NRs, with homodimers binding commonly
to direct repeats (e.g. HNF4, COUP-TF, RXR) (Rastinejad et al., 2015a). Class IV NRs
compromise a group of NR monomers binding to single DNA half-sites (e.g. ROR,

NURR family) (Rastinejad et al., 2015a, Mangelsdorf et al., 1995)

Nuclear receptor structure
NR overall structure can be divided into a N-terminal regulatory (A/B) domain, contain-
ing the activation function 1 (AF-1), a DNA binding domain (DBD or C domain) con-

taining a repeat of the C4 zinc-finger motif, a hinge region (D domain), followed by a
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ligand binding domain (LBD) containing the AF-2 domain (E domain) and a C-terminal
domain (or F domain) (Figure 1) (Bain et al., 2007, Rastinejad et al., 2015a). NRs rep-
resent dynamic structures in which binding to e.g. the DBD or LBD leads to allosteric

changes and transmission of information across the NR (Rastinejad et al., 2015a).

A/B DBD  , Hinge | LBD F

Ligand

LBD
DNA
2 i F — ——> DR
1 1 1 _ <—— ER
C1zincfinger C2 zincfinger — —> R

Figure 1: Schematic representation of NR structure. AF-1 and AF-2 are delineated by
circles at the N-terminal and C-terminal, respectively. The zinc finger motif structure of
the DBD is depicted in the lower left corner. Black circles represent cysteine residues
associated with zinc atoms. P-box and D-box residues are highlighted in red within the
C1 and C2 zinc finger, respectively. The lower right corner shows a NR dimer bound to
DNA. Arrows depict the orientation of response elements as direct repeat (DR), everted
repeat (ER) and inverted repeat (IR). The picture was adapted from (Pawlak et al., 2012,

Tsai and O'Malley, 1994, Jonker et al., 2009, Vogeler et al., 2014).
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The N-terminal domain (A/B)

The A/B domain is highly mobile and its sequence very variable in between NRs. It
contains the activation function-1 (AF-1), which is a target of post-translational modifi-
cations that confer tissue specific properties to NR signaling (van der Steen et al., 2013,

Becares et al., 2017, Berrabah et al., 2011).

The DNA binding domain (C)

The DBD of the glucocorticoid receptor is among the most studied and representative of
DBD structure across the NR superfamily. Its structure is composed of two nonequiva-
lent zinc finger domains, as well as two alpha helixes (Figure 1). Of these, the N-
terminal helix (helix 1) makes contact with the major groove of the DNA within the
response element (the critical residues required for binding make up the P-box), while
the second helix (helix 2) at the C-terminal is involved in structure stabilization and is
oriented in a perpendicular fashion towards helix 1. After binding to its response ele-
ment, interactions of the P-box with the DNA half-site lead to a conformational change
of the dimerization interface called D-box, which is located within the C-terminal zinc
finger and represents the residues required for dimerization after allosteric structural
changes upon binding to the response element. While the general structure of class I and
class II NRs is similar, heterodimerization with RXR seems to be dependent upon heli-
cal unfolding within the C-terminal extension of the DBD, with two helices called T-
and A-box playing important roles in the process of heterodimerization of the thyroid
receptor (Bain et al., 2007) and DNA binding (Rastinejad et al., 2000, Zhao et al.,

2000).
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The NR response elements are, in the majority of cases, composed of two hexameric
sequences that are oriented as direct, inverted or everted repeats and separated by a
spacer of variable length (Figure 1) (Helsen and Claessens, 2014). They are mostly
found in enhancer regions far away from the transcriptional start site (Carroll et al.,
2006). The DBD determines the recognition of a receptor to a certain response element,
while the hinge region (also known as the DBD C-terminal extension) plays a crucial
role in allosterically allowing the correct positioning of the receptors (Pawlak et al.,

2012).

The hinge region (D)

The hinge region is evolutionary far less conserved than DBD or LBD, but plays an
important role by providing flexibility to the NR, specifying the relative orientation of
the DBD and LBD (Pawlak et al., 2012). It contains sites for post-translational modifi-
cations such as phosphorylation, methylation, acetylation and sumoylation

(Clinckemalie et al., 2012, Anbalagan et al., 2012).

The ligand binding domain (E)

The LBD is found only within the superfamily of NRs (Moras et al., 2015). It contains
the activation function 2 (AF-2), which is responsible for ligand independent recruit-
ment of transcriptional activators (Huang et al., 2010), and is composed of about 12
alpha helices (Wurtz et al., 1996) that form a hydrophobic pocket that is shaped by resi-
dues of helices 3,7, and 10 (Nagy and Schwabe, 2004, Li et al., 2003, Wurtz et al.,
1996). The mode of ligand activation is still discussed (Rastinejad et al., 2015b, Moras
et al., 2015) and two models of action are proposed. The first model of activation sup-

ports a ‘mousetrap mechanism’ in which helix-12 entraps the ligand after binding the
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LBD pocket (Renaud et al., 1995) and binding of an antagonist leads to a different repo-
sitioning of helix-12, which can result in binding of co-repressors (Heldring et al.,
2007). In contrast to that, the helix-12 dynamic stabilization model proposes an unstruc-
tured and highly mobile helix-12 in the apo-state (unliganded state), which transits into
a stable helical formation upon ligand binding (Kallenberger et al., 2003). Besides the
ongoing discussion regarding the exact mechanism of ligand activation, the activation
function-2 contained within helix-12 plays an important role in co-activator binding via
LXXLL sequences and co-repressor segments with LXXXLXXX][I/L] sequence (L
=leucine, I= isoleucine, X= any amino acid), whose interaction is dependent upon lig-
and occupation (Darimont et al., 1998, Webb et al., 2000, Rastinejad et al., 2015a).
While binding of NRs to their specific response element represents a key event, associa-
tion of NRs with co-regulators is needed for specific execution of their regulatory func-
tion (Xu et al., 1999). These can be functionally divided into co-activators and co-
repressors, of which more than 350 have been identified (Millard et al., 2013, Lonard
and O'Malley, 2012). These co-regulator complexes lead to activation or repression of
target genes by histone tail modifications (McKenna et al., 1999) or local chromatin
remodeling (Glass et al., 1997) and possess enzymatic activity (Wolf et al., 2008). In
case of co-activators gene expression is enhanced (Onate et al., 1995). While the size of
the LBD pocket varies considerably (Huang et al., 2010) with some NRs also function-
ing as metabolic sensors recognizing diverse ligands such as phospholipids, heme and
different metabolites (Chawla et al., 2001, Ingraham and Redinbo, 2005, Itoh et al.,
2008, Raghuram et al., 2007, Yin et al., 2007, Pardee et al., 2009) and ERR binding
different types of ligands (Brzozowski et al., 1997, Shiau et al., 1998), the absence of a
ligand binding pocket in human monomeric Nurrl (Ingraham and Redinbo, 2005) and

an impeded LXXLL binding of co-factors as a result (Wang et al., 2003) represents an

29



exception. Despite the different kinds of NR ligands they all share a lipophilic nature,
which allows them to diffuse through cells and bind to the hydrophobic LBD pocket
(Huang et al., 2010), thereby circumventing the need of cell surface receptors (Sever

and Glass, 2013).

C-terminal domain (F)

The F domain shows large variability in sequence and is poorly defined. Functional
studies showed that it is dispensable for ligand binding and transcriptional activity. It
seems, however, to be involved in interaction with co-factors (Kim et al., 2003) and
modification of DNA binding affinity via post-translational modifications (Jiang and

Hart, 1997).

Quarternary structure of NRs

Quarternary structures of NR dimers show a lot of domain-domain interactions, such as
DBD-LBD communication (Helsen et al., 2012, Zhang et al., 2011, Hall et al., 2002,
Meijsing et al., 2009), most of which is dependent upon DNA binding (except LBD-
LBD interaction) and binding of the dimer complex to different response elements re-
sults in overall different quarternary structures, which have influence on recruitment of
co-factors and further modifications (Rastinejad et al., 2015a), eventually leading to the
recruitment of RNA polymerase II or other components of the transcription initiation
complex (Acevedo and Kraus, 2004). Furthermore, in case of ER, ligand binding influ-
ences the DNA binding capability (Deegan et al., 2011, Margeat et al., 2003) and sig-

nals are reciprocally transmitted across the NR structure (Zhang et al., 2011)
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Post-transcriptional modifications of NRs

Altered post-translational modifications of NRs have been linked to several human dis-
eases and can be divided into two broad categories: reversible modifications (phosphor-
ylation, acetylation, methylation) and modifications involving polypeptide linkage
(sumoylation and ubiquitination) (Anbalagan et al., 2012), which can influence tran-
scriptional activity (Choi et al., 2006, Sentis et al., 2005, Lin et al., 2003, Lin et al.,
2001). As such, post-translational modifications provide another regulatory layer of NR
function.

Major phosphorylation sites are located within the A/B region, but can also be found in
the conserved DBD and LBD regions (Rochette-Egly et al., 1995) and affect, for exam-
ple, ligand responsiveness of NRs (Delmotte et al., 1999) or influence NR localization
(Sun et al., 2007). This regulatory potential results in several ligand-independent func-
tions by post-translational modifications, which include NR activation (Mani, 2001,
Weigel and Zhang, 1998, Berrabah et al., 2011) and degradation (Hashiguchi et al.,
2016). Examples include phosphorylation (Lin et al., 2001), as well as acetylation (Fu et
al., 2003) and sumoylation (Poukka et al., 2000, Bawa-Khalfe et al., 2007) of the andro-
gen receptor (AR) in prostate cancer. Thus, post-translational modifications are increas-
ingly recognized as the cause or result of pathological mechanisms underlying human
diseases (Anbalagan et al., 2012). Furthermore, tissue specific regulatory effects are
provided by modification of the AF-1 domain in the case of ligand dependent NRs, such
as the mineralocorticoid receptor, in which a nuclear localization signal is coded that
can be phosphorylated and thereby influences NR localization (Walther et al., 2005) and
palmitoylation of the E domain promotes localization of steroid receptors (Class I) to

the plasma membrane (Pedram et al., 2007).

31



Non-genomic actions of NRs

Nuclear receptors exert their action primarily by altering gene expression. It is, howev-
er, increasingly recognized that NRs do not function through their DNA binding capa-
bility only. This is in unison with the rapid effects of e.g. glucocorticoids that are in-
compatible with the genomic action of steroids due to latency (Wehling, 1997). Exam-
ples include cyclic AMP generation upon stimulation with estrogen in uterine epithelial
cells (Szego and Davis, 1967), which suggested that estrogen induced activity might be
exerted at the cell membrane, rather than the nucleus (Pietras and Szego, 1977) and has
been subsequently shown to hold true for several NRs, such as AR, ER and PR or (trun-
cated) TR, which can be found at the cell membrane (Levin and Hammes, 2016). Local-
ization of NRs to the plasma membrane can therefore not only activate cytosolic sig-
nals, protein kinases or G-protein signaling, but also engage in regulation of gene tran-
scription by the effects of membrane-initiated signaling targeting transcription factors,
such as phosphorylation (Levin and Hammes, 2016). With this potentially broad range
of effects, non-genomic actions of NRs are involved in a wide variety of cellular pro-
cesses and play an important role not only in the physiological state, but also in diseases
such as breast cancer, in which glucose uptake and subsequent glycolysis was shown to

be enhanced through AKT by membrane bound ER signaling (O'Mahony et al., 2012).

Signaling through the mediator complex

Signaling by NRs converges at the mediator complex, a large, multi-subunit complex
encompassing 25 to 30 subunits (yeast and human, respectively) (Bourbon, 2008) with
an overall molecular weight of >1MDa (Thompson et al., 1993). It is tightly associated
with the general transcriptional machinery by making contact with RNA polymerase 11

and interacting with transcription factors and is thus regarded a general transcription
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factor (Takagi and Kornberg, 2006). As such, it is, together with TFIIA, TFIIB, TFIID,
TFIIE, TFIIF, TFIIH and RNA polymerase II, part of the pre-initiation complex (Hahn,
2004, Thomas and Chiang, 2006), but is not required for transcription “per se”” (Poss et
al., 2013). The mediator complex can be structurally divided into 4 modules: Head,
middle, tail, as well as kinase. Whether the core mediator complex is formed by the
head, middle and tail modules (Ansari and Morse, 2013), held together by the mediator
subunit Med14 (Tsai et al., 2014, Tsai et al., 2017, Robinson et al., 2015, Nozawa et al.,
2017) or by the middle and head modules only, is a matter of debate. Studies show,
however, that the tail module is not needed for recruitment of mediator to the pre-
initiation complex (Jeronimo et al., 2016, Petrenko et al., 2016, Lacombe et al., 2013).
Contact with RNA polymerase Il is made via the head and middle modules, while se-
quence specific TFs associate with the tail (Jeronimo and Robert, 2017). Consistent
with that, deletion of tail subunits did not affect viability, but resulted in changed ex-
pression of a specific subset of genes (Ansari et al., 2012). Furthermore, it has been
shown that the mediator complex can exist as “heterogeneous subcomplexes” (Weber
and Garabedian, 2017) lacking certain subunits (Cevher et al., 2014, Baidoobonso et al.,
2007, Zhang et al., 2005) and it is thought that Mediator is capable of altering its subu-
nit composition, eventually promoting malignancy through changes in gene expression
(Weber and Garabedian, 2017).

Other functions apart from transcription initiation include elongation (Conaway and
Conaway, 2013), chromatin looping (Park et al., 2005) and histone modification (Meyer
et al., 2008), evidencing the wide and complex regulatory potential of the mediator
complex, of which much is yet to be understood. The possibility of post-translational

modifications of mediator subunits resulting in alteration of their activity (Nagalingam
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et al., 2012) adds an additional layer of regulation of gene expression at the level of the
mediator complex as the endpoint of signaling cascades (Jiang et al., 1998).

Keeping in mind the evolutionary conservation of this multi-protein complex in eukary-
otes, it seems not surprising that it is involved in regulation of homeostatic systems,
such as metabolic gene expression and that mediator subunits, such as MED25 are
needed for proper signal transduction by (e.g. metabolic) nuclear receptors (e.g. HNF4)
(Rana et al., 2011). Furthermore, a dual function of MED28 has been recognized recent-
ly. It functions as mediator complex subunit in the nucleus (Sato et al., 2004, Beyer et
al., 2007) and interacts with the cytoskeleton in the cytoplasm (Wiederhold et al., 2004,
Lu et al., 2006, Huang et al., 2012), thereby potentially being able to integrate cellular

status with gene expression.

Cancer and multicellularity

True complex multicellularity requires altruistic behavior of single cells within an or-
ganism. Loss of such behavior leads to e.g. uncontrolled cellular proliferation within an
animal, eventually causing death of the whole animal by destruction of its environment.
As such, cancer could be defined as the result of processes leading to deterioration of
regulatory functions enabling altruistic behavior. As a result of failed mediation, cancer
can be found in nearly all multicellular eukaryotes, ranging from animals to plants and
fungi (even though in the latter two the occurrences are lower) (Miller and Torday,
2017, Madsen T, 2017). And, indeed, core signaling pathways required for multicellu-
larity in metazoans (such as NRs or WNT) (Rokas, 2008) are frequently deregulated

(Rubin and de Sauvage, 2006, Baek and Kim, 2014, Doan et al., 2017, Weinberg,
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2007). Furthermore, cancer cells are autonomous, that is, they can survive if isolated,
thereby representing an indispensable tool in cancer research.

It is a matter of rather vivid controversy what underlying mechanisms lead to the abor-
tion of altruistic behavior. Several hypotheses have been proposed to explain this pro-
cess, ranging from random, unpredictable mutations (Heng et al., 2010) to sequential
gene mutations conferring an advantage by Darwinian selection (Vogelstein et al.,
2013). Furthermore, an atavistic model has been proposed in the light of increasing
analysis from an evolutionary biology point of view and will be discussed in the follow-
ing due to its implications and thematic relation to the hypothesis proposed.

The atavistic model roots itself in evolutionary connections of eukaryotic unicellular
and metazoan life. It is based on the presence of more-recently evolved regulatory
mechanisms that suppress ancestral genetic traits (Davies and Lineweaver, 2011) or
restrict them to specific contexts (Bussey et al., 2017), examples of which include the
development of tails, webbed feet or supernumerary nipples in humans (Le Page, 2007).
Metazoan cells thus possess a “toolkit for the survival, maintenance and propagation of
non-differentiated or weakly-differentiated cells” (Davies and Lineweaver, 2011) need-
ed by unicellular (UC) eukaryotic cells to survive. During the course of metazoan evo-
lution this toolkit was then suppressed, where and when needed, by new layers of regu-
latory systems allowing for complex multicellularity (MC). Assuming this hypothesis is
correct, higher expression of genes conserved in unicellular organisms should therefore
be observed in cancer cells when compared to normal tissue. In line with this, a recent
study by Trigos et al. (Trigos et al., 2017) showed that tumors not only preferentially
express genes conserved in unicellular species, but that these genes are limited to spe-
cific cellular processes (e.g. cell death), while genes associated with multicellular pro-

cesses (e.g. cell differentiation) are downregulated. Furthermore, the percentage of UC
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genes in transcriptomes was shown to increase with progression to higher cancer grades

(Trigos et al., 2017) (Figure 2) and drug resistance to be associated with up-regulation

of UC genes rather than mutations (Wu et al., 2015). Taken together, this evidence sup-

ports the atavistic theory and indicates breakdown of evolutionary more recent regulato-

ry layers in cancer, providing new insights for possible treatment strategies (Bussey et

al., 2017).
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Figure 2: Graphical representation showing the repression of unicellular genes by mul-

ticellular genes in the course of evolution. According to the atavistic theory, cancer re-

sults from the reactivation of an ancient toolkit that is suppressed in metazoan organ-

isms. Reprinted from Bussey, Kimberly J., et al. "Ancestral gene regulatory networks

drive cancer." Proceedings of the National Academy of Sciences 114.24 (2017): 6160-

6162.
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Trichoplax adhaerens as a model organism

Trichoplax adhaerens, the only named species of the phylum Placozoa so far, is consid-
ered to be morphologically one of the simplest metazoan organisms (Ringrose et al.,
2013) and is composed of only six cell types and no mesenchymal tissue (Smith et al.,
2014). Even though there is only one named species to date, 19 placozoan species line-
ages have been reported (Eitel et al., 2013) of which the H13 lineage might represent a
new species (Eitel et al., 2017). Placozoa can be found in coastal waters (Eitel and
Schierwater, 2010) within a temperature range between 32°C and > 10°C (Tomassetti et
al., 2005) and exhibit a seasonal pattern with higher abundance during the summer
(Maruyama, 2004, Paknia and Schierwater, 2015).

Previously raised notions of Trichoplax adhaerens representing a secondarily simplified
organism, thus being a triploblastic, rather than diploblastic species, could not be sup-
ported by mitochondrial, as well as whole genome data (Ender and Schierwater, 2003,
Srivastava et al., 2008). Together with Porifera, Ctenophora, Cnidaria and Bilateria,
Placozoa represents one of the five major metazoan lineages (Collins et al., 2005).
Despite numerous efforts, the exact phylogenetic relationships of these lineages, how-
ever, is still a matter of debate and several conflicting scenarios have been published
(Nosenko et al., 2013) (Lanna, 2015), such as the “Ctenophora-first” scenario (Ryan et
al., 2013). Nevertheless, analysis of all available data identified Placozoa as the most
basal diploblast group (Schierwater et al., 2009b) (Figure 3) and placozoan morphology
(disk-shaped and lacking symmetry) fits the placula hypothesis of metazoan evolution
proposed by Otto Biitschli in 1884, requiring only minor differentiation processes

(Schierwater et al., 2009a).
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Figure 3: Maximum Likelihood Phylogenetic Tree of Metazoan Relationships Using

the Concatenated Data Matrix by Schierwater B et al. Reprinted from: Concatenated
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Placozoan morphology has recently been shown to be built by six different cell types
(Smith et al., 2014) that make up a small disk-shaped animal, which locomotes by cili-
ary gliding (Figures 4 and 5). Its body plan can be divided into a ventral plate made up
of ventral ciliated epithelial cells with microvilli (Ruthmann et al., 1986), cells contain-
ing large lipophilic inclusions (lipophil cells) and gland cells. The dorsal epithelium is
composed of ciliated dorsal epithelial cells that, together with the ventral plate, surround
crystal cells containing birefringent crystals. Fiber cells make contact with other cell
types through their branching processes (Smith et al., 2014). Escaping morphological
evidence so far, stem cells are thought to be present around the margin (Martinelli and
Spring, 2004, Jakob et al., 2004). Furthermore, shiny spheres that can sometimes be
observed as dark granules, are probably found in dorsal cells and might represent lipid

inclusions, but also seem be involved in predator defense (Jackson and Buss, 2009).
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Figure 4: Typical Trichoplax adhaerens cultured in petri dish with unspecified food

sources. An irregular rim, as well as multiple shiny spheres (dark granules) can be ob-

served.
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VEC ' \ Ventral cilium

Figure 5: Drawing of Trichoplax adhaerens body plan. Shiny spheres are not depicted
and are probably located in dorsal epithelial cells (DEC). Ventral epithelial cells (VEC)
are ciliated and possess numerous microvilli. Reprinted from Current Biology, 24.14,
Smith, Carolyn L., et al., "Novel cell types, neurosecretory cells, and body plan of the
early-diverging metazoan Trichoplax adhaerens.", 1565-1572., Copyright (2014), with

permission from Elsevier.

Compared to the amount of genomic information, little is known about the functions of
described cell types. Because 7. adhaerens feeds by external digestion underneath its
ventral plate, ventral epithelial cells are thought to be engaged in nutrient uptake and,
due to their microvilli, are thought to resemble cells of the digestive track (Halanych,
2004). Previously assumed to secrete digestive enzymes (Halanych, 2004), gland cells
are now proposed to be neurosecretory (Smith et al., 2014). This is in line with results

showing positive neuropeptide immunolabeling of these cells (Schuchert, 1993), but
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further functional characterization is pending. Also, the assumption that contractions of
fiber cells result in the frequently observed shape changes could not be verified morpho-
logically because their processes lack myofibrils and probably also adhesive contacts
(Smith et al., 2014).

Under laboratory conditions 7. adhaerens usually reproduces by binary fission, but de-
velopment of embryos until a certain stage has been observed (Eitel et al., 2011). Even
though sexual reproduction has never been observed, molecular analysis revealed allele
shuffling, indicating sexual reproduction in this species (Signorovitch et al., 2005).

The Trichoplax adhaerens genome contains only approximately 98 million base pairs
with over 11 000 protein coding genes (Srivastava et al., 2008). As such, the genome
size i1s comparable to Caenorhabditis elegans and Drosophila, which underwent sec-
ondary reduction. Interestingly, genome analysis revealed large blocks of conserved
synteny relative to vertebrate genomes and an extensive set of transcription factors as-
sociated with metazoan development (e.g. patterning), as well as differentiation and cell
type specification, such as all essential components of TGF-B signaling or GATA fami-
ly zinc-finger transcription factors that are involved in cardiac and blood cell fates
(Srivastava et al., 2008). Furthermore, despite an extracellular matrix (ECM) was not
identified to date, the genome contains several genes coding for putative ECM proteins.
Interestingly, taken together, the placozoan genome codes for and transcribes several
factors associated with ‘higher’ animals without apparent correlate in Trichoplax mor-

phology (Schierwater et al., 2009a).
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Study strategy and reasoning

To answer the goals set to support our hypothesis we chose to study nuclear receptors in
the probably most basal metazoan species known today, Trichoplax adhaerens. Charac-
terization of the NR complement in one of the simplest animals would allow answers to
several key questions associated with the hypothesis. That is, it would provide insights
about whether NRs at the base of metazoan evolution are functional, whether they can
form a network, what their ligands might be and last, but not least, enable insights about
the ancestral regulation of specific gene expression by NRs, which according to our
hypothesis formed new and overrode preexisting regulatory layers during the course of
metazoan evolution.

Secondly, to show integration of NR signaling (and thereby organismal/environmental
status) with overall cellular status, we chose to study the downstream regulatory path-
way of NRs. We did so by characterization of a key component of the mediator com-
plex, whose composition has been shown to be cell type specific to a certain extent
(D'Alessio et al., 2011). Because of its dual nature, being a mediator complex subunit in
the nucleus (Sato et al., 2004, Beyer et al., 2007) and interacting with the cytoskeleton
in the cytoplasm (Wiederhold et al., 2004, Lu et al., 2006, Huang et al., 2012), we iden-
tified the mediator subunit MDT-28 in C. elegans as a likely candidate for integration of
cellular status with overall organismal (or environmental) status signaled by NRs. Due
to its properties, detailed descriptions of phenotypical abnormalities and wealth of es-
tablished protocols we then identified the previously incorrectly annotated orthologue of
MED28 in Caenorhabditis elegans (MDT-28) and characterized its functions, localiza-
tions and interactions with other proteins (Kostrouchova et al., 2017).

Interestingly, the previously incorrectly annotated orthologue of MDT-28 turned out to

be an orthologue of Perilipin (p/in-1) (Chughtai et al., 2015), which is involved in lipid
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droplet regulation. The high sequence identity with MED28 furthermore raises the ques-

tion of a possible dual role of plin-1.
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METHODS

PART I — Characterization of NRs in 7. adhaerens
The following methods (part I) section was reprinted and modified under the Creative
Commons CC-BY 4.0 license from Novotny et al. (2017), Trichoplax adhaerens reveals

a network of nuclear receptors sensitive to 9-cis-retinoic acid at the base of metazoan

evolution. Peer] 5:¢3789; DOI 10.7717/peerj.3789

Bioinformatics and cloning of RXR

The predicted RXR gene models on jgi (http://jgi.doe.gov/) (Nordberg et al.,

2014) were screened for the characteristic molecular signature of the DNA binding do-
main (C-X2-C-X13-C-X2-C-X15-C-X5-C-X9-C-X2-C-X4-C-X4-M) (Kostrouch et al.,
1995) and the appropriate predicted gene model (protein ID 53515) was selected for
further use.

The alignment of different RXRs was performed by Clustal Omega

(http://www.ebi.ac.uk/Tools/msa/clustalo/) (Sievers et al., 2011) and adjusted/exported

as an image file using Jalview (http://www.jalview.org). Protein domain characteriza-
tion was performed with SMART (Letunic et al., 2015, Schultz et al., 1998). Analysis
of HNF4, ERR and COUP-TF was done similarly. Phylogenetic analysis was performed
on RXR ClustalO alignment using PhyMLv3.1 (Guindon et al., 2010) implemented in
SeaView v4.6.1 with a 100 bootstrap analysis and SPR distance computation. The tree
was then visualized using FigTree v1.4.3.

T. adhaerens total RNA was obtained from 50-100 pooled individual animals
and extracted using TRIZOL® reagent (Invitrogen, Carlsbad, CA, USA) according to

the protocol supplied by the manufacturer.
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Subsequently, cDNA was prepared with random hexamers and SuperScript III

(Invitrogen™) according to the manufacturer’s protocol.
Several RXR transcripts were then amplified by PCR with primers covering the starting
sequence ((GCGGATCC)ATGGAGGACAGATCGTTTAAAAAA), starting at 32 bp
57 of ATG (TCTACCAATGTTTATCGCATCGGTTA) and starting at 97 bp 5° of ATG
(TTAAGGCTTAACTGATGATGTTGTGAATG) with a common reverse primer cov-
ering the last 24 bp of the predicted gene sequence
((CGGAATTC)TTAAGAACTGCCTGTTTCCAGCAT).

Each PCR product was then ligated into pCR®2.1-TOPO® or pCR®4-TOPO®
vector with the classic TA Cloning Kit and TOPO TA Cloning Kit (Invitrogen™), re-
spectively. The ligated products were then transformed using One
Shot® TOP10 Chemically Competent E. coli and cultured on LB Agar plates containing
100 pg/ml ampicillin. Plasmid DNA was extracted from obtained colonies and screened
for mutations by sequencing using vector specific M13 forward and reverse primers.
Only non-mutated sequences were used in subsequent experiments.

The RXR fragments were then restricted and inserted into pGEX-2T vector system for
bacterial expression (Addgene, Cambridge, MA, USA). Proper insertion was verified by

sequencing.

Protein expression

BL21 pLysS bacteria were transformed with previously described RXR mRNA
inserted into pGEX-2T vector. Stocks of transformed bacteria were stored in 8% glyc-
erol according to the Novagen pET System Manual (11" edition)
(http://kirschner.med.harvard.edu/files/protocols/Novagen petsystem.pdf). For protein

expression, bacteria were scraped from stock and incubated in Liquid Broth (LB) with
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ampicillin (100 pg/ml) and chloramphenicol (34 pg/ml) overnight. The culture was then
used to inoculate 100 ml of LB + antibiotics and grown to OD600 = 0.6-0.8 at 37 °C,
then induced with 100 pl IM IPTG (isopropyl-D-thiogalactopyranoside) (Sigma-
Aldrich, St. Louis, MO, USA) and moved to 25 °C (RT) for 5 h. The culture was then
spun at 9000 xg for 15 min and the supernatant discarded. The bacterial pellet was re-
suspended in 10 ml GST binding buffer (25 mM Tris pH 7.5, 150 mM NaCl, 1 mM
EDTA + protease inhibitor (S8820 Sigma Fast, Sigma-Aldrich, St. Louis, MO, USA or
cOmplete™, EDTA-free Protease Inhibitor Cocktail, Roche, Basel, Switzerland). Bac-
teria were then lysed by 6 x 20 s ultrasonication on ice (50 watts, 30kHz, highest set-
ting — 100%) (Ultrasonic Processor UP5S0H, (Hielscher Ultrasonics GmbH, Teltow,
Germany) and subsequently incubated with 15-20 mg glutathione agarose beads (Sig-
ma-Aldrich®) prepared according to manufacturer’s instructions. Incubation took place
at 4 °C for about 10 h after which the beads were washed according to instructions, re-
suspended in regeneration buffer (S0mM Tris-HCI pH7.4, ImM EDTA, 120 mM KCI, 5
mM DTT, 8% glycerol (v/v)) or 50mM TRIS-HCI pH 7.4 + 9% (v/v) glycerol for sub-
sequent thrombin (bovine plasma, Sigma-Aldrich®) cleavage, if performed, and then
adjusted for regeneration buffer conditions. GST-TaRXR was eluted from glutathione
agarose beads using 10 mM reduced glutathione (Sigma-Aldrich, StLouis, Mo, USA) in
50 mM Tris-HCI buffer pH 8.0. The size of the GST-TaRXR fusion protein was
checked by polyacrylamide gel electrophoresis. Thrombin cleavage was performed at
RT for 4 h and the quality of the purified protein was assessed by polyacrylamide gel

electrophoresis.
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Radioactive 9-cis-RA binding assay

Radioactive *H-labelled 9-cis-RA and 3H-labelled AT-RA were purchased from
PerkinElmer (Waltham, MA, USA). Binding was performed in 100 pl binding buffer
(50mM Tris-HCI pH7.4, ImM EDTA, 120 mM KCl, 5 mM DTT, 8% glycerol (v/v),
03% to 05% (w/v) CHAPS (3-[(3-Cholamidopropyl)dimethylammonio]-1-
propanesulfonate hydrate, Sigma-Aldrich) for 2 h on wet ice in a dark environment. The
protein used for binding was either GST-RXR fusion protein on beads with about 375
ng/assay and thrombin-cleaved RXR. For estimation of specific binding, 200x excess of
either 9-cis-RA or AT-RA (Sigma-Aldrich) was used. In case of GST-RXR fusion pro-
tein, 50 pl of the supernatant was removed after 30 s at 1300 g and washed 3x with
1000 pul wash buffer (50 mM Tris-HCI pH7.4, 1 mM EDTA, 120 mM KCI, 5 mM DTT,
8% (v/v) glycerol, 0.5% (w/v) CHAPS) removing 900 ul after each wash. For cleaved
RXR protein 10 pl hydroxyapatite slurry (AG-1 XB Resin, Bio-Rad, Hercules, CA,
USA) suspended in binding buffer (12.7 mg/100ul) were added to the assay and mixed
twice, collecting the apatite slurry by centrifugation (15 s at 600 g). 95 ul of the super-
natant was removed and the slurry washed twice with 1 ml of wash buffer, removing
900 pl after each wash. Work with retinoids was done under indirect illumination with a
60W, 120V yellow light bulb (BugLite, General Electric Co, Nela Parc, Cleveland OH,
USA) as described (Cahnmann, 1995). The radioactivity of the GST-fusion protein and
cleaved protein was measured using Packard Tri-Carb 1600TR Liquid Scintillation An-
alyzer (Packard, A Canberra Company, Canberra Industries, Meriden, CT, USA) and
Ultima Gold Scintillation Fluid (PerkinElmer, Waltham, MA, USA). The fraction of
bound *H-labelled 9-cis-RA and *H-labelled all-trans-RA was determined as a ratio of
the bound radioactivity of precipitated GST-TaRXR / total radioactivity used at the par-

ticular condition (determined as the sum of bound radioactivity and the total radioactivi-
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ty of collected wash fluids) in the absence of non-radioactive competitors or 200 fold
excess of 9-cis-RA and all-trans-RA in the case of 3H-labelled 9-cis-RA and 40 fold
excess of non-radioactive competitors in the case of *H-labelled all-frans-RA (to com-
pensate for the higher affinity of 9-cis-RA compared to all-trans-RA in binding to

TaRXR).

Culture of T. adhaerens and algae

Trichoplax adhaerens was cultured in Petri dishes containing filtered artificial
seawater (Instant Ocean, Spectrum Brands, Blacksburg, VA, USA) with a salinity of
approx. 38-40 ppt. Rhodomonas salina (strain CCAP 978/27), Chlorella sp., Porphyrid-
ium cruentum (UTEX B637) and other non-classified algae, as well as aquarium milieu
established in the laboratory by mixing salt water obtained from a local aquarium shop
were used to maintain the stock. The cultures were kept at approx. 23°C and an auto-
mated illumination for 12 h/day was used with a conventional light bulb on a daylight
background from late spring to mid-summer in the laboratory located at 50.07031N,
14.42934E with laboratory windows oriented eastward. The natural illumination includ-
ed almost direct morning light from 8 AM to 10.30 AM, indirect sunlight for most of
the daytime and sunlight reflected from a building across the street from 1 PM to 6 PM.
Algae were maintained as described (Kana et al., 2014, Kana et al., 2012). The experi-

ments were performed predominantly during sunny weather.

Treatment of 7. adhaerens with retinoic acids
Incubation of the animals was done overnight in the absence of light. Each batch
within an experiment was derived from similar cultures and fed with similar amounts

and composition of algae. All experiments were started in a dark room with indirect
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yellow light illumination (similarly as in the case of the ligand binding studies) and fur-
ther incubations were done in the dark for 24 hours. In experiments aimed at the visual-
ization of 9-cis-RA effect on T. adhaerens response to feeding conditions, parallel cul-
tures were set and fed with P. cruentum. Large animals of approximately the same size
were individually transferred to new control and experimental cultures and fed with P.
cruentum algal cells. After 6 hours of incubation under natural indirect illumination, all
animals in both control and experimental cultures were photographed (max. magnifica-
tion on Olympus SZX7 with Olympus E-410 camera) and the final volume of cultures
was adjusted to 50 ml (determined by the weight of cultures in 110 mm glass Petri dish-
es). Next, the room was darkened and further manipulations were done under indirect
illumination with yellow light. Five pl of vehicle (1% DMSO in ethanol) or vehicle
containing 9-cis-RA was added into 50 ml of final volume to the final concentration of
9-cis-RA 3.3 nM. Similarly, parallel sub-cultures were prepared from slowly growing
cultures fed by microorganisms covering glass slides in an equilibrated 25 1 laboratory
aquarium and fed by Chlorella sp. Cultures were incubated in the dark for 24 h and all
animals were counted under microscope and photographed again. The cultures were
then left under natural illumination and cultured for an additional two or three weeks.
Animals fed by P. cruentum were measured again at 72, 90 and 450 h and those fed by

Chlorella sp. at 72, 90 and 378 h.

Quantitative PCR
Droplet digital PCR was performed on a QX100 Droplet Digital PCR System
(Bio-Rad Laboratories, Hercules, CA, USA). For this, 7. adhaerens was cultured ac-

cording to culture conditions described and 4-10 animals removed per 100ul TRIZol
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reagent (Invitrogen, Carlsbad, CA, USA). Total RNA was measured by a UV spectro-
photometer and used as a reference for normalization.

Reverse transcription was performed with SuperScript III Reverse Transcriptase
(ThermoFisher, Waltham, MA, USA) according to manufacturer’s instructions. The
cDNA (corresponding to 100-500 ng of RNA) was then mixed with ddPCR Supermix
(Bio-Rad, Hercules, CA, USA) according to the manufacturer’s instructions and ana-
lyzed. PCR primers were designed using the UPL online ProbeFinder (Roche) software
and were as follows:

TaRXR
left:tctgcaagttggtatgaagcea, right: agttggtgtgctattctttacgc

TaHNF4 ( reflXM_002115774.1|):

left: ggaatgatttgattttacctcgac, right: tacgacaagcgatacgagca

TaCOUP-TF (reflXM_002109770.1):

left: attttgaatgctgeccaatg, right: ttactggttgtggagtatggaaac

TaSoxB1 (reflXM_002111308.1]):

left: tgtcagatgcggataaacga, right: ggatgttccttcatgtgtaatge

TaTrox-2 ( ref]lXM_002118165.1]):

left: gcctatagtcgatcctgecata, right: ttggtgatgatggttgtcca

TaPaxB1 ( gb/DQ022561.1):

left: tcaaacgggttctgttagee, right: ggtgttgccaccttagge

TaERR (nuclear receptor 3, gb|KC261632.1):

left: ttacgcatgtgatatggttatgg, right: agcgtgcctatttatttcgtct

Results were subsequently analyzed using the Bio-Rad ddPCR software. Manual

correction of the cut off was performed when automated analysis was not possible. To
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visualize changes in nuclear receptor expression in the absence of a reliable housekeep-
ing gene as a reference, we considered the absolute quantity of each nuclear receptor as
a percentage of the overall nuclear receptor expression and subsequently visualized the
change of receptor expression by subtraction of the percentage of the control experi-
ment. Absolute copy numbers of the proposed malic enzyme orthologue in 7. ad-
haerens have been normalized to overall RNA quantity for expressional analysis.

Experiments with quantification by qRT-PCR were performed on a Roche
LightCycler II with OneTaq polymerase and the same probes as for ddPCR.

For the estimation of the relative expression of NRs in small (< 0.5 mm) versus
big animals (>1 mm), 20 to 30 animals from the same culture were used for each paired

experiment.

Identification of 7. adhaerens orthologue of malic enzyme

P48163 (MAOX HUMAN) protein sequence was used as the query sequence
and  searched against 7. adhaerens  database @ with BLASTP on
http://blast.ncbi.nlm.nih.gov/Blast.cgi using standard algorithm parameters. The best hit
was a hypothetical protein TRIADDRAFT 50795 with a sequence identity of 57% and
a query coverage of 93% and was assumed to be 7. adhaerens closest orthologue of

vertebrate L-malate-NADP* oxidoreductase.

Microscopy and image analysis
Observation of 7. adhaerens was done with an Olympus SZX10 microscope
equipped with DF Plan 2x objective and Olympus DP 73 camera operated by CellSens

Dimension computer program (kindly provided by Olympus, Prague, Czech Republic)
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or Olympus CKX41 or SZX7 with Olympus E-410 camera and QuickPhoto Micro 3.1
program.
Circularity was calculated by establishing the area (A) and perimeter (p) of T.

adhaerens using Image] (https://imagej.nih.gov/ij/) and then calculated with the isoper-

imetric quotient Q = 4;:_:1’ (A — Area, p — perimeter). GraphPad Prism 5 (or higher) was
used for graphical representation and calculations of the confidence intervals with p =

0.05.

PART II — Characterization of MDT-28
Detailed descriptions of the methods and results can be found in the paper ‘The nema-
tode homologue of Mediator complex subunit 28, F28F8.5, is a critical regulator of C.

elegans development’ (Kostrouchova et al., 2017).

Briefly, MED28 orthologue sequences were searched in UniProtKB (uniprot.org) and
NCBI (ncbi.nlm.nih.gov) with BLAST, PSI-BLAST (Altschul et al., 1997), HHblits
(Remmert et al., 2011) and HHpred (Soding et al., 2005). The obtained mammalian and
insect sequences were aligned using T-coffee (Notredame et al., 2000, Di Tommaso et
al., 2011), as well as PROMALS (Pei et al., 2008, Pei et al., 2007, Pei and Grishin,
2007) and secondary structure predictions performed with PSIPRED (Jones, 1999,
McGuffin et al., 2000, Cuff and Barton, 2000).

RNA of cultured worms was isolated by phenol-chloroform extraction, precipitated with
ethanol and subsequently treated with DNase (Promega, Fitchburg, WI, USA). Com-

plementary DNA was prepared with SuperScript I1I (Invitrogen, Carlsbad, CA, USA).
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The detailed protocol was described in (Kostrouchova et al., 2017) and (Zima et al.,
2015).

Transgenic animals were either prepared by PCR fusion (Hobert, 2002) by constructing
a fusion product of the F28F8.5 gene sequence and GFP derived from pPD95.75 con-
taining its 3 UTR at the C-terminal, which was then injected into the gonads of young
adult hermaphrodites or by genome editing using CRISPR/Cas9 according to
(Dickinson and Goldstein, 2016, Ward, 2015, Dickinson et al., 2015, Dickinson et al.,
2013). In this case, the F28F8.5 gene was edited by insertion of a construct coding for
GFP, sqt-1(d) within a self-excising cassette (leading to a rolling phenotype), As::Cre
(heat shock inducible Cre recombinase) and a hygR (hygromycin resistance) gene. In-
duction of heat-shock then lead to removal of the self-excising cassette and N-terminal
GFP tagged F28F8.5, which was disrupted prior to heat-shock.

RNA interference was performed by dsRNA microinjection of previously linearized
F28F8.5 ¢cDNA containing pCRII(Topo) plasmid (Invitrogen, Carlsbad, Ca, USA) tran-
scribed in vitro using SP6/T7 Riboprobe® in vitro Transcription Systems (Promega,
Madison, WI, USA).

For distinguishing GFP-specific fluorescence and auto-fluorescence, fluorescence-
lifetime imaging microscopy was performed additionally to Nomarski optics, fluores-
cence and confocal microscopy.

Classical polymerase chain reaction (PCR) was performed for single nematode PCR,
while a protocol adopted from Ly et al. (Ly et al., 2015) was used for quantitative re-
verse transcription-PCR.

For binding studies, S Methionine (Institute of Isotopes, Budapest, Hungary) labeled
mdt-6 was translated using the rabbit reticulocyte TNT-system (Promega, Madison, WI,

USA). GST-labeled F28F8.5 was obtained by expressing recombinant pGEX-2T in
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BL21 E. coli after induction with isopropyl B-D-1-thiogalactopyranoside (IPTG) (Sig-
ma-Aldrich, St. Louis, MO, USA). Similarly, FLAG-labeled MDT-30 was expressed
from pET28(+) in BL21 E. coli after induction with IPTG. Proteins were then incubated
and isolated using glutathione-agarose beads (Sigma-Aldrich, St. Louis, MO, USA).
Samples were then separated by polyacrylamide gel electrophoresis and radioactively
labeled protein detected using a TRI-CARB 1600TR Liquid Scintillation Analyzer
(Packard, Meriden, CT, USA) or by autoradiography. FLAG-labeled MDT-30 was vis-
ualized by anti-FLAG antibody.

Previously incorrectly annotated as MDT-28, WO1AS8.1 was shown to be an orthologue
of the perilipin family (Chughtai et al., 2015). Association with lipid droplets and co-
localization of GFP fused plin-1 with transgenic lines expressing human PLIN1, 2 and 3
were performed using the CRISPR/Cas9 gene editing method and subsequent fluores-
cence microscopy in C. elegans. Lipid droplets were either visualized with lipid staining
LipidTox after formaldehyde fixation or with Coherent Anti-Stokes Raman microscopy
(CARS) in vivo. Functional analysis was performed by RNA interference by mi-
croinjections and subsequent phenotypical analysis, as well as visualization of lipid
droplets. Detailed descriptions of the methods can be found in the publication ‘Perilipin-

related protein regulates lipid metabolism in C. elegans’ (Chughtai et al., 2015).
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Results

Results of part 1

The following section (part 1) was reprinted and modified under the Creative Commons
CC-BY 4.0 license from Novotny et al. (2017), Trichoplax adhaerens reveals a network
of nuclear receptors sensitive to 9-cis-retinoic acid at the base of metazoan evolution.
PeerJ 5:€3789; DOI 10.7717/peerj.3789

Supplementary files and figures referenced to in this section can be accessed online.

T. adhaerens retinoid X receptor shows high cross-species sequence identity

By using the ab initio model of the JGI Trichoplax database as a reference, we
screened the Trichoplax JGI database for RXR orthologues with a complete DBD and
LBD sequence and were able to obtain, as well as verify, a full length RXR transcript
previously not annotated as the ‘best model’. Blastp analysis showed a high sequence
similarity to human, as well as mouse RXR with 66% overall sequence identity to hu-
man RXR alpha.

SMART analysis of the proposed TaRXR sequence showed a zinc finger DNA
binding domain (amino acid residues 16-87) and a ligand binding domain (amino acid
residues 155-342) with E values <10°. Blast analysis of the zinc finger DNA binding
and ligand binding domains revealed a sequence identity of 81% and 70% to human
RXR alpha, respectively. Both domains contained the predicted molecular pattern char-
acteristic for each domain. The heptad repeat LLLRLPAL proposed for dimerization
activity (Forman and Samuels, 1990b, Forman and Samuels, 1990a, Kiefer, 2006) as
well as the LBD signature for 9-cis-RA binding Q-x(33)-L-x(3)-F-x(2)-R-x(9)-L-x(44)-

R-x(63)-H (Egea et al., 2000) were present (Fig. 6). From 11 amino acid residues
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shown to be critical for 9-cis-RA binding (A271, A272, Q 275, L 309, F 313, R 316, L
326, A 327, R 371, C 432, H 435), 9 are conserved, while the remaining two amino ac-
ids are substituted [A327S, and C432T (C432A in Tripedalia cystophora)]. Due to the
high sequence identity, we proposed a 9-cis-retinoic acid binding capability of the hy-
pothesized TaRXR sequence, as well as DNA binding capability. Phylogenetic analysis
using PhyML algorithm indicates that TaRXR is likely to precede branching of RXRs
in cubomedusae and scyphomedusae and clusters with RXRs in Bilateria.

The remaining three NRs identified in the 7. adhaerens genome show also very

high overall sequence identity with vertebrate orthologues.
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Figure 6: Aligned with ClustalO, amino acid residue types colored according to Clustal
scheme in Jalview. Sequences from top to bottom (organism, identifier): Trichoplax
adhaerens, TaRXR 1D 53515; Homo sapiens, sp|P19793]RXRA HUMAN; Homo sapi-
ens, sp|P28702[RXRB_HUMAN; Homo sapiens, sp|P48443]RXRG_HUMAN; Xenopus
laevis, RXR  alpha, sp|P51128]RXRA XENLA; Aurelia  aurita, RXR,

tr|SSZWRO|SSZWRO _AURAU Retinoid X receptor; Tripedalia cystophora, RXR,
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tr|096562|096562 TRICY Retinoic acid X receptor; Drosophila melanogaster, USP,
sp|P20153|USP_DROME. DNA binding domain (DBD, red line), Ligand binding do-
main (LBD, green line), dimerization domain (yellow line) and amino acid residues
critical for 9-cis-RA binding (conserved—red rectangles, not conserved—pink rectan-

gles) are indicated.

TaRXR shows preferential binding affinity to 9-cis-retinoic acid over all-trans-
retinoic acid

In order to analyze the binding properties of TaRXR, we expressed TaRXR as a
GST-fusion protein (GST-TaRXR) in bacteria which was then purified as GST-fusion
protein and used directly for binding studies or cleaved by thrombin and eluted as
TaRXR. The binding of 3H-labelled 9-cis-RA or *H-labelled all-trans-RA was deter-
mined by measuring total bound radioactivity and the radioactivity displaceable by 200
fold excess of nonradioactive competitors. Consistent with the high conservation of the
LBD, the experiments showed that TaRXR prepared as thrombin cleaved TaRXR or
GST-TaRXR binds 9-cis-RA with high affinity and specificity (Fig. 7 A and B). The 9-
cis-RA binding assay showed high affinity binding to GST-TaRXR with a saturation
plateau from 5 nM to 10 nM (Fig. 7 C). In contrast, all-frans-retinoic acid did not show

high affinity binding to TaRXR of GST-TaRXR.
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Figure 7: (A) Single point analysis of binding preference of 7. adhaerens RXR (throm-
bin cleaved) to *H-labelled 9-cis-RA over all-trans-RA. Radioactive 9-cis-RA (9-cis-
RA") binds at a concentration of 4 nM to 200 nanograms of 7. adhaerens RXR. 200-
fold excess of unlabeled 9-cis-RA displaces more than 80% of labeled 9-cis-RA from
binding to 7. adhaerens RXR (9-cis-RA" + 9-cis-RA) while the same molar excess of
all-trans-RA (9-cis-RA* + AT-RA) which is likely to contain approximately 1% spon-
taneously isomerized 9-cis- RA, competes away less than 50 % of bound *H-labeled 9-
cis-RA. Radioactive *H-labeld all-trans-RA (AT-RA") at identical conditions binds only

slightly more than the observed non-specific binding. This interaction is not displaced

by the excess of non-labeled 9-cis-RA (AT-RA™ + 9-cis-RA) nor non-labeled all-trans-
RA (AT-RA" + AT-RA). Results are expressed as a ratio of the radioactivity bound to

TaRXR/total radioactivity used for the binding at the given condition. (B) Analysis of
binding properties of 7. adhaerens RXR (in the form of GST-TaRXR) to *H-labelled 9-
cis-RA and *H-labelled all-zrans-RA. The experiment differs from the experiment
shown in A in 5-fold greater amount of radioactive all-frans-RA (and therefore only 40-
fold excess of non-radioactive competitors). The experiment shows identical binding
properties of GST-TaRXR as those observed with thrombin cleaved TaRXR. (C) Kinet-
ic analysis of binding of *H-labeled 9-cis-RA to T. adhaerens RXR prepared as GST-

fusion protein (GST-TaRXR). The plateau is reached at around 3 to 5 x 107° M.
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9-cis-retinoic acid induces malic enzyme gene expression at nanomolar concentra-
tions

Next, we searched whether 9-cis-RA has observable biological effects on T.
adharens at nanomolar concentrations. We hypothesized that TaRXR is likely to be
involved in the regulation of metabolic events. In vertebrates, RXR is a dimerization
partner of TR and together, these two NRs are regulating a wide range of metabolic
pathways. We, therefore, searched for an orthologue of vertebrate L-malate-NADP*
oxidoreductase (EC 1.1.1.40) in T. adhaerens genome since this enzyme is an estab-
lished reporter of the state of thyroid hormone dependent regulation (see Discussion).

The sequence of the 7. adhaerens likely orthologue of vertebrate L-malate-
NADP" oxidoreductase was retrieved from the Trichoplax genomic database together
with its presumed promoter based on the predicted sequence.

Droplet digital PCR showed an increased transcription of the predicted L-
malate-NADP" oxidoreductase gene after incubation of 7. adhaerens with 9-cis-RA, but
not with all-frans-RA (Fig. 8). In repeated experiments, we observed that the level of
induction was higher at 9-cis-RA concentrations in the range of 1 to 10 nM, than above
10 nM. We also noticed that the level of the induction slightly varied based on the actu-

al T. adhaerens cultures and the algal food composition of the 7. adhaerens cultures.
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Figure 8: Ten to fifteen animals were cultured in the dark overnight with indicated lig-
ands or in medium containing only the solvent used for ligand solutions. Total RNA and
cDNA were prepared using identical conditions and diluted to the same working con-
centration suitable for ddPCR. In repeated experiments, incubation with 3 nM 9-cis-RA
induced expression of the putative T. adhaerens L-malate-NADP" oxidoreductase more
than four times. Incubation with 30 nM 9-cis-RA induced enzyme expression also, but

to a lesser extent and 30 nM all-frans-RA (AT-RA) did not upregulate the expression of

the predicted L-malate-NADP*oxidoreductase.

Changes in the culture environment alter the expression pattern of the nuclear
receptor complement in 7. adhaerens

From the experience we gained by culturing 7. adhaerens, as well as from the previous
experiments we knew that the culture conditions could dramatically influence pheno-
type. Having the possible developmental functions of the ancestral NRs in mind, we

raised the question whether the expression patterns of the NRs reflect changes in pheno-

type.

61



Firstly, we assayed the relative expression of RXR against all three other NRs in
small versus big animals (<0.5 mm or >1mm). The relative proportion of the RXR ex-
pression compared to the remaining NRs was found to be higher in big animals (33%)
than in small animals (24%). The treatment by 3.3 nM 9-cis-RA led to a dramatic in-
crease of the relative expression of RXR in comparison to the rest of the NR comple-
ment (51%), indicating that phenotypic changes are connected with differential expres-
sion of NRs and that 9-cis-RA affects the expression of RXR.

In order to see the effect of 9-cis-RA on all NRs, we sampled and extracted
RNA from cultures containing the same number of big and small animals treated with
different concentrations of 9-cis-RA. The experimental cultures were started from the
same original cultures and during incubation were fed with Chlorella sp. only since this
algal food showed to have the least effect on 7. adhaerens cultures. All four 7. ad-
haerens NRs were quantified by either qRT-PCR or ddPCR.

Analysis of NR expression pattern in animals incubated with different concen-
trations of 9-cis-RA revealed a relative increase in RXR expression at low nanomolar
concentrations (<10 nM) in repeated experiments. In contrast, further increase of 9-cis-
RA resulted in smaller changes compared to the expression pattern of NRs in control

animals or even reverted the values observed in low nanomolar conditions (Fig. 9).
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Figure 9: A representative experiment of the expression of 7. adhaerens NRs in ani-
mals exposed to various concentrations of 9-cis-RA expressed as a ratio of obtained
values compared to the control using ddPCR. One and 3 nM 9-cis-RA upregulate RXR
and ERR, but downregulate COUP-TF. The expression of 7. adhaerens HNF4 is not
affected by 9-cis-RA. The effect of the exposure to 9-cis-RA 1is stronger in the case of 1
nM 9-cis-RA compared to 3 nM 9-cis-RA. The exposure to 30 nM, as well as 50 nM
concentrations of 9-cis-RA reverse the effect of 9-cis-RA on the expression of RXR and
COUP-TF, but do not influence the expression of ERR. The level of expression of
HNF4 is not changed by exposure of 7. adhaerens to various concentrations of 9-cis-
RA. The data suggest that a network sensitive to nanomolar concentrations of 9-cis-RA
at the expressional level is formed by RXR, COUP-TF and ERR. All four NRs have
conserved P-box (regions responsible for binding to response elements (RE) in gene

promoters) and are likely to bind overlapping REs and to form a functional network.
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Food composition dramatically changes the phenotype and the reproduction rate
of 7. adhaerens

T. adhaerens retrieved from laboratory aquariums used for the stock cultures
were relatively similar in appearance and included small round animals containing ap-
proximately 50 cells and grew to animals with an approximate diameter of 0.2 mm and
rarely were bigger. Their rate of multiplication when transferred to Petri dishes was
doubling in one month or even one week, depending on whether the glass was covered
by microbial and algal films established during culturing in aquariums. We attempted to
use several defined algae as artificial food. They included Pyrrenomonas helgolandii,
Picocystis salinarium, Tetraselmis subcoriformis, Rhodomonas salina, Phaeodactylum
tricornutum, Porphyridium cruentum and Chlorella sp. Individual subcultures of 7. ad-
haerens differed in the rate of propagation and appearance as well as colors that were
varying from greenish to brown and reddish taints depending on the food that was used
as singular species food or mixtures (Figure 10). Also, contaminants from the original
algal food, which prevailed in some cultures, had an influence on 7. adhaerens growth
and behavior. In controlled experiments, it became clear that some food components or
their metabolites are influencing growth and appearance of 7. adherens more than food
availability. When 7. adhaerens were fed with equal amounts of algal cells (although
they differed in size and expected digestibility), the addition of algae containing red
pigments - Cryptophytes (Pyrrenomonas helgolandii and Rhodomonas salina) or Rhod-
ophyta (Porphyridium cruentum) - had a strong positive effect on 7. adhaerens growth,

especially in combination with the green algae Chlorella sp. (Figure 11).
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Figure 10: 7. adhaerens acquires various body shapes in individual cultures dependent
on food availability and composition. At conditions maintained in stable and biological-
ly equilibrated stock aquariums, 7. adhaerensis usually small and pale with diameter
varying from 50 um to 400 pm while cultures with added algae contain large flat ani-
mals with diameter reaching up to 1 mm (A and B). In some cultures, animals grow as
long stretching structures, reaching a length exceeding one or even several centimeters
(C). The algal food makes the animals greenish, reddish, rusty or brown with variable
proportion of prominent dark cells. Animal shapes also vary from flat and round with
smooth circumference, to curved or ruffled circumference or animals with long projec-
tions. Bars represent 1 mm in (A, B, ), 1 cm in C, 250 pm in (D), 500 um in (E and H),

200 pm in (F), and 100 pm in (G).
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Figure 11: Three cultures of five large animals in each were established and fed with
the same number of algal «cells consisting of Chlorella sp., Chlorella
sp. and Rhodomonas salina and Chlorella sp., Rhodomonas salina and Porphyridium
cruentum. While the culture fed with Chlorella sp. only doubled in the number of ani-
mals within a period of one week, cultures with red pigment containing algae multiplied

more than five times and 10 times within the same time period.

Furthermore, the addition of Porphyridium cruentum to Chlorella sp. resulted in
a significant change in circularity, while feeding 7. adhaerens with ‘triple food’ con-
taining Chlorella, Rhodomonas and Porphyridium showed the most pronounced effect.
Culturing T. adhaerens on either of the single foods showed similar isoperimetric val-

ues (Figure 12).
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Figure 12: T. adhaerens was cultured similarly as shown in figure 6 and all animals
were photographed and analyzed using Imagel program for their number (A), mean area
(B), mean perimeter (C), mean perimeter/area ratio (D) and mean isometric quotient (E)
after one week. Ch—stands for feeding with Chlorella sp., Rh—Rhodomonas salina,
Po—Porphyridium cruentum, and their combinations. 3Rh stands for a culture with
three times higher concentration of Rhodomonas salina and 3Ch for three times higher

concentration of Chlorella sp. (A) shows that addition of Rhodomonas salina (Ch + Rh)
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greatly increases the number of animals observed after one week of culture. This effect
is even more pronounced in cultures containing all three algae, while three times bigger
concentration of only one type of algae (Ch and Rh) has little or no effect. This is even
more pronounced when the area and perimeter are determined (B and C). Determination
of the isoperimetric quotient in individual cultures indicates that cultures
with Rhodomonas salina have a significantly smaller ratio, suggesting higher prolifera-
tive rate of structures at the animal circumference (E). Bars represent 95% confidence

interval.

9-cis-RA interferes with 7. adhaerens growth response to specific algal food

In order to see the effect of 9-cis-RA on T. adhaerens in cultures, we exposed
cultures kept in a naturally established laboratory microenvironment or fed by specific
algal foods to 3, 5 and 10 nM 9-cis-RA. The slowly growing cultures kept in naturally
established laboratory microenvironment did not show any gross morphological chang-
es even in 10 nM 9-cis-RA during the period of one week. Contrary to that, cultures fed
with mixed algal food incubated in the presence of 3 and 5 nM 9-cis-RA ceased propa-
gation and most animals developed a balloon-like phenotype, and later darkened and
decomposed.

For controlled experiments, cultures fed by P. cruentum or Chlorella sp. were
incubated in the presence of vehicle (DMSO/ethanol) or vehicle containing 9-cis-RA at
3.3 nM final concentration. After 24 hours of incubation in the dark, control cultures fed
by P. cruentum propagated normally while animals fed by P. cruentum and incubated
with 9-cis-RA decreased their area and perimeter (Figure 13 A). At 72 h of incubation,
all animals fed by P. cruentum and treated by 3.3 nM 9-cis-RA developed the balloon-

like phenotype and none of them survived 90 hours of exposure to 9-cis-RA (Figure 13
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B). Animals transferred from stationary cultures grown in a naturally established labora-
tory microenvironment and subsequently fed by Chlorella sp. suffered initial loses at 24
h of incubation despite that their appearance seemed to be normal and well adopted to
the new culture condition at time 0 (regarding feeding with algal food and immediately
prior to addition of vehicle or 9-cis-RA to the culture and 6 h after the transfer from the
parent cultures). Animals that survived the transfer and adopted to feeding by Chlorella
sp., were not inhibited by exposure to 3.3 nM 9-cis-RA for 24 h (Figure 13 C) and even
showed a slight statistically not significant increase in their area and perimeter. Never-
theless, the isoperimetric values of animals incubated for 24 h with 9-cis-RA showed a
significant increase indicating a decrease of growth or exhaustion of peripheral area,
that is likely to contain stem cells that further differentiate into the specialized cell types
(Jakob et al., 2004). In contrary to animals fed by P. cruentum, exposure of animals fed
by Chlorella sp. to 9-cis-RA was not associated with the development of the balloon-
like phenotype and animals survived more than 250 h. In contrast to control animals
which started to proliferate after 100 h, animals exposed to 9-cis-RA did not proliferate
between 90 and 280 h of subsequent culture (Figure 13 D) suggesting that 9-cis-RA
interferes with animal response to specific food and processes necessary for animal
growth and propagation. The growth arrest of 7. adhaerens caused by 9-cis-RA was
reverted by addition of Porphyridium cruentum indicating that a specific food constitu-
ent rather than food availability interferes with 9-cis-RA regulatory potential (Figure

14).
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Figure 13: (A) shows the comparison of the total area and total perimeter of control 7.
adhaerens and T. adhaerens treated by 9-cis-RA for 24 h expressed as arbitrary units
derived from pixel measurements obtained at 24 h and compared to values obtained
immediately prior to incubation. The data indicates that animals incubated in 3.3 nM 9-
cis-RA decreased their area and perimeter to approximately 50% in comparison to con-
trol animals. (B) shows the development of cultures over a three-week period. The ani-
mals treated by 9-cis-RA developed a balloon-like phenotype at 72 h of incubation and
died at 90 h of incubation. (C and D) show the data obtained with 7. ad-

haerens originating from cultures fed by naturally established biofilms in laboratory

aquariums, fed by Chlorella sp. and treated similarly as shown in (A and B). (E) shows
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the analysis of circularity of animals presented in (A) and documents that animals treat-
ed by 9-cis-RA increased their circularity already at 24 h of exposure suggesting arrest

of growth of animal peripheral tissues.
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Figure 14: Continuation of the experiment shown in Fig. 13D. The animal cultures
(started from stationary cultures fed by a naturally established milieu in a laboratory
aquarium) were transferred to new Petri dishes and left for 6h to settle down. The cul-
tures were photographed for measuring the surface and perimeter of the animals, subse-
quently fed with a suspension of Chlorella sp., and exposed to 3.3 nM 9-cis-RA or
hormone-free vehicle; here the time was set as ‘time 0’. The cultures were incubated for
24 h in the dark, photographed again for the surface and perimeter measurements and
cultivated for an additional ~24 days at natural illumination in the laboratory (location:
49.98167N, 14.48725E with windows oriented WbS (azimuth 260°)). The slow growth
visible in the control culture between 380 h and approximately 550 h corresponded to

cloudy days and the faster growth corresponded to sunny days. After 24 days of incuba-
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tion the cultures received additional feeding with Porphyridium cruentum which stimu-
lated growth of both, the control culture and the culture exposed to 9-cis-RA (without a
change of the culture medium). The experiment shows that animals arrested by the
treatment with 9-cis-RA were arrested in growth but retained the potential to proliferate
in response to feeding by P. cruentum. It has to be taken into account that several un-
controlled factors are likely to influence the growth of both cultures such as degradation
or isomerization of 9-cis-RA in the experimental culture, or the possible growth of addi-
tional microorganisms in prolonged cultures. Natural illumination is also variable de-
spite that external and internal lamellar window blinds were used for prevention of di-

rect exposure of cultures to afternoon sunshine.

Results of part II

We recognized the previously falsely annotated orthologue of MED28 in C. elegans as
orthologue of perilipin, now named plin-1. We did so by showing its localization and
co-localization with transgenic human perilipin orthologues on the surface of lipid drop-
lets that were visualized using LipidTox staining in vitro or by in vivo CARS microsco-
py. Furthermore, we provided a functional analysis by gene knock-down and knock-out
studies, which resulted in differential intracellular distribution of lipid droplets. Routine
sequence analysis did not reveal homology and identification of the perilipin orthologue
in C. elegans required extensive statistical analysis of hidden Markov profiles in a vari-
ous number of diverse sequences. Intriguingly, the striking sequence similarity between
plin-1 and mdt-28 raises the question about a possible overlap in function.

Further sequence analysis then revealed F28F8.5 as the most likely orthologue of

MED28 in C. elegans (now named MDT-28). We showed localization of GFP-tagged

72



MDT-28 within the cytoplasm and nucleus. Using a radioactive binding assay, we con-
firmed interaction of MDT-28 with mediator subunit 6 and 30. Functionally, mdt-28
knockdown resulted in developmental defects with embryonic and larval arrest in the
majority of cases. Animals with complete knockout showed defective development

most pronounced in later larval stages.

Discussion

Nuclear receptor signaling is one of the essential regulatory pathways unique to meta-
zoan species. The structure and function of nuclear receptors allow for direct response
in the presence or absence of a ligand without the need for an intermediary cascade.
Thereby, it represents a regulatory system highly adaptive to evolutionary changes that
is not only subject to mutations involving its genes, but also with regards to evolution of
ligands and downstream regulatory units such as the Mediator complex. This is exem-
plified by tissue specific NR function (Pak et al., 2005) and the existence species specif-
ic high affinity ligands for receptor orthologues executing similar functions. In verte-
brates, the endocrine system regulates various key aspects of cellular and organismal
homeostasis. As such, it is not only e.g. directly influencing the reproductive cycle by
orchestrating the development of the oocyte and enabling, as well as maintaining, a fa-
vorable environment after fertilization, but it is also involved in homeostasis of the so-
matic tissue. Even though, by definition, an endocrine system can only be present in an
organism possessing a vascular system and ligands that are distributed by it, responsive
NR networks can be found in a variety of invertebrate species and the appearance of

specialized endocrine gland tissue reflects the importance and evolutionary plasticity of
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NR signaling. Keeping in mind this high plasticity of NR signaling it is therefore neces-
sary to integrate evolutionary and functionalistic aspects in order to gain a better under-
standing of NR regulated gene expression. Analysis of NR function in different species
by comparative endocrinology could thus eventually reveal previously unrecognized
pathological mechanisms of NRs in human diseases such as cancer. In line with this,
studying NR networks in basal metazoan species might unravel the most basal functions
of NRs, which adapted during the course of evolution to form new regulatory layers

allowing for increasingly complex metazoan organisms.

Trichoplax adhaerens codes for a functional, ligand responsive NR complement
Whole genome sequencing revealed the presence of a four NR complement in 7richop-
lax adhaerens. Of those, COUP-TF, HNF4 and RXR belong to the NR2 subfamily of
nuclear receptors that is thought to be the most ancient NR subfamily, because members
of it are found in all basal metazoan species (e.g.Porifera or Cnidaria, see Table 1),
while NRs of the other subfamilies probably evolved during two waves of gene duplica-
tion (Escriva et al., 2004). Analysis of the TaRXR gene sequence revealed high se-
quence identity with human RXR, suggesting not only structural, but also functional
relatedness. In line with that, it shows similar nanomolar affinity to 9-cis-RA as cnidari-
an jJRXR (Kostrouch et al., 1998) and vertebrate RXR (Allenby et al., 1993a), clearly
identifying TaRXR as an orthologue of vertebrate RXR. With regards to its proposed
position within the phylogenetic tree, placozoan TaRXR thus probably represents the
most basal liganded nuclear receptor known to date.

Since autoregulation, as well as cross-regulation by their ligands has been shown for a
large number of NRs (Tata, 1994), we searched whether 9-cis-RA affects the expression

of TaRXR relative to the other 7. adhaerens NRs. Our results showed not only effects
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on specific gene expression in response to very low concentrations of 9-cis-RA (at 1 or
3 nM), but also an additional dose-dependent reverse effect of higher concentrations.
Even though it cannot be ruled out that higher ligand concentrations might affect any of
the remaining NRs, the results are most likely in line with our binding experiments that
suggested an additional, low affinity, but high affinity binding site. Furthermore, 9-cis-
RA was shown to increase RXR protein turnover by protein degradation in mammalian
cell lines (Nomura et al., 1999). Although it is not clear if 9-cis-RA is the natural ligand
for RXRs (Wolf, 2006, Ruhl et al., 2015) conserved in all metazoan phyla studied to
date, we show not only that 9-cis-RA binds TaRXR with nanomolar affinity but also
positively regulates its expression, which resembles auto-activation of several NRs in
vertebrates [e.g. ER and TR (Tata, 1994, Bagamasbad and Denver, 2011)].
Furthermore, three out of four NRs constituting the NR complement in 7. ad-
haerens respond to treatment by 9-cis-RA at transcriptional level. Two NRs, RXR itself
and ERR respond positively to nanomolar concentrations of 9-cis-RA, while COUP-TF,
which often acts as an inhibitor of specific gene expression (Tran et al., 1992), is regu-
lated negatively by 9-cis-RA. Interestingly, COUP-TF was recently shown to be inacti-
vated by small hydrophobic molecules (Le Guevel et al., 2017). The regulatory connec-
tions of 7. adhaerens NRs places the autoregulation and cross-regulation of NRs to the

base of metazoan evolution.

Transcriptional regulation of malic enzyme subspecialized during evolution

The retinoid acid receptor is a dimerization partner for numerous NRs and, together
with the thyroid hormone receptor regulates expression of malic enzyme in mammals
(Dozin et al., 1985a, Dozin et al., 1985b, Petty et al., 1990, Petty et al., 1989). Cell-type

specific differences of this regulation have been associated with expression levels of
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RXRa (Fang and Hillgartner, 2000, Hillgartner et al., 1992), suggesting regulation of
malic enzyme expression by RXR has been conserved during evolution at least partial-
ly. This is in line with our experimental data showing probably RXR mediated induc-
tion of malic enzyme by nanomolar concentrations of 9-cis-RA in vivo. These results
indicate that RXR dependent regulation of malic enzyme was present at the base of
metazoan evolution and that additional regulation by TR represents an innovation of
triploblastic species (Bilateria), indicating attenuation of RXR dependent regulation of

gene expression through additional regulatory layers.

Ancestral NRs probably sensed environmental and food derived ligands

In our feeding assay we showed that food composition is more important for 7. ad-
haerens growth and propagation than its quantity, indicating that specific food constitu-
ents are required for development and reproduction. Alteration of development and re-
production rates were readily observed after addition of red pigment containing algae as
an additional food source, while the effect of 9-cis-RA on T. adhaerens culture was
dependent upon algal food composition, eventually leading to growth arrest, morpho-
logical changes and an increase in isoperimetric value as a measure of circularity. These
observations indicate that a specific food constituent present in red pigment containing
algae is interfering with the 9-cis-RA regulatory potential. The increase in isoperimetric
value and growth arrest suggest 9-cis-RA, as well as food constituent mediated regula-
tion of stem cells within the peripheral area of T. adhaerens, eventually stimulating dif-
ferentiation into specialized cell types. Considering the high affinity of TaRXR to 9-cis-
RA and the dynamically functioning NR network, this regulation is probably mediated

through TaRXR within this network, which is supported by the relative changes of the
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NR complement observed in differently sized animals, even though an effect on the
remaining NRs cannot be excluded.

It seems likely that very low concentrations of natural ligands including 9-cis-
RA or similarly shaped molecules or other molecules present in the algal food or pro-
duced from algal food as metabolites in 7. adhaerens regulate the gene expression via
RXR in T. adhaerens. This may be connected with 7. adhaerens strong response to
light exposure visible as coordinated relocations of animals inside laboratory culture
containers and a strong influence of annual seasons on 7. adhaerens propagation rates
observed in laboratories localized in temperate geographical zones. The 9-cis confor-
mation of RA is not only sensitive to light exposure with its reversal to all-frans con-
formation, but it can also be formed by specific UV irradiation from all-trans confor-
mation up to 10% as shown by Dr. Hans Cahnmann (Cahnmann, 1995).

Furthermore, the chlorophyll hydrophobic side chain, which anchors the mole-
cule to the chloroplast thylakoid membrane is metabolized to phytol that was shown to
act as an RXR agonist (Kitareewan et al., 1996). Other molecules called rexinoids,
which often contain aromatic rings in their structure, act as RXR agonists or antagonists
(Dawson and Xia, 2012). Lately, another group of ligands called organotins was shown
to affect regulation by RXR (le Maire et al., 2009). It has been proposed that RXRs can
bind a larger group of polyunsaturated fatty acids (docosahexaenoic acid and arachidon-
ic acid) and act as their sensor (de Urquiza et al., 2000, Lengqvist et al., 2004).

The high sensitivity of 7. adhaerens to 9-cis-RA might be explained by several
scenarios. The activation of RXR by 9-cis-RA or similar compounds has been docu-
mented in vertebrates (Allenby et al., 1993b, Ruhl et al., 2015, de Lera et al., 2016) and
the observation of 9-cis-RA induced growth arrest is similar as data reported on mam-

malian cells (e.g. (Wente et al., 2007)). However, the concentration of 9-cis-RA used in
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our experiments is approximately 30 to 3000 times lower than the levels reported in
most mammalian systems. Furthermore, the exceptionally high sensitivity of 7. ad-
haerens to 9-cis-RA implies the possibility that the originally very strong regulation
mediated by NRs might have been softened or inhibited by additionally evolved mecha-
nisms. To our knowledge, there are no reports of 100% lethal effects of exposure to low
nanomolar levels of 9-cis-RA in any metazoan organism. It can thus be speculated
whether these mechanisms were likely to evolve to modulate 9-cis-RA’s or similar lig-
and’s regulatory potential further and might involve stronger regulations by heterodi-
merization partners of RXR and enzymatic or transport mechanisms regulating the
availability of ligands in cells and tissues of phylogenetically more recent metazoan
species. Although our experimental data regarding the reversal of 9-cis-RA induced
growth arrest upon feeding 7. adhaerens with Porphyridium cruentum (Figure 14) can-
not with certainty show that constituents of Porphyridium are involved in modifying 9-

cis-RA action, they indicate a direct or indirect counter-mechanism.

NR conveyed signals are integrated with cellular status through the mediator
complex in Metazoa

While ancestral NRs and other regulatory pathways were needed to allow for complex
multicellularity, other mechanisms capable of communicating the cell status towards the
transcriptional machinery and thereby enabling integration of cell specific with overall
organismal homeostasis had to evolve concomitantly. Previous work already established
a possible connection between proteome status and gene expression by SKP-1 and BIR
in C. elegans through interaction with various nuclear and cytoplasmic proteins (e.g.
transcription factors and cytoskeletal proteins)(Kostrouch et al., 2014). Similarly, the

mediator subunit 28 was also localized in the cytoplasm and probably serves dual func-
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tion (Kostrouchova et al., 2017). Keeping in mind the modular structure of the mediator
complex allowing for cell type specific transcriptional regulation and the presence of
metazoan specific MED28, it can thus be hypothesized that orthologues of MED28 are
capable of linking cellular structural status with gene expression in Metazoa. Such regu-
latory mechanism has been shown to be exerted by several, primarily cytoplasmic struc-
tural proteins, such as those interacting with steroid receptors (George et al., 2009),
FOX transcription factors (Gan et al., 2005, Wang et al., 2015) and also BIR-1/Survivin
(Kostrouch et al., 2014). Signals conveyed by NRs are thus probably modified at the
level of the transcriptional core machinery allowing for cell type specific gene regula-

tion that was also shown to be mediated by NR cofactors.

Conclusion

Gene expression is already tightly regulated in unicellular organisms, but true multicel-
lularity requires tight homeostasis not only on a single cell, but also on an organismal
level in which cells have to lose fitness by performing specialized functions in order to
increase fitness of the whole organism.

By characterization of the NR complement in 7. adhaerens we showed that functional
and liganded NRs can be placed at the base of metazoan evolution. Furthermore, our
results suggest that NRs probably served as environmental sensors. Our experimental
data support the concept that regulation of gene expression by NRs subspecialized and
new regulatory layers appeared during the course of evolution, while ancestral regula-
tion attenuated over time, and that the adaptations of gene expression by NRs reflect the
evolution of increasingly complex metazoans, which is in line with the breakdown of
regulatory layers in cancer cells according to the atavistic theory. Our results are in line

with the notion that these environmental and, later-on, endocrine cues are probably
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modified by structural proteins signaling structural cell status to the transcriptional core
machinery in metazoans, thereby providing a link between environmental/organismal,
as well as cell structural status.

In essence, our work provides new insights regarding the adaptations of regulatory lay-
ers involved in gene expression during the course of animal evolution which might help

to understand the consequences of mediatory loss that occurs in cancer.
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ABSTRACT

Trichoplax adhaerens, the only known species of Placozoa is likely to be closely related
to an early metazoan that preceded branching of Cnidaria and Bilateria. This animal
species is surprisingly well adapted to free life in the World Ocean inhabiting tidal costal
zones of oceans and seas with warm to moderate temperatures and shallow waters. The
genome of T. adhaerens (sp. Grell) includes four nuclear receptors, namely orthologue
of RXR (NR2B), HNF4 (NR2A), COUP-TF (NR2F) and ERR (NR3B) that show a high
degree of similarity with human orthologues. In the case of RXR, the sequence identity
to human RXR alpha reaches 81% in the DNA binding domain and 70% in the ligand
binding domain. We show that T. adhaerens RXR (TaRXR) binds 9-cis retinoic acid
(9-cis-RA) with high affinity, as well as high specificity and that exposure of T. adhaerens
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INTRODUCTION

Life on Earth began 4.1 to 3.5 billion years ago (Bell et al., 2015) with the appearance of
the first unicellular organisms that subsequently evolved, in part, to multicellular lifeforms
forming the kingdom Metazoa that have specialized tissues for digestion, regulation of
homeostasis, locomotion, perception, analysis of the environment and reproduction.

In contrast to unicellular organisms, metazoans are in need of regulatory mechanisms
that provide the means of coordination between various tissues in a tight arrangement
with cellular homeostasis. This coordination on the level of humoral signaling includes
regulation by nuclear receptors (NRs), which respond to small, mostly hydrophobic
molecules, including hormones produced by specific tissues, metabolites or even molecules
present in the environment and transfer these signals to the nucleus, thus leading to a
dynamically changing but adaptive gene expression (Escriva, Bertrand ¢ Laudet, 2004).

NRs therefore play an important role in maintaining intra- and inter-cellular functions in
multicellular organisms. Their overall structure is common in most nuclear receptors and
consists of an A/B (N-terminal) domain, the DNA binding domain (DBD), a hinge region,
the ligand binding domain (LBD) and the C-terminal domain (Kumar ¢ Thompson, 1999;
Robinson-Rechavi, Escriva Garcia ¢ Laudet, 2003). The DBD and LBD of NRs exhibit an
especially high degree of conservation and the changes that were acquired during evolution
allow classification of the NR protein family into six subfamilies (Laudet, 1997; Escriva
et al., 1998). NRs that evolved within these subfamilies show functional connections that
include specialization of regulatory functions in time or cell type restriction, fortification
of ancestral functions or their specific inhibition by newly evolved NRs (Escriva, Bertrand
& Laudet, 2004; Kostrouchova ¢ Kostrouch, 2015).

With the overall structure maintained across metazoan species, nuclear receptors show
significant heterogeneity regarding their quantity and function, many of which have not
yet been explored in e.g., Caenorhabditis elegans with over 280 nuclear receptors (reviewed
in Kostrouchova ¢ Kostrouch, 2015).

The evolutionary changes accumulated in diversified NRs allow functional
subspecialization at the level of specific sequence binding within gene promoters (response
elements), protein-protein interactions with functionally linked receptor interactors and
adoption of new ligands as specific hormonal regulators. The evolution of hormonal
ligands acquired by different species during evolution is well documented and indicates
the potential of NRs to adopt new ligands as regulators (Escriva, Delaunay ¢ Laudet, 2000;
Markov & Laudet, 2011). Indeed, it is now thought that NRs evolved as environmental
sensors that were able to sense a wide variety of compounds with low affinity and specificity,
some of which later-on acquired higher affinity binding towards certain ligands that are
products of metabolic pathways (Holzer, Markov & Laudet, 2017). This can be exemplified
by the high affinity and specificity binding of certain receptors, such as the mineralocorticoid
or androgen receptors, while the family of PPARs shows a rather promiscuous binding to
a variety of different substances (Issemmann & Green, 1990). Keeping in mind the metabolic
origin of NR ligands, it is not completely surprising to see different ligands binding to

Novotny et al. (2017), PeerJ, DOl 10.7717/peerj.3789 2/29



Peer

orthologues across species, such as Triac and T3 in the case of TR (Paris et al., 2008), thus
changing in the course of evolution and adapting to new environments.

This is accompanied by the essential questions, to what degree the plasticity of ligand
selection is a fundamental property of NRs and what the origin of specific ligand binding
by NRs might be. It has been suggested that the original NR, which is the ancestral NR
possessing gene regulatory capacity, may have been an unliganded molecular regulator
(Escriva et al., 1997). However, it is now believed that the ancestral NR is most closely
related to the NR2 subfamily, as members of this family can be found in basal metazoans
and are sensors of fatty acids (Holzer, Markov & Laudet, 2017). More recently, it was
proposed that the ligand binding and ligand-dependent regulatory potential of NRs is an
inherent feature of the evolution of NRs (Bridgham et al., 2010). Due to their nature of
fine tuning cellular responses in response to environmental changes without necessarily
showing high affinity binding to a set of ligands, cross-species comparison of nuclear
receptor networks might shed light on the details of the NR network function (Holzer,
Markov & Laudet, 2017).

A search for NRs that may be closely related to an ancient ancestor of the NR family led
to the discovery of an RXR orthologue in Cnidaria (Kostrouch et al., 1998). Surprisingly,
this receptor showed not only extremely high degree of sequence identity with vertebrate
RXRs, far surpassing the degree of conservation observed in insects but also by its ability
to bind the same ligand as vertebrate RXRs, 9-cis-retinoic acid (9-cis-RA), with an affinity
close to that reported for vertebrate RXRs. Similarly, as vertebrate RXRs, the jellyfish RXR
showed a specific binding preference for 9-cis-RA over all-trans-retinoic acid (AT-RA)
and was able to heterodimerize with vertebrate thyroid hormone receptor alpha. Recent
genome sequencing projects confirmed the existence of highly conserved RXR across
several metazoan species including insects (Locusta migratoria (Nowickyj et al., 2008)), that
are evolutionarily older than species with a more diversified RXR orthologue such as Usp
found in Drosophila (reviewed in Gutierrez-Mazariegos, Schubert & Laudet, 2014).

To date, the nuclear receptor network has mainly been studied in complex organisms
already in possession of an extensive endocrine network. Albeit dissection of nuclear
receptor networks in these organisms can outline functions and associated regulatory
cascades, basal tasks might be obscured by the gain of further, more specialized functions.
Genome analysis of the basal metazoan Trichoplax adhaerens by whole genome sequencing
revealed four highly conserved nuclear receptors, namely orthologues of HNF4 (NR2A),
RXR (NR2B), ERR (NR3B) and COUP-TF (NR2F) (Baker, 2008; Srivastava et al., 2008)
and thus allows assessment of the most basal workings of nuclear receptors. Surprisingly,
the degree of conservation of the predicted placozoan NRs with known vertebrate NRs is
not only very high at the level of the predicted secondary structure, as can be expected for
true NRs, but also at the level of the primary amino acid sequence. Especially the similarity
of the placozoan RXR (TaRXR) to its vertebrate orthologues is high, as it is in the case of
the cubomedusan RXR. T. adhaerens, which shows characteristics of a basal metazoan with
only a few cell types (Smith et al., 2014) and a relatively simple 4 member NR complement,
offers a unique model that may shed light on the evolution of gene regulation by NRs.
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In this presented work, we attempted to study the placozoan RXR orthologue
functionally. Our results show that T. adhaerens RXR binds 9-cis-RA with an affinity
comparable to that of vertebrate and jellyfish RXRs and that T. adhaerens responds to
nanomolar concentrations of 9-cis-RA with a transcriptional upregulation of the putative
orthologue of a malic enzyme that is regulated by a heterodimer formed by liganded thyroid
hormone receptor and RXR in vertebrates. We also show that 9-cis- RA affects the relative
expression of the four NRs present in T. adhaerens genome suggesting that these NRs
may form a regulatory network capable of responding to possible ligands present in these
animals or their environment. In line with this, growth, multiplication and appearance
of T. adhaerens are strongly affected by food composition, especially by red pigment
containing algae suggesting that specific food components or their metabolites may be
ligands involved in the ancestral regulatory network of NRs. In support of this, 3.3 nM
9-cis-RA interferes with T. adhaerens growth response to the feeding by Porphyridium
cruentum and causes balloon-like phenotypes and death of animals while animals fed
by Chlorella sp. are partially protected against the treatment by 3.3 nM 9-cis-RA, do not
develop balloon-like phenotypes but are also arrested in their growth and propagation
indicating that 9-cis-RA interferes with T. adhaerens growth and development.

METHODS

Bioinformatics and cloning of RXR

The predicted RXR gene models on jgi (http://jgi.doe.gov/) (Nordberg et al., 2014) were
screened for the characteristic molecular signature of the DNA binding domain (C-X2-
C-X13-C-X2-C-X15-C-X5-C-X9-C-X2-C-X4-C-X4-M) (Kostrouch, Kostrouchova & Rall,
1995) and the appropriate predicted gene model (protein ID 53515) was selected for further
use.

The alignment of different RXRs was performed by Clustal Omega (http://www.ebi.ac.
uk/Tools/msa/clustalo/) (Sievers et al., 2011) and adjusted/exported as an image file using
Jalview (http://www.jalview.org). Protein domain characterization was performed with
SMART (Schultz et al., 1998; Letunic, Doerks ¢» Bork, 2015). Analysis of HNF4, ERR and
COUP-TF was done similarly. Phylogenetic analysis was performed on RXR ClustalO
alignment using PhyMLv3.1 (Guindon et al., 2010) implemented in SeaView v4.6.1 with a
100 bootstrap analysis and SPR distance computation. The tree was then visualized using
FigTree v1.4.3.

T. adhaerens total RNA was obtained from 50-100 pooled individual animals and
extracted using TRIZOL® reagent (Invitrogen, Carlsbad, CA, USA) according to the
protocol supplied by the manufacturer.

Subsequently, cDNA was prepared with random hexamers and SuperScript III
(Invitrogen™) according to the manufacturer’s protocol. Several RXR transcripts
were then amplified by PCR with primers covering the starting sequence ((GCG-
GATCC)ATGGAGGACAGATCGTTTAAAAAA), starting at 32 bp 5" of ATG
(TCTACCAATGTTTATCGCATCGGTTA) and starting at 97 bp 5" of ATG (TTAAGGCT-
TAACTGATGATGTTGTGAATG) with a common reverse primer covering the last 24 bp
of the predicted gene sequence ((CGGAATTC)TTAAGAACTGCCTGTTTCCAGCAT).
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Each PCR product was then ligated into pCR®2.1-TOPO® or pCR®4-TOPO® vector
with the classic TA Cloning Kit and TOPO TA Cloning Kit (Invitrogen™), respectively. The
ligated products were then transformed using One Shot® TOP10 Chemically Competent
E. coli and cultured on LB Agar plates containing 100 pg/ml ampicillin. Plasmid DNA
was extracted from obtained colonies and screened for mutations by sequencing using
vector specific M13 forward and reverse primers. Only non-mutated sequences were used
in subsequent experiments. The RXR fragments were then restricted and inserted into
pGEX-2T vector system for bacterial expression (Addgene, Cambridge, MA, USA). Proper
insertion was verified by sequencing.

Protein expression

BI21 pLysS bacteria were transformed with previously described RXR mRNA inserted
into pGEX-2T vector. Stocks of transformed bacteria were stored in 8% glycerol
according to the Novagen pET System Manual (11th edition) (https://www.google.
cz/search?q=Novagen+pET+System+Manual+&ie=utf-8&oe=utf-8&client=firefox-
b&gfe rd=cr&ei=T9z1WMH]Dsni8AfpmoGoCQ). For protein expression, bacteria were
scraped from stock and incubated in Liquid Broth (LB) with ampicillin (100 pg/ml)
and chloramphenicol (34 pg/ml) overnight. The culture was then used to inoculate 100
ml of LB + antibiotics and grown to OD600 = 0.6-0.8 at 37 °C, then induced with
100 pl IM IPTG (isopropyl-D-thiogalactopyranoside) (Sigma-Aldrich, St. Louis, MO,
USA) and moved to 25 °C (RT) for 5 h. The culture was then spun at 9,000 xg for 15
min and the supernatant discarded. The bacterial pellet was resuspended in 10 ml GST
binding buffer (25 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA) + protease inhibitor
(58820 Sigma Fast, Sigma-Aldrich, St. Louis, MO, USA or cOmpleteTM, EDTA-free
Protease Inhibitor Cocktail, Roche, Basel, Switzerland). Bacteria were then lysed by

6 X 20 s ultrasonication on ice (50 watts, 30 kHz, highest setting—100%) (Ultrasonic
Processor UP50H, Hielscher Ultrasonics GmbH, Teltow, Germany) and subsequently
incubated with 15-20 mg glutathione agarose beads (Sigma-Aldrich®) prepared according
to manufacturer’s instructions. Incubation took place at 4 °C for about 10 h after which the
beads were washed according to instructions, resuspended in regeneration buffer (50mM
Tris—HCI pH7.4, ImM EDTA, 120 mM KCl, 5 mM DTT, 8% glycerol (v/v)) or 50mM
TRIS-HCI pH 7.4 + 9% (v/v) glycerol for subsequent thrombin (bovine plasma, Sigma-
Aldrich®) cleavage, if performed, and then adjusted for regeneration buffer conditions.
GST-TaRXR was eluted from glutathione agarose beads using 10 mM reduced glutathione
(Sigma-Aldrich, StLouis, Mo, USA) in 50 mM Tris—HCI buffer pH 8.0. The size of the
GST-TaRXR fusion protein was checked by polyacrylamide gel electrophoresis. Thrombin
cleavage was performed at RT for 4 h and the quality of the purified protein was assessed
by polyacrylamide gel electrophoresis.

Radioactive 9-cis RA binding assay

Radioactive *H-labelled 9-cis-RA and *H-labelled AT-RA were purchased from
PerkinElmer (Waltham, MA, USA). Binding was performed in 100 pl binding buffer
(50mM Tris—HCI pH7.4, ImM EDTA, 120 mM KCl, 5 mM DTT, 8% glycerol (v/v), 0.3%
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to 0.5% (w/v) CHAPS (3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate
hydrate, Sigma-Aldrich)) for 2 h on wet ice in a dark environment. The protein used
for binding was either GST-RXR fusion protein on beads with about 375 ng/assay and
thrombin-cleaved RXR. For estimation of specific binding, 200x excess of either 9-cis- RA
or AT-RA (Sigma-Aldrich) was used. In case of GST-RXR fusion protein, 50 ul of the
supernatant was removed after 30 s at 1300 g and washed 3x with 1000 pl wash buffer
(50 mM Tris—HCI pH7.4, 1 mM EDTA, 120 mM KCI, 5 mM DTT, 8% (v/v) glycerol,
0.5% (w/v) CHAPS) removing 900 1 after each wash. For cleaved RXR protein 10 pl
hydroxyapatite slurry (AG-1 XB Resin, Bio-Rad, Hercules, CA, USA) suspended in binding
buffer (12.7 mg/100 pl) were added to the assay and mixed twice, collecting the apatite
slurry by centrifugation (15 s at 600 g). 95 pl of the supernatant was removed and the
slurry washed twice with 1 ml of wash buffer, removing 900 1 after each wash. Work
with retinoids was done under indirect illumination with a 60 W, 120 V yellow light bulb
(BugLite, General Electric Co, Nela Parc, Cleveland Oh, USA) as described (Cahnmann,
1995). The radioactivity of the GST-fusion protein and cleaved protein was measured
using Packard Tri-Carb 1600TR Liquid Scintillation Analyzer (Packard, A Canberra
Company, Canberra Industries, Meriden, CT, USA) and Ultima Gold Scintillation Fluid
(PerkinElmer, Waltham, MA, USA). The fraction of bound *H-labelled 9-cis-RA and *H-
labelled all-trans-RA was determined as a ratio of the bound radioactivity of precipitated
GST-TaRXR/total radioactivity used at the particular condition (determined as the sum
of bound radioactivity and the total radioactivity of collected wash fluids) in the absence
of non-radioactive competitors or 200 fold excess of 9-cis-RA and all-trans-RA in the case
of 3H-labelled 9-cis-RA and 40 fold excess of non-radioactive competitors in the case of
SH-labelled all-trans-RA (to compensate for the higher affinity of 9-cis-RA compared to
all-trans-RA in binding to TaRXR ).

Culture of T. adhaerens and algae

Trichoplax adhaerens was cultured in Petri dishes containing filtered artificial seawater
(Instant Ocean, Spectrum Brands, Blacksburg, VA, USA) with a salinity of approx.
38-40 ppt. Rhodomonas salina (strain CCAP 978/27), Chlorella sp., Porphyridium cruentum
(UTEX B637) and other non-classified algae, as well as aquarium milieu established in
the laboratory by mixing salt water obtained from a local aquarium shop were used to
maintain the stock. The cultures were kept at approx. 23 °C and an automated illumination
for 12 h/day was used with a conventional light bulb on a daylight background from late
spring to mid-summer in the laboratory located at 50.07031N, 14.42934F with laboratory
windows oriented eastward. The natural illumination included almost direct morning light
from 8 AM to 10.30 AM, indirect sunlight for most of the daytime and sunlight reflected
from a building across the street from 1 PM to 6 PM. Algae were maintained as described
(Kana et al., 2012; Kana et al., 2014). The experiments were performed predominantly
during sunny weather.

Treatment of T. adhaerens with retinoic acids
Incubation of the animals was done overnight in the absence of light. Each batch within
an experiment was derived from similar cultures and fed with similar amounts and
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composition of algae. All experiments were started in a dark room with indirect yellow
light illumination (similarly as in the case of the ligand binding studies) and further
incubations were done in the dark for 24 h. In experiments aimed at the visualization of
9-cis-RA effect on T. adhaerens response to feeding conditions, parallel cultures were set
and fed with P. cruentum. Large animals of approximately the same size were individually
transferred to new control and experimental cultures and fed with P. cruentum algal cells.
After 6 h of incubation under natural indirect illumination, all animals in both control
and experimental cultures were photographed (max. magnification on Olympus SZX7
with Olympus E-410 camera) and the final volume of cultures was adjusted to 50 ml
(determined by the weight of cultures in 110 mm glass Petri dishes). Next, the room was
darkened and further manipulations were done under indirect illumination with yellow
light. Five pl of vehicle (1% DMSO in ethanol) or vehicle containing 9-cis-RA was added
into 50 ml of final volume to the final concentration of 9-¢is-RA 3.3 nM. Similarly, parallel
sub-cultures were prepared from slowly growing cultures fed by microorganisms covering
glass slides in an equilibrated 25 | laboratory aquarium and fed by Chlorella sp. Cultures
were incubated in the dark for 24 h and all animals were counted under microscope and
photographed again. The cultures were then left under natural illumination and cultured
for an additional two or three weeks. Animals fed by P. cruentum were measured again at
72,90 and 450 h and those fed by Chlorella sp. at 72, 90 and 378 h.

Quantitative PCR

Droplet digital PCR was performed on a QX100 Droplet Digital PCR System (Bio-Rad
Laboratories, Hercules, CA, USA). For this, T. adhaerens was cultured according to culture
conditions described and 4-10 animals removed per 100 nl TRIZol reagent (Invitrogen,
Carlsbad, CA, USA). Total RNA was measured by a UV spectrophotometer and used as a
reference for normalization.

Reverse transcription was performed with SuperScript III Reverse Transcriptase
(ThermoFisher, Waltham, MA, USA) according to manufacturer’s instructions. The
c¢DNA (corresponding to 100-500 ng of RNA) was then mixed with ddPCR Supermix
(Bio-Rad, Hercules, CA, USA) according to the manufacturer’s instructions and analyzed.
PCR primers were designed using the UPL online ProbeFinder (Roche) software and were
as follows:

TaRXR—Ileft:tctgcaagttggtatgaagca, right: agttggtgtgctattctttacge
TaHNF4 ref[XM_002115774.1]:
left: ggaatgatttgattttacctcgac, right: tacgacaagcgatacgagca

TaCOUP-TF (ref|XM_002109770.1):
left: attttgaatgctgeccaatg, right: ttactggttgtggagtatggaaac
TaSoxB1 (ref[XM_002111308.1]):
left: tgtcagatgcggataaacga, right: ggatgttccttcatgtgtaatgce
TaTrox-2 (ref|XM_002118165.1]):
left: gcctatagtcgatectgecata, right: ttggtgatgatggttgtcca
TaPaxB1 (gb|DQ022561.1):
left: tcaaacgggttctgttagec, right: ggtgttgecaccttagge
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TaERR (nuclear receptor 3, gb|KC261632.1):
left: ttacgcatgtgatatggttatgg, right: agcgtgcctatttatttcgtct

Results were subsequently analyzed using the Bio-Rad ddPCR software. Manual
correction of the cut off was performed when automated analysis was not possible. To
visualize changes in nuclear receptor expression in the absence of a reliable housekeeping
gene as a reference, we considered the absolute quantity of each nuclear receptor as a
percentage of the overall nuclear receptor expression and subsequently visualized the
change of receptor expression by subtraction of the percentage of the control experiment.
Absolute copy numbers of the proposed malic enzyme orthologue in T. adhaerens have
been normalized to overall RNA quantity for expressional analysis.

Experiments with quantification by qRT-PCR were performed on a Roche LightCycler
II with OneTaq polymerase and the same probes as for ddPCR.

For the estimation of the relative expression of NRs in small (<0.5 mm) versus big
animals (>1 mm), 20 to 30 animals from the same culture were used for each paired
experiment.

Identification of T. adhaerens orthologue of L-malate-NADP+
oxidoreductase (EC 1.1.1.40)

P48163 (MAOX_HUMAN) protein sequence was used as the query sequence and searched
against T. adhaerens database with BLASTP on http://blast.ncbi.nlm.nih.gov/Blast.cgi
using standard algorithm parameters. The best hit was a hypothetical protein
TRIADDRAFT 50795 with a sequence identity of 57% and a query coverage of 93%
and was assumed to be T. adhaerens closest orthologue of vertebrate L-malate-NADP™
oxidoreductase.

Microscopy and image analysis
Observation of T. adhaerens was done with an Olympus SZX10 microscope equipped
with DF Plan 2x objective and Olympus DP 73 camera operated by CellSens Dimension
computer program (kindly provided by Olympus, Prague, Czech Republic) or Olympus
CKX41 or SZX7 with Olympus E-410 camera and QuickPhoto Micro 3.1 program.
Circularity was calculated by establishing the area (A) and perimeter (p) of T. adhaerens
using ImageJ (https://imagej.nih.gov/ij/) and then calculated with the isoperimetric
quotient Q = 4}77’—2/*, (A, Area; p, perimeter). GraphPad Prism 5 (or higher) was used

for graphical representation and calculations of the confidence intervals with p =0.05.

RESULTS

T. adhaerens retinoid X receptor shows high cross-species sequence
identity

By using the ab initio model of the JGI Trichoplax database as a reference, we screened the
Trichoplax JGI database for RXR orthologues with a complete DBD and LBD sequence and
were able to obtain, as well as verify a full length RXR transcript previously not annotated
as the ‘best model’. Blastp analysis showed a high sequence similarity to human, as well as
mouse RXR with 66% overall sequence identity to human RXR alpha.
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SMART analysis of the proposed TaRXR sequence showed a zinc finger DNA binding
domain (amino acid residues 16-87) and a ligand binding domain (amino acid residues
155-342) with E values <107, Blast analysis of the zinc finger DNA binding and ligand
binding domains revealed a sequence identity of 81% and 70% to human RXR alpha,
respectively. Both domains contained the predicted molecular pattern characteristic for
each domain. The heptad repeat LLLRLPAL proposed for dimerization activity (Forman
& Samuels, 1990b; Forman & Samuels, 1990a; Kiefer, 2006) as well as the LBD signature
for 9-cis-RA binding Q-x(33)-L-x(3)-F-x(2)-R-x(9)-L-x(44)-R-x(63)-H (Egea, Klaholz &
Moras, 2000) were present (Fig. 1). From 11 amino acid residues shown to be critical for
9-cis-RA binding (A271, A272, Q 275, L 309, F 313, R 316, L 326, A 327, R 371, C432, H
435), nine are conserved, while the remaining two amino acids are substituted (A327S, and
C432T (C432A in Tripedalia cystophora)). Due to the high sequence identity, we propose a
9-cis-retinoic acid binding capability of the hypothesized TaRXR sequence, as well as DNA
binding capability. Phylogenetic analysis using PhyML algorithm indicates that TaRXR
is likely to precede branching of RXRs in cubomedusae and scyphomedusae and clusters
with RXRs in bilateria Fig. S1).

The remaining three NRs identified in the T. adhaerens genome show also very high
overall sequence identity with vertebrate orthologues. Alignments of T. adhaerens HNF4,
COUP-TF and ERR with orthologues from selected species can be found in File S2.

TaRXR shows preferential binding affinity to 9-cis retinoic acid over
all-trans-retinoic acid

In order to analyze the binding properties of TaRXR, we expressed TaRXR as a GST-fusion
protein (GST-TaRXR) in bacteria which was then purified as a GST-fusion protein and
used directly for binding studies or cleaved by thrombin and eluted as TaRXR. The binding
of *H-labelled 9-cis-RA or *H-labelled all-trans-RA was determined by measuring total
bound radioactivity and the radioactivity displaceable by 200 fold excess of nonradioactive
competitors. Consistent with the high conservation of the LBD, the experiments showed
that TaRXR prepared as thrombin cleaved TaRXR or GST-TaRXR binds 9-cis-RA with high
affinity and specificity (Figs. 2A and 2B). The 9-cis-RA binding assay showed high affinity
binding to GST-TaRXR with a saturation plateau from 5 nM to 10 nM (Fig. 2C). In contrast,
all-trans-retinoic acid did not show high affinity binding to TaRXR of GST-TaRXR.

9-cis-retinoic acid induces malic enzyme gene expression at
nanomolar concentrations

Next, we searched whether 9-cis-RA has observable biological effects on T. adharens at
nanomolar concentrations. We hypothesized that TaRXR is likely to be involved in the
regulation of metabolic events. In vertebrates, RXR is a dimerization partner of TR and
together these two NRs are regulating a wide range of metabolic pathways. We, therefore,
searched for an orthologue of vertebrate L-malate-NADP™ oxidoreductase (EC 1.1.1.40)
in T. adhaerens genome since this enzyme is an established reporter of the state of thyroid
hormone dependent regulation (see ‘Discussion’).
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Figure 1 Multiple sequence alignment of selected metazoan homologues of RXR compared with TaRXR. Aligned with ClustalO, amino acid
residue types colored according to Clustal scheme in Jalview, * indicates DBD footprint residues, # LBD footprint residues. Black box shows

the DBD, red box represents the LBD. Sequences from top to bottom (organism, identifier): Trichoplax adhaerens, TaRXR ID 53515; Homo
sapiens, sp|P19793|RXRA_HUMAN; Homo sapiens, sp|P28702|RXRB_HUMAN; Homo sapiens, sp|P48443| RXRG_HUMAN; Xenopus laevis,
RXR alpha, sp|P51128| RXRA_XENLA; Aurelia aurita, RXR, tr|SSZWRO0|S5ZWR0_AURAU Retinoid X receptor; Tripedalia cystophora, RXR,
tr|096562|096562_TRICY Retinoic acid X receptor; Drosophila melanogaster, USP, sp|P20153|USP_DROME. DNA binding domain (DBD,

red line), Ligand binding domain (LBD, green line), dimerization domain (yellow line) and amino acid residues critical for 9-cis-RA binding
(conserved—red rectangles, not conserved—pink rectangles) are indicated. Readers with specific color preferences may download the compared
sequences (File S1) and create the Clustal scheme with different color specifications using the Jalview program (http://www.jalview.org/).
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Figure 2 Binding of retinoic acids to TaRXR. (A) Single point analysis of binding preference of

T. adhaerens RXR (thrombin cleaved) to *H-labelled 9-cis-RA over all-trans-RA. Radioactive 9-cis-RA
(9-cis-RA*) binds at a concentration of 4 nM to 200 nanograms of T. adhaerens RXR. 200-fold excess

of unlabeled 9-cis-RA displaces more than 80% of labeled 9-cis-RA from binding to T. adhaerens RXR
(9-cis-RA* + 9-cis-RA) while the same molar excess of all-trans-RA (9-cis-RA*+ AT-RA) which is likely
to contain approximately 1% spontaneously isomerized 9-cis- RA, competes away less than 50 % of bound
*H-labeled 9-cis-RA. Radioactive *H-labeld all-trans-RA (AT-RA*) at identical conditions binds only
slightly more than the observed non-specific binding. This interaction is not displaced by the excess of
non-labeled 9-cis-RA (AT-RA* + 9-cis-RA) nor non-labeled all-trans-RA (AT-RA* + AT-RA). Results
are expressed as a ratio of the radioactivity bound to TaRXR/total radioactivity used for the binding at
the given condition. (B) Analysis of binding properties of T. adhaerens RXR (in the form of GST-TaRXR)
to *H-labelled 9-cis-RA and *H-labelled all-trans-RA. The experiment differs from the experiment

shown in A in 5-fold greater amount of radioactive all-trans-RA (and therefore only 40-fold excess of
non-radioactive competitors). The experiment shows identical binding properties of GST-TaRXR as
those observed with thrombin cleaved TaRXR. (C) Kinetic analysis of binding of *H-labeled 9-cis-RA to
T. adhaerens RXR prepared as GST-fusion protein (GST-TaRXR). The plateau is reached at around 3 to
5x107° M.

The sequence of the T. adhaerens likely orthologue of vertebrate L-malate-NADP™
oxidoreductase was retrieved from the Trichoplax genomic database together with its
presumed promoter based on the predicted sequence (File S3).

Droplet digital PCR showed an increased transcription of the predicted L-malate-
NADP™ oxidoreductase gene after incubation of T. adhaerens with 9-cis-RA, but not with
all-trans-RA (Fig. 3). In repeated experiments, we observed that the level of induction
was higher at 9-cis-RA concentrations in the range of 1 to 10 nM, than above 10 nM. We
also noticed that the level of the induction slightly varied based on the actual T. adhaerens
cultures and the algal food composition of the T. adhaerens cultures.

Changes in the culture environment alter the expression pattern of
the nuclear receptor complement in T. adhaerens

From the experience we gained by culturing T. adhaerens, as well as from the previous
experiments we knew that the culture conditions could dramatically influence phenotype.
Having the possible developmental functions of the ancestral NRs in mind, we raised the
question whether the expression patterns of the NRs reflect changes in phenotype.

Firstly, we assayed the relative expression of RXR against all three other NRs in small
versus big animals (<0.5 mm or >1 mm). The relative proportion of & expression compared
to the remaining NRs was found to be higher in big animals (33%) than in small animals
(24%). The treatment by 3.3 nM 9-cis-RA led to a dramatic increase of the relative
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Figure 3 The effect of 9-cis-RA on the expression of the T. adhaerens closest putative homologue and
likely orthologue of L-malate-NADP* oxidoreductase (EC1.1.1.40). Ten to fifteen animals were cul-
tured in the dark overnight with indicated ligands or in medium containing only the solvent used for lig-
and solutions. Total RNA and cDNA were prepared using identical conditions and diluted to the same
working concentration suitable for ddPCR. In repeated experiments, incubation with 3 nM 9-cis-RA in-
duced expression of the putative T. adhaerens L-malate-NADP™ oxidoreductase more than four times. In-
cubation with 30 nM 9-¢is-RA induced enzyme expression also, but to a lesser extent and 30 nM all-trans-
RA (AT-RA) did not upregulate the expression of the predicted L-malate-NADP" oxidoreductase.

expression of RXR in comparison to the rest of the NR complement (51%), indicating that
phenotypic changes are connected with differential expression of NRs and that 9-cis- RA
affects the expression of RXR.

In order to see the effect of 9-cis-RA on all NRs, we sampled and extracted RNA from

cultures containing the same number of big and small animals treated with different
concentrations of 9-cis-RA. The experimental cultures were started from the same original
cultures and during incubation were fed with Chlorella sp. only since this algal food showed
to have the least effect on T. adhaerens cultures. All four T. adhaerens NRs were quantified
by either qRT-PCR or ddPCR.

Analysis of NR expression pattern in animals incubated with different concentrations of

9-cis-RA, revealed a relative increase in RXR expression at low nanomolar concentrations
(<10 nM) in repeated experiments. In contrast, further increase of 9-cis-RA resulted in
smaller changes compared to the expression pattern of NRs in control animals or even
reverted the values observed in low nanomolar conditions (Fig. 4).
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Figure 4 The effect of 9-cis-RA on the expression of T adhaerens NRs. A representative experiment of
the expression of T. adhaerens NRs in animals exposed to various concentrations of 9-cis-RA expressed as
a ratio of obtained values compared to the control using ddPCR. One and 3 nM 9-cis-RA upregulate RXR
and ERR, but downregulate COUP-TF. The expression of T. adhaerens HNF4 is not affected by 9-cis-RA.
The effect of the exposure to 9-cis-RA is stronger in the case of 1 nM 9-¢is-RA compared to 3 nM 9-cis-
RA. The exposure to 30 nM, as well as 50 nM concentrations of 9-cis-RA reverse the effect of 9-cis-RA on
the expression of RXR and COUP-TF, but do not influence the expression of ERR. The level of expression
of HNF4 is not changed by exposure of T. adhaerens to various concentrations of 9-cis-RA. The data sug-
gest that a network sensitive to nanomolar concentrations of 9-cis-RA at the expressional level is formed
by RXR, COUP-TF and ERR. All four NRs have conserved P-box (regions responsible for binding to re-
sponse elements (RE) in gene promoters) and are likely to bind overlapping REs and to form a functional
network.

Food composition dramatically changes the phenotype and the
reproduction rate of T. adhaerens

T. adhaerens retrieved from laboratory aquariums used for the stock cultures were relatively
similar in appearance and included small round animals containing approximately 50 cells
and grew to animals with an approximate diameter of 0.2 mm and rarely were bigger.
Their rate of multiplication when transferred to Petri dishes was doubling in one month
or even one week, depending on whether the glass was covered by microbial and algal
films established during culturing in aquariums. We attempted to use several defined
algae as artificial food. They included Pyrrenomonas helgolandii, Picocystis salinarium,
Tetraselmis subcoriformis, Rhodomonas salina, Phaeodactylum tricornutum, Porphyridium
cruentum and Chlorella sp. Individual subcultures of T. adhaerens differed in the rate of
propagation and appearance as well as colors that were varying from greenish to brown
and reddish taints depending on the food that was used as singular species food or mixtures
(Fig. 5). Also, contaminants from the original algal food, which prevailed in some cultures,
had an influence on T. adhaerens growth and behavior. In controlled experiments, it
became clear that some food components or their metabolites are influencing growth and
appearance of T. adherens more than food availability. When T. adhaerens were fed with

Novotny et al. (2017), PeerJ, DOl 10.7717/peerj.3789 13/29



Peer

Figure 5 Phenotypes of T. adhaerens change at various feeding conditions. T. adhaerens acquires var-
ious body shapes in individual cultures dependent on food availability and composition. At conditions
maintained in stable and biologically equilibrated stock aquariums, T. adhaerens is usually small and pale
with diameter varying from 50 pum to 400 pwm while cultures with added algae contain large flat animals
with diameter reaching up to 1 mm (A and B). In some cultures, animals grow as long stretching struc-
tures, reaching a length exceeding one or even several centimeters (C). The algal food makes the animals
greenish, reddish, rusty or brown with variable proportion of prominent dark cells. Animal shapes also
vary from flat and round with smooth circumference, to curved or ruffled circumference or animals with
long projections. Bars represent 1 mm in (A, B, I), 1 cm in C, 250 um in (D), 500 m in (E and H), 200
pmin (F) , and 100 Lm in (G).

equal amounts of algal cells (although they differed in size and expected digestibility), the
addition of algae containing red pigments—Cryptophytes (Pyrrenomonas helgolandii and
Rhodomonas salina) or Rhodophyta (Porphyridium cruentum)—had a strong positive effect
on T. adhaerens growth (Fig. 6), especially in combination with the green algae Chlorella sp.
(Fig. 6).

Furthermore, the addition of Porphyridium cruentum to Chlorella sp. resulted in a
significant change in circularity, while feeding T. adhaerens with ‘triple food’ containing
Chlorella, Rhodomonas and Porphyridium showed the most pronounced effect. Culturing
T. adhaerens on either of the single foods showed similar isoperimetric values (Fig. 7).

9-cis-RA interferes with T. adhaerens growth response to specific
algal food
In order to see the effect of 9-cis-RA on T. adhaerens in cultures, we exposed cultures
kept in a naturally established laboratory microenvironment or fed by specific algal foods
to 3, 5 and 10 nM 9-cis-RA. The slowly growing cultures kept in naturally established
laboratory microenvironment did not show any gross morphological changes even in
10 nM 9-cis-RA during the period of one week. Contrary to that, cultures fed with mixed
algal food incubated in the presence of 3 and 5 nM 9-cis-RA ceased propagation and most
animals developed a balloon-like phenotype, and later darkened and decomposed.

For controlled experiments, cultures fed by P. cruentum or Chlorella sp. were incubated
in the presence of vehicle (DMSO/ethanol) or vehicle containing 9-cis-RA at 3.3 nM final
concentration. After 24 h of incubation in the dark, control cultures fed by P. cruentum
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Figure 6 Propagation of T. adhaerens depends on algal food composition. Three cultures of five large
animals in each were established and fed with the same number of algal cells consisting of Chlorella sp.,
Chlorella sp. and Rhodomonas salina and Chlorella sp., Rhodomonas salina and Porphyridium cruentum.
While the culture fed with Chlorella sp. only doubled in the number of animals within a period of one
week, cultures with red pigment containing algae multiplied more than five times and 10 times within the
same time period.

propagated normally while animals fed by P. cruentum and incubated with 9-cis-RA
decreased their area and perimeter (Fig. 8A). At 72 h of incubation, all animals fed by
P. cruentum and treated by 3.3 nM 9-cis-RA developed the balloon-like phenotype and none
of them survived 90 h of exposure to 9-cis-RA (Fig. 8B and Fig. S2). Animals transferred
from stationary cultures grown in a naturally established laboratory microenvironment
and subsequently fed by Chlorella sp. suffered initial loses at 24 h of incubation despite
that their appearance seemed to be normal and well adopted to the new culture condition
at time 0 (regarding feeding with algal food and immediately prior to addition of vehicle
or 9-cis-RA to the culture and 6 h after the transfer from the parent cultures). Animals
that survived the transfer and adopted to feeding by Chlorella sp., were not inhibited by
exposure to 3.3 nM 9-c¢is-RA for 24 h (Fig. 8C) and even showed a slight statistically not
significant increase in their area and perimeter. Nevertheless, the isoperimetric values
of animals incubated for 24 h with 9-cis-RA showed a significant increase indicating a
decrease of growth or exhaustion of peripheral area, that is likely to contain stem cells
that further differentiate into the specialized cell types (Jakob et al., 2004). In contrary to
animals fed by P. cruentum, exposure to 9-cis-RA was not associated with the development
of the balloon-like phenotype and animals survived more than 250 h (Fig. S3). In contrast
to control animals which started to proliferate after 100 h, animals exposed to 9-cis-RA
did not proliferate between 90 and 280 h of subsequent culture (Fig. 8D) suggesting that
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Figure 7 The effect of algal food composition on T. adhaerens growth and appearance. T. adhaerens
was cultured similarly as shown in Fig. 6 and all animals were photographed and analyzed using Image]
program for their number (A), mean area (B), mean perimeter (C), mean perimeter/area ratio (D) and
mean isometric quotient (E) (continued on next page...)

Novotny et al. (2017), PeerJ, DOI 10.7717/peerj.3789 16/29



Peer

Figure 7 (...continued)

after one week. Ch—stands for feeding with Chlorella sp., Rh—Rhodomonas salina, Po—Porphyridium
cruentum, and their combinations. 3Rh stands for a culture with three times higher concentration of
Rhodomonas salina and 3Ch for three times higher concentration of Chlorella sp. (A) shows that addition
of Rhodomonas salina (Ch + Rh) greatly increases the number of animals observed after one week of
culture. This effect is even more pronounced in cultures containing all three algae, while three times bigger
concentration of only one type of algae (Ch and Rh) has little or no effect. This is even more pronounced
when the area and perimeter are determined (B and C). Determination of the isoperimetric quotient

in individual cultures indicates that cultures with Rhodomonas salina have a significantly smaller ratio,
suggesting higher proliferative rate of structures at the animal circumference (E). Bars represent 95%
confidence interval. Raw data are provided as Files S5 and Sé.

9-cis-RA interferes with animal response to specific food and processes necessary for animal
growth and propagation. The growth arrest of T. adhaerens caused by 9-cis-RA was reverted
by addition of Porphyridium cruentum indicating that a specific food constituent rather
than food availability interferes with 9-cis-RA regulatory potential (Fig. 54).

DISCUSSION

T. adhaerens is probably the closest living species to basal
metazoans with only four NRs

Trichoplax adhaerens is an especially interesting species from an evolutionary perspective.
It shows the most primitive metazoan planar body arrangement known with a simple
dorsal-ventral polarity, the establishment of which is one of the most ancient events in
evolution of animal symmetries (Smith et al., 1995; Stein & Stevens, 2014). The Placozoa
are disposed with only a few (probably six) morphologically recognizable cell types (Jakob
et al., 2004; Smith et al., 2014).

In strong contrast to this, the T. adhaerens genome shows larger blocks of conserved
synteny relative to the human genome than flies or nematodes (Srivastava et al., 2008).
Genome analyses indicate that Placozoa are basal relative to Bilateria as well as all other
diploblastic phyla (Schierwater et al., 2009), but all kinds of different views are also discussed
(reviewed in Schierwater et al., 2016).

In concordance with this, its genome contains four (Srivastava et al., 2008) rather than 17
NRs, which can be found in the cnidarian Nematostella vectensis (Reitzel ¢ Tarrant, 2009).
Even though it has been proposed that Placozoa lost representatives of NR6 (SF1/GCNEF),
TR2/TR4 of the NR2 subfamily and invertebrate specific nuclear receptors (INR, clade of
invertebrate-only nuclear receptors with no standard nomenclature) NR1/NR4 (Bridgham
et al., 2010). The reasoning in this direction depends on the assumed phylogenic position
of the phylum Placozoa.

The four NRs found in the genome of T. adhaerens are relatively highly related to
their vertebrate counterparts, RXR (NR2B), HNF4 (NR2A), COUP-TF (NR2F) and ERR
(NR3B) (Srivastava et al., 2008). Among them, T. adhaerens RXR and HNF4 show the
highest degree of identity in protein sequence and the relatedness of T. adhaerens RXR
(TaRXR) to human RXR is similar to that of Tripedalia cystophora RXR (JRXR) (Kostrouch
et al., 1998), which has also been shown to bind 9-cis-RA at nanomolar concentrations.
These results suggest that TaRXR is structurally and also functionally very closely related
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Figure 8 The effect of 9-cis-RA on growth of T. adhaerens fed by Porphyridium cruentum or Chlorella
sp. (A) shows the comparison of the total area and total perimeter of control T. adhaerens and T. ad-
haerens treated by 9-cis-RA for 24 h expressed as arbitrary units derived from pixel measurements ob-
tained at 24 h and compared to values obtained immediately prior to incubation. The data indicates that
animals incubated in 3.3 nM 9-cis-RA decreased their area and perimeter to approximately 50% in com-
parison to control animals. (B) shows the development of cultures over a three-week period. The animals
treated by 9-cis-RA developed a balloon-like phenotype at 72 h of incubation and died at 90 h of incuba-
tion. (C and D) show the data obtained with T. adhaerens originating from cultures fed by naturally estab-
lished biofilms in laboraotory aquariums, fed by Chlorella sp. and treated similarly as shown in (A and B).
(E) shows the analysis of circularity of animals presented in (A) and documents that animals treated by 9-
cis-RA increased their circularity already at 24 h of exposure suggesting arrest of growth of animal periph-
eral tissues.

to its vertebrate counterparts, most probably representing the most basal liganded NR of
all Metazoa known today.

T. adhaerens RXR binds preferentially 9-cis-RA
By using a radioactively labelled ligand, we could demonstrate that the RXR orthologue in
T. adhaerens binds 9-cis-RA with very high affinity and shows a strong binding preference

Novotny et al. (2017), PeerJ, DOI 10.7717/peerj.3789 18/29



Peer

to 9-cis-RA over all-trans-RA similarly, as is the case in vertebrate RXRs (Allenby et al.,
1993) and the cnidarian TcRXR (Kostrouch et al., 1998).

9-cis-RA affects the expression of a T. adhaerens orthologue of a
conserved metabolically active enzyme, L-malate-NADP*
oxidoreductase

A biological role of 9-cis-RA binding with high affinity to the placozoan RXR receptor
is supported by our in vivo experiments. In the search for genes that may be under the
regulation of TaRXR, we identified a putative orthologue of vertebrate L-malate-NADP*
oxidoreductase (EC 1.1.1.40) and analyzed the effect of 9-cis-RA or all-trans-RA on

its expression. In agreement with our binding experiments, we observed induction of
this enzyme’s expression at low nanomolar concentrations of 9-cis-RA (1 to 10 nM).
Interestingly, higher concentrations of 9-cis-RA (30 nM) had a smaller effect on expression
and all-trans-RA had no effect up to 30 nM concentrations. A plausible explanation for
this could be that 9-cis-RA also acts as a ligand for other T. adhaerens NRs which may have
an opposite effect on the expression of L-malate-NADP™ oxidoreductase. Furthermore,
9-cis-RA could act as a supranatural ligand and the continuous occupation of TaRXR by
this high affinity ligand may interfere with the normal function of the receptor within the
transcription initiation machinery.

In mammals, regulation of malic enzyme expression is mediated by a thyroid hormone
receptor (TR)—RXR heterodimer (Dozin, Cahnmann & Nikodem, 1985; Dozin, Magnuson
& Nikodem, 1985; Petty et al., 1989; Petty et al., 1990). By showing a 9-cis-RA dependent
change in the expression of the likely placozoan malic enzyme orthologue in vivo, we provide
indirect evidence of a conserved RXR mediated regulation of gene expression. Although
the expression of L-malate-NADP™ oxidoreductase in mammals is usually used as a factor
reflecting regulation by thyroid hormone (Dozin, Magnuson ¢ Nikodem, 1986), it has also
been shown that its cell-type associated differences depend on the expression level of
RXR alpha (Hillgartner, Chen ¢ Goodridge, 1992; Fang ¢ Hillgartner, 2000) suggesting that
regulation by RXR has been conserved throughout metazoan evolution while additional
regulation via thyroid hormone represents an innovation of Bilateria (Wu, Niles ¢
LoVerde, 2007).

NRs form a network responding to 9-cis-RA

Since autoregulation and cross-regulation of NRs by their specific ligands is well
documented for a large number of nuclear receptors (Tata, 1994), we searched if 9-cis-RA
affects the expression of TaRXR mRNA relative to the other T. adhaerens NRs. Our in vivo
experiments showed not only effects on specific gene expression in response to very low
concentrations of 9-¢is-RA (at 1 or 3 nM), but also an additional dose-dependent reverse
effect of higher concentrations. This is likely to be in line with our binding experiments
that suggested the possibility of an additional binding site or sites with higher capacity and
lower affinity. We also cannot rule out that higher concentrations of 9-¢is-RA affect some
of the three remaining T. adhaerens NRs. Nevertheless, an inhibitory effect of 9-cis-RA on
the expression of its cognate receptor at the protein level (through protein degradation)
was reported (Nomura et al., 1999).
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Although it is not clear if 9-cis-RA is the natural ligand for RXRs (Wolf, 2006; Ruhl et
al., 2015) conserved in all metazoan phyla studied to date, we show not only that 9-cis-
RA binds TaRXR with nanomolar affinity but also positively regulates its expression,
which resembles auto-activation of several NRs in vertebrates (e.g., ER and TR (Tata,
1994; Bagamasbad & Denver, 2011)). Furthermore, three out of four NRs constituting
the NR complement in T. adhaerens respond to treatment by 9-cis- RA at transcriptional
level. Two NRs, RXR itself and ERR, respond positively to nanomolar concentrations of
9-cis-RA, while COUP-TF, which often acts as an inhibitor of specific gene expression
(Tran et al., 1992), is regulated negatively by 9-cis-RA. COUP-TF was recently shown to
be inactivated by small hydrophobic molecules (Le Guevel et al., 2017). The regulatory
connections of T. adhaerens NRs places the autoregulation and cross-regulation of NRs to
the base of metazoan evolution. The proposed regulatory network of T. adhaerens NRs is
schematically represented in Fig. S5.

Food composition rather than quantity affects phenotype of
T. adhaerens
At first glance, T. adhaerens seems to benefit from any source of biological material
on surfaces that can be digested and absorbed by its digestive system (e.g., aquarium
microorganisms and detritus). Feeding with certain live microorganisms in laboratory
cultures, however, dramatically changes the dynamics of T. adhaerens cultures, such as
shape, size, color, body transparency, growth and divisions of the animal. For example,
we observed poor growth and reproduction rates of T. adhaerens fed solely on Chlorella
sp. even at a relatively high density. In contrast, cultures fed with red pigment containing
Rhodomonas salina showed much faster proliferation and led, in part, to the formation of
giant animals, seeming to halt their division. Despite Porphyridium cruentum containing
similar pigments as Rhodomonas, such as phycoerythrin, cultures grown with Porphyridium
as the main nutrient source did not show phenotypical abnormalities but the addition of it to
a culture with Chlorella and Rhodomonas resulted in an additive effect on reproduction rate.

Even though the growth of T. adhaerens seems to follow a simple program, it is likely
to require strict regulatory mechanisms. Formation of specific cellular types is connected
with phenotypic appearance of animals possessing larger proportions of certain cells,
e.g., upper epithelium in balloon-like animals or larger proportion of peripheral regions
containing stem cell-like cells in narrow or prolonged animals. Analysis of circularity as
a measure of location specific cellular proliferation is in concordance with the observed
culture characteristics and shows that lower isoperimetric values (less ‘roundness’) indicate
higher reproduction rates.

Our experiments provide evidence that food composition is more important for
T. adhaerens growth and propagation than its quantity, which is in line with the recent
finding of phosphate and nitrate playing important roles determining the distribution
of placozoans around the globe (Paknia & Schierwater, 2015). It indicates that food
constituents, especially those present in the algae containing phycobilin based red pigments
like Rhodomonas salina and Porphyridium cruentum might possess hormone-like molecules
or molecules resulting in hormone-like metabolites in T. adhaerens that act through the
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NR complement and, indeed, analysis of NRs in differently sized animals indicates impact
of food composition on NR expression.

The high sensitivity of T. adhaerens to 9-cis-RA reflected by the transcriptional response
to low nanomolar concentrations of 9-cis-RA but not all-trans-RA and the interference
of 3.3 nM 9-cis-RA with the animal response to feeding together with the high affinity
binding of 9-cis-RA by TaRXR suggests that the response of T. adhaerens to 9-cis-RA
is mediated by TaRXR. It cannot be excluded that other T. adhaerens NRs, especially
TaCOUP-TF and possibly also TaHNF4 may also be affected by 9-cis-RA. It seems possible
that 9-cis-RA or similarly shaped molecules may be present in T. adhaerens food or can be
formed from retinoids and other molecular components of food. Our data indicate that
the sensitivity of T. adhaerens to 9-cis-RA depends on the actual feeding conditions and
animal growth. There are several possible scenarios that may explain the high sensitivity
of T. adhaerens to 9-cis-RA. The activation of RXR by 9-cis-RA or similar compounds has
been documented in vertebrates (Allenby et al., 1993; Ruhl et al., 2015; De Lera, Krezel ¢
Ruhl, 2016). The observation of 9-cis-RA induced growth arrest is similar as data reported
on mammalian cells (e.g., Wente et al., 2007) however the concentration of 9-cis-RA used
in our experiments is approximately 30 to 3,000 times lower than the levels reported in
most mammalian systems. It seems likely that very low concentrations of natural ligands
including 9-cis-RA or similarly shaped molecules or other molecules present in the algal
food or produced from algal food as metabolites in T. adhaerens regulate the gene expression
via RXR in T. adhaerens. This may be connected with T. adhaerens strong response to light
exposure visible as coordinated relocations of animals inside laboratory culture containers
and a strong influence of annual seasons on T. adhaerens propagation rates observed in
laboratories localized in temperate geographical zones. The 9-cis conformation of RA is
not only sensitive to light exposure with its reversal to all-trans conformation but it can
also be formed by specific UV irradiation from all-trans conformation up to 10% as shown
by Dr. Hans Cahnmann (Cahnmann, 1995).

Chlorophyll hydrophobic side chain which anchors the molecule to the chloroplast
thylakoid membrane is metabolized to phytol that was shown to act as an RXR agonist
(Kitareewan et al., 1996). Other molecules called rexinoids, which often contain aromatic
rings in their structure act as RXR agonists or antagonists (Dawson ¢ Xia, 2012). Lately,
another group of ligands called organotins was shown to affect regulation by RXR (Le Maire
et al., 2009). Tt has been proposed that RXRs can bind a larger group of polyunsaturated
fatty acids (docosahexaenoic acid and arachidonic acid) and act as their sensors (De Urquiza
et al., 2000; Lengqvist et al., 2004).

When viewed together, our work shows the presence of 9-cis- RA binding RXR in
Placozoa and argues for the existence of ligand regulated NRs at the base of metazoan
evolution. Our observations suggest the existence an endocrine-like regulatory network of
NRs in T. adhaerens (schematically represented in Fig. S5). Endocrine, hormone-receptor
regulations involving NRs may be viewed as specialized, very powerful yet not prevailing
regulations transmitted by NRs. Increasingly larger numbers of non-hormonal ligands
originating in environment, food or metabolism are emerging as regulatory molecules of
NRs (Holzer, Markov & Laudet, 2017). Our data suggest that non-hormonal, environment
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and food derived ligands are likely to be the first or very early ligands regulating the
metazoan response to food availability and orchestrating growth of basal metazoans
and necessary differentiation to specialized cell types. In this sense, NRs in T. adhaerens
represent an endocrine-like system of ancestor NRs.

This work suggests that ligand regulated RXR is involved in the coordination of animal
growth and development throughout the metazoan evolution. This also suggests that the
regulation by liganded NRs evolved as an evolutionary need connected with heterotrophy
and multicellularity.

In fact, despite fragments of NR domains being found in prokaryotes, no single full
sized NR has been discovered in bacteria or archaea and the closest known relatives to
metazoans, unicellular and colonial Choanoflagellates, lack nuclear receptors, as well
as genes of several other regulatory pathways (King et al., 2008). On the other hand in
fungi, the sister group of Holozoa, Shalchian-Tabrizi et al., (2008) transcription factors
surprisingly similar to metazoan NRs evolved independently possibly for the regulation
of metabolism and response to xenobiotics (Thakur et al., 2008; Naar ¢ Thakur, 2009).
Thus, the evolution of NRs seems to be associated with two key evolutionary features of
metazoans: multicellularity and heterotrophy.

Ctenophores, a possible sister phylum to Cnidaria, do not contain classical NRs featuring
both mechanistically critical domains of NRs, the DNA binding and ligand binding
domains. Nevertheless, the ctenophore Mnemiopsis contains two orthologues of NR2A
(HNF4) that lack the DNA binding domain (Reitzel et al., 2011).

Our observations of the exceptionally high sensitivity of T. adhaerens to 9-cis-RA imply
the possibility that the originally very strong regulations mediated by NRs might have
been softened or inhibited by additionally evolved mechanisms. To our knowledge, there
are no reports of 100% lethal effects of exposure to low nanomolar levels of 9-cis-RA
in any metazoan organism. It can be speculated that these mechanisms were likely to
evolve to modulate 9-cis-RA’s or similar ligand’s regulatory potential further and might
involve stronger regulations by heterodimerization partners of RXR and enzymatic or
transport mechanisms regulating the availability of ligands in cells and tissues of more
recent Metazoa.

In conclusion, the presence of functional nuclear receptors in T. adhaerens and their
proposed regulatory network support the hypothesis of a basic regulatory mechanism by
NRs, which may have been subspecialized with the appearance of new NRs in order to cope
with new environmental and behavioral challenges during the course of early metazoan
evolution and developmental regulatory needs of increasingly more complex metazoan
species.
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ABSTRACT

The evolutionarily conserved Mediator complex is a critical player in regulating
transcription. Comprised of approximately two dozen proteins, the Mediator
integrates diverse regulatory signals through direct protein-protein interactions that,
in turn, modulate the influence of Mediator on RNA Polymerase II activity. One
Mediator subunit, MED28, is known to interact with cytoplasmic structural
proteins, providing a potential direct link between cytoplasmic dynamics and the
control of gene transcription. Although identified in many animals and plants,
MED28 is not present in yeast; no bona fide MED28 has been described previously
in Caenorhabditis elegans. Here, we identify bioinformatically F28F8.5, an
uncharacterized predicted protein, as the nematode homologue of MED28. As in
other Metazoa, F28F8.5 has dual nuclear and cytoplasmic localization and plays
critical roles in the regulation of development. F28F8.5 is a vital gene and its null
mutants have severely malformed gonads and do not reproduce. F28F8.5 interacts
on the protein level with the Mediator subunits MDT-6 and MDT-30. Our results
indicate that F28F8.5 is an orthologue of MED28 and suggest that the potential to
link cytoplasmic and nuclear events is conserved between MED28 vertebrate and
nematode orthologues.

Subjects Cell Biology, Developmental Biology, Evolutionary Studies, Molecular Biology
Keywords Gene expression regulation, Caenorhabditis elegans, Development, Evolution, Mediator
complex, MED28

INTRODUCTION

The Mediator complex is a multiprotein assembly that is capable of integrating cellular
signals with the regulation of transcription through direct interaction with RNA
Polymerase II (Pol II). The Mediator complex is found in all eukaryotic organisms.
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The core Mediator complex is comprised of 21 protein subunits in yeast and a similar
number (26) in mammals, all named MED followed by a unique numerical designation
(Poss, Ebmeier & Taatjes, 2013; Allen ¢ Taatjes, 2015). In addition to this core Mediator
complex, four additional subunits comprising the CDK8 or kinase module can associate
with the core (Poss, Ebmeier ¢ Taatjes, 2013). The Mediator complex likely co-evolved
with basal transcription factors with a level of conservation between different phyla that
is relatively low (Poss, Ebmeier ¢ Taatjes, 2013; Allen ¢ Taatjes, 2015). While most
Mediator subunits are present in similar molar ratios and comprise the core complex,
some subunits were found to be present in variable amounts when complexes were
isolated from tissue culture cells (Kulak et al., 2014). Quantification of proteomically
analyzed Mediator subunits showed that distinct forms of the complex have variable
transcriptional activity (Paoletti et al., 2006) and analysis of Mediator complex subunits in
Drosophila indicated that some subunits are critical only for specific gene transcription
from endogenous genes but not for transcription from synthetic promoters (Kim et al.,
2004). This diversity of Mediator subunit function reflects distinct transcription factor
interactions with Mediator components and with Pol 11, greatly expanding its possible
regulatory roles for Mediator. For example, some Mediator subunits are essential for the
transcription of many different protein-coding genes, while other subunits are essential
for only a subset of genes, translating cellular signaling pathways to the regulation of
specific target gene sets (reviewed in Grants, Goh & Taubert (2015)).

One of the Mediator complex subunits, MED28, is only found in higher eukaryotes.
MED28 was originally identified as a gene expressed in endothelial cells where it was
named EG-1 (Endothelial-derived Gene-1) (Liu et al., 2002); it was later shown to be
part of the Mediator complex and re-named MED28 (Sato et al., 2004; Beyer et al., 2007).
In addition to its role in the Mediator complex, the MED28 subunit has several
cytoplasmic-associated interactions. MED28 has been shown to associate with
(1) the actin cytoskeleton and linked to the regulation of smooth muscle genes
(Wiederhold et al., 2004), (2) several Src-family kinases and it is a target of their
phosphorylation (Lee et al., 2006), and (3) the plasma membrane where it interacts
with Grb2 and Merlin (also called Neurofibromin 2 or Schwannomin) ( Wiederhold
et al., 2004), membrane-cytoskeleton scaffolding proteins linking actin filaments to the
cell membrane (McClatchey ¢ Giovannini, 2005; McClatchey & Fehon, 2009). These many
and diverse cytoplasmic interactions suggest that MED28 could function to transmit
cytoskeletal signals to transcription in the nucleus (Lee et al., 2006).

Although conserved between insects and mammals, a bona fide MED28 homologue
had yet to be identified in nematodes. The relatively low conservation of Mediator
complex subunits between eukaryotic phyla (Poss, Ebmeier ¢ Taatjes, 2013; Allen ¢
Taatjes, 2015) makes the identification of orthologues in distant species difficult and some
suggested orthologues may require re-classification. Our previous work showed that the
protein previously identified as “MDT-28" (Mediator-28) in nematodes (Bourbon, 2008)
is instead the nematode homologue of perilipin, a protein regulating lipid metabolism
at the level of lipid droplets and is not related to MED28 (Chughtai et al., 2015).
Thinking it was unlikely that a MED28 homologue would be absent in nematode
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genomes, we searched for it using the conserved features of MED28 orthologues

from various phyla. Herein we identify a previously uncharacterized protein, F28F8.5,
as the closest MED28 homologue. We show that F28F8.5 localizes to both nuclear

and cytoplasmic compartments in most, if not all, cells throughout development.
Downregulation by RNAi, or disruption of F28F8.5 by deletion, results in multiple
developmental defects during embryonic and larval development. Our work indicates that
the homologue of Mediator complex subunit 28 exists in nematodes and suggests that
the potential to link cytoplasmic and nuclear events is conserved between vertebrate and
nematode MED28 homologues.

MATERIALS AND METHODS

Sequence analysis

The UniProtKB (http://www.uniprot.org) and NCBI (https://www.ncbi.nlm.nih.gov)
databases were searched with BLAST, PSI-BLAST (Altschul et al., 1997), HHblits
(Remmert et al., 2011), and HHpred (Soding, Biegert ¢ Lupas, 2005) programs. The
protein sequences were identified with their UniProtKB identifiers and the nucleotide
sequences with their NCBI ones. The sequences were aligned with T-coffee (Notredamie,
Higgins & Heringa, 2000; Di Tommaso et al., 2011) and PROMALS (Pei ¢ Grishin, 2007;
Pei et al., 2007; Pei, Kim ¢ Grishin, 2008). The secondary structure predictions were
performed with PSIPRED (Jones, 1999; Cuff ¢ Barton, 2000; McGuffin, Bryson ¢ Jones,
2000). Multiple sequence alignments were displayed and analyzed with Jalview

(Clamp et al., 2004).

RNA isolation and cDNA synthesis

RNA and cDNA were prepared as described (Zima et al., 2015) with modifications.
Cultured nematodes were collected in water and pelleted by centrifugation for 5 min at
200 x gand 4 °C. The excess of water was removed and the pellet was frozen at —80 °C.
For the isolation of RNA, the pellet was quickly melted and dissolved in 300 pl of
resuspension buffer (10 mM Tris—HCIl; 10 mM EDTA, 5% 2-mercaptoethanol; 0.5% SDS;
pH 7.5). After adding 8 l of proteinase K (20 mg/ml), the sample was mixed and
incubated 1 h at 55 °C. RNA was isolated by phenol-chloroform extraction and
ethanol precipitation. The obtained RNA was incubated with RQ1 DNase (Promega,
Fitchburg, W1, USA) and purified again by phenol-chloroform extraction and ethanol
precipitation. Complementary DNA (cDNA) was prepared with SuperScript III
(Invitrogen, Carlsbad, CA, USA) using random hexamers.

Strains, transgenic lines and genome editing
The Caenorhabditis elegans Bristol N2 strain was used whenever not specifically stated
and maintained as described (Brenner, 1974).

KV3: (8418)—heterozygous animals carrying one edited disrupted allele of F28F8.5
(Prosrs.s (V:15573749)::¢fp::1et858(stop)::SEC::F28F8.5—edited F28F8.5 disrupted by gfp
and self-excising cassette (SEC)) and one WT allele of F28F8.5. This line segregates mutant
animals.
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KV4: (8419)—edited F28F8.5 carrying gfp::F28F8.5 in its normal genomic position
(Prosrs.s(V:15573749)::¢fp::F28F8.5 on both alleles.

Preparation of PF28F8.5(400 bp).'.'F28F8.5.'.'gfp

For preparation of transgenic lines encoding F28F8.5::GFP from extrachromosomal arrays
under regulation of endogenous promoter, we used the PCR fusion-based technique
(Hobert, 2002). Primers 7886 and 7888 were used for amplification of the genomic
sequence of F28F8.5 (consisting of approximately 400 bp of the predicted promoter region
preceding the coding region of F28F8.5). The gene encoding GFP was amplified from
the pPD95.75 vector with primers 6232 and 6233. The complete construct was amplified
with primers 7887 and 6234. The resulting fusion construct contains the 3' UTR from
pPD95.75 (originally from the unc-54 gene). The PCR mixture was injected into the
gonads of young adult hermaphrodite animals together with marker plasmid pRF4.
The sequences of all primers used in the paper are in Supplemental Information.

Genome editing

Lines with edited genomes were prepared from wild type N2 animals using the
CRISPR/Cas9 system as described (Dickinson et al., 2013, 2015; Ward, 2015; Dickinson ¢
Goldstein, 2016). Using this strategy, the F28F8.5 gene was edited by insertion of a
construct including the coding sequence of GFP and a SEC containing the sqt-1(d) gene
(a visible selection marker leading to a Rol phenotype), hs::Cre (heat shock inducible
Cre recombinase) and hygR (hygromycin resistance) genes. The sgRNA sequence was
targeted near the start of the coding sequence for the F28F8.5 gene using a modified
pJW1219 plasmid (Addgene, Cambridge, MA, USA) as the Cas9 vector (pMAO007); it was
prepared by PCR with primers 8403A and 8333 and used in a concentration of 50 ng/pu.l
for microinjections. The plasmid pMA007 was co-injected with the rescue repair template
plasmid based upon modified pDD282 vector (pMA006) in a concentration of 10 ng/ul
and with three markers (see below). The repair template plasmid pMA006 was
prepared in two steps. First the plasmid pMAO0O5 was prepared from gDNA of F28F8.5
(containing both repair arms) and amplified by PCR with primers 8404 and 8405 and
cloned into pCU19 backbone. The plasmid pMA005 was subsequently modified—the
FP-SEC segment was added and the CRISPR/Cas9 site was altered to protect against Cas9
attack. The linear PCR product of pMAO005 was prepared using primers 8406 and 8407
with overlapping regions for Gibson assembly (New England BioLabs, Ipswich, MA,
USA). The primer 8406 was prepared with alternate codons for protection against
CRISPR/Cas9 site. Linear insert of FP-SEC was prepared by PCR from pDD282 plasmid
(Addgene, Cambridge, MA, USA) with primers 8408 and 8409. Primers were prepared
with overlapping parts for cloning into linear pMAQ05 plasmid by Gibson assembly and
the final rescue plasmid pMA006 was prepared. Plasmids pGHS8 (10 ng/pl), pCFJ104

(5 ng/pl), and pCFJ90 (2.5 ng/pl) (Addgene, Cambridge, MA, USA) were used as
fluorescent co-injection markers. After microinjections the population of nematodes
were grown for three days at 25 °C and hygromycin (Invitrogen) was added in a final
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concentration of 250 pg/ml. After three days integrated nematodes were selected
according to the rolling phenotype and loss of extrachromosomal arrays.

Using this strategy, we obtained a heterozygous line (KV3) with a disrupted F28F8.5
gene with an inserted gfp regulated by the endogenous promoter of F28F8.5 in one allele
and one WT allele. This line segregated homozygous animals for Prygrgs:: F28F8.5::¢fp
(edited F28F8.5 with SEC—Pr,grs 5 (V:15573749)::¢fp::1et858(stop)::SEC:: F28F8.5) with
disrupted F28F8.5 on both alleles and expressing GFP under the regulation of the
endogenous promoter. Animals of this line were clearly distinguishable by their
developmental phenotypes, weak expression of GFP in the cytoplasm and the presence of
rol marker. These animals were sterile and had severe developmental defects (see Results).
The genotypes were confirmed by single worm PCR of representative animals after
their microscopic analysis (with primers 8398 and 8414).

The excision of the SEC was achieved by a 4 h heat shock at 34 °C. The line KV4
was obtained: animals with both alleles carrying the edited F28F8.5 gene in the form
of gfp::F28F8.5 in its normal genomic position (edited F28F8.5 with gfp tagged to the
N—terminus—Prp,grg 5(V:15573749)::¢fp::F28F8.5).

The presence of the knock-in of gfp was confirmed by single nematode PCR with
primers 7887 and 8454, 8398 and 8454. The PCR products were purified and
sequenced with primers 8455 and 8456. PCR was done by REDTaq ReadyMix PCR
reaction (Sigma-Aldrich, St. Louis, Missouri, USA) or by Phusion High-Fidelity DNA
Polymerase (New England Biolabs, Ipswich, MA, USA). During the maintenance of the
heterozygous line KV3, animals with one edited disrupted F28F8.5 allele and one allele
with edited F28F8.5 after self-excision of SEC were also generated (recognizable by the
Rol phenotype, expression of gfp in nuclei and lack of developmental phenotypes).
Schemes for genome editing are accessible in Files S4-57.

Downregulation of gene expression by RNA interference

For RNAi done by microinjections, F28F8.5 cDNA was prepared from total cDNA using
primers 7889 and 7890. The plasmid pPCRII(Topo) (Invitrogen, Carlsbad, CA, USA)
containing F28F8.5b cDNA was linearized using restriction enzymes Notl/Sacl. The
dsRNA was prepared by in vitro transcription using SP6/T7 Riboprobe® in vitro
Transcription Systems (Promega, Madison, WI, USA) from opposing promoters
synthesizing complementary single stranded RNA (ssRNA) for both strands of F28F8.5
cDNA and its complementary strand. After in vitro transcription (~2 h) equal volumes
of sense and antisense RNA were mixed, incubated at 75 °C for 10 min and slowly cooled
to room temperature during 30 min. Control RNAi was prepared from the promoter
region of nhr-60 as previously described (Simeckova et al., 2007) and repeated with dsRNA
prepared using the vector L4440. Vectors used for preparation of dsRNA were
linearized and transcribed using T7 RNA polymerase. The dsRNA concentration was
measured using a UV spectrophotometer and diluted to the concentration of ~2 wg/p.l
that was used for injections (Tabara et al., 1999; Timmons, Court & Fire, 2001;

Vohanka et al., 2010).
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Microinjections

Microinjections of plasmids, DNA amplicons or dsRNA into gonads of young adult
hermaphrodites were done using an Olympus IX70 microscope equipped with a Narishige
microinjection system (Olympus, Tokyo, Japan). The plasmids were injected into the
gonads of young adult hermaphrodites as described (Tabara et al., 1999; Timmons,
Court ¢ Fire, 2001; Vohanka et al., 2010).

Microscopy

Fluorescence microscopy and Nomarski optics microscopy were done using an
Olympus BX60 microscope equipped with DP30BW CD camera (Olympus, Tokyo,
Japan). Animals were analyzed on microscopic glass slides with a thin layer of 2% agarose
and immobilized by 1 mM levamisole (Sigma-Aldrich, St. Louis, MO, USA). Confocal
microscopy of live homozygous animals with edited F28F8.5 expressing gfp::F28F8.5
was performed using an inverted Leica SP8 TCS SMD FLIM system equipped with a
63 x 1.2 NA water immersion objective, a pulsed white light laser (470-670 nm),
AOBS and two internal hybrid single photon counting detectors, and operated by Leica
Application Suite X program (Leica Microsystems, Wetzlar, Germany). The GFP
fluorescence was excited at a wavelength of 488 nm and the emitted light was
simultaneously recorded in two spectral ranges (Channel 1—495 nm to 525 nm,
Channel 2—525 nm to 580 nm; the two channel setup was used to help resolve
between spectrally different autofluorescence and GFP fluorescence signals).

Fluorescence-lifetime imaging microscopy

For FLIM acquisitions the single photon counting signal from the internal hybrid
detectors, acquired during confocal acquisitions, was simultaneously processed by
HydraHarp400 TCSPC electronics (PicoQuant, Berlin, Germany) and information
about the arrival times of all photons was stored to a hard-drive in TTTR data format.
TTTR is freely accessible at https://www.picoquant.com/images/uploads/page/files/ 14528/
technote_tttr.pdf. Data structure, program description and user instructions are also
freely accessible at https://github.com/PicoQuant/PicoQuant-Time-Tagged-File-Format-
Demos/blob/master/PTU/Matlab/Read_PTU.m. The signal from both time synchronized
channels was added up. The false color scale (1-3 ns) is based on the average photon
arrival time, with blue color representing short lifetime and red color long lifetime
fluorescence.

Single nematode PCR

Single animal PCR was used for verification of all transgenic lines. Following the
microscopy examination, selected animals were removed from microscopic slides and
transferred into caps of PCR tubes with 4 pl of solution of Proteinase K (20 mg/ml)
diluted 1:333 in Barstead Buffer (resulting in Barstead Lysis Buffer which consists of

50 mM KCl, 10 mM Tris pH 8.3, 2.5 mM MgCl,, 0.45% (v/v) NP40 (Nonidet P-40),
0.45% (v/v) Tween-20, 0.01% (w/v)). Proteinase K was diluted immediately before use
as a 20 mg/ml stock solution which was kept on ice and diluted to final working solution
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at a concentration of 60 pg/ml. The tube was sealed in bottom-up position and the sample
transferred to the bottom of the tube by centrifugation. The tube was frozen for 10 min
at —70 °C. Next, the tube was heated for 1 h at 65 °C and additional 15 min at 95 °C.
The resulting sample was used immediately for amplification of DNA by PCR or stored at
—80 °C before further analysis. Similarly, genomic DNA was prepared from selected
nematode culture plates and used for further screening by PCR and sequencing.

The resulting precipitated DNA was dissolved in 10 pl of deionized water and used
for amplification by PCR using primers outside the edited genomic regions. Specificity
of amplification was confirmed by DNA sequencing.

Similarly, homozygous animals with edited F28F8.5 (with gfp inserted in front of the
F28F8.5 START codon) were analyzed by single worm PCR with primers 7887 (sense
primer) and 7890 or 8454 (antisense primers).

Quantitative RT-PCR

For quantitative RT-PCR, the technique described by Ly, Reid & Snell (2015) was used
with modifications. For assessment of the level of expression of F28F8.5 from homozygous
animals with the edited disrupted gene, five adult homozygous mutant animals
recognized by the phenotype and the same number of young WT hermaphrodites with
minimum number of formed embryos were manually harvested and collected in
separate Eppendorf tubes. Reverse transcription was done using the Maxima H Minus
cDNA synthesis kit (Thermo Fischer, Waltham, MA, USA) as recommended by
manufacturer. Universal probe library and primers designed with the help of ProbeFinder
Assay Design Software were used and qPCR was run on LightCycler 2.0 purchased
from Roche (Roche, s.r.o. Prague, Czech Republic). An average of three sample cDNAs
and three control cDNAs were analyzed (twice in duplicates and one time as single
experiments), all containing the same amount of RNA for RT for each experiment.

The expression of F28F8.5 was normalized to ama-1 and the values obtained in
homozygous mutant animals with disrupted F28F8.5 gene were compared to values
obtained in control WT N2 animals.

Binding studies

Binding studies were done as described (Kostrouch et al., 2014) with modifications.

The coding region of mdt-6 was amplified using primers 8292 and 8293 from ¢cDNA
prepared from mixed stages C. elegans cultures and cloned into pTNT vector (Promega,
Madison, WI, USA, amplified with primers 8277 and 8278) using the Quick Ligation
Kit (New England Biolabs, Ipswich, MA, USA) and expressed in the rabbit reticulocyte
TNT-system (Promega, Madison, W1, USA). The in vitro transcribed protein was labeled
using *°S Methionine (Institute of Isotopes, Budapest, Hungary). F28F8.5 coding
sequence (amplified using 8255 and 8256 primers with 15 bp overhangs for insertion into
the vector) was cloned into pGEX-2T vector ((Amersham Pharmacia Biotech,
Amsterdam, UK), amplified with primers 8253 and 8254) using the GeneArt Seamless
PLUS Cloning and Assembly Kit (Thermo Fisher Scientific, Waltham, MA, USA),
transformed into BL21 Escherichia coli cells and the production of protein was induced by
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isopropyl -p-1-thiogalactopyranoside (IPTG) (Sigma-Aldrich, St. Louis, MO, USA).
The Mediator subunit MDT-30 was amplified from mixed stages C. elegans cDNA with
sense primer 8302 and reverse primer 8527 (containing FLAG sequence), cloned into
pET28a(+) vector ((Addgene, Cambridge, MA, USA), amplified with primers 8519

and 8520) using the Quick Ligation Kit (New England Biolabs), transformed into BL21
E. coli cells and induced by IPTG. The lysate from bacteria producing His¢-MDT-30-FLAG
was used directly or purified on HiTrap Chelating HP column (GE Healthcare, Chicago,
IL, USA). Proteins produced by the TNT system or bacterial lysates of bacteria
transformed with FLAG labeled Mediator subunits were incubated with glutathione—
agarose (Sigma-Aldrich, St. Louis, MO, USA) adsorbed with equal amounts of GST

or GST-F28F8.5. Radioactively labeled proteins were detected using TRI-CARB 1600TR,
Liquid Scintillation Analyzer (Packard, Meriden, CT, USA).

The resulting samples (labeled proteins bound to GST- or GST-F28F8.5) were
separated by polyacrylamide gel electrophoresis. >>S-MDT-6 was visualized by
autoradiography and subsequently, the gel containing radioactively labeled protein was
localized using superimposed autoradiograms, excised and the radioactivity
determined in the scintillation detector. FLAG-labeled MDT-30 was determined by
Western blot using an anti-FLAG antibody (monoclonal anti-FLAG, M2 (Sigma-Aldrich))
and quantified densitometrically by Image] computer program (https://imagej.nih.gov/ij/
download.html) (Schneider, Rasband & Eliceiri, 2012).

RESULTS

Identification of the closest homologue of vertebrate Mediator
complex subunit 28 in C. elegans

To identify the C. elegans homologue of MED28, we queried protein databases with
curated SwissProt sequences from UniProtKB. They comprised several mammalian and
insect proteins (e.g., human MED28_HUMAN and D. melanogaster MED28_DROME).
The more sensitive profile-to-profile HHblitz and HHpred algorithms provided hits to
a C. elegans annotated protein F28F8.5a and b with highly significant E-values. According
to Wormbase (WS248), two protein isoforms are produced from the F28F8.5 gene,
isoform a with the length of 200 amino acids and isoform b that has a two amino

acid insertion at position 20 of the N-terminal evolutionarily non-conserved region.
The best results were obtained when pre-aligned vertebrate and insect MED28
homologues were used as query in three iterations (E < 107*® and the probability of true
positive >99.99%). When the pre-aligned nematode sequences homologues to F28F8.5
were used to query profiles of human or Drosophila sequences in reciprocal searches,
MED28 proteins were obtained with equally significant scores. BLAST and PSI-BLAST
searches in their standard settings were not able to reveal a significant hit (E < 107°); the
only nematode hit was a Trichinella spiralis protein (E5RZQ1). However, when the
searches in protein databases were limited to sequences from Ecdysozoa with Insecta
excluded (conservative inclusion threshold E < 107°) in the first two iterations and then
continued in the complete database of sequences from all species in the subsequent
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C.elegans 81 P1LGDAIISLMMHWCQLL NVBIVKAPVPPPSTLNHV VAIvc KHFRDASVDVNNE 138

T.spiralis 3 -E¥INGDV INNFRQAVKSCLTLLSVPVKSRHI -EADEIKTTAEVATHRL | EAARRSIERH 58
W.bancrofti 51 DIEP LGQAVTNLHGSWAQL ISDLSIARTGYLPP-TLEH I VAECAVRQLKDSICHDLTRJE 107
P.pacificus 56 RSALGDAVDALLLNWSQIMSINEGTKYPSVPP-SLBHVKEVAAIVVQGFRDACGDLNAE 112

A.ceylanicum 50 RIEPLGDAIBSLLVRWAQLLSNVSISRPPVPAPST IDHVKEVVEISMYHFRDSICLDVCSE 107

G.pallida 47 DSIALGTALKNMVMQWNSLLSQVVTEVDHPQP - I LIEH I TAEFSVKQFRDACLAMNSIE 103

P.davidi 142 A ACQELTA 198
l.scapularis 4 ---SSQIV VAKQMECF 57

PLMLCVIRLYQS.NNLILDFFPESGIALP—PQSDI SAEFNVKSFR

DFENSFQACLAAVIENPDYFEYVR-DSEEVKTGVEQT IQRFL
D.melanogaster 5 ESIGGGNLMDEFEEAFQSCLLTLIMKQEPN GI—NK EIDLEVAKTENRF IDVARQMEAF 61
H.{xa%igi)s( 38 RPSISSTLVDELESSFEACFASLVSQDYVNGH-DQEEIRTGVBQCIQKFELDIARQEECF 94

C.elegans 139 FTRILGVBWEMEQPY SQWA I BEENLDEATE TITAAAREMENSR 1Q- IMINEAHPNAG 195
T.spiralis 59 FVRILYALFSAYCPEEVLK INHKQEIE KKNML LIHEEKMI AWEQ- I LSEAETPLT 115
W.bancrofti 108 FARVGLEWRLTHPDEALAEDLADYDQAML SLLERAAS IVERRLS-DLGAEKNSQG 164
P.pacificus 113 FAKVALEWE LENGRAAEDERVAALKGS I SRQVTLLARAQAALDLRTE-D¥MFCSSLDAA 169
A.ceylanicum 108 FTHK I DL QLDHP¥E MKGLDDAL | TLLARAHG | LDRRCK-EFFG------ 158

G.pallida 104 LTR |1 SMDWQLNFPBDEMVK I VEYENS IR DLLTKIRQKLDEE I ---8SGENSNFG 158
P.davidi 199 FTR/S AVEWQLMNP ADE I KPBLDKATARQTE I QKRVEGKINSE INKSLNGD- - - - - 251

l.scapularis 58 FLAKRLVLSAQKP I VM
D.melanogaster 62 FL@KRFLVSELKPYML | KDEN LSIE]I

H.sapief]s 95 FL@KRLELSVQKPEGV I K
a-helix

HEK/IHFWQS - LLNDTNNAPG 114
YNRLEEWKA-CLSDIQQGVH 118
LTKLRHWQQ-VLEDINVQHK 151

Figure 1 A multiple sequence alignment of selected metazoan homologues of MED28 compared with
F28F8.5. Aligned with PROMALS (http://prodata.swmed.edu/promals/promals.php), variable C- and N-
termini not shown, amino acid residue types colored according to Clustal scheme in Jalview, red bars
indicate consensus positions of predicted o-helices. Sequences from top to bottom (organism, identifier):
Caenorhabditis elegans, O18692; Trichinella spiralis, ESRZQ1; Wuchereria bancrofti, EJW84794.1;
Pristionchus pacificus, translated contig of CN657719.1 FG102945.1 CN657262.1 CN656622.1; Ancylostoma
ceylanicum, AOA016SKV7; Globodera pallida, translated CV578368.1; Panagrolaimus davidi, translated
]2658977.1; Ixodes scapularis, B7PAWS5; Drosophila melanogaster, MED28_DROME; Homo sapiens,
MED28_HUMAN. Readers with specific color preferences may download the compared sequences from
(File S1) and create the Clustal scheme with different color specifications using the Jalview program
(http://www.jalview.org/).

iterations, the final hits of F28F8.5 included human and Drosophila MED28. PSI-BLAST
with T. spiralis query sequence in database limited to Ecdysozoa in the first two iterations
provided both human and Drosophila MED28 and F28F8.5 in one run (E < 107%).

We concluded from these searches that F28F8.5 is a homologue of MED28 and very likely
its previously unrecognized orthologue.

All PSI-BLAST MED28 homologues possess variable N- and C-termini of 3-80 amino
acids showing no conservation across Metazoa. This conservation is loose even just
within Drosophilae or Caenorhabditae sequences. Only the central core of about 110
amino acids is preserved in metazoan evolution. Figure 1 shows a sequence alignment of
this conserved core of selected MED28 homologues. All sequences are predicted to fold
into three helices forming a putative coiled coil fold (UniProt annotation). Submitting the
alignment shown in Fig. 1 to HHpred for 3D structure recognition reveals a structural fold
of yeast MED21 (PDB identifier 1ykh_B). It is indeed a three-helix coiled coil forming a
heterodimer with MED7. It can be expected that MED28 forms a very similar fold
interacting with a yet to be determined subunit of the MED complex.

F28F8.5 is a nuclear as well as a cytoplasmic protein

Information available in WormBase suggests that the F28F8.5 gene can be expressed as
both an individual and multigene transcript, located as the last gene in a four gene operon
that is both SL-1 and SL-2 trans-spliced. To determine the intracellular localization of
F28F8.5, we edited the F28F8.5 gene using CRISPR/Cas9 technology. We inserted the gene
coding for GFP directly in front of the first codon. The arrangement used in our
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experiment (based on Dickinson et al. (2013, 2015), Ward (2015) and Dickinson ¢
Goldstein (2016)) employed a SEC that was added after gfp. This strategy initially
created a disrupted F28F8.5 gene and putative null allele that can be detected by
expression of GFP alone regulated by the endogenous promoter elements of F28F8.5.
We found that only heterozygous animals could be propagated due to the sterility of
homozygotes tagged in this manner. Assuming this tag is not deleterious to the expression
of other genes in the operon, this result suggests that F28F8.5 is an essential gene.

After removal of the SEC from this edited F28F8.5 gene induced by heat shock
(visualized by continuous expression of GFP::F28F8.5 fusion protein and loss of the
Rol phenotypic marker), the endogenous locus had an N-terminus GFP-tagged F28F8.5
gene that we maintained as homozygous animals, demonstrating this edited allele is
fully functional. Note that both known protein isoforms of F28F8.5 (a and b) would be
tagged on their N-terminus with GFP by this method.

The GFP::F28F8.5 pattern was ubiquitous, both nuclear and cytoplasmic from embryos
to adults (Fig. 2). Prominent nuclear localization was found in oocytes, zygotes, larvae,
and adults. Cells with clear nuclear accumulation of GFP::F28F8.5 included epidermal,
intestinal, pharyngeal, uterine and vulval muscle cells (Fig. 2). The gonad expressed
gfp::F28F8.5 and mitotic as well as meiotic nuclei accumulated GFP::F28F8.5 protein (Fig. 2).

Selected animals were analyzed by confocal microscopy for determination of
subcellular distribution of GFP::F28F8.5. Scanning through several focal planes revealed
signal in the GFP excitation/emission range in nuclei as well as in the cytoplasm of
embryos, all larval stages and adults (Fig. 3). Structures resembling gut granules were also
strongly positive in the GFP recording mode. In order to distinguish between GFP-specific
fluorescence and autofluorescence, we applied FLIM with an expectation that
autofluorescence (such as that from gut granules) is likely to produce a signal with a short
fluorescence lifetime opposed to GFP-specific fluorescence. Structures such as gut
granules were clearly detected (Fig. 3, panels O, Q, S, T and U, blue color) while
fluorescence with a longer lifetime expected for GFP::F28F8.5 was detected in the
germline, in oocytes and embryos and in most somatic nuclei of larvae as well as adult
animals (Fig. 3, panels O, Q, S, T and U, red and yellow colors).

We also generated transgenic lines encoding F28F8.5::GFP from extrachromosomal
arrays consisting of an endogenous internal F28F8.5 promoter regulating a fusion gene
with gfp attached to F28F8.5 on its C-terminal end. As with the N-terminally tagged
F28F8.5, F28F8.5::GFP showed both nuclear and cytoplasmic localization. As expected for
an extrachromosomal transgene, the expression of F28F8.5::¢fp was not detected in the
germline. This reporter was expressed in embryos starting at the twofold stage and
continued throughout development (Fig. S1). We did notice that F28F8.5::¢fp was
expressed in the excretory canal cell (Figs. SIM, SIN, SIP and S1Q), a pattern not
observed with the endogenously edited GFP-tagged gene.

F28F8.5 regulates development
To achieve loss-of-function, RNAi was used to downregulate F28F8.5 expression. Analysis
of 2,567 progeny of 17 young adult hermaphrodites inhibited for F28F8.5 function by
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Figure 2 Expression pattern of GFP::F28F8.5 in homozygous animals with edited F28F8.5 gene. GFP
tagged to F28F8.5 at its N-terminus using CRISPR/Cas9 technology visualized the expression of F28F8.5
in the gonads (Panels B and D, arrows) in mitotic nuclei and continues throughout the embryonic
development (Panels E H, J, and L). The wide and likely ubiquitous expression of GFP::F28F8.5 con-
tinues during larval stages (larvae L3 and L4 are shown in panels M, N and O, P, respectively) as well as in
adults (panels Q and R). Expression of the edited gene in the nuclei of the developing vulva is indicated
by the arrows in panels M and N. Panels A, C, E, G, I, K, M, O, and Q show larvae in Nomarski optics and
panels B, D, E H, J, L, N, P, and R in GFP fluorescence. Bars represent 50 pm.
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Figure 3 Analysis of GFP::F28F8.5 expression in homozygous animals with edited F28F8.5 gene by
confocal microscopy and fluorescence lifetime imaging microscopy (FLIM). All confocal images of
GFP fluorescence are recorded in Channel 1 (495-525 nm). FLIM images (panels A to E, H,J,L, M, O to
S, U, and V) are calculated from merged recordings in Channel 1 and Channel 2 (525-585 nm). Panels F,
K, and N are images in Nomarski optics at the same optical focus as in corresponding confocal images of
GFP fluorescence (panels G, I, L, O). Panels A and B show control images of WT embryos in bean and
comma stages, respectively. No specific signal is detected in control embryos by FLIM. Panel C shows an
embryo in bean stage expressing GFP::F28F8.5 from the edited gene. Two focal planes of an embryo
expressing GFP::F28F8.5 in twofold stage are shown in panels D and E. FLIM detects GFP::F28F8.5 in
most or all nuclei of developing embryos. Panels F to J show the distal part of a young adult control
hermaphrodite animal and a control embryo in late bean stage. FLIM images in panels H and ] show
mostly short lifetime fluorescence in the cytoplasm of embryonic cells as well as cells and subcellular
structures in the adult control animal (visualized by blue color). Arrowheads pointing at the embryo in
panels G and H indicate weak autofluorescence in the cytoplasm of embryonic cells. Arrows in panels F,
G and H indicate the turn of gonad and arrowheads indicate nuclei of an enterocyte which is devoid of
almost all fluorescence (panels G and H). Panels K to S and U and V show animals with edited F28F8.5
(gfp::F28F8.5). Panel M shows the distal part of an adult hermaphrodite animal expressing GFP::F28F8.5
from the edited gene at recording settings identical with that used in the control sample shown in panels
A, B, H, and J. FLIM analysis shows a long lifetime fluorescence in nuclei and in the cytoplasm of most
cells that contrasts with the low level of fluorescence seen in the control sample. Arrowheads indicate
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Figure 3 ... continued

nuclei of enterocytes in panels L and M. Panels N to V show images of an adult animal and two L1 larvae
with edited F28F8.5. Panels P to S, and U show selected focal planes in FLIM. Panel T shows the cali-
bration table for FLIM in the range of 1-3 ns used in all panels presenting FLIM analysis. Blue areas
shown in FLIM pictures represent short lifetime fluorescence presumably corresponding to auto-
fluorescence (blue arrows in panels O, S, and U). Arrowheads in panels O, P, R, and S indicate nuclei of
enterocytes and in panel U nuclei of early embryos with long lifetime fluorescence characteristic for GFP.
Panel V shows the distal part of a male expressing GFP:F28F8.5 in male specific structures, in nuclei as
well as in rays (marked by arrowheads) indicating that GFP::F28F8.5 is expressed not only in cell nuclei
but also in the cytoplasmic structures. Bars represent 30 wm in panels A to E and 50 pm in panels F to S
and U and V.

microinjection of dsRNA into the syncytial gonad revealed that F28F8.5 is essential for
proper development (Fig. 4). From the total progeny, 1,127 animals were affected (44%)
exhibiting embryonic and larval arrest and a range of less severe phenotypes, including
defective molting, protruding vulvae that often burst, male tail ray defects (Fig. 4),

and uncoordinated (Unc) movement. In contrast with this, control young adult N2
hermaphrodites injected with control dsRNA showed embryonic arrest in less than 2% of
progeny (seven hermaphrodites injected, total progeny observed 1,066, embryonic
arrest found in 19 embryos).

Complete loss of F28F8.5 that occurred in homozygous animals with both edited
disrupted alleles of the F28F8.5 gene (that are found among the progeny of heterozygous
animals carrying one edited disrupted allele and one WT allele) resulted in defective
development that was most pronounced in late larval stages. The phenotypes included
a dumpy phenotype (Dpy) (Fig. 5C), irregular gut, severely defective growth of the
gonad with signs of defect in directional growth (Figs. 5E and 5M) and Pvul phenotype
(Figs. 5K and 5L). Most animals had darker gut cells than controls of the same age.
The gonad did not develop fully in most animals (Figs. 5C-5L) and often contained empty
spaces that were prevalent in some animals, leading to the formation of larvae with
optically thin, empty-like tissue in the position of the gonad. The gonads contained
foci of irregular tissue with an uncharacteristic appearance. Tissue defects were also
visible in extragonadal locations, especially in the place of excretory canals. Body defects
were also observed in the position of the uterus that was not properly formed and the
spermatheca that was not identifiable in a large proportion of animals.

Estimation of the level of F28F8.5 expression in homozygous mutant animals
(originating from maternal load or from SEC self-excision (Dickinson et al., 2015)) from
three experiments indicated that mutants with disrupted F28F8.5 had the level of
expression about 17 times lower compared to the levels found in WT controls (File S8).

Heterozygous hermaphrodites carrying one edited disrupted allele of F28F8.5 and one
WT allele were grossly normal and produced viable embryos. Unlike in homozygous
animals carrying the excised SEC allele, the GFP fluorescence was mostly cytoplasmic and
most nuclei were not showing accumulation of GFP. In some embryos, however, the
nuclei accumulated GFP indicating probable spontaneous SEC self-excision (Fig. 6).

Analysis of progeny of the heterozygous strain KV3 revealed differences compared to
the expected Mendelian segregation of phenotypes. Animals with one edited disrupted
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Figure 4 Downregulation of F28F8.5 by RNAi induces developmental defects. Animals developed
from parents injected with dsRNA specific for F28F8.5 show retention of normal and malformed
embryos (panels A and K, respectively), vacuoles (panels A and C, arrows), herniation and burst through
the vulva (panels B, C, I, and J, arrowheads) and defective development of the gonad (panels ] and M).
Panel D shows a male nematode with defects of male specific structures—missing rays and fan and an
abnormal distal part of the body (arrow). Panel E shows the magnified distal part of the male nematode
in panel D and the defective male specific structures (arrow). Panels F and H show L3 larvae that were
found atrophic, with thin enterocytes (arrowheads) and a dilated gut lumen (arrows). The dumpy
phenotype with masses of tissue and vacuoles (panel G, arrows) were also common in the progeny of
microinjected parents. Other phenotypes seen included molting defects indicated by arrows in panel L
and cellular defects (indicated by arrowheads in panels L and M). Animals treated by control RNAi were
morphologically normal and representative images are shown in panels N to Q. Panel N shows a L2
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Figure 4 ... continued

larva, panel O shows a young L3 larva with developing germline (arrow). Panel P shows a young L4 Larva
with developing vulva marked by an arrow. Panel Q shows a grossly normal adult hermaphrodite animal
with few developing embryos and vulva (arrow). Panel R and S show the distal part of the body of a
male animal with normal appearance of male specific structures. Arrow marks spicules (in panel R) and
normal sensory rays (in panel S). All images are in Nomarski optics. Bars represent 50 pm.

Figure 5 Disruption of F28F8.5 by CRISPR/Cas9 technique. Animals with disrupted F28F8.5 on both
alleles express GFP under the regulation of F28F8.5 promoter. Panels A to ] show paired images of
animals in Nomarski optics and in GFP fluorescence. Panels A and B show an adult hermaphrodite
animal with diffuse fluorescence in cells in the head area including anterior arms of the excretory cell
(arrowheads). Panels C and D show a malformed larva probably in L3 stage with a Dpy phenotype and
diffuse fluorescence in a malformed gonad (arrows) and the intestine (arrowheads). Panels E and F show
an adult hermaphrodite animal with diffuse fluorescence in gut, pharyngeal cells and severely malformed
gonad containing irregular structures (arrows). Panels G, H, I, and J show an adult animal with a
malformed gonad, Pvul phenotype, dense gut and diffuse GFP fluorescence throughout the body. Panels
Kand L show the central part of the body of a hermaphrodite with the Pvul phenotype (arrowhead) and
malformation of gonad (arrow). Panel M is composed of three consecutive images showing an adult
hermaphrodite animal with severely malformed gonad (arrows), and missing uterus and spermathecae.
The fluorescence images show that unlike GFP::F28F8.5, GFP alone localizes diffusely in the cytoplasm
and is not found in nuclei. Bars represent 50 pwm.

F28F8.5 allele and one edited F28F8.5 allele with excised SEC were detected. They were
recognizable by the Rol phenotype, expression of GFP in nuclei and lack of developmental
phenotypes. This genotype was supported by PCR amplification of genomic regions
from single nematodes and obtained pattern of amplified DNA fragments. These lines
were not stable and were not preserved.

Kostrouchova et al. (2017), PeerdJ, DOI 10.7717/peerj.3390 15/31



Peer/

Figure 6 Heterozygous animals with one edited disrupted allele of F28F8.5 and one WT allele.
Heterozygous hermaphrodites carrying one edited allele of F28F8.5 and one WT had grossly normal
appearance and could be recognized by rol phenotype, presence of embryos, weak mostly cytoplasmic
GFP fluorescence and absence of nuclear localization of GFP fluorescence. Panels A (Nomarski optics)
and B (GFP fluorescence) show an L3 larva with weak fluorescence (panel B, arrowhead points at the
gonad and arrows point at the head and pharynx). Inlets show head area at higher magnification
(rotated 90° clockwise). Panels C and D show an adult hermaphrodite animal (C in Nomarski optics and
D in GFP fluorescence) with weak cytoplasmic fluorescence in most cells. The arrowhead in panel D
points at the nucleus of an enterocyte in focal plane that is devoid of GFP fluorescence. Arrows indicate
two embryos with GFP fluorescence accumulated in nuclei which is most likely the result of spontaneous
SEC self-excision. Panels E and F show an adult hermaphrodite in Nomarski optics (panel E) and GFP
fluorescence (panel F). Arrows indicate the head area with diffuse intracellular fluorescence visible in
panel E. Arrowheads point at two nuclei of enterocytes in focal plane that are also devoid of fluorescence.
In contrast to the animal shown in panels C and D, the animal shown in the panel E and F contains
embryos that have mostly diffuse cytoplasmic expression of GFP. Bars represent 50 pwm.

F28F8.5 interacts with Mediator complex subunits

To determine if F28F8.5 could be part of the Mediator complex in C. elegans, we explored
its ability to interact with previously identified Mediator subunits. We expressed

33§ labeled MDT-6, part of the “head” module where MED28 is located, in rabbit
reticulocyte lysate and assayed its binding to bacterially expressed GST-F28F8.5 or to GST
only. As shown in Figs. 7A and 7B, a strong interaction (~7.7-fold enrichment) was
detected between MDT-6 to F28F8.5 that exceeded that seen with GST alone. We also
assayed for interaction between GST-F28F8.5 and MDT-30, but we were unable to
obtain a satisfactory >°S-Methionine labeled protein in the rabbit reticulocyte system.
Therefore, we expressed MDT-30 containing a FLAG sequence inserted at the C-terminus
and a Hiss sequence positioned at the N-terminus. After expression in bacteria and
purification on a nickel column, we found that the MDT-30-FLAG bound F28F8.5
preferentially (~2.5-fold enrichment) in comparison to GST alone, as revealed by Western
blot using an anti-FLAG antibody (Figs. 7C and 7D).
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Figure 7 Binding of F28F8.5 to MDT-6 and MDT-30 in vitro. GST-F28F8.5 or GST alone were expressed in bacteria and purified using glu-
tathione—agarose beads that were incubated with **S-Methionine-MDT-6 produced using rabbit reticulocyte lysate (A and B) or Hise-MDT-30-
FLAG expressed in bacteria and purified using a nickel column (C and D). Panels A and C show fractions bound to glutathione—agarose beads
resolved by polyacrylamide gel electrophoresis and visualized by autoradiography (panel A). For quantification, dried gel areas corresponding to
proteins detected by radioactivity were excised and the radioactively labeled MDT-6 was determined using scintillation counter (panel B). Panels C
and D show the interaction of FLAG-MDT-30 with GST-F28F8.5 or GST alone. FLAG-MDT-30 pulled down by GST or GST-F28F8.5 was
determined by Western blot using an anti-FLAG antibody (panel C) and by densitometry (panel D). Both assayed Mediator subunits, MDT-6 and
MDT-30 bind GST-F28F8.5 preferentially in comparison to GST only.

DISCUSSION

In this work, we identified an uncharacterized predicted protein F28F8.5 as the likely
nematode homologue of MED28. This is supported by our findings that F28F8.5 interacts
with nematode homologues of MED6 and MED30 (MDT-6, and MDT-30), the close
sequence similarity of F28F8.5 to MED28 detected informatically in nematode genomes,
a conserved dual nuclear and cytoplasmic expression pattern, and its involvement in a
wide range of developmental processes. Thus we suggest F28F8.5 be identified as MDT-28,
with the original gene for MDT-28 now recognized as the nematode homologue of
perilipin, now named PLIN-1 (Chughtai et al., 2015).

The Mediator complex as a multiprotein structure is able to interact with a large
number of additional proteins and integrate regulatory signals from several cell-signaling
cascades (Allen & Taatjes, 2015). The Mediator complex possesses a high degree of
structural flexibility and variable subunit composition (reviewed in Poss, Ebmeier ¢
Taatjes (2013)). In yeast, a set of core subunits is important for a wide range of gene
transcription (e.g., Med17 and Med22 (Thompson ¢ Young, 1995 Holstege et al., 1998)),
while others are non-essential in terms that single mutants can be maintained at
laboratory conditions (Med1, Med2, Med3, Med5, Med9, Med15, Med16, Med18, Med19,
Med20, Med31, and CDK module subunits Med12 (srb8), Med13 (srb9), srb10 (CDKS),
and srb11 (CycC) (Dettmann et al., 2010)). Med31 and Srb9/Med13 Mediator subunits
have different roles in gene selective transcription in Saccharomyces cervisiae and in
Candida albicans (Uwamahoro et al., 2012). Mass spectrometry analyses indicate that
many Mediator subunits are present in stoichiometric quantities but some subunits are
over- or under-represented in budding and fission yeast and human HeLa cells (Kulak
et al., 2014). Isolation of mammalian Mediator complexes lacking one or more of the
26 core subunits was reported for Med1 (TRAP220) (Malik et al., 2004), Med1 (Med220)
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and Med26 (a.k.a. Med70 or CRSP70, or ARC70) (Taatjes ¢ Tjian, 2004) (reviewed in
Allen & Taatjes (2015), the unified nomenclature can be found in (Bourbon et al., 2004)
and for Med70 in Rachez & Freedman (2001)). While in cells with a stem cell like
character, a broad spectrum of Mediator subunits was detected during; differentiation the
expression of some Mediator subunits was markedly decreased (MED14, MED18, MED12,
CDK8, MED26 in myotubes versus myoblasts) (Deato et al., 2008). In hepatocytes MEDI,
MED6, MED7, MED12, MED14, MED16, MED18, MED23, and CDKS are decreased
or even undetectable upon differentiation from hepatoblasts to hepatocytes (D’Alessio
et al., 2011). Quantitative mass spectrometry analyses of Mediator complexes isolated by
immunoprecipitation using four different Mediator subunits expressed as FLAG-tagged
proteins in HeLa cells (Med10, Med26, Med28, Med29) identified most subunits of

the Mediator complex in similar quantities with the exception of MED30, which was
found in elevated ratios by Med28 pull-down experiments compared to other tested
subunits. Med26 and Med29 precipitated more abundantly in their own pull-downs.
Med31 was immunoprecipitated more efficiently in complexes with Med10 and Med25
was the least abundant subunit in all examined pull-downs (Paoletti et al., 2006).
In-keeping with this, the abundance of individual Mediator subunits identified by
quantitative proteomics indicate that some subunits are in similar abundance while others
are under-represented or more numerous in yeast as well as in HeLa cells (Kulak et al.,
2014). This suggests that Mediator complexes with specialized functions are likely to exist.
A similar situation may be observed on ribosomes. Although the structure of ribosomal
subunits is very firm and is given by the secondary structure of ribosomal RNAs and
the presence of ribosomal proteins (Ban et al., 2000; Schluenzen et al., 2000; Wimberly
et al., 2000), ribosome function during translation of mRNAs can be effectively regulated
by viral proteins (Diaz et al., 1993, 1996) which reveals the existence of a regulable
“ribosomal code.” The regulation of ribosome biogenesis and translation through the p53
pathway and methylation of ribosomal RNA by fibrillarin is leading to cancer specific
ribosomes (Marcel et al., 2013). Cells infected with the viral oncogene v-erbA, the viral
form of thyroid hormone receptor alpha, produce ribosomes with decreased levels of
RPL11 which are translating more effectively Hsp70, a protein critical for tumorigenesis in
avian erythroblastosis (Nguyen-Lefebvre et al., 2014). In comparison to ribosomal
subunits, the Mediator complex possesses some analogies and differences.

The unit that is forming the structural backbone of Mediator is MED14 which is critical
for both basal and activated transcription (Cevher et al., 2014). Mediator complexes
bound to specific transcription factors (SREB Mediator, VP16-Mediator, TR-Mediator,
VDR-Mediator, p53-Mediator) and the unliganded Mediator assume all distinct sterical
conformations with fundamentally altered exposed protein surfaces (Poss, Ebmeier ¢
Taatjes, 2013) that can be expected to form a multipotent basis for additional
protein-protein interactions. This is possible because the fundamental features of the
Mediator subunits are their intrinsically disordered regions that are to a certain degree
positionally conserved between species, while others evolved in a phylum or
species-specific way (Nagulapalli et al., 2016). In yeast, Med3 and Med15 form amyloid-
like protein aggregates under H,O, stress conditions. The amyloid formation can be
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induced by overexpression of Med3 or glutamine-rich domain of Med15. This
subsequently leads to the loss of Med15 module from Mediator and a change in the stress
response (Zhu et al., 2015). The Mediator complexes contact a wide range of transcription
factors using a fuzzy protein interface (Brzovic et al., 2011; Warfield et al., 2014). Tt

can be therefore anticipated that additional proteins with a similar protein—protein
interaction potential have the capability to interact with Mediator subunits if they are
translocated into the nucleus.

Although individual Mediator complex subunits were shown to be associated with
specific functions (reviewed in Grants, Goh ¢ Taubert (2015)), the function of the
nematode orthologue of MED28 could not be studied since it was not yet identified.
MED?28 has a special position in-between Mediator subunit proteins for its dual
regulatory role, one as a Mediator subunit (Sato et al., 2004; Beyer et al., 2007) and the
second, which is cytoplasmic, at the level of the cytoskeleton (Wiederhold et al., 2004;
Lee et al., 2006; Lu et al., 2006; Huang et al., 2012). It can be anticipated that the interaction
of primarily cytoplasmic proteins with MED?28 if translocated to the nucleus may be
able to bring cytoplasmic regulatory interactions towards the regulation of gene
expression. In-between cytoplasmic proteins regulating gene expression, probably the
most studied is beta-catenin, an adaptor of interaction between the cytoskeleton and
cell adhesion molecules which critically regulates gene expression in the Wnt pathway.
This connection is known in C. elegans to great detail (reviewed in Grants, Goh & Taubert
(2015)). Interestingly, the phenotypes that we observed in F28F8.5 knock-down and loss
of function experiments overlap with the EGFR regulatory cascade in C. elegans, especially
the developmental defects of the vulva and of male specific structures, most obviously,
male rays (Grants, Goh ¢ Taubert, 2015; Grants et al., 2016). Our observation of the
expression of F28F8.5 in male rays and the defective development of male specific
structures after F28F8.5 RNAIi support the cytoplasmic role of F28F8.5, that is in
mammals mediated by Grb2 (Wiederhold et al., 2004). This cytoplasmic function of
F28F8.5 is supported by the known involvement of the nematode homologue of Grb2,
SEM-5, in the regulation of development of male rays. F28F8.5 protein contains a
predicted SH2 binding site for Grb2 in the loop positioned in-between the two helices
of F28F8.5, similarly as MED28 (identified using the site prediction tool Motif Scan
http://scansite.mit.edu/motifscan_seq.phtml) (Wiederhold et al., 2004). Although, it has
to be stressed that there are no close structures available for a high-probability prediction
of the structure of F28F8.5. The burst through vulva phenotype is also likely to be
connected to LET-60/Ras signaling (Ecsedi, Rausch ¢ Grosshans, 2015) that also supports
the conservation of the dual, nuclear and cytoplasmic functions, of MED28 homologues
throughout the evolution of Metazoa.

We propose that MED28 is a candidate Mediator complex subunit linking cytoplasmic
structural signals towards the core of transcription regulation. The connection between
cytoplasmic events and regulation of gene expression can be seen frequently. Numerous
transcription factors are regulated by their spatial restriction, binding or incorporation
into cytoplasmic structures and organelles. Many proteins that have primarily cytoplasmic
structural functions were shown to possess transcription regulating activity (e.g., proteins
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interacting with steroid receptors (George, Schiltz ¢» Hager, 2009), FOX transcription
factors (Gan et al., 2005; Wang et al., 2015), and BIR-1/Survivin (Kostrouch et al., 2014)).
In-between interactions of MDT-28 that we identified, the interaction with MDT-30
may suggest an additional link towards connection of structural signals with the
regulation of gene expression. MED30 was shown to be pulled down by MED28
quantitatively with higher efficiency compared to other subunits, possibly suggesting that
these two subunits may be present in some subpopulations of Mediator complexes

that could lack other Mediator subunits. MED30 is similarly as MED28 a likely more
recent Mediator subunit specific to Metazoa and absent in yeast and it is intriguing

to speculate that the more recently evolved Mediator subunits are linked with the
evolution of structurally differentiated cells and tissues. It can be anticipated that
impairment of cellular structure sensing could be involved in cancer biology. In-keeping
with this, MED30 was recently identified as an upregulated gene in stomach cancer
connected with cancer proliferative properties (Lee et al., 2015) and in development of
cardiomyopathy in mice carrying a missense mutation in the first exon (Krebs et al., 2011).
MED?28 was also connected with cancer behavior and migration of cancer cells (Huang
et al., 2012, 2017). Wormbase also lists phenotypes similar to F28F8.5 knock-down by
RNAI for mdt-30, namely a Dpy, burst through vulva and locomotion defect but not a
germline defect (Wormbase WS, accessed on March 11, 2017). The gene mdt-30 is
organized in an operon together with F44B9.8 which is an ortholog of human RFC5
(replication factor C subunit 5) and its inhibition by RNAI leads to embryonic defects.
Similarly as F28F8.5, mdt-30 is likely to be expressed independently from the operon
since it is trans-spliced with both SL1 and SL2 splice leaders (Wormbase WS, accessed on
March 11, 2017).

Our results demonstrated phenotypic differences comparing knock down versus
knockout of F28F8.5 activity. For example, downregulation of F28F8.5 by RNAI resulted
in embryonic lethality and larval arrest whereas null mutants with a disrupted F28F8.5
gene found in the progeny of heterozygous animals with one edited disrupted allele and
one WT allele or one edited disrupted allele and one edited allele coding for GFP::F28F8.5
were able to reach adulthood. Morevoer, most phenotypes that we observed in our
RNAI experiments have previously been reported in Wormbase (WS254) based on high
throughput screens (Kamath ¢ Ahringer, 2003; Simmer et al., 2003; Frand, Russel ¢
Ruvkun, 2005; Sénnichsen et al., 2005). One explanation of the differences between
knockdowns versus knockouts is that heterozygous animals with one functional allele
of F28F8.5 supply their embryos with maternal transcripts, while the embryos in the
progeny of parents with F28F8.5 downregulated by RNAI are devoid of this maternal
load; maternal rescue of loss-of-function mutations is frequently observed in C. elegans
early development. This model further predicts that the amount of F28F8.5 product
inherited maternally is not sufficient for normal development of the gonad and other
post-embryonic developmental events such as male tail development. Alternatively, our
F28F8.5 disruptions could be affecting other genes in the operon, although none have
been reported to result in high level embryonic lethality when eliminated individually.
The three other genes within this operon are atx-3, the orthologue of human ataxin-3,

Kostrouchova et al. (2017), PeerdJ, DOI 10.7717/peerj.3390 20/31



Peer/

F28F8.9, a non-characteristic predicted protein and F28F8.7, an orthologue of human
ELMSAN1 (ELM2 and Myb/SANT domain containing 1) and TRERFI1 (transcriptional
regulating factor 1). RNAI experiments have been reported for atx-3 and F28F8.9, of
which only inhibition of atx-3 produced embryonic arrest in 10-25% of embryos. This
suggests that even if our gene disruption is affecting other genes in the operon (as reported
in Bosher et al. (1999)), the severe larval changes reported here are most likely the
consequence of inhibition of F28F8.5. In addition, F28F8.5 is also expressed
independently from its own promoter based on our translational fusions and reported
SL1 splice leader (Mounsey, Bauer ¢ Hope, 2002; Matus et al., 2010). Further studies
will be required to sort out the potentially complex interactions among these genes in
development.

The broad expression pattern and indispensability of F28F8.5 we find during
embryonic development is similar to findings reported for Med28 in other systems
((Li et al., 2015); Mouse Genome Database (http://www.mousephenotype.org/data/genes/
MGI:1914249) (Eppig et al., 2015); Human Protein Atlas (http://www.proteinatlas.org)
(Uhlén et al., 2015)). F28F8.5 was also shown to have tissue-specific functions, as in
the anchor cell where it is important for the regulation of anchor cell translocation
across the basement membrane during the formation of the developing vulva
(Matus et al., 2010).

Our experiments with transgenes fused to GFP also show the differences between
the expression of N- or C-terminally labeled F28F8.5. The expression of fusion transgenes
is not entirely without functional and developmental consequences. N-terminally labeled
F28F8.5 is likely to be able to maintain the nuclear functions of F28F8.5. It is also able
to support, at least partially the cytoplasmic functions of F28F8.5 in male rays, since they
are formed but are not entirely normal and defects in some animals were observed.

It seems likely that GFP-labeled subunits in viable lines may help localize the place of
action of labeled proteins as well as their function in C. elegans. We did not observe
elevated cytoplasmic expression of GFP::F28F8.5 in the anchor cell described by Matus
et al. (2010). This is probably dependent on the position of GFP in the fusion protein
which was on the C-terminus, in the case of the study by Matus et al. (2010) as well as in
the case of the data reported by Wormbase (both based on a clone originally prepared
by Ian Hope). It has been suggested that proteins containing GFP at their C-terminus
are more frequently properly intracellularly localized compared to proteins containing
GFP at their N-terminus (Palmer & Freeman, 2004). GFP positioned at the N-terminus
might also fold differently and fail to produce fluorescence in oxidizing compartments
(Aronson, Costantini ¢ Snapp, 2011).

The direct link between effector proteins and the regulation of transcription can be
traced to Eubacteria and Archaea. Lrp/AsnC proteins, metabolic effectors in Archaea and
related Lrs14 proteins are serving as multipotent (Lrp) and specific (Asn) regulators of
gene expression. Lrs14 has a clear negative autoregulatory potential illustrating the
ancient origin of the transcriptional function of effector proteins (Bell ¢ Jackson, 2000;
Thaw et al., 2006; Orell et al., 2013). Similarities between the core transcriptional
machinery of Eukaryotes and Archaea can be clearly found (Hirata ¢ Murakami, 2009).
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! F28F8.5 is now renamed with WormBase
approval to mdt-28.

While the archaeal transcriptional complex seems to be sufficiently dependent on two
basal transcriptional regulators, TBP and TFB, Pol II dependent transcription in
higher eukaryotes requires five or six general transcription factors (reviewed in
Burton et al. (2016)) and the modular assembly of the Mediator complex at the
promoters of regulated genes. This modular complex is capable of linking the
informatic network necessary for cells differentiated to multiple cell types (or in other
words multiple structural cell states) with gene expression. MED28 homologues are
thus likely to be able to bring cytoplasmic proteins to the core of gene transcription.
This may explain why MED28 evolved in multicellular eukaryotes containing
structurally differentiated cells.

In conclusion, MED28 homologues in vertebrates, insects, and nematodes share
similarities indicating their conserved roles in cytoplasmic and nuclear events. It can
be hypothesized that many proteins that are primarily building blocks of cellular
structures and structure-associated proteins are likely to be part of regulatory loops
that regulate gene expression. Similarly, as is the case of evolution of operons in
Rhabditida that are formed during evolution if they are biologically tolerated for the
sake of other regulatory or energetic gains (Qian ¢ Zhang, 2008; Blumenthal, 2012),
regulation by structural proteins may also be evolving for a limited number of
structural proteins leaving other structure-forming proteins available for evolution of
other functions. The homologues of MED28 in mammals, insects and nematodes
therefore may be a link between cellular structural states and regulation of gene

expression.

ABBREVIATIONS

F28F8.5' gene coding for protein F28F8.5

F28F8.5a splice form a

F28F8.5a protein form a

F28F8.5b splice form b

F28F8.5b protein form b

gDNA genomic DNA

Prosrs.s(V:15573749)::

gfp::F28F8.5 edited F28F8.5 with gfp tagged to the N-terminus in the

position V:15573749 (allele named edited gfp:: F28F8.5)
Prosrs.s (V:15573749)::
gfp::1et858(stop)::
SEC::F28F8.5 edited F28F8.5 disrupted by gfp and SEC (allele named edited
disrupted F28F8.5)

P F28F8.5(400 bp)**

F28F8.5::¢fp F28F8.5 tagged with gfp on its C-terminus regulated by its
predicted internal promoter with the size of 400 bp upstream
of the ATG

GFP::F28F8.5 protein F28F8.5 tagged on its N-terminus with GFP

F28F8.5::GFP protein F28F8.5 tagged on its C-terminus with GFP
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MED28 vertebrate Mediator complex subunit 28 gene

MED28 vertebrate Mediator complex subunit 28 protein

Med28 Mediator complex subunit 28 in a general sense; this
nomenclature is also used in Drosophila and mouse gene
nomenclature
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