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Abstract

Gene expression is a multi-step process during which genetic information encoded in DNA
is used as a template for protein production. For mRNA molecules involved in this process,
the poly(A) tail is particularly crucial, as it influences their stability and the efficiency
of translation. The poly(A) tail can be added both in the nucleus and in the cytoplasm.
Cytoplasmic polyadenylation is catalyzed by non-canonical poly(A) polymerases belonging
to the TENT family, which have been increasingly recognized for their role in gene expression
regulation. Among them, the relatively recently discovered TENTS proteins stand out. Previous
studies in mouse models have demonstrated that TENTS proteins play significant roles
in various physiological processes, such as the immune response, bone formation,
and gametogenesis. Moreover, mutations in the 7TENT5C gene are among the most common
in multiple myeloma patients, highlighting the importance of these proteins in maintaining
organismal homeostasis.

To deepen our understanding of the mechanism underlying TENTS proteins’ function, our
research group analyzed the role of TENT-5 (PQN-44) — the only homolog of this family
in the nematode Caenorhabditis elegans. C. elegans is a widely used model organism
in molecular biology, valued for its simplicity, short life cycle, and ease of genetic
manipulation. Our studies revealed that the TENT-5 poly(A) polymerase in C. elegans plays
a key role in regulating the innate immune response by stabilizing transcripts involved in this
process through the extension of their poly(A) tails. We observed that most TENT-5 substrates
encode proteins secreted through the endoplasmic reticulum (ER). Additionally,
we demonstrated that TENT-5 partially localizes to the ER, explaining the observed substrate
preference.

The aim of my doctoral project was to expand on these findings and gain a more
comprehensive understanding of cytoplasmic polyadenylation. First, I examined the differences
in polyadenylation between the two nematode sexes. My analyses revealed significant
differences in gene expression and poly(A) tail lengths between males and hermaphrodites.
I also observed that TENT-5 is abundantly expressed in male-specific tissues, regulating
components of the seminal fluid.

The next step was to investigate the potential redundancy between TENT-5 and other
poly(A) polymerases: GLD-2 and GLD-4. My results excluded functional overlap between
these proteins, showing that they regulate distinct groups of transcripts.

I also focused on elucidating the mechanisms directing TENT-5 to the ER. I examined
the influence of three potential regulators — LARP-5, ATX-2, and C34F6.10 — on poly(A) tail
profiles. Among these, I demonstrated that LARP-5 is the most likely factor regulating TENT-5
activity.

Finally, I studied the genes whose mRNAs are the most prominent substrates of TENT-5,
the nematode specific NSPC genes. We discovered that these proteins localize exclusively



to a single cell — the excretory gland cell. My analyses revealed that this cell is primarily
responsible for the production of NSPC proteins, which are partially involved in regulating
the insulin signaling pathway in C. elegans.

Concluding, the results presented in my doctoral thesis provide new insights into
the mechanisms of cytoplasmic polyadenylation and the role of TENT-5 in gene expression

regulation. Moreover, my findings form a great foundation for further studies in this area.



Streszczenie

Ekspresja genow to wieloetapowy proces, w wyniku ktérego informacja genetyczna
zakodowana w postaci DNA jest wykorzystywana jako matryca do produkcji odpowiednich
biatek. Dla posredniczacych w tym procesie czasteczek mRNA szczegblnie istotnym
elementem jest ogon poli(A), ktéry wptywa na ich stabilno$¢ oraz efektywnos¢ translacji. Ogon
poli(A) moze by¢ dodawany zar6wno w jadrze, jak i w cytoplazmie. Proces cytoplazmatycznej
poliadenylacji jest katalizowany przez niekanoniczne poli(A) polimerazy z rodziny TENT,
ktérym przypisuje si¢ coraz wigkszy udzial w regulacji ekspresji genéw. Sposrod nich warto
wyr6zni¢ stosunkowo niedawno odkryte biatka z rodziny TENTS. Dotychczasowe badania na
modelach mysich wykazaly, ze biatka TENTS odgrywaja istotng role w wielu procesach
fizjologicznych, takich jak odpowiedz immunologiczna, formowanie ko$ci czy gametogeneza.
Mutacje w genie TENTSC sa takze jednymi z czgstszych zmian genetycznych obserwowanych
u pacjentdw ze szpiczakiem mnogim, co podkresla istotno$¢ tych biatek dla prawidlowego
funkcjonowania organizmow.

W celu poglebienia wiedzy na temat mechanizmu dziatania biatek TENTS, w naszej grupie
badawczej podjeto si¢ analizy funkcji TENT-5 (PQN-44) — jedynego homologa tej rodziny
biatek u nicieni Caenorhabditis elegans. C. elegans to popularny model w biologii
molekularnej, ceniony za niewielka ztozono$¢ organizmu, krétki cykl zyciowy i tatwosé
manipulacji genetycznych. Nasze badania wykazaty, Ze poli(A) polimeraza TENT-5
u C. elegans odgrywa kluczowa role w regulacji wrodzonej odpowiedzi immunologiczne;j,
stabilizujac transkrypty uczestniczace w tym procesie poprzez wydtuzanie ich ogondow poli(A).
ZauwazyliSmy, ze wigkszo$¢ substratow TENT-5 koduje biatka wydzielane przez retikulum
endoplazmatyczne (ER). Dodatkowo udato si¢ wykaza¢, ze TENT-5 czgsciowo lokalizuje si¢
w ER, co uzasadnia zaobserwowang specyficzno$¢ substratows.

Mo¢j projekt doktorski mial na celu poszerzenie tych badan i bardziej kompleksowe
zrozumienie cytoplazmatycznej poliadenylacji. W pierwszej kolejnosci zbadatam réznice
w poliadenylacji w zalezno$ci od ptci nicieni. Moje analizy ujawnity istotne réznice w ekspresji
gené6w oraz dhlugosciach ogondw poli(A) pomiedzy samcami a hermafrodytami.
Zaobserwowalam réwniez, ze biatko TENT-5 znajduje si¢ w duzych ilosciach w tkankach
specyficznych dla samcow, gdzie odpowiedzialne jest za regulacje genéw kodujacych sktadniki
nasienia.

Kolejnym krokiem byto zbadanie potencjalnej redundancji TENT-5 z innymi poli(A)
polimerazami: GLD-2 i GLD-4. Wyniki moich badan wykluczyly zwiazek miedzy tymi
biatkami, ukazujac, ze reguluja one odmienne grupy transkryptow.

Skupitam si¢ takze na zrozumieniu mechanizméw kierujacych TENT-5 do ER.
Przebadatam wplyw trzech potencjalnych regulatorow — LARP-5, ATX-2 i C34F6.10 — na
profile ogonow poli(A). Wykazatam, ze sposrod tych biatek LARP-5 jest najbardziej
prawdopodobnym czynnikiem regulujagcym aktywnos$¢ TENT-5.



Wreszcie, waznym aspektem moich badan bylo przyjrzenie si¢ blizej genom, ktdérych
mRNA reprezentuja glowne substraty TENT-5, czyli specyficznej dla nicieni rodzinie genow
NSPC. Odkrylismy, ze biatka te lokalizujg si¢ wytacznie w jednej komorce — komorce gruczotu
wydalniczego. Moje analizy wykazaly, ze komorka ta odpowiada przede wszystkim
za produkcje NSPC, ktoére czesciowo uczestnicza w regulacji Sciezki insulinowej u C. elegans.

Podsumowujac, wyniki przedstawione w mojej pracy doktorskiej dostarczaja nowych
informacji na temat mechanizméw cytoplazmatycznej poliadenylacji oraz funkcji TENT-5
w regulacji ekspresji genéw, a uzyskane dane stanowig podstawe¢ dla dalszych badan w tym

obszarze.
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1. Introduction

The 2024 Nobel Prize in Physiology or Medicine was awarded for the groundbreaking
discovery of microRNAs (miRNAs) and their importance in gene regulation!. The laureates,
Victor Ambros and Gary Ruvkun, utilized the Caenorhabditis elegans model organism
to investigate why cells with identical DNA perform such distinct functions within an organism.
Their research led to the identification of miRNAs — short RNA molecules that bind
to complementary regions of mRNAs to control their expression. This fine-tuning is crucial
for cellular function, and its dysregulation is implicated in severe pathologies®?>.

This year’s Nobel Prize underscores the importance of understanding post-transcriptional
gene regulation. Remarkably, it is the fourth time that C. elegans research has been honored,
further affirming the value of this model in unraveling crucial biological processes
in metazoans. Together, this highlights the relevance of my PhD work, which explores

the importance of post-transcriptional polyadenylation in gene regulation using C. elegans.

1.1. Caenorhabditis elegans as a model organism in molecular biology

Caenorhabditis elegans is a small, 1-mm-long nematode that has transitioned from
a free-living soil worm to one of the most studied model organisms in molecular biology. It was
introduced to the scientific community in 1963 by Sydney Brenner, whose work on the genetic
regulation of cell division and organ development was awarded a Nobel prize in 20024
The utility of C. elegans in biological research arises from several factors.

One key feature of C. elegans is its optimal level of complexity. Hermaphrodites consist
of 959 somatic cells and 302 neurons, while males have 1033 somatic cells and 385 neurons®.
This simplicity allows for whole-organism studies, providing valuable insights into complex
biological systems. As a result, C. elegans was the first animal to have its entire genome
sequenced’, its cell lineage mapped®!°, and its neuronal connectome fully charted!'!!2.
Moreover, despite its distinct morphology, C. elegans shares remarkable molecular and genetic
conservation with higher organisms, with approximately 60-80% of its proteins having human
homologs!3.

C. elegans exist as self-fertile hermaphrodites (XX) and males (X0), with males comprising
only about 0.05% of the population. Hermaphrodites produce both sperm and oocytes, enabling
them to lay up to 300 eggs during their lifetime. Progeny then develop from an egg, through
four larval stages (L1 to L4) into adulthood in about 3-4 days, making it straightforward
to generate large, genetically identical populations for research. Males can mate with
hermaphrodites, increasing progeny production and maintaining genetic diversity>. Crosses
with males are often used to merge different genetic backgrounds, allowing the integration

of multiple transgenes into a single animal'®,



Researchers can also utilize various tools to manipulate gene expression and generate
transgenic C. elegans strains'>. Key methods include RNA interference (RNAIi)
and CRISPR/Cas9-based approaches for precise genome editing. RNAi enables specific gene
suppression via complementary double-stranded RNA, which can be introduced into the worms
through injection, soaking, or feeding on RNA-expressing bacteria'®!”. CRISPR/Cas9,
on the other hand, utilizes the Cas9 protein, which can be guided to a specific site
and subsequently cut a DNA strand, allowing for precise editing, including gene deletions,
insertions, or substitutions!>-!8.

Another significant advantage of C. elegans is its transparency, which makes it an excellent
model for microscopy. The nematode’s clear body allows for detailed observation of cellular
and tissue morphology and enables real-time monitoring of dynamic changes in living
organisms'?.

These numerous advantages make C. elegans an indispensable tool for diverse biological
studies. Even while focusing on higher organisms, C. elegans serves as a complementary model
that can simplify and accelerate preliminary experiments or illustrate the conservation
of biological processes across species. The studies in this PhD thesis, investigating
post-transcriptional gene regulation, are excellent examples of how incorporating C. elegans

enhances understanding and provides novel insights into fundamental biological mechanisms.

1.2. Polyadenylation — a key process of gene regulation

In eukaryotes, gene expression begins in the nucleus, where DNA-encoded genetic
information is transcribed into precursor mRNA (pre-mRNA) by RNA polymerase II.
Subsequently, the freshly produced pre-mRNA molecules undergo three critical processing
steps: 5'-end capping, splicing, and 3'-end cleavage and polyadenylation, which can already
be initiated during transcription. Mature mRNAs are then transported to the cytoplasm to serve
as a template for translation by ribosomes, enabling the production of appropriate proteins’.

The poly(A) tail is a key determinant of mRNA fate, both in the nucleus and later
in the cytoplasm. It is essential for transcript stability, their proper transport to the cytoplasm,

and efficient translation?!-?2

. Polyadenylation occurs through the non-templated addition
of nucleotides (mostly adenosines) to the 3'-end of mRNAs by a specialized protein complex,
which is also responsible for the cleavage of the 3'-end of the nascent transcript. In humans,
the initial processing of the mRNA 3’-end in the nucleus includes the recruitment of around
85 proteins?’. Among them are the canonical poly (A) polymerases (PAPs) encoded by three
different genes: PAPOLA, PAPOLB, and PAPOLG. PAPs are composed of three distinct
domains: a catalytic N-terminus, an RNA-binding region, and a regulatory C-terminal domain
containing nuclear localization signals®*.

Once processed mRNAs reach the cytoplasm, their poly(A) tails start to undergo further
modifications. They are gradually shortened during translation by deadenylating complexes

PAN2-PAN3 and CCR4-NOT, which, by the removal of poly(A) tails, mark transcripts



for degradation. Degradation can proceed through the major pathway, which is initiated
by mRNA cap removal at the 5'-end, or the minor pathway, which employs direct 3’ to 5

exoribonucleolytic degradation?-°,

However, cytoplasmic re-adenylation, mediated
by non-canonical poly(A) polymerases (ncPAPs), introduces an additional regulatory layer,
balancing adenylation and deadenylation in the cell?”?8, These enzymes belong to the terminal
nucleotidyltransferase (TENT) family and, unlike canonical PAPs, lack an intrinsic RNA
recognition motif and often rely on RNA-binding proteins for substrate specificity?®. Moreover,
some TENT members can also incorporate non-adenosine nucleotides into the poly(A) tails,
adding regulatory diversity: adenosine addition usually stabilizes mRNAs, uridylation marks
them for degradation, and mixed adenosine/guanosine tailing increases resistance
to deadenylation?®. In vertebrates, the TENT family includes eight ncPAPs (TENT2,
TENT4A-B, TENT5A-D, and TENT6/MTPAP) and three terminal uridyltransferases
(TUTases) (TENT1, TENT3A/TUT4, and TENT3B/TUT7). In C. elegans, there are three
ncPAPs (GLD-2, GLD-4, TENT-5/PQN-44), five TUTases (USIP-1, PUP-2, PUP-3, CDE-1,
and MUT-2)?’, and several other predicted TENT proteins (GLDR-2, F43H9.3, C53A5.16,
and F43E2.1)%.

Cytoplasmic polyadenylation represents an essential post-transcriptional modification,
vital for accurate gene expression regulation. Moreover, recent studies by our group reveal that
members of the TENTS family polyadenylate mRNA from the externally introduced Moderna
SARS-CoV-2 vaccine®!. These findings highlight the broader implications of cytoplasmic
polyadenylation mechanisms, offering potential advancements in biomedical research

and therapeutic development.

1.2.1. Cytoplasmic polyadenylation in C. elegans

As mentioned, cytoplasmic polyadenylation in C. elegans is mediated by three
non-canonical poly(A) polymerases: GLD-2, GLD-4, and TENT-5?’. Among them, the best
studied is germline development defective-2 (GLD-2), which was discovered in C. elegans’”.
It plays a crucial role in germline physiology by regulating numerous mRNAs through
its poly(A) elongating activity®®. Studies of gld-2 mutants reveal GLD-2 involvement
in processes such as the transition from mitotic to meiotic cell cycles, meiotic progression,
and gamete production. Surprisingly, GLD-2 itself exhibits minimal polyadenylation activity
due to the absence of an RNA-binding domain, a common feature among TENT family
members**. For activation, GLD-2 requires molecular partners that can vary depending
on its specific roles. To date, two proteins, GLD-3 and RNP-8, have been shown to interact
with GLD-2. By binding with the appropriate partner, GLD-2 can control gamete specification.
Initially, together with GLD-3, it promotes spermatogenesis, but later switches
to RNP-8-mediated activation of oogenesis*>. Among many potential GLD-2 targets, the most

significant and best-studied is gld-/ mRNA, which encodes a repressor of mitosis-promoting



mRNAs. By regulating gld-1, GLD-2 orchestrates the essential process of mitosis-to-meiosis
transition in the germline’®.

The function of GLD-4 is less understood, but it also appears to be mainly engaged
in the regulation of germline development®’. Its activity and recruitment of mRNA targets
depend on GLS-1, which is a direct interactor of GLD-3, linking these two GLD-mediated
regulatory pathways. Both GLD-4 and GLS-1 are localized to germline-specific P granules,
which are ribonucleoprotein complexes important for RNA regulation and germ cell identity.
Similar to GLD-2/GLD-3, GLD-4/GLS-1 acts on gld-I mRNA to prevent its degradation
and promote translation. However, the effects of GLD-4 on poly(A) tail length and gene
expression are less pronounced than those of GLD-2, which correlates with the relatively mild
phenotypes observed in gld-4 mutants. While gld-2 mutants are sterile*?, gld-4 mutants exhibit
only partial reductions in hermaphrodite fertility and maintain normal male fertility®’. Instead,
GLD-4 is suggested to play a role in promoting translation, as deletion of either GLD-4
or its co-factor GSL-1 reduces polysome formation®®. Despite these insights, the precise
mechanisms underlying GLD-4 activity and its potential functions outside the germline remain
to be established.

As presented, while GLD-2 and GLD-4 are relevant for germline development, our global
understanding of non-canonical polyadenylation and how these three ncPAPs interplay

to maintain the balance of poly(A) tail metabolism remains incomplete.

1.2.2. Family of TENTS poly(A) polymerases

In mammals, the TENTS family includes four proteins: TENTSA, TENTB, TENTS5C,
and TENTSD, which display tissue- and organ-specific expression patterns®. While
all members function as non-canonical poly(A) polymerases that regulate mRNA stability
and expression, their physiological roles are diverse. Despite the relatively recent discovery
of TENTS proteins, their functions in various organisms have already been extensively
explored, with much of this research conducted by members of our group**-44.

For instance, TENT5A is crucial for proper bone formation*?. It is expressed in osteoblasts
and osteocytes and predominantly polyadenylates mRNAs encoding collagens and other
proteins involved in bone development. As a result, the absence of TENTSA in mice leads
to smaller body size, abnormal posture, and fragile bones, mirroring the osteogenesis
imperfecta bone disease often observed in humans with TENT5A mutations*. Moreover,
TENTSA, together with TENTSC, is expressed in murine macrophages, where it enhances
the innate immune response by elongating the poly(A) tails of transcripts involved
in the defense process*. Interestingly, while single knockouts of Tent5a or Tent5c¢ in mice
are viable, their combined deletion leads to lethality, hinting at their functional redundancy.

4347 Tt has been shown that

TENTS family members also influence gametogenesis in mice
TENTS5B and TENTSC act redundantly to polyadenylate mRNAs necessary for proper oocyte

formation, while TENT5C and TENTSD are expressed in spermatocytes and spermatozoa,



affecting different aspects of spermatogenesis. Consequently, double knockouts of Tent5b
and Tent5c cause female infertility, whereas Tent5c and Tent5d deficiencies result in male
infertility*.

Among TENTS proteins, TENT5C is the most extensively studied so far. Notably, it is one
of the most frequently mutated genes in multiple myeloma (MM) and acts as a growth
suppressor in MM cells by polyadenylating mRNAs encoding endoplasmic reticulum
(ER)-targeted proteins, inducing ER stress and apoptosis*’. Additionally, TENT5C mediates
humoral immune responses by polyadenylating mRNAs of immunoglobulins (Ig)
in B lymphocytes, with its knockout reducing Ig protein levels and antibody production®!.
Moreover, Tent5c disruption causes microcytic anemia in mice by impairing polyadenylation
of globin mRNAs critical for red blood cell maturation**,

Despite the functional diversity of TENTS proteins, their molecular targets share similar
characteristics. The majority of identified TENTS targets, such as collagens, immunoglobulins,
and immune effectors possess ER-targeting signal peptides, indicating that TENTS activity
preferentially targets mRNAs encoding ER-secreted proteins. However, the exact mechanisms
underlying this specificity remain unclear. Recent findings suggest that TENTS proteins might
be recruited to the ER*, implying that their localization may partly dictate their substrate

specificity.

1.2.3. Methods used for studying polyadenylation

There are multiple established methods for measuring poly(A) tail lengths, that provide
critical insights into this complex aspect of gene regulation. These approaches are generally
classified into traditional poly(A) length assays and high-throughput sequencing-based
techniques®.

Initially, poly(A) tail analyses relied on low-throughput methods such
as the RNase H/oligo(dT) assay or the polymerase chain reaction (PCR) amplification
of the 3’-ends. The first method involves the hybridization of oligo(dT) to the poly(A) tail
and subsequent digestion of the resulting RNA-DNA duplexes by RNase H. The information
about the poly(A) length can then be retrieved by comparing RNase H-treated and untreated
samples. PCR-based techniques, such as the Rapid Amplification of cDNA End-Poly(A) Tail
assay (RACE-PAT), involve hybridization with oligo(dT) anchor, reverse transcription,
and PCR amplification using anchor- and gene-specific primers®!. However, PCR-based
approaches often struggle with amplifying long homopolymers and introduce biases, which
lowers the accuracy of poly(A) length estimations and limits their usefulness for detecting
subtle poly(A) tail changes. While many improved variants of these methods exist, they remain
constrained to single-transcript analyses and are now primarily used for validation purposes.

The development of Next Generation Sequencing (NGS) and increasing interest in poly(A)
metabolism accelerated the development of high-throughput ways to study poly(A) tail lengths
on a broader scale. Techniques like PAL-Seq®, TAIL-Seq®, and PAT-Seq®* are based



on [llumina sequencing and involve ligation of 3'-end adaptor to RNA, partial RNA
fragmentation with RNase T1, 3'-end enrichment, and ligation of a 5-end adaptor, followed
by reverse transcription, PCR amplification, and sequencing. Although extending poly(A)
studies to a larger scale, these methods are still hindered by PCR-related biases and are not
adequate for investigating longer poly(A) tails.

Therefore, among recent innovations, Oxford Nanopore Direct RNA Sequencing (DRS)
stands out as the most suitable approach for poly(A) tail profiling. Importantly, unlike previous
methods, Nanopore DRS is PCR-free, allowing unbiased sequencing of full-length RNA
molecules. Library preparation includes subsequent ligation of two adapters to polyadenylated
RNAs — first, a 3’-end adapter and then a sequencing adapter attached to a motor protein that
facilitates the passage of RNAs through protein pores embedded in a sequencing flow cell.
The RNA molecule traversing the pore induces current changes that can be later translated into
nucleotide sequences using computational tools>. Moreover, this method provides additional
data on differential expression, isoforms, and RNA modifications, making it a versatile tool that
has already been successfully used to study poly(A) tail dynamics across various organisms.
However, as Nanopore DRS is a relatively new method, its implementation was not possible
in earlier studies on cytoplasmic polyadenylation, significantly limiting their scope.

Due to its numerous advantages, Nanopore DRS has been implemented in our group
and in this PhD work as a standard method for poly(A) tail profiling and the identification
of poly(A) polymerase targets.



2. Background of the study and preliminary results
2.1. Function of TENT-5 poly(A) polymerase in C. elegans (Manuscript 1)

When I began my PhD, one of the ongoing projects in the group focused on studying
TENT-5 (PQN-44) — the single homolog of the TENTS family in C. elegans. It has already
been confirmed that, in agreement with the high sequence similarity of nematode TENT-5
to mammalian TENTS members, it also possesses poly(A) polymerase activity, which enhances
mRNA expression through poly(A) tail elongation. Moreover, expression analysis revealed that
TENT-5 is active throughout all developmental stages and tissues, underscoring its essential
role in nematode physiology.

To explore its functional significance, transcriptomic and proteomic analyses of fent-5
mutants were performed, and they uncovered a notable downregulation of innate immune
effectors, later supported by increased susceptibility of fent-5 mutants to various bacterial
pathogens. Furthermore, the function of TENT-5 as a regulator of immunity is evolutionarily
conserved, as demonstrated by my colleagues for the mammalian orthologs, TENTS5A
and TENTS5C, in the macrophages.

To understand the mechanism of TENT-5-mediated regulation of pathogen resistance,
the Nanopore Direct RNA Sequencing (DRS) was utilized to investigate the polyadenylation
dynamics in fent-5 mutants. Among the 96 transcripts exhibiting significant poly(A) tail
shortening, many encoded immune response proteins. This shortening correlated with reduced
mRNA stability, supporting the hypothesis that TENT-5 activity positively modulates transcript
stability via polyadenylation. Additionally, apart from defense response genes, TENT-5
strongly regulated transcripts encoding NSPC proteins, members of a nematode-specific family
with previously unknown functions. Notably, both immune effectors and NSPCs contain signal
peptides directing them toward the secretory pathway through the endoplasmic reticulum (ER).
We demonstrated that in the intestine TENT-5 partially localizes in the ER, suggesting that
TENT-5 substrate specificity is driven, at least to some extent, by its spatial proximity
to mRNAs encoding secreted proteins. However, the exact mechanism of this regulation was
left undiscovered.

Since I joined the project in its concluding stages, my contribution was primarily during
the revision of the publication. One of my tasks involved performing lifespan analyses of tent-5
mutants grown on UV- or heat-killed E. coli. These experiments demonstrated that
the shortened lifespan observed with live, mildly pathogenic E. coli resulted from
a compromised immune response in the absence of TENT-5. Additionally, I contributed
to colony-forming unit (CFU) analyses, which investigated bacterial accumulation
in the intestines of wild-type and mutant worms. The significantly higher bacterial load in fent-5
mutants further confirmed the critical role of TENT-5 in responding to pathogen infection.

Through genetic crossing, 1 also generated a strain co-expressing GFP-tagged TENT-5



and CemOrange?2 fused to the ER marker protein TRAM-1. This strain was subsequently used
in microscopy studies to demonstrate the ER enrichment of TENT-5, shedding light on its
possible target recognition mechanism.

The results of this project provide the first characterization of TENT-5 activity
in C. elegans, offering valuable insights into both nematode physiology and the regulation
of poly(A) tail metabolism. Moreover, this study underscores the conserved function
of TENT-5 as a regulator of innate immunity across species, highlighting the value
of multi-organismal studies in understanding the mechanisms and significance of specific gene
regulation pathways.

This study has been published in Science Advances and is enclosed in the appendix to this

thesis as Manuscript 1.

Reference — Manuscript 1:

Liudkovska V., Krawczyk P.S., Mroczek S., Bilska A., Guminska N., Cysewski D., Mackiewicz Z., Ewbank
J.J., Drabikowski K., Dziembowski A. TENTS cytoplasmic non-canonical poly(A) polymerases regulate the
innate immune response in animals. Sci. Adv. 8, eadd9468 (2022). DOI:10.1126/sciadv.add9468



3. Research objectives

Building on the findings described in the previous chapter, my PhD project sought
to investigate TENT-5-mediated regulation in C. elegans within a broader biological context.

Firstly, complementing our study on hermaphrodites, I aimed to examine poly(A) tail
metabolism in males to gain a more comprehensive understanding of cytoplasmic

polyadenylation and its potential dependence on sex.

Moreover, to explore how poly(A) polymerases interact to maintain the balance of poly(A)
tail metabolism, I planned to investigate potential redundancy between the three poly(A)
polymerases in C. elegans: TENT-5, GLD-2, and GLD-4.

Further, I aimed to uncover the factors driving the ER localization of TENT-5 and identify

other proteins that might be involved in shaping its substrate specificity.

Finally, I wanted to investigate the cause of the pronounced TENT-5-mediated
polyadenylation of NSPC family transcripts. Additionally, preliminary data indicated that
NSPCs are expressed specifically in the excretory gland cell, whose function remained
unknown, prompting me to extend the study’s objectives to explore the role of this cell

in C. elegans physiology.



4. Results

4.1. Function of TENT-S in C. elegans males — sexual dimorphism in poly(A) tail
metabolism (Manuscript 2)

While familiarizing myself with the C. elegans model, I noticed that most studies
in the field are limited to experiments on mixed populations, which are predominantly
composed of hermaphrodites. C. elegans populations consist primarily of self-fertile
hermaphrodites, with males constituting only about 0.05% of the population®. Consequently,
males are often overlooked in nematode research. However, it has been known for a long time,
that sex has a crucial influence on organismal physiology and genetics, determining for example
disease susceptibility or treatment responses®®. Therefore, limiting studies to one sex may
reduce the reliability of findings, a critical issue in biomedical research. Intriguingly, I observed
that poly(A) tail metabolism, despite being one of the most important parts of gene regulation
machinery, remains underexplored in the context of sexual dimorphism. To address this gap,
Tused C. elegans as a model to investigate how polyadenylation differs between
hermaphrodites and males at the organismal level.

To achieve this, I employed Nanopore Direct RNA Sequencing (DRS), the most reliable
method for poly(A) tail length estimation®’, to simultaneously analyze differences in poly(A)
tail metabolism and gene expression between hermaphrodites and males. The sex-dependent
differences in gene expression are well-documented across various species, including
nematodes. However, prior studies on C. elegans males relied only on single worms®’
or male-enriched #im mutants®, compromising the reliability of results. The advantage of my
approach was using a hand-picked population of wild-type males, which resulted in the creation
of an unbiased and valuable dataset for future research. My differential expression analysis
confirmed many known sex-related differences, with significant overlap with previous
findings®”8. Notably, I identified a group of genes uniquely expressed in males, most of which
are still uncharacterized. These genes predominantly encode proteins localized in two
male-specific tissues — the seminal vesicle and vas deferens, which produce seminal fluid that
is transferred along with the sperm to the hermaphrodite uterus during mating. The secretory
function of these male-specific tissues aligns with their pronounced enrichment in ER, as well
as the observation that most male-specific genes are predicted to encode secreted proteins.
Given that this characteristic resembles the known properties of TENT-5 targets, [ hypothesized
that these male-specific transcripts might also be regulated by TENT-5.

Another indication that TENT-5 might be important for male-specific gene regulation
emerged from the analysis of poly(A) tail length differences between C. elegans
hermaphrodites and males. I found that males generally have transcripts with longer poly(A)
tails than hermaphrodites, particularly for genes associated with the ER function. This
observation supported my hypothesis that TENT-5 might play a crucial role in regulating
male-specific transcripts. To test this, I examined TENT-5 localization in males and observed
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strong expression in spermatids, seminal vesicle, and vas deferens, consistent with its potential
activity in these tissues. To validate this, I conducted additional Nanopore DRS analysis
on tent-5 mutant males and compared their gene expression and poly(A) tail profiles to those
of wild-type males. I noticed that TENT-5 deletion leads to the downregulation of defense
response genes not only in hermaphrodites but also in males, proving its universal role
in immunity. Moreover, in line with my hypothesis, fent-5 mutant males exhibited significant
shortening of the poly(A) tails, particularly for male-specific transcripts. Despite this, I did not
observe any reproduction-related phenotypes, such as altered mating behavior, decreased
fertility, or sperm morphology, between wild-type and fent-5 mutant males.

My results underscore the importance of studying protein functions in both sexes, since,
as [ show, they can differ substantially. Interestingly, TENT-5 targets display minimal overlap
between hermaphrodites and males, with only two genes — heh-1 and far-2 — commonly
regulated in both sexes. I propose that TENT-5 prioritizes the regulation of male-specific
proteins, which are components of seminal fluid, to support the successful mating of males.
As a result, its activity toward immune effectors appears to be less pronounced compared
to hermaphrodites. A potential sex-independent role of TENT-5 may involve the regulation
of cholesterol metabolism, as two of its common targets are associated with cholesterol
and fatty acid transport. A more detailed discussion of this possible function is provided
in subsequent chapters of this thesis.

That part of my PhD was particularly challenging due to the limited understanding of male
C. elegans physiology and genetics. Most of the TENT-5 targets in males remain unannotated,
making it difficult to predict their function. The same applies to seminal fluid, the role of which
in ensuring mating success has been only superficially addressed in prior studies. Despite this,
I conducted the first analysis of sex-dependent polyadenylation profiles in C. elegans, thereby
producing a valuable resource for future research. Additionally, I advanced our understanding
of TENT-5 functionality by demonstrating its sex-specific roles in nematodes.

This study has been published as a pre-print in bioRxiv and is enclosed in the appendix
to this thesis as Manuscript 2.

Reference — Manuscript 2:
Mackiewicz Z., Liudkovska V., Dziembowski A. TENT-5 regulates the expression of male-specific genes
in Caenorhabditis elegans. bioRxiv (2024). DOI: https://doi.org/10.1101/2024.06.18.599341

4.2. Relationship between three non-canonical poly(A) polymerases: TENT-5,
GLD-2, and GLD-4 (unpublished results)

As mentioned earlier, in C. elegans, there are three non-canonical poly(A) polymerases —
GLD-2, GLD-4, and TENT-5. To date, each of these enzymes has been studied independently,
with GLD-2 and GLD-4 shown to play roles in germline development’’, and TENT-5

in regulating innate immunity later in the nematode’s lifespan®. While partial synergy between
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GLD-2 and GLD-4 has been previously speculated®®, it has not been thoroughly explored.
Despite the clear germline-related activity of GLD-2 and GLD-4, their expression is also
observed in somatic tissues (based on the CeNGEN database® and personal communications),
suggesting the possibility of their expanded activity outside the germline. Furthermore, TENT-5
is expressed in the germline, although at levels significantly lower than GLD-2 and GLD-4%°,
Its expression is markedly lower than GLD-2 and moderately lower than GLD-4%, raising
the possibility of germline-related roles for TENT-5. Therefore, we aimed to investigate
the potential interplay and relationship between these three ncPAPs in whole-worm samples.
First, I analyzed the poly(A) profiles of gld-2 and gld-4 mutants using Nanopore DRS,
a method unavailable during earlier studies on GLD-2 and GLD-4. My analysis revealed that
poly(A) tail length differences were most pronounced in g/d-2 mutant worms (Figure 1A), even
though, due to the sterility of homozygotes, the heterozygous population had to be used
for sequencing. This finding proves the central role of GLD-2 in poly(A) tail regulation, which
is also manifested in the strongest phenotypes of its mutants, such as delayed entry into meiosis
and lack of functional gamete production®®. The global poly(A) distribution in gld-2 mutants
did not show a median length change compared to the wild type (Figure 1B). However,
a significant change was observed after narrowing the analysis down to the germline-enriched
transcripts (Figure 1C). Moreover, examining the global poly(A) distribution, it is evident that
GLD-2 deletion results in poly(A) shortening for some transcripts and elongation for others.
This effect could be explained by the active production of newly transcribed mRNAs with tails
that have not yet undergone deadenylation. Comparing my results with previously identified
GLD-2 targets (gld-1, zfp-3, lip-1, oma-2, him-5, cpb-3, gla-3, and puf-8)**, I found that only
gld-1, oma-2, and cpb-3 showed significant shortening in the gld-2 mutant (Figure 1A). This

suggests that previous studies®>3®

, which used Illumina RNA sequencing or RT-qPCR to
identify downregulated transcripts under GLD-2 deficiency, may have misinterpreted some as
direct GLD-2 targets due to secondary transcriptional effects unrelated to poly(A) regulation.
Nevertheless, my findings confirm that gld-/ is a strong GLD-2 target, with its poly(A) tail
shortened by 21 nucleotides in the mutant (Figure 1D). Moreover, functional enrichment
analysis of other GLD-2 targets further supports its primary role in germline development
(Figure 1E).

Similarly, I examined poly(A) tail dynamics in gl/d-4 mutant (Figure 1F). The observed
differences in poly(A) tail lengths were rather small, confirming that GLD-4 mediates
the addition of shorter adenosine stretches than GLD-238. Surprisingly, although GLD-4 was
predicted to have the smallest impact on poly(A) tail metabolism?8, only for this poly(A)
polymerase did I observe a significant global poly(A) tail shortening (Figure 1B). Functional
enrichment analysis revealed that GLD-4 seems to polyadenylate mainly mRNAs encoding
ribosomal proteins, likely enhancing their stability and ensuring efficient translation
(Figure 1G). These findings align with previous predictions of GLD-4’s role in promoting

translation and polysome formation?, as evidenced by the enrichment of most GLD-4 targets
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in the polysome fraction (Figure 1H). Additionally, the significant poly(A) shortening observed
for CEY family members, which are proteins involved in polysome formation®!, further
supports its association with this process.

Interestingly, I observed that TENT-5 targets, similarly to GLD-4-regulated transcripts,
are significantly enriched in the polysome fraction (Figure 1H). To investigate the potential
overlap between mRNAs regulated by GLD-4 and TENT-5, I generated the gld-4/tent-5 double
mutant worms and performed Nanopore DRS (Figure 1I). As expected, the data showed
significant poly(A) tail shortening for both GLD-4 and TENT-5 targets. However, I did not
observe any transcripts behaving differently depending on the presence of the second poly(A)
polymerase, thereby excluding their functional redundancy.

To further elaborate on redundancy among the three polymerases, I compared the transcript
pools with significantly shortened poly(A) tails in fent-5, gld-2, and gld-4 mutants (Figure 1J).
The overlaps were minimal, even between GLD-2 and GLD-4, both associated with germline
development. Among the 115 shared GLD-2 and GLD-4 targets, most were sperm-enriched
and functionally connected to the pseudopodium, the structural part of the sperm responsible
for its mobility®? (Figure 1K). Therefore, I assume that GLD-2 and GLD-4 might co-regulate
sperm cell specification, but their other functions are rather distinct. Surprisingly, based
on my Nanopore results, even gld-I mRNA is not a common target of both poly(A)
polymerases, as indicated before?” (Figure 1D). Similarly, there was negligible overlap between
targets of TENT-5 and GLD-4 or TENT-5 and GLD-2, again indicating different roles
of the three ncPAPs. Slightly larger overlaps were observed for genes downregulated upon
deletion of each polymerase (Figure 1J). Most of the genes downregulated in gl/d-4 mutants
and many in fent-5 mutants were also downregulated upon GLD-2 depletion, indicating that
while their direct substrates might be distinct, their broader regulatory effects may converge.

In conclusion, my findings indicate that redundancy among the three C. elegans poly(A)
polymerases is highly unlikely. However, as shown in earlier chapters, even a single
polymerase’s activity can vary depending on factors like sex. This explains why distinct
polymerases could have largely non-overlapping functions. Nevertheless, some further
experiments could be performed to provide a more comprehensive understanding of the activity
of poly(A) polymerases. For instance, the degron-based approach could be used for precisely
deleting all three poly(A) polymerases. Moreover, given TENT-5 enrichment and activity
in germline-located spermatids and male-specific tissues, I assume redundancy of TENT-5 with
either GLD-2 or GLD-4 might be different in males. While such investigations lie beyond
the scope of this thesis, I believe my work has clarified some aspects of cytoplasmic

polyadenylation in C. elegans and provides a foundation for future research in this field.
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Figure 1. Relationship between three non-canonical poly(A) polymerases: TENT-5, GLD-2, and GLD-4.
(A) Volcano plot displaying differential polyadenylation between wild-type and g/d-2 mutant worms. Transcripts
with significantly changed median poly(A) tail length (FDR < 0.05) by a minimum of 5 nucleotides (dotted lines)
are marked with blue dots. Predicted GLD-2 targets from Nousch M. et al. 2017% are marked with black
borderlines.

(B) Density plot showing global differences in the poly(A) tail distribution between wild-type (dark gray), gld-2
mutant (blue), and gld-4 mutant worms (green). Vertical dashed lines represent the median poly(A) tail length
for each condition (in nucleotides). The plot was generated for all identified transcripts and normalized to 1.

(C) Density plot showing differences in the poly(A) tail distribution for germline-enriched transcripts between
wild-type (dark gray), gld-2 mutant (blue), and gld-4 mutant worms (green). Vertical dashed lines represent
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the median poly(A) tail length for each condition (in nucleotides). The plot was generated for germline-enriched
transcripts described in Reinke V. ef al. 2004% and normalized to 1.

(D) Density plot showing differences in the poly(A) tail distribution for the g/d-/ mRNA between wild-type (dark
gray), gld-2 mutant (blue), and gld-4 mutant worms (green). Vertical dashed lines represent the median poly(A)
tail length for each condition (in nucleotides). The plot was normalized to 1.

(E) Top GO terms for genes with poly(A) tails significantly shortened in g/ld-2 mutant ordered by adjusted p-value.
(F) Volcano plot displaying differential polyadenylation between wild-type and gld-4 mutant worms. Transcripts
with significantly changed median poly(A) tail length (FDR < 0.05) by a minimum of 5 nucleotides (dotted lines)
are marked with green dots. Triangles represent data points outside the y-axis limit.

(G) Top GO terms for genes with poly(A) tails significantly shortened in g/d-4 mutant worms ordered by adjusted
p-value. Terms related to ribosomes are shown in bold.

(H) Percentages of GLD-4 and TENT-5 targets enriched in polysome and non-polysome fractions based
on the dataset from Nousch M. et al. 201438, The list of TENT-5 targets comes from Liudkovska V. ef al. 20224,
(I) Volcano plot displaying differential polyadenylation between wild-type and gld-4/tent-5 double mutant worms.
Transcripts with significantly changed median poly(A) tail length (FDR < 0.05) by a minimum of 5 nucleotides
(dotted lines) are marked with red dots. Triangles represent data points outside the y-axis limit. Additionally,
GLD-4 and TENT-5 targets (mRNAs with significantly shorter poly(A) tail in gld-4 or fent-5 mutant worms
by a minimum of 5 nucleotides; FDR < 0.05) are marked with blue and yellow dots, respectively. The list
of TENT-5 targets comes from Liudkovska V. ef al. 20224,

(J) Venn diagram showing overlaps between transcripts with significantly shorter poly(A) tail by a minimum
of 5 nucleotides (left) or significantly downregulated (right) for GLD-2 (blue), GLD-4 (green), and TENT-5
(yellow). Data for TENT-5-regulated genes comes from Liudkovska V. et al. 20224,

(K) Top GO terms for 115 genes with poly(A) tails significantly shortened in both gld-2 and g/d-4 mutant worms
ordered by adjusted p-value. The term related to spermatogenesis is shown in bold.

4.3. Possible mechanism of TENT-S5 target recognition (unpublished results)

Although comprehensive studies on the TENTS family of proteins have been conducted
across multiple species, the exact mechanism of its substrate recognition remains
to be determined. Since TENTs lack an RNA-recognition domain, in many cases they depend
on interactions with other RNA-binding proteins to recruit them to their substrates. For instance,
in C. elegans, the GLD-2 poly(A) polymerase interacts with GLD-3 or RNP-8 to polyadenylate
specific transcript pools, influencing the decision between sperm and oocyte cell fates®. In our
research group, we aim to elucidate the target-recognition mechanism for TENTS proteins.
Previous studies have identified potential TENTS interactors, including FNDC3A/B
(fibronectin type-IIT domain-containing protein 3A/B)*, which are particularly intriguing due
to their ER-transmembrane localization. FNDC3A/B proteins possess a disordered N-terminal
domain, nine fibronectin type-III domains, and a C-terminal transmembrane domain and are
hypothesized to activate TENTS by localizing it to the ER.

To validate these findings, my colleagues employed TurbolD proximity labeling
in B lymphocytes expressing a single TENTSC protein. This approach identified 29 potential
TENTSC interactors, with FNDC3A/B, LARP4/5, and ATXN2 being particularly interesting.
LARP4 and LARPS5 are known to bind mRNAs and protect their poly(A) tails from
deadenylation®, while ATXN2 has been implicated in recruiting the TENT2 polymerase
to its substrates®®. The interaction between TENT5C and FNDC3A/B was additionally
confirmed in other TENTS5-expressing models established in our laboratory, including mouse
testes and bone marrow-derived macrophages (BMDMs). Moreover, Nanopore sequencing

following FNDC3A/B silencing in both B lymphocytes and BMDMs revealed a clear

15



shortening of poly(A) tails of the TENTS-regulated mRNAs, supporting the hypothesis
of FNDC3A/B involvement in TENT5-mediated polyadenylation.

A similar TurbolD experiment was also performed for erythroblasts, where TENTS5C
primarily polyadenylates globin mRNAs, playing a critical role in red blood cell development.
As globin mRNAs are not translated on the ER, FNDC3A/B-mediated localization of TENT5C
to the ER seemed unnecessary in this context. Consequently, FNDC3A/B were not detected
as TENTS interactors in erythroblasts. Instead, LARP proteins, mentioned above, emerged
as the primary interactors. In particular, LARPS deletion resulted in significant shortening
of globin poly(A) tails, which were not affected further by additional TENTSC deletion,
suggesting the critical role of LARPS5 in regulating TENTS5 activity**.

Based on these findings, I decided to investigate whether the mechanism of TENTS target
recognition, mediated by either FNDC3A/B, LARP4/5, or ATXN2, is conserved across species.
For that purpose, I identified the C. elegans homologs of these interactors: LARP-5, ATX-2,
and C34F6.10, a putative FNDC3A/B homolog*°. However, none of these proteins have been
studied in the context of polyadenylation regulation in worms. To evaluate their roles,
I performed RNAI silencing of larp-3, atx-2, and C34F6.10 and conducted poly(A) profiling
using Nanopore DRS (Figure 2A). This revealed significant poly(A) tail shortening for 125, 48,
and 14 transcripts, respectively, upon depletion of these proteins, highlighting LARP-5
as the most influential regulator of polyadenylation dynamics in C. elegans (Figure 2A and 2B).

Further comparison of transcripts affected by silencing of each protein with known TENT-5
targets showed that larp-5, atx-2, and C34F6.10 silencing resulted in the shortening of poly(A)
tails for 76%, 28%, and 31% of TENT-5 targets, respectively (Figure 2A). Notably,
the remaining 24% of TENT-5 targets were affected by /arp-5 silencing but lacked statistical
significance, strengthening the link between LARP-5 and TENT-5. Moreover, since LARP-5
also influenced genes unrelated to TENT-5, its activity is likely not limited to TENT-5
regulation. Importantly, the absence of overlap between LARP-5-affected genes and those
regulated by GLD-2 or GLD-4 (Figure 2C) excludes its involvement in parallel polyadenylation
pathways. Instead, the observed shortening for genes other than those TENT-5-regulated may
result from reduced poly(A) tail protection by LARP-5, leading to increased deadenylation.

In contrast, ATX-2 exhibited a much weaker influence on TENT-5 substrate mRNAs
(Figure 2A and 2B). However, as ATX-2 has been implicated in promoting germline
proliferation and oocyte fate in nematodes and TENT2 substrate recognition in vertebrates,
it is more likely associated with GLD-2 functionality. Despite such indications, my analyses
showed minimal overlap between GLD-2/GLD-4 targets and ATX-2-affected transcripts
(Figure 2C), suggesting that the role of ATX-2 in germline development is unrelated
to polyadenylation regulation.

Unexpectedly, silencing of the FNDC3A/B homolog C34F6.10 triggered minimal effects
on poly(A) tails (Figure 2A). This result might be explained by less effective silencing,
as confirmed by RT-qPCR (Figure 2D). To address this, I designed and ordered a transgenic
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strain with a C34F6.10 knockout and repeated Nanopore sequencing (Figure 2E). Surprisingly,
the knockout strain confirmed this minimal impact of C34F6.10, identifying only 18 potential
mRNA substrates, nine of which were consistent across experiments. Additionally,
the C34F6.10 knockout did not alter the expression of even a single gene, suggesting its limited
role in gene regulation.

To further investigate the potential interaction between C34F6.10 and TENT-5, I visualized
TENT-5 localization in C. elegans following C34F6.10 deletion. I did not observe any changes
in TENT-5 distribution within cells or in its overall expression levels (Figure 2F). Subsequently,
I generated and sequenced mutant worms lacking both TENT-5 and C34F6.10 to assess their
combined impact on polyadenylation (Figure 2G). Interestingly, TENTS5-mediated
polyadenylation appeared partially dependent on C34F6.10 activity, as there was only a 38%
overlap between TENTS5-regulated genes in the presence or absence of C34F6.10. Notably,
most genes with shorter poly(A) tails in the C34F6.10 mutant were expressed
in the reproductive tissues of C. elegans (Figure 2H). Additionally, as most of them are also
regulated by LARP-5, I hypothesize that TENT-5 activity for this subset of transcripts may
be co-regulated by both LARP-5 and C34F6.10.

In conclusion, my findings identify LARP-5 as the primary TENT-5 cooperator
in C. elegans. This is surprising, as in mice, LARPs predominantly regulate TENT-5
in erythroblasts, where TENT-5 exceptionally polyadenylates mRNAs encoding cytoplasmic
proteins — hemoglobin subunits. In both C. elegans hermaphrodites and males, most TENT-5
targets are ER-translated, directing attention rather towards FNDC3A/B-mediated regulation.
However, it remains plausible that C34F6.10 is not a true FNDC3A/B functional homolog.
Further research into its localization, activity, and interactions is required to clarify its role.
Alternatively, the C34F6.10 relevance to TENT-5 activity may be tissue-specific, which can
often be overlooked in whole-worm experiments. It is also possible that apart from the basal
LARPs-mediated regulation of TENTS, the additional FNDC3A/B interaction is unique
to species with more complex polyadenylation machinery. To explore this, members
of our group are conducting studies using a mouse model. The results obtained from these

and the C. elegans experiments are planned to be published soon.
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Figure 2. Possible mechanism of TENT-5 target recognition.

(A) Volcano plot displaying differential polyadenylation between wild-type and RNAi larp-5, atx-2, or C34F6.10
mutant worms. Transcripts with significantly changed median poly(A) tail length (FDR < 0.05) by a minimum
of 5 nucleotides (dotted lines) are marked with purple, orange, and beige dots, respectively. TENT-5 targets
are marked with black borderlines.

(B) Density plot showing differences in the poly(A) tail distribution for TENT-5 targets between wild-type (dark
gray) and larp-5 (purple), atx-2 (orange), and C34F6.10 (beige) RNAi-treated worms. Vertical dashed lines
represent the median poly(A) tail length for each condition (in nucleotides). The plot was generated for all
identified TENT-5 targets and normalized to 1.
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(C) Venn diagram showing overlaps between GLD-2 (blue) and GLD-4 (green) targets with LARP-5 (left; purple)
or ATX-2 (right; orange) targets (defined as mRNAs with significantly shorter poly(A) tail by a minimum
of 5 nucleotides).

(D) RT-qPCR showing the efficiency of larp-5, atx-2, or C34F6.10 RNAI silencing. Relative nspc mRNA levels
were normalized to rps-23. Bar plots represent mean values with SD. ns => not significant; * => p-value < 0.05
(two-tailed t-test).

(E) Volcano plot displaying differential polyadenylation between wild-type and C34F6./0 KO mutant worms.
Transcripts with significantly changed median poly(A) tail length (FDR < 0.05) by a minimum of 5 nucleotides
(dotted lines) are marked with beige dots.

(F) Fluorescence microscopy images of TENT-5-GFP localization in wild-type and C34F6.10 KO mutant worms.
Scale bars => 100 pm.

(G) Volcano plot displaying differential polyadenylation between C34F6.10 and C34F6.10/tent-5 mutant worms
(TENT-5-driven polyadenylation in the absence of C34F6.10). mRNAs with significantly changed median
poly(A) tail length (FDR < 0.05) by a minimum of 5 nucleotides (dotted lines) are marked with red dots. TENT-5
targets in the presence of C34F6.10 are marked with black borderlines.

(H) Top tissue enrichment terms for genes with poly(A) tails significantly shortened in C34F6./0 KO mutant
worms ordered by adjusted p-value.

4.4. Function of nematode-specific NSPC proteins — most prominent TENT-5
targets (Manuscript 3)

To better understand the functional significance of the TENT-5 protein in C. elegans,
it is particularly important to explore the function of its targets. As a poly(A) polymerase,
TENT-5 extends the poly(A) tails of various mRNAs, enhancing their stability and expression.
As I have already shown, most TENT-5 targets encode small, secreted proteins, which primarily
act as immune effectors in hermaphrodites and as components of seminal fluid in males.
However, in hermaphrodites, the most prominent group of TENT-5-regulated mRNAs belongs
to the NSPC (Nematode-Specific Peptides, group C) family, a group of 18 highly homologous
genes that have not been thoroughly characterized®’. To extend the exploration of TENT-5,
we decided to investigate the function of NSPCs.

We began by studying NSPC localization using strains expressing mCherry-tagged NSPCs
and found that they are exclusively expressed in a single nematode cell — the excretory gland
cell. Remarkably, the distinctive poly(A) tail length differences for NSPC transcripts detected
in RNA extracted from the entire worm underscore the significance of this regulation
and suggest that the excretory gland cell might be a crucial site of TENT-5 activity. However,
like NSPC proteins, the role of the excretory gland cell in nematode physiology remains poorly
understood®®. As part of my PhD research, I decided to investigate this unexplored aspect
of C. elegans physiology and find reasons for such a profound TENT-5 polyadenylation
of NSPC-encoding mRNAs.

To achieve this, I optimized a technique for specifically ablating the excretory gland cell.
I implemented an optogenetic approach®-7°, expressing the miniSOG protein in the cell under
the nspc-10 promoter sequence. Upon blue light illumination, miniSOG generates reactive
oxygen species, leading to targeted cell destruction. To scale up experiments, I innovatively
used an LED advertising board, enabling subsequent high-throughput analyses of ablated
worms. Despite the successful ablation, no visible phenotypes were observed in the worms.
Therefore, I performed RNA sequencing to uncover potential indications of the excretory gland
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cell’s function. Initial results suggested its role in nematode reproduction as many sperm-
and oocyte-related genes were dysregulated after ablation. However, further investigation
revealed that these patterns were artifacts caused by age variation among worms, rather than
atrue phenotype. Worms’ developmental stage is influenced by multiple factors, such
as temperature, bacterial concentration, or worms’ density, that are often hard to keep constant
throughout the experiment’!. Interestingly, this problem is rarely addressed in the literature,
although it significantly impacts the accuracy of data interpretation. For example, my RNA-seq
results show that even slight age-related differences overshadowed the effect of entire cell
destruction. To mitigate these confounding factors, I performed three replicates of the ablation
experiment and averaged the data. Intriguingly, the refined analysis showed that aside from
NSPC downregulation, no significant transcriptomic changes occurred following excretory
gland cell ablation. This finding suggests that the primary function of this cell is the production
of NSPC proteins.

To further investigate the role of NSPCs, I successfully deleted all 18 members of the NSPC
family using CRISPR/Cas9. Surprisingly, worms lacking NSPCs also exhibited no visible
phenotypes. RNA sequencing analysis revealed that the lack of NSPCs results in a rather weak
but statistically significant dysregulation of defense response genes, aligning with
the connection of NSPC to the immune regulator TENT-5. Importantly, deleting NSPCs
without TENT-5 resulted in minimal additional expression changes, confirming that
NSPC-mediated activity is heavily dependent on TENT-5. Additionally, I observed a profound
upregulation of PMK family genes in tent-5 mutants, which diminished when both TENT-5
and NSPCs were deleted. The PMK family is known to regulate defense responses in
C. elegans’, suggesting a potential interplay between TENT-5, NSPCs, and PMKs. However,
unraveling this complex mechanism lies beyond the scope of this thesis.

Following these RNA-seq results, I studied the survival of nspc mutants after exposure
to pathogenic P. aeruginosa bacteria. Contrary to expectations, NSPC deletion did not alter
the worms’ lifespan, suggesting that immune defense is not their primary role. Shifting
my focus, I noted that the excretory gland cell, the site of NSPC expression, is exceptionally
enriched in cholesterol, as are male-specific tissues where TENT-5 activity is prominent. This
led me to hypothesize a potential role for TENT-5 and NSPCs in the regulation of cholesterol
metabolism. Lifespan experiments on plates with varying cholesterol concentrations, under
both pathogenic and non-pathogenic conditions, revealed only minor survival changes.
However, the results suggest that TENT-5 may facilitate cholesterol uptake and processing,
while NSPCs appear to have an opposing effect. Notably, fent-5 mutants exhibited improved
survival upon P. aeruginosa infection at higher cholesterol concentrations, proving
the importance of cholesterol for defense responses. This aligns with its known role
in regulating the p38/PMK-1 MAPK pathway’?, potentially connecting it to TENT-5 activity.

While NSPCs may influence cholesterol-related processes, this is unlikely to be their

primary function. A literature search revealed frequent dysregulation of NSPCs in studies
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on the DAF-2/DAF-16 insulin signaling pathway. Furthermore, NSPC structures and sequences
resemble those of insulins, which act as direct DAF-2 ligands. Inhibition of DAF-2 triggers
nuclear translocation of the transcription factor DAF-16, activating genes involved in lifespan
regulation, immunity, and metabolism’. 1 visualized DAF-16 localization in the presence
and absence of TENT-5 or NSPCs but found no differences. However, RNA sequencing
of daf-16 and nspc/daf-16 mutants revealed that NSPCs act upstream of DAF-16, as in their
absence DAF-16 deletion results in a significantly smaller transcriptome change. Notably,
NSPC activity does not seem to be limited to the insulin pathway regulation, as only part
of genes upregulated in nspc mutant worms featured the opposite trend when DAF-16 was
absent. The rest, among which were defense response genes, were consequently upregulated
upon NSPC deletion, with or without DAF-16, which is also consistent with a lack of changes
in their survival upon P. aeruginosa infection.

Based on these findings, I propose that NSPC proteins function as neuropeptides that
modulate various signaling pathways, including the DAF-2/DAF-16 insulin pathway. However,
their redundancy with other small peptides likely obscures observable physiological
phenotypes.

This study has been published as a pre-print in bioRxiv and is enclosed in the appendix
to this thesis as Manuscript 3.

Reference — Manuscript 3:

Mackiewicz Z., Liudkovska V., Dziembowski A. Knockout of all nematode-specific NSPC genes expressed
exclusively in the excretory gland cell results in transcriptomic signatures indicating an affected insulin
signaling. bioRxiv (2024). DOI: 10.1101/2024.12.06.627198
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5. Tools for high-throughput data analysis

The biggest advantage of high-throughput analyses, such as RNA sequencing, is that they
provide an enormous amount of information and allow researchers to capture even very
complex relationships between genes. However, processing through thousands of rows of data
across numerous experimental conditions can often pose a challenge. Throughout my PhD
research, I have primarily relied on gene expression changes and differences in poly(A) tail
lengths, obtained through Illumina and Nanopore DRS sequencing. In total, I performed
sequencing for 35 different conditions, among which I was trying to find some genetic
connections. As the dataset grew, data analysis became almost impossible. To address this
challenge, I developed five user-friendly custom data analysis tools tailored to facilitate
the processing, visualization, and interpretation of my data.

As my PhD research focused on studying proteins involved in post-transcriptional gene
regulation, it often required investigating transcriptome changes driven by their activity.
The first tool was designed to facilitate RNA sequencing data analysis, providing robust
and clear visualizations of gene expression changes or poly(A) tail length alterations across
multiple conditions. Users can focus on individual genes or groups of genes and observe how
their expression or poly(A) tails change in different mutants. For instance, by providing the tool
with a list of NSPC-regulated transcripts, I discovered that not all of them behaved the same
way when DAF-16 was additionally deleted, indicating a potential functional connection
as described in Manuscript 3. Similarly, by inserting known TENT-5 targets and visualizing
them on Nanopore DRS datasets after silencing potential TENT-5 interactors, I identified
LARP-5 as an important regulator of TENT-5 activity.

The second tool builds on the first but focuses on screening RNA sequencing results
for changes within specific gene groups. In my research, I mostly touched on aspects
of nematode genetics that had never been studied before and frequently encountered genes with
no functional annotations, making it challenging to indicate the roles of studied proteins
or tissues. Using this tool, I could detect similarities in gene expression trends with existing
datasets. For example, by screening through groups of genes enriched in C. elegans cells
and tissues, I observed that among NSPC-regulated genes, many are enriched in the epidermis
and intestine, suggesting the involvement of NSPCs in defense responses triggered in these
tissues upon pathogen exposure. In the same way, I could also observe that the poly(A)
polymerase GLD-4 preferentially targets germline-enriched genes.

The third application focuses on analyzing a different kind of data. Throughout my PhD,
I frequently performed quantitative reverse transcription polymerase chain reactions
(RT-qPCR) to validate RNA-seq results or to confirm successful ablation of the excretory gland
cell or RNAI silencing. To facilitate the process of data analysis following the RT-qPCR
reactions, I designed an application that features a built-in script to analyze RT-qPCR results
using the 2" method. This tool requires only a table with RT-qPCR results as an input file
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and automatically performs all the calculations. Later, users can select the reference gene
and control condition and explore expression changes for all tested genes. This solution
minimizes potential errors during analysis, resulting in more reliable and consistent results.

During my PhD, I frequently investigated various experimental conditions, hypothesizing
that the functionality of many of them might be interrelated. As a result, I often needed
to analyze the overlap between differentially expressed genes across multiple experiments.
To accelerate this process, I developed the fourth tool to identify genes overlapping between
two gene groups efficiently. The application allows for a robust selection of common genes that
can be used for further analyses. For instance, by obtaining the group of mutual GLD-2
and GLD-4 targets and subsequently performing functional enrichment analysis, I could
quickly observe their shared role in spermatogenesis.

Lastly, to address the diversity of gene identifiers across datasets, I created the fifth tool
that simplifies translation between gene names, transcript names, and WormBase IDs.
As aresult, this application ensures the compatibility of any gene list with various available
tools and datasets.

All the tools described were essential during my PhD, allowing me to process multiple
datasets more easily and identify important correlations between conditions. Moreover,
I believe these applications represent a simple but valuable contribution to the field, providing
universal solutions for researchers facing similar challenges. Their development also illustrates
the complexity and versatility of tasks encountered during my PhD.

A detailed description of the apps’ functionality is provided in the User manual for data
analysis tools enclosed in this thesis as Appendix 4. Tools can also be accessed online and on

my GitHub profile with links provided below.

URL: http.//zmackiewicz-rstudio.iimeb.gov.pl:3838/
GitHub: https://github.com/zuzanna-mackiewicz/PhD-data-analysis
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6. Summary and future perspectives

The work presented in this PhD thesis focuses on an important aspect of post-transcriptional
regulation of gene expression. Early in my PhD, together with other group members, I studied
the function of the cytoplasmic poly(A) polymerase TENT-5 in C. elegans and highlighted
its role in nematode innate immunity. Later, I pursued several projects investigating various
aspects of nematode physiology affected by cytoplasmic polyadenylation.

First, I comprehensively analyzed sex-dependent polyadenylation profiles in C. elegans
and showed that poly(A) tail metabolism varies between sexes. Furthermore, the activity
of a single protein can have different functions depending on the animal’s sex. Notably,
my work sheds light on the previously overlooked role of TENT-5 in regulating transcripts
encoding seminal fluid components in C. elegans males. It is also the first study to describe sex
dimorphism at this level of post-transcriptional gene regulation.

Subsequently, I explored the potential redundancy of TENT-5 with two other poly(A)
polymerases — GLD-2 and GLD-4. Through poly(A) profiling using Nanopore DRS,
I demonstrated that the roles of these three polymerases do not overlap in C. elegans. Moreover,
I showed that GLD-4 is responsible for the bulk polyadenylation of mRNAs encoding
ribosomal proteins, leading to a global difference in poly(A) tail distributions — an effect not
observed for other non-canonical poly(A) polymerases (ncPAPs).

I also investigated the mechanisms underlying TENT-5 target recognition in C. elegans.
Although previous studies suggested that TENT-5 might be targeted to the endoplasmic
reticulum and activated by FNDC3A/B, my data indicate that this process is likely not
conserved in nematodes. Instead, my results highlight LARP-5 as the primary regulator
of TENT-5-mediated polyadenylation.

Finally, I studied a previously uncharacterized family of nematode-specific NSPC proteins,
which are the most prominent targets of TENT-5 and are expressed exclusively in the excretory
gland cell. Surprisingly, I found that the function of the excretory gland cell is restricted
to the production of NSPCs. I generated a transgenic strain lacking all 18 members of the NSPC
family and proposed their involvement in regulating the DAF-2/DAF-16 insulin signaling
pathway.

In addition to the biological discoveries, I also designed several R Shiny applications
to accelerate large-scale data analysis. Among these, the RNA sequencing analysis tool has
proven especially useful, enabling quick comparisons and the detection of complex
relationships between multiple experimental conditions. Currently, this application is functional
only for the data presented in this thesis. However, I plan to develop it further and release
it as an open-source tool, allowing others to use it for a wide range of purposes.

Despite the extensive effort put into my PhD research, many of the initial research questions
remain open. For example, how does the massive polyadenylation of seminal fluid components

in C. elegans males not manifest at the physiological level? Why does the deletion of the entire
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cell not have a more dramatic impact on nematode physiology? What is the role and underlying
mechanism of NSPC-mediated regulation of the insulin signaling pathway? These are just a few
examples of the questions that, unfortunately, could not be addressed within the scope of this
thesis.

The absence of obvious phenotypes in fent-5 mutant males, as well as in worms lacking
either the excretory gland cell or its specific NSPC proteins, may reflect their greater relevance
under environmental conditions that are more challenging than those in the laboratory.
For example, in the natural environment of C. elegans, males could face more difficulty
in finding mating partners’. In such contexts, TENT-5-mediated polyadenylation of seminal
fluid component mRNAs might play a critical role in ensuring successful reproduction during
these rare opportunities. Similarly, the excretory gland cell’s function might be suppressed
in laboratory settings. It is plausible that the extensive production of NSPCs by this cell
becomes particularly important under conditions where nutrient availability fluctuates, causing
significant dysregulation of insulins — typical DAF-2 ligands’®. Similar studies should
be conducted on wild isolates freshly obtained from their natural habitat to test these
hypotheses.

Furthermore, future studies could explore the role of the excretory gland cell and NSPCs,
as well as the functions of GLD-2 and GLD-4, also in males. These studies could further
enhance our understanding of post-transcriptional polyadenylation and its impact on nematode
physiology.

In conclusion, the greatest challenge I faced during my PhD project was working
on completely unexplored topics in C. elegans biology. There are almost no other studies
on NSPCs and the excretory gland cell and very few that focus on male physiology
and genetics. Most of the genes that appeared in my results have not yet been studied or linked
to any biological functions. Therefore, it was extremely difficult to anticipate their potential
roles. Nevertheless, despite the demanding nature of this research, it was also incredibly
exciting to explore something completely unknown. Overall, I believe the work presented
in this PhD thesis provides valuable new perspectives on non-canonical polyadenylation.
In particular, the numerous high-throughput datasets generated in this work can lay

the foundation for future research in these still poorly explored areas.
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7. Methods

Methods for experiments described in chapters 2.1, 4.1, and 4.4 are described in respective

publications. Methods for unpublished results are listed below.

C. elegans culture and growth conditions

The following C. elegans strains were used: wild type N2 Bristol and RB1181 (gld-2(ok1117) I)
obtained from the Caenorhabditis Genetics Center (CGC); tent-5(tm3504) I obtained from
the National Bioresource Project of Japan (NBRP); EV62 (gld-4(ef9) I) obtained from
Prof. Christian R. Eckmann; PHX9447 (C34F6.10(syb9447) X) obtained from SunyBiotech;
and ADZ21 (tent-5(rtt6[tent-5::gfp::3xflag]) I), previously generated in our laboratory*S.
Strains ADZS85 (gld-4(ef9) I; tent-5(tm3504) I), ADZI135 (C34F6.10(syb9447) X;
tent-5(tm3504) I), and ADZ136 (C34F6.10(syb9447) X; tent-5(rtt6[tent-5::gfp::3xflag]) I)
were prepared by crossing between respective strains. All strains were cultured at 20°C
on nematode growth medium (NGM) plates seeded with E. coli HB101 as a food source.

RNA interference (RNAi)

RNA interference (RNAI1) was used to silence larp-3, atx-2, and C34F6.10 genes in C. elegans.
NGM plates for RNAi were supplemented with 1 mM IPTG (Sigma-Aldrich), 25 pg/ml
carbenicillin (Sigma-Aldrich), and 25 U/ml nystatin (Sigma-Aldrich). E. coli HT115 bacteria
transformed with RNAi plasmids (The Ahringer C. elegans RNAI feeding library’’) were
prepared by overnight culture, centrifuged, concentrated 15x times, and seeded onto RNAi
plates, which were left at room temperature overnight. Age-synchronized L4 worms
(approximately 30 per 100-mm plate) were transferred to the RNAI plates, and their progeny

were used for subsequent analyses. Silencing efficiency was verified using RT-qPCR.

RNA isolation

Populations of age-synchronized L4 worms or F1 progeny after RNAi silencing (approximately
in the L4 stage) were collected and washed three times with 50 mM NaCl. Worm pellets were
resuspended in 1 ml TRI Reagent (Sigma-Aldrich), vortexed for 15 minutes at room
temperature, and stored at -80°C until further processing. RNA extraction was performed
according to the manufacturer’s protocol for TRIzol-based isolation, with additional
purification using KAPA Pure magnetic beads (RNA to beads ratio: 1:3 v/v). All RNA samples
isolated for the project described in chapter 4.2. were additionally cap-enriched to match
the conditions used previously for studying TENT-5%. The cap-enriched mRNA was prepared
from 80 pg of total RNA with homemade GST-eIF4EX!1°A protein and glutathione sepharose
4B (GE Healthcare), as described previously*!. The rest of the samples were processed as total

RNA. RNA quality and integrity were confirmed using the Agilent TapeStation system. RNA
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samples were prepared in three independent biological replicates for downstream RT-qPCR,

and two replicates were used for Nanopore Direct RNA Sequencing.

RT-qPCR

Expression levels of larp-5, atx-2, and C34F6.10 after RNAI silencing were evaluated using
RT-qPCR. Total RNA was treated with TURBO DNase (Thermo Fisher Scientific) to eliminate
genomic DNA. cDNA synthesis was conducted following the manufacturer’s protocol with
the use of SuperScript III (Thermo Fisher Scientific) and a mix of oligo(dT)20 and random
primers. RT-qPCR reactions were carried out using Platinum SYBR Green Mix (Thermo Fisher
Scientific) on a QuantStudio 5 PCR system (Thermo Fisher Scientific). Relative gene
expression was normalized to rps-23 and quantified using the 2722¢® method. Statistical

significance was determined by two-tailed unpaired Student’s t-tests.

Nanopore Direct RNA sequencing and data analysis

Libraries were generated using the Direct RNA Sequencing Kit (SQK-RNA002, Oxford
Nanopore Technologies), using 1-4 pg of total or cap-enriched RNA with added in vitro
transcribed poly(A) standards (2 ng). Sequencing was conducted on a MinlON device
and followed by basecalling by Guppy v6.0.0. Reads were aligned to the WBCel235 reference
using MiniMap v2.1778 (options -k 14 -ax map-ont —secondary=no) and processed with
samtools v1.97°. Poly(A) tail lengths were estimated using Nanopolish v0.13.2 as described
before*!#®, Distribution comparisons across conditions were assessed by the Wilcoxon test,
with p-values adjusted via the Benjamini-Hochberg method. Differential expression analysis
was performed using DESeq2 Bioconductor package v1.28%°. Gene Ontology (GO) and tissue

enrichment analyses were performed using WormBase Enrichment Suite®!.

TENT-5 localization

The localization of TENT-5 in wild-type and C34F6.10 mutant worms was visualized in strains
ADZ21 (tent-5(rtt6[tent-5::gfp::3xflag]) 1) and ADZI136 (C34F6.10(syb9447) X;
tent-5(rtt6[tent-5::gfp::3xflag]) I) using the Zeiss LSM800 confocal microscope with a 40x/oil
immersion lens. Synchronized L4 worms were immobilized with 25 uM levamisole on freshly

prepared 2% agarose pads and imaged immediately.
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TENTS5 cytoplasmic noncanonical poly(A) polymerases
regulate the innate immune response in animals
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Innate immunity is the first line of host defense against pathogens. Here, through global transcriptome and pro-
teome analyses, we uncover that newly described cytoplasmic poly(A) polymerase TENT-5 (terminal nucleotidyl-
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transferase 5) enhances the expression of secreted innate immunity effector proteins in Caenorhabditis elegans.
Direct RNA sequencing revealed that multiple mRNAs with signal peptide-encoding sequences have shorter
poly(A) tails in tent-5-deficient worms. Those mRNAs are translated at the endoplasmic reticulum where a fraction
of TENT-5 is present, implying that they represent its direct substrates. Loss of tent-5 makes worms more susceptible
to bacterial infection. Notably, the role of TENT-5 in innate immunity is evolutionarily conserved. Its orthologs,
TENT5A and TENT5C, are expressed in macrophages and induced during their activation. Analysis of macrophages
devoid of TENT5A/C revealed their role in the regulation of secreted proteins involved in defense response. In
summary, our study reveals cytoplasmic polyadenylation to be a previously unknown component of the posttran-

scriptional regulation of innate immunity in animals.

INTRODUCTION

Innate immunity is an evolutionarily ancient mechanism that pro-
vides general host protection against pathogens (I). In mammals,
innate immunity functions alongside adaptive immunity and also plays
a key role in its activation (2, 3). On the other hand, many organisms,
including the bacterivore nematode Caenorhabditis elegans, lack adaptive
immunity and defend themselves solely with innate immune mech-
anisms (4, 5). Some core components of innate immunity are con-
served, but the particular means of protection used by different animals
vary. In mammals, the innate system depends on physical and ana-
tomical barriers (e.g., the barrier epithelial cells, mucus, tears, earwax,
and stomach acid), the humoral component (i.e., cytokines, chemo-
kines, and defensins secreted by innate immune cells), and several
types of phagocytic cells, among them are macrophages, which rec-
ognize and destroy pathogens (6). C. elegans has no specialized im-
mune cells and relies on its barrier tissues, epidermal and intestinal
cells, for defense (4). An efficient immune response is provided by
the high secretion capacity of the particular host cells, as they release
a variety of antimicrobial peptides and enzymes that can directly attack
pathogens (4, 6). In all organisms studied, the innate immune response
is regulated at both the transcriptional and posttranscriptional levels
(4, 7). The signaling pathways and transcriptional factors that con-
trol innate immunity in worms have been studied in detail, but less
is known about the posttranscriptional mechanisms involved in
this process.
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In eukaryotes, most mRNAs are polyadenylated by the canonical
polyadenylate [poly(A)] polymerase during mRNA 3’ end processing
in the nucleus (8, 9). The poly(A) tail is essential for mRNA stability,
export to the cytoplasm, translation, and turnover (10). Poly(A) tails
are gradually shortened in the cytoplasm by deadenylases, and their
reduction to less than 20 nucleotides (nt) leads to mRNA degrada-
tion (11). However, in some cases, a poly(A) tail can be extended in
the cytoplasm by noncanonical poly(A) polymerases (ncPAPs). These
enzymes belong to the family of terminal nucleotidyltransferases
(TENTSs) and are implicated in a range of physiological processes
(12-14). Cytoplasmic polyadenylation has been mostly studied in the
context of the activation of dormant deadenylated mRNAs during
gametogenesis (15-17) and in neuronal processes (18, 19), in which
GLD-2 (Germ Line Development 2)/TENT2 polyadenylates certain
mRNAs in response to cellular signals. The recent discovery of the
TENTS5 family of cytoplasmic ncPAPs and the characterization of their
functions expanded the repertoire of physiological processes that
are affected by this type of posttranscriptional regulation (20-24).
Mammalian genomes encode four TENT5 proteins (TENT5A to
TENTS5D, also known as FAM46A to FAM46D), all of which are active
ncPAPs (21, 25). Functional analysis revealed that TENT5C is a mul-
tiple myeloma growth suppressor (21, 22). In multiple myeloma cell
lines, TENT5C polyadenylates and stabilizes numerous mRNAs
that encode secreted proteins (21). TENT5C also plays a crucial role
in the regulation of immunoglobulin expression and the humoral
immune response in mice through polyadenylation of mRNAs that
encode immunoglobulins (23, 24). TENT5A polyadenylates mRNAs
encoding collagens and is thus required for the proper bone forma-
tion (26). However, TENTS5 proteins are differentially expressed in
mammalian tissues and organs with potential redundancy, which
makes study of their functions difficult.

Here, we characterized the only TENTS5 family member in C. elegans,
F55A12.9/PQN-44, which we renamed TENT-5. Transcriptomic
and proteomic analysis, along with functional studies, revealed that
TENT-5 is an innate immune response regulator. Poly(A) tail pro-
filing by direct RNA sequencing (RNA-seq) showed that TENT-5
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polyadenylates and stabilizes mRNAs that encode defense proteins.
tent-5 deficiency led to an impaired innate immune response in worms.
The role of TENT5 proteins in innate immunity is evolutionarily
conserved because murine macrophages devoid of TENT5A and
TENTS5C also exhibited defects in polyadenylation of mRNAs that
encode proteins with a role in innate immunity. Together, we identified
C. elegans TENT-5 and its mammalian orthologs TENT5A and TENT5C
as previously unknown players that regulate innate host defenses.

RESULTS
TENT-5 is a noncanonical cytoplasmic poly(A)
polymerase in worms
In C. elegans, there is only one homolog of mammalian TENT5
ncPAPs, PQN-44 (WBGene00004131). Multiple sequence alignment
indicated that PQN-44 exhibits high conservation with human TENT5
proteins (fig. S1A) and clusters with the vertebrate TENT5 homo-
logs in phylogenetic analysis (Fig. 1A). Similar to other TENTS,
PQN-44 comprises nucleotidyltransferase and poly(A) polymerase—
associated domains (fig. SIA). The nucleotidyltransferase domain
of TENT-5 contains a well-conserved triad of aspartates/glutamates
([DE]Jh[DE]h and h[DE]h, with h being a hydrophobic residue) in
its catalytic center (fig. S1A) (12). These observations suggested that
PQN-44 could be a previously unidentified ncPAP in worms; hence,
we renamed it TENT-5. To determine whether TENT-5 is an active
ncPAP with the potential to polyadenylate substrate mRNAs and en-
hance their expression, we performed an RNA-tethering assay (27),
in which TENT-5 is brought to a Renilla luciferase (RL) reporter mnRNA
through an artificial interaction (Fig. 1B). 293T cells were cotrans-
fected with the pRL-5Box plasmid, which carries an RL containing five
boxB sites in its 3" untranslated region (3'UTR), and construct ex-
pressing either wild-type (TENT-5"T) or catalytically inactive
[TENT-5P11A DIS3A (360 form a)] protein harboring the N-terminal
AN boxB-binding domain that ensures interaction with boxB sites.
Next, we performed direct full-length RNA-seq (DRS) to measure
poly(A) tail length at a genome-wide scale. DRS revealed that teth-
ering of the wild-type TENT-5 led to increased polyadenylation of
RL mRNA [median poly(A) length of 180 nt], compared to the
catalytically inactive TENT-5 [median poly(A) length of 106 nt]
(Fig. 1C and fig. S1, B and C). At the same time, the global distribution
of transcripts’ golg(A) tail lengths was not affected by overexpression
of TENT-5WH/MUT (Fig. 1D). Furthermore, the extension of the RL
poly(A) tail upon tethering of the TENT-5"" resulted in the enhanced
production of the reporter protein (fig. S1D), indicating that TENT-
5-mediated polyadenylation positively regulates gene expression.
To determine the pattern of TENT-5 expression and its cellular
localization, we generated a tent-5::gfp knockin strain by CRISPR-
Cas9 (fig. S1, E, F, and H). Confocal microscopy revealed that tent-5
was expressed during all developmental stages, including in embryos
and adults (Fig. 1E). Expression was observed in most tissues, in-
cluding the pharynx, head and tail neurons, seam and hypodermal
cells, and intestine (Fig. 1, E and F, and fig. S1G). Notably, TENT-
5-green fluorescent protein (GFP) was predominantly localized in the
cytoplasm in all cells (Fig. 1, E and F, and fig. S1G). Together, on the
basis of the high sequence similarity of TENT-5 with its mammalian
counterparts, its polyadenylation activity, and its cytoplasmic local-
ization, we propose that TENT-5 is a novel cytoplasmic ncPAP in worms.
To characterize the role of TENT-5, we used a mutant tent-5(tm3504)
strain that harbors a deletion that introduces a premature stop

Liudkovska et al., Sci. Adv. 8, eadd9468 (2022) 16 November 2022

codon in tent-5 (fig. SIH) and produces a reduced level of mRNA
predicted to encode a nonfunctional protein (fig. S1I). Using
CRISPR-Cas9, we also generated a tent-5(rtt5) mutant lacking the
entire coding sequence (fig. S1, H and I). Both tm3504 and rtt5 are
expected to be null alleles. Homozygous mutants carrying these alleles
did not, however, display any visible developmental or morphological
abnormalities when grown under standard conditions, as revealed
by routine observation, measurement of brood size (fig. S1J), and
worm body parameters and locomotion analyses (fig. S1, K to N).
This observation is in agreement with results from mammals, as Tent5¢
knockout (KO) mice do not display any gross phenotypes (21, 23).
We conclude that tent-5 encodes a poly(A) polymerase that is not
essential for worm development under standard conditions.

Loss of tent-5 leads to the down-regulation of genes that
encode innate immune effectors

To gain insight into TENT-5’s molecular function, we analyzed the
whole transcriptome of age-synchronized L4 worms devoid of tent-5.
Using RNA-seq, we identified 745 genes differentially expressed in
tent-5(tm3504) mutant compared to wild-type worms [false discovery rate
(FDR) < 0.05] (Fig. 2A and data S1). The expression level of 308
genes was down-regulated and that of 96 genes was up-regulated at
least 1.5-fold in mutant animals. The higher number of down-regulated
than up-regulated genes in tent-5(tm3504) mutant worms is in agree-
ment with our initial hypothesis that polyadenylation by TENT-5
may stabilize mRNAs, and potential direct targets of TENT-5 could
be found among the genes which expression is lower in the mutant
animals. Clustered Gene Ontology (GO) analysis revealed the asso-
ciation of the down-regulated genes with immune and defense re-
sponses, response to biotic stimulus, peptidase and hydrolase activities,
Iytic vacuole, and extracellular space (Fig. 2B). A substantial number
of down-regulated genes encoded various antimicrobial and cyto-
protective immune effectors that are constitutively expressed and
additionally induced during infection (Fig. 2C). Notably, many of
these genes belong to genomic clusters, such as F55G11.2, F55G11.4,
F55G11.8, KO2E11.4, KO2E11.5, and KO2E11.6, or to gene families,
often linked to innate immunity, including infection response genes
(irg-3, irg-5, and irg-7) (28), genes that encode caenopores (SPP; 10
genes) (29), proteins containing C-type lectin-like domains (CLEC;
10 genes) (30), CUB domain containing proteins (7 genes) (28), pro-
teins containing the transthyretin-related domain (12 genes) (31),
collagens (COL; 14 genes) (31, 32), members of the Nematode Specific
Peptide family, group C (NSPCs; 10 genes) (33), aspartyl proteases
(ASP; 10 genes) (34), and lysozymes (lys-7, lys-8, ilys-5, and lys-2) (35).
Tissue enrichment analysis (TEA) of down-regulated genes indicated,
among other terms, their association with the intestine (Fig. 2D and
fig. S2A). In worms, the intestine has a prominent role in innate
immunity, as intestinal cells secrete antimicrobial peptides and di-
gestive enzymes into the gut lumen (4, 35, 36).

Although GO term analysis of the up-regulated genes also re-
vealed their connection with the immune response and intestine,
only a few of them encoded the immune effector proteins (gst-13,
asp-10, clec-187, clec-265, clec-42, dod-22, fipr-22, lys-4, ftn-2, hrg-3,
math-38, K0O8D8.4, ZK228.4, C37A5.3, and F31F7.1) (data S1). Among
the genes up-regulated in mutant worms were also three genes belonging
to a single operon (CEOP4272) and encoding mitogen-activated pro-
tein kinase homologs essential for innate immune response—pmk-1,
pmk-2, and pmk-3 (4). This observation is important as it may sug-
gest the compensatory effect of signaling pathways in tent-5(tm3504)
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Fig. 1. TENT-5 is a noncanonical cytoplasmic poly(A) polymerase in worms. (A) Phylogenetic relationship among 48 TENTs from five model organisms (Hs, Homo sapiens;
Mm, Mus musculus; X|, Xenopus laevis; Dm, Drosophila melanogaster; Ce, C. elegans). (B) Schematic illustration of RNA tethering assay, modified from (27). A protein of in-
terest (TENT—SV"T/D151A'D‘53A) binds to a RL reporter mRNA through an artificial protein-RNA interaction (tether). For tethering assays described in this work, 293T cells were
cotransfected with a construct that expresses RL, containing a tether binding site (five boxB sites) in its 3'UTR, and a construct expressing either wild-type or catalytically inactive
TENT-5 harboring the N-terminal AN boxB-binding domain and an HA-tag (NHA). (C and D) DRS-based poly(A) length profiling of mRNA following tethering assay. Teth-
ering of wild-type TENT-5 led to increased polyadenylation of an RL reporter mRNA compared to a tethering with a catalytically inactive TENT-5P"*"AP153A mytant. Shown
are density distribution plots for RL mRNA (C) and all other transcripts detected in 293T cells (D) scaled to 1. Vertical dashed lines represent median poly(A) lengths
(in nucleotides). (E and F) Representative fluorescence and differential interference contrast (DIC) microscopy images of TENT-5-GFP expression in embryos and adult
tent-5::gfp knockin worms (tent-5(rtt6[tent-5::gfp::3xflag] ). ph, pharynx; in, intestine; rec, rectum. Scale bars, 20 um.
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Fig. 2. Loss of tent-5 leads to the down-regulation of genes that encode innate immune effectors. (A) MA plot illustrates differential gene expression in tent-
5(tm3504) mutant compared to the wild-type worms. Statistically significant values (FDR < 0.05) are shown in red. Blue dashed lines mark the threshold of the log,(1.5)
fold change. Numbers on the right indicate the number of genes differentially expressed for each fold change group. Triangles, here and (D) and (E), represent data points
outside the axes limits. (B) Overrepresented functional GO terms of genes down-regulated [log,FC (log; fold change) < —log,(1.5)] in tent-5(tm3504) mutant in compari-
son to the wild type. Numbers on the right indicate the enrichment fold change for each term. (C) WormCat visualization of categories enriched in genes down-regulated
1.5-fold or more in tent-5(tm3504) worms. Results are presented as scaled heatmap bubble charts, where the color signifies P values and the size specifies the number of
genes in each category. (D) In the RNA-seq dataset, 5739 genes are associated with the “intestine” GO term cellular compartment (WBbt:0005772). From genes down-regulated
or up-regulated in mutant worms at least 1.5-fold (A), 164 and 60 genes are associated with this GO term, respectively. Statistically significant values (FDR < 0.05) are
shown in red and nonsignificant in black (n = 5515). (E) Volcano plot showing proteins, which abundance was significantly changed in mutant (red shapes, n=114). Red

shapes with blue borders represent a common part with RNA-seq results (n=33).

mutant to counteract the lower expression level of numerous immune
effectors or may point out some nondirect processes connected to
the tent-5 loss. There are no up-regulated genes statistically signifi-
cantly enriched for the “extracellular region” GO term.

To check whether deregulation of mRNA levels in mutant worms
correlated with changes in protein abundance, we performed a
large-scale semiquantitative proteomic analysis comparing extracts
from L4-stage wild-type and tent-5(tm3504) mutant animals. Among
proteins with significantly changed abundance (P < 0.05), we iden-
tified 67 proteins with decreased levels in tent-5-deficient worms
(Fig. 2E and data S2). Overall, the results of the proteomic analysis
were in agreement with the transcriptomic data (Fig. 2E). Notably,
some proteins from the defense-associated families mentioned above
were less abundant in mutant worms (e.g., three CLEC, three COL,
two SPP, two ASP, and two LYS; data S2), and this was mirrored in
a more general enrichment for proteins with described or putative
roles in innate immunity, as well as protein catabolic processes
(fig. S2B). Furthermore, proteins with a decreased level in mutant
worms were associated with the intestine (fig. S2C), again in agree-
ment with the transcriptomic analysis.

Consistent with the role of TENT-5 ncPAP in the immune response,
the expression of tent-5 was induced approximately twofold upon
the infection with Staphylococcus aureus, as revealed by reverse tran-
scription quantitative polymerase chain reaction (RT-qPCR) analy-
sis (Fig. 3A and fig. S3A), in line with previously published datasets
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(37, 38). To explore further the function of TENT-5 in the immune
response, we checked whether immune- and stress-related genes
were deregulated in tent-5(tm3504) mutants in comparison to wild-
type worms after 8 hours of infection with S. aureus. RNA-seq re-
sults showed that 296 genes were down-regulated 1.5-fold or more
(FDR < 0.05) (Fig. 3B and data S3). More than half of all genes for
which expression was down-regulated in tent-5(tm3504) mutant worms
grown on Escherichia coli HB101 were also down-regulated in wild-
type worms upon infection (Fig. 3C). In agreement with this, results
of the GO analysis and TEA were comparable between both data-
sets and showed that most down-regulated genes were potentially
involved in innate immunity (fig. $3, B and C). TENT-5 was necessary
for the proper expression of immune genes in both infected and
noninfected animals (fig. S3D). Furthermore, the genes down-regulated
in tent-5-deficient worms are known to be regulated by a variety of
pathways (28, 36, 37, 39-43), indicating that TENT-5’s action is not
limited to a single signal transduction pathway. Note that some of
the 62 genes whose expression was up-regulated in tent-5-deficient
worms at least 1.5-fold were associated with a defense response
(pmk-1, pmk-2, pmk-3, lys-10, ilys-2, zip-10, clec-60, clec-86, foxa-60,
fbxa-105, C10C5.2, KO8D8.4, M04C3.2, and C49G7.10) (data S3).
However, their overlap with genes up-regulated in mutant worms
grown on E. coli HB101 was quite limited (14%). Again, this might
suggest that up-regulation of gene expression may be a mainly
secondary effect.
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Fig. 3. TENT-5 deficiency leads to the down-regulation of genes that encode innate immune effectors. (A) RT-qPCR illustrating the induction of tent-5 expression in
the wild-type worms challenged with S. aureus at the time point. Relative tent-5 mRNA level was normalized to act-7 and uninfected animals. Data represent means + SD
of three biological replicates; *P < 0.05 (one-tailed t test). (B) MA plot showing differential expression of genes in tent-5(tm3504) mutant compared to wild type upon in-
fection of L4 worms with S. aureus for 8 hours. Plot description as in Fig. 2A. (C) Venn diagrams demonstrating the overlap between genes differentially expressed in
tent-5-deficient worms grown on nonpathogenic E. coli and upon infection by S. aureus (FDR < 0.05). MUT, mutant; WT, wild type. (D) RT-qPCR analysis of relative levels
of mRNA expression in tent-5(tm3504) and CRISPR-Cas9-generated tent-5(rtt5) mutant grown on E. coli or exposed to S. aureus for 8 hours. Relative abundance of mRNAs
was normalized to act-7 and wild type. Data represent means + SD of three biological replicates; *P < 0.05, **P<0.01, and ***P < 0.001 (two-tailed t test).

To validate the observed molecular phenotypes of the tent-5(tm3504)
strain, we grouped down-regulated genes into several functional
categories or families and verified their expression in infected and
noninfected tent-5(rtt5) mutant animals using the RT-qPCR analy-
sis. The results for tent-5(rtt5) recapitulated those of tent-5(tm3504)
strain, with the null mutant exhibiting a down-regulation of expres-
sion for all transcripts tested (Fig. 3D and fig. S3E). Thus, we con-
clude that the observed gene expression changes were due to TENT-5
deficiency. Together, the results of the global transcriptomic and
proteomic analyses indicate that TENT-5 is involved in the innate
immune response by controlling the expression of immune genes
regulated by several signaling pathways.

TENT-5 is required for the host defense against various
bacterial strains

The results of the global transcriptomic analysis strongly suggested
that TENT-5 could be directly involved in the regulation of genes
influencing the interaction between C. elegans and bacteria, includ-
ing many encoding secreted proteins with antimicrobial activity.
When tent-5 mutant worms were grown on E. coli HB101, they ex-
hibited a slightly shorter survival than the wild type when grown at

Liudkovska et al., Sci. Adv. 8, eadd9468 (2022) 16 November 2022

both 20°C (Fig. 4A) and 25°C (Fig. 4B). E. coli is not a natural food
source for C. elegans and, under standard culture conditions, is
mildly pathogenic to adult worms (35, 44, 45). To check the possi-
bility that mutants have a shorter life span due to the pathogenesis
of E. coli, we tested the survival of worms fed on either ultraviolet
(UV)- or heat-killed E. coli in comparison to the intact bacteria.
tent-5-deficient mutants exhibited survival curves more compara-
ble to the wild-type worms when cultured on dead bacteria (fig. S4,
A to D), indicating that the survival defect of mutant worms could
result from their compromised immunity. We then monitored the
survival of wild-type and tent-5-deficient worms infected with
S. aureus, Pseudomonas aeruginosa, Serratia marcescens, and Photo-
rhabdus luminescens. These bacterial pathogens colonize the worm’s
intestinal lumen, causing intestinal distention and worms’ death
within 3 to 10 days (46-48). The tent-5-deficient mutants were sig-
nificantly more susceptible to the infection than the wild type
(Fig. 4, D and E, and fig. $4, E to G). To investigate whether there are
differences in the accumulation of E. coli HB101 and P. aeruginosa
PAOL in the intestines of wild-type and mutant worms, we performed
colony-forming unit (CFU) assays (49, 50). We observed that tent-5-
deficient worms had higher bacterial load in their guts compared to
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Fig. 4. TENT-5 is required for the host defense against various bacterial strains. Survival of wild-type, tent-5(tm3504), and tent-5(rtt5) mutant worms grown on non-
pathogenic E. coli HB101 at 20°C (A) and 25°C (B) or infected with S. aureus (D) and P. aeruginosa PAO1 (E). For survival on P. aeruginosa and E. coli, nematode growth
medium (NGM) plates contained FUdR. Experiments are representative of three independent trials; **P < 0.01, ***P < 0.001, and ****P < 0.0001; ns, not significant (log-
rank test). Survival data can be found in table S1. Intestinal accumulation of E. coli HB101 (C) and P. aeruginosa (F) was measured on the 5th and 4th days of adulthood,
respectively. The number of viable internal bacteria in worms’ gut is shown in CFU per animal. Points show values for experimental biological replicates calculated as a
mean of at least two technical replicas. Line denotes the average value for biological replicates. *P <0.05 and **P < 0.01 (two-tailed t test).

the wild type (Fig. 4, C and F). The observed effects indicate that
TENT-5 is important for the defense against a range of Gram-positive
and Gram-negative pathogens, which use different infection strate-
gies and induce different but overlapping host gene expression re-
sponses (31, 34, 46, 51). Notably, the localization of TENT-5-GFP
in the cytoplasm of the intestinal cells (Fig. 1F) is in agreement with
its role in the regulation of innate immune genes, as many immune
genes down-regulated in mutant worms are expressed in this tissue
(fig- S2, A and C, and data S1 and S2). Together with the observation
that fent-5 mutants are less resistant to infection with several patho-
genic bacteria, our results support the hypothesis that TENT-5 plays
an important role during host defense and also suggest that TENT-5
may contribute to the regulation of longevity or general fitness in
C. elegans.

Transcripts down-regulated in the tent-5-deficient mutants
are direct targets for polyadenylation by TENT-5

To elucidate the mechanism by which TENT-5 regulates innate
immunity in worms, we first explored the possibility that TENT-5
might regulate one or more transcription factors responsible for the
expression of immune genes (4). However, we did not identify any
transcription factors among the genes down-regulated in tent-5(tm3504)
animals or transcriptional repressors among the up-regulated ones
(data S1). As a cytoplasmic poly(A) polymerase, TENT-5 would be
predicted to have a stabilizing effect on mRNAs by extending their
poly(A) tails. We thus hypothesized that transcripts down-regulated
in tent-5 mutants might be direct targets for polyadenylation by
TENT-5. To identify mRNAs that may be subjected to TENT-5
polyadenylation, we performed genome-wide poly(A) tail profiling
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in tent-5(tm3504) and wild-type age-synchronized L4 worms using
Oxford Nanopore DRS (fig. S5A), which we have previously imple-
mented to find substrates of TENT5C and TENT5A in B cells and
osteoblasts, respectively (23, 26). We obtained in total ~12 million
transcriptome-wide reads from two wild-type and two mutant bio-
logical replicas, of which 70% passed quality control and were used
for the analysis of the poly(A) tail lengths (data S4) and differential
expression of genes (data S5). The expression levels of identified tran-
scripts were in strong agreement with Illumina RNA-seq results,
providing additional confidence in data quality (fig. S5B). Moreover,
GO analysis of genes for which expression levels were down-regulated
at least 1.5-fold in tent-5(tm3504) mutant worms (FDR < 0.05)
(data S5) revealed their association with the immune response (fig.
S5C), again recapitulating observations obtained by standard RNA-
seq (Fig. 2B and data S5).

The distribution of the global poly(A) tail lengths was consistent
with the previous reports (Fig. 5A) (52, 53). It has been shown that
in adult worms, highly expressed housekeeping transcripts show nega-
tive correlation between their poly(A) tail length and mRNA levels
(52, 53). Accordingly, we found that genes with highly expressed
mRNA tended to have slightly shorter median poly(A) tail length
than the ones with medium and low expression levels (fig. S5D), with
this trend being particularly evident for the highly expressed tran-
scripts encoding ribosomal proteins (fig. S5E). However, such a trend
does not undermine the crucial role of poly(A) tail length in regu-
lating mRNA stability. It rather supports the notion that different
functional groups of mRNAs might have various determinates of
their stability with varying effects of poly(A) tail length compared to
other features, such as ribosome association or sequence motives.
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We found 96 mRNAs that had a median poly(A) tail length that
was at least 5 nt shorter in the tent-5-deficient worms (FDR < 0.05)
compared to the wild-type animals (Fig. 5B and data S4). At the
same time, we observed no changes in the mRNA polyadenylation
between mutant and wild type for the transcripts encoding compo-
nents of the translational apparatus (Fig. 5C) and other transcripts,

which are routinely used as references in high-throughput studies
(fig. S5F) (54). Almost 70% of these mRNAs were also down-regulated
at least 1.5-fold in tent-5(tm3504), according to both RNA-seq and
DRS (fig. S5G), implying that they represent the direct substrates
for polyadenylation by TENT-5 in wild-type animals. Next, we
analyzed the relationship between the median poly(A) tail length
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Fig. 5. Transcripts down-regulated in the tent-5-deficient mutants are the direct targets for polyadenylation by TENT-5. (A) DRS-based global poly(A) tail length
profiling of mRNA isolated from tent-5(tm3504) and wild type. Density distribution plots are shown for all identified transcripts, scaled to 1. Vertical dashed lines represent
median poly(A) lengths (in nucleotides) for each condition. (B) Plot showing expression levels and difference in the median poly(A) tail length between tent-5 mutant and
wild-type worms. TENT-5-regulated transcripts (n = 96) are indicated in red (FDR < 0.05). (C) rps-26 mRNA that encodes ribosomal protein shows no change in the median
poly(A) tail length between mutant and wild-type animals. Plot description as in (A). (D) The relationship between the median poly(A) tail length and the expression levels
of respective mRNAs in tent-5-defective worms. Blue and orange dots indicate TENT-5 substrate mRNAs (n =96). For readability, only IDs of the top 20 substrates and
mentioned immune effectors are indicated. (E) Bee swarm plots of poly(A) tail length distributions for the top 20 TENT-5 molecular substrates ordered by the median
poly(A) tail length fold change. Horizontal lines indicate the median poly(A) tail length for each transcript. (F) mRNAs that encode NSPC proteins show significant short-
ening of the median poly(A) tail length in mutant worms. Plot description as in (A). (G) Poly(A) tail PCR tests (PAT) of selected TENT-5-regulated transcripts. Before sample
preparation for PAT, samples were treated with RNase H in the presence of oligo(dT),s (RNase H*). PCR products were analyzed on 2% agarose gels.
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and the level of respective mRNAs in fent-5-defective worms and
observed that transcripts with shorter poly(A) tails exhibited a significant
decrease in their levels, including for multiple members of the nspc
gene family (Fig. 5D). The observed correlation between the poly(A)
tail length and mRNA level strongly suggests that polyadenylation
by TENT-5 increases the stability of target transcripts.

Next, we addressed the impact of polyadenylation by TENT-5
on mRNAs that encode innate immune effectors. We observed that
the median poly(A) tail length of mRNAs that encode proteins that
contain CUB domains (e.g., F55G11.4), CLECs (e.g., F56A4.2 and
clec-196), lysozymes (e.g., lys-7), and other proteins involved in host
defense (e.g., F48C1.9, C14C6.5, asp-12, and spp-14) were signifi-
cantly decreased in the tent-5(tm3504) mutant (fig. SSH). We also
noticed that 11 mRNAs that encode collagens had 5- to 9-nt shorter
median poly(A) tails length in mutant worms (fig. S5I), suggesting
that, similarly to mouse Tent5a KO (26), deficiency of tent-5 in worms
may cause some defects in an extracellular matrix (ECM) forma-
tion. Regulation of collagen genes and ECM has been shown to affect
a worm’s defense (55-58). Notably, at the top of the list of transcripts
with the most significantly shortened poly(A) tails in mutant worms
(Fig. 5E and data S4) were nspc genes, referred to above. The medi-
an poly(A) tail length of all nspc mRNAs was decreased from 61 to
40 nt in tent-5(tm3504) worms (Fig. 5F). As mentioned above, we
also identified nspc among genes whose expression levels were most
significantly down-regulated in tent-5-deficient worms, both by
RNA-seq (fig. S5] and data S1) and DRS (Fig. 5D and data S5).
Genes from the nspc family are rapidly evolving and encode 18 almost
identical short (~100 amino acids) proteins that have been pro-
posed to encode antimicrobial peptides (33). Next, we examined
the poly(A) tail length of four representative transcripts, including
nspc-14, using poly(A) PCR tests (PAT) that revealed that ampli-
cons from both tent-5-deficient mutants were shorter compared
to those from wild-type worms (Fig. 5G and fig. S5K). Digestion
with ribonuclease H (RNase H) proved that the observed differ-
ences resulted from the change in the poly(A) tail length (Fig. 5G).
Together, our results lead us to propose that TENT-5 has a stabilizing
effect on a specific subset of mRNAs by extending their poly(A) tails.

TENT-5 regulates mRNAs that encode secreted proteins

To determine what distinguishes TENT-5 ncPAP substrates from
other mRNAs, we performed a comprehensive analysis of their se-
quences. First, we observed that TENT-5 substrate mRNAs were shorter
(Fig. 6, A and B) and had shorter 3'UTRs (Fig. 6C) compared to all
other transcripts identified by DRS. At the same time, there was no
difference in 5'UTR length between the TENT-5-regulated and
nonregulated mRNAs (fig. S6A). We observed similar effects for the
mRNAs of genes whose expression levels were down-regulated in
tent-5(tm3504) mutant worms compared to wild type according to
RNA-seq (fig. S6, B to E). Next, we sought to find linear sequence
motifs that were specifically enriched in coding or 3'UTR sequences
of mRNAs, whose poly(A) tails were shorter in tent-5-deficient worms.
We found no specific motifs across these transcripts, although note
that the DREME (Discriminative Regular Expression Motif Elicitation)
motif discovery tool (59) we used only enables the identification of
relatively short motifs (up to 8 nt).

However, we noticed that many of the genes for which expres-
sion was significantly down-regulated in mutant worms were anno-
tated as encoding proteins of the extracellular space (Fig. 2B and fig.
S5C). In C. elegans, roughly 19% of all proteins are predicted to have
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an N-terminal signal peptide that targets them toward the secretory
pathway through the endoplasmic reticulum (ER) (60). Notably, we
observed that as much as 71 and 80% of genes down-regulated in
tent-5-deficient worms at least 1.5-fold (RNA-seq and DRS, respec-
tively) and 84% of all TENT-5 substrates (DRS) encoded proteins with
a predicted signal peptide (Fig. 6D, fig. S6F, and data S4), strongly
indicating that TENT-5 is responsible for the polyadenylation of mRNAs
that encode ER-targeted secreted proteins. Transcripts that encode
secreted antimicrobial proteins, such as lysozymes, caenopores (SPP),
and proteins containing CLEC or CUB domains, and some enzymes
involved in extracellular macromolecule digestion were remarkably
overrepresented among the genes that were down-regulated in
tent-5(tm3504) mutants (Fig. 3D and fig. S3E) and carried shorter poly(A)
tails (fig. SSH). As we observed such a prominent enrichment of mRNAs
that encode secreted proteins among TENT-5 substrates and as in
worms, the expression of roughly one-third of all genes encoding
secreted proteins are induced during infection (31, 60); this could
explain the higher susceptibility of tent-5 mutant to the infection.

Given that TENT-5 regulates levels of mRNAs that encode se-
creted proteins, we aimed to test whether it is enriched at the ER in
the intestinal cells, which have large rough ER (61). Although adult
C. elegans intestines are known to contain multiple autofluorescent
gut granules (62), we confirmed that granules observed in the tent-5
(rtt6[tent-5::gfp::3xflag] I) knockin strain (Fig. 1F) do not result from
the aggregation of TENT-5-GFP. The chromatography analysis of
total protein extracts from the tent-5(rtt6) worms revealed that
most of the protein is present in the fraction corresponding to the
TENT-5-GFP molecular weight (fig. S6G). However, a small amount
of TENT-5 was also found in macromolecular complexes or aggre-
gates. The expression levels of TENT-5 (fig. S1E) and animal viability
(fig. S6H) of tent-5::gfp strain were unaltered in comparison to the
wild-type animals, pointing to the expression of functional protein.
Nevertheless, to avoid the misinterpretation of the microscopic re-
sults due to the possible presence of aggregates, we excluded the
strongest signals observed in a GFP channel from the subsequent
colocalization analysis. To test whether TENT-5 localizes to the ER,
we crossed tent-5:gfp worms (Fig. 1F and fig. S1, E to H) with a
transgenic strain expressing the ER marker protein TRAM-1 (trans-
locating chain-associating membrane protein transporter) fused to
a CemOrange? fluorescent protein designed to be exclusively expressed
in the intestine (vkEx2664 [nhx-2p::CemOrange2:tram-1, myo-2p::gfp])
(63). The microscopic analysis revealed partial colocalization of
CemOrange2-TRAM-1 and TENT-5-GFP (Pearson correlation
coefficient: 0.4 + 0.11 SD, n = 18) (Fig. 6E), indicating that a fraction
of TENT-5 localizes to the ER. This observation is in agreement with
the recently published data showing that TENT5C partially localizes
to ER in mammalian cells (23, 64, 65). To analyze TENT-5 associa-
tion with ER further, we performed a subcellular protein fraction-
ation of whole worm extracts prepared from wild-type, tent-5::gfp,
and vgin-1::mKate2 (vgln-1(rtt9[vgln-1::mKate2:::3xmyc] 1I) strains.
VGLN-1 (ViGILN homolog) is localized in the cytoplasm and nucleus
(66), and its human ortholog, HDLBP (high density lipoprotein bind-
ing protein), has been also shown to be associated with the ER (67).
Subcellular protein fractionation confirmed that TENT-5-GFP re-
sides in the cytosol but is also present at membranes, including
ER (Fig. 6F and fig. S6, I and J). Our results allow speculating that
TENT-5 might be targeted to at least some of its substrates by colocaliza-
tion with ER-translated short mRNAs. However, the exact mechanism of
the TENT-5 substrate specificity remains to be elucidated.
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The role of TENT-5 in innate immunity is

evolutionarily conserved

Because TENT-5 is orthologous to mammalian TENT5 ncPAPs, we
hypothesized that mammalian TENT5 proteins might also have a
role in innate immunity. Murine macrophages, key innate immune

Liudkovska et al., Sci. Adv. 8, eadd9468 (2022) 16 November 2022

effector cells, express two of the four Tent5 genes, Tent5a and Tent5c.
We found that both genes were induced in bone marrow-derived
macrophages (BMDM:s) upon stimulation with lipopolysaccharide
(LPS), which is a potent activator of inflammatory and immune re-
sponse in M1 macrophages (Fig. 7A) (68). To test whether TENT5A

9 of 21

202 /T Jlequeosq uo ABojolg |BD pUe KNds|o A JO SIN1iISU| [eUOITeURIU| Te BI0°80US 105" MMM//ST1Y LWoJ Papeo uUMO(



SCIENCE ADVANCES | RESEARCH ARTICLE

A

0 0 0 8 8 8

LPS (hours)

FubFubEuLbEL b FLbFobEL b bEw b
Tent5b Tzkhzkzhzezez%z BEBLELELELESELE
TENT5A — 55kDa ' SESS S8 5 o e = < TENTSC
Tentsd WFLAG 1 MMl == oRORORER® - 5irac
Tentse === 2t resteSeS. <% = wn «#— 40kDa “ﬁ--.--...-ﬂ
Tents iNOS o on BB o o= o o @ 130 kDa = e - = |NOS
entba
70 kD
Normalized expression CD80 | '..“'.."."[‘ a ~ ~"M'.. CD80
L |
S e e e GAPDH = T - GAPDH
C D E
Extracellular space | I Poly(A) length (nt)
= 5o B Extracellular region | [
S 1009 5o Lytic vacuole | [ 0 100 200 300
= Lysosome | [ I .
z Vacuole | [EE— A008 | gt
IS Interspecies interaction .
~ 50 Immune system process Ecm1 e { %
3 Immune response I’ “
GC, Defense response Cst3 . oue
) Response to biotic stimulus -
= 0 Response to other organism { | T
© Response to external biotic stimulus { ]
‘% . Cytoplasmic vesicle | [
c Intracellular vesicle | [ Man2b1
L 50 Vesicle | [
< Defense response to other organism | 1] Napsa
= Response to external stimulus | [
[o} Endomembrane system { [ Lgals3bp
O 100 Inflammatory response { 1]
10’ 10? 10° 10° 0 10 20 30 40 GIb1
Readsl/transcript (log1o) —Logyq of adjusted P value
® Other [l Cellular compartment Gnptg
® TENTS5A/C substrates (98 mRNAs) [T Biological process Prdx4
Tmed3
F
LPS Ohours 8 hours E E Gpx3 soeedion
WT KO WT KO o a . .
15 kDa é 3 Lyz2 v
Lysozyme 2 - — & o= N 8 Hexa a-—.
Z 6 ‘ —
) Timp2 m—
Cathepsin S | () w= @D == | 50, WT KO WT KO WT KO WT KO e
LPS 0 hours 8 hours LPS 0 hours 8 hours Ccl17 5 | - | )
Cathepsin B - — 35kDa ~ns__ns ~ns _~_ns pr m’.‘“
. . . E 195 . E o o
T ., .z % Cip w .o
Cathepsin D | e - 40kDa 2:,) e B g 06 .« ° -
athepsin - Loz T 5 T Pld3 .z:i .
2] —— » 03 . - e
= 05 . [ ra . Pf4
GAPDH | wiis wme wee e | . S ° e B
WT KO WT KO WT KO WT KO
LPS 0 hours 8 hours LPS 0 hours 8 hours e Widtype e Tent5” Tent5c™-
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type mice. Stimulation of BMDMs with LPS led to increased expression levels of Tent5a/c. (B) TENT5A/C were elevated in macrophages stimulated with LPS as illustrated
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BMDM activation. The lines and asterisks indicate specific and unspecific bands, respectively. (C) Plot showing expression levels and difference in the median poly(A) tail
length of mRNAs that were isolated from Tent5a™~ Tent5¢”~ and wild-type BMDMs. TENT5A/C-regulated transcripts (n =98) are marked in red (FDR < 0.05). (D) Top 20
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and TENTS5C proteins also were activated during infection, we ex-
amined their levels in the time course of LPS treatment in BMDM
isolated from TENT5A-3xFLAG (26) and TENT5C-3xFLAG knockin
mouse lines (21). The effectiveness of BMDM activation was exam-
ined by analysis of M1 macrophage polarization markers inducible

Liudkovska et al., Sci. Adv. 8, eadd9468 (2022) 16 November 2022

nitric oxide synthase (iNOS) and CD80 (Fig. 7B) (69). Similarly,
TENT5A-3xFLAG and TENT5C-3xFLAG levels were elevated in
response to LPS stimulation (Fig. 7B), consistent with the notion
that the role of TENT5 ncPAPs in innate immunity could be evolu-
tionarily conserved.
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To determine the physiological relevance of TENT5A and TENT5C
in macrophages, we aimed to analyze the phenotypes of mice de-
void of Tent5a and Tent5c genes. Tent5c KO mice do not exhibit
any gross phenotypes (21, 23, 70), whereas Tent5a KO are smaller
than wild type and display skeletal abnormalities (26). The double
KO of Tent5a and Tent5c leads to preweaning lethality that suggests
potential redundancy between two ncPAPs. To overcome the le-
thality of the double Tent5a Tent5¢c KO, we used the Tent5a"~Fox
Tent5¢”~ mouse line that was obtained by crossing Tent5a" /"%
conditional KO (cKO) with the previously described Tent5¢”~ KO
line (21). We have isolated BMDM:s from Tent5a" "% Tent5c7/~
and wild-type mice and delivered Cre recombinase to macrophages
by lentiviral transduction that allowed us to obtain vital Tent5a™’~
Tent5¢™"™ cells. Next, we treated BMDMs with LPS for 8 hours, a
time point when expression of TENT5A and TENT5C is highly ele-
vated (Fig. 7, A and B), and collected cells for subsequent analyses.
To identify potential TENT5A and TENT5C substrates in activated
macrophages, we performed transcriptome-wide poly(A) tail profiling
by DRS. We obtained approximately 8 million transcriptome-wide
reads from two Tent5a™~ Tent5¢”~ and two wild-type samples (data S6).
Again, the global distribution of the median poly(A) lengths was
consistent with previous reports (52). We observed no differences
in the global polyadenylation status between Tent5a '~ Tent5¢™'
and wild-type samples (fig. S7A), as well as changes in the median
poly(A) tail length of mRNAs encoding ribosomal proteins (fig.
S7B). We found that in BMDMs isolated from Tent5a™’~ Tent5¢”~
BMDMs, 98 mRNAs had median poly(A) tail lengths shorter (FDR < 0.05)
in comparison to the samples obtained from the wild type (Fig. 7C
and data S6). Many of these mRNAs were also identified as molecular
substrates for TENT5A or TENT5C in osteoblasts (26) and multiple
myeloma cell lines (fig. S7C) (21), indicating that they represent di-
rect substrates for polyadenylation by TENT5A/C. GO analysis of
TENT5A/C substrate mRNAs revealed their strong association with
the extracellular space, defense and innate immune response, and
lytic vacuole (Fig. 7D and data S6), recapitulating observations ob-
tained with tent-5 mutant worms. Notably, only 14 mRNAs had
median poly(A) tail length at least 5 nt longer in Tent5a '~ Tent5¢™"~
cells compared to wild type (data S6). Some of these mRNAs also
show an association with immune response and extracellular space
(data S6) that, similar to our observations in worms, may indicate
compensatory effects in cells with defective immune responses. We
did not attempt to establish the relationship between the poly(A)
tail length and the expression levels of the respective mRNAs, as
only one gene (Lgals3bp) was differentially expressed between
Tent5a™'~ Tent5¢ and wild-type samples (data S6).

In line with our observations in worms, a comprehensive analysis
of TENT5A/C-regulated transcripts revealed that they were shorter
(fig. S7, G and H), tended to have shorter 3'UTRs (fig. S7I), and
tended to have moderately shorter 5'UTRs (fig. S7]) compared to
other transcripts detected in macrophages by DRS. Analysis of
TENTS5A/C substrates identified no sequence motif enrichment
across their 3'UTRs. Fifty-nine of 98 (~60%) TENT5A/C substrate
mRNAs encode extracellular space proteins (data S6), suggesting
that TENT5A/C preferentially polyadenylates mRNAs that encode
secreted proteins, many of which (32 of 59) have a role in the im-
mune response. Among mRNAs with shorter median poly(A) tail
length in Tent5a™~ Tent5¢”~ macrophages (Fig. 7E and data $6)
were mRNAs that encode lysozyme (Lyz2) (fig. S7D) and lysosomal
proteases cathepsins (Ctsd and Ctsb) (fig. S7, E and F). These proteins
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transit the ER during their maturation and are homologous to
TENT-5 substrates in worms, and their role in the mammalian im-
mune response is well documented (71-77). Therefore, we exam-
ined whether the lack of TENT5A and TENTS5C affects the protein
levels of lysozyme and cathepsins. We have observed a definite but
modest drop in LYZ2 and cathepsins (Fig. 7F and fig. S7K) levels in
Tent5a™"~ Tent5¢” BMDMs, confirming the direct effect of cyto-
plasmic polyadenylation by TENT5A/C on innate immunity-related
protein expression. Our observation that in BMDM devoid of Tent5a
and Tent5c, the shortening of the poly(A) tails of a specific group of
mRNAs is not accompanied by significant down-regulation of these
mRNAS’ expression but affects levels of respective proteins allows
speculating that at least in activated BMDM, cytoplasmic polyade-
nylation may have a more prominent influence on translation effi-
ciency than on mRNA stability. On the basis of our results, we
concluded that the enzymatic activity of TENT5A/C plays a role in
the physiology of murine macrophages and, similarly to its ortholog
in worms, may facilitate the innate immune response.

DISCUSSION

In its natural habitat, C. elegans encounters numerous and diverse
pathogens. Worms’ fitness and rapid adaptation to an ever-changing
microbial environment require dynamic and highly efficient modu-
lation of the immune response. It is widely appreciated that in animals,
innate immunity is orchestrated by a plethora of transcriptional and
posttranscriptional mechanisms (7, 78-80). The posttranscriptional
aspect of innate immune regulation in worms is a fast-growing field
of research (58, 81-84). C. elegans can sense bacterial noncoding
RNAs to induce avoidance of a pathogen (85). A few reports have
also implicated microRNAs in host defense (86-88), whereas viral
RNA uridylation, by one member of the TENT family, CDE-1, has
been shown to play a role in the antiviral response (89). Cytoplasmic
polyadenylation is a powerful posttranscriptional mechanism that
shapes the transcriptome and consequently also the proteome,
through the regulation of mRNA stability and translation efficiency.
This work shows that cytoplasmic polyadenylation by ncPAP TENT-5
positively regulates innate immunity in C. elegans.

TENT-5 is a cytoplasmic protein that is expressed through the
whole life cycle of the worm in multiple cells of the body, including
the intestine (Fig. 1). In worms, the immune response and digestion
are connected. Many enzymes responsible for the macromolecular
degradation of food participate in the degradation of pathogen-
derived macromolecules (61). Upon infection with bacterial patho-
gens that infect through the gut, intestinal cells secrete a large amount
of enzymes and antibacterial proteins. Intestinal cells must have an
enormous capacity for protein synthesis and secretion. Our results
show that TENT-5 preferentially polyadenylates and stabilizes
mRNAs that encode short secreted proteins with a role in digestion and
immunity (Figs. 5 and 6). The length of the poly(A) tail is critical for
mRNA stability, and the posttranscriptional lengthening of mRNAs’
poly(A) tails in the cytoplasm may thus extend their half-life. Such
a mechanism, extending mRNA longevity and promoting transla-
tion, would be not only energy effective but also extremely fast, a
valuable feature when a rapid reaction to changing environmental
conditions is needed, for example, during immune or stress responses.

The relevance of TENT-5 in innate immunity is also supported
by the reduced survival of tent-5-deficient worms upon infection
with a range of bacterial pathogens (Fig. 4). Mutant worms display
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a moderately reduced life span also when grown on E. coli. Further-
more, this survival defect is associated with the increased bacterial
load in the intestine of the tent-5-deficient worms. This observation
may suggest that because of the decreased basal expression of genes
encoding digestive enzymes and cytoprotective proteins, mutant worms
have limited ability to deal even with relatively nonpathogenic food,
exhibiting reduced life span. In such an interpretation, TENT-5
may not be solely dedicated to innate immunity but rather influence
stability and potentially translation efficiency of many mRNAs en-
coding secreted proteins. The consequences of tent-5 deficiency are,
however, most evident under physiological conditions when secre-
tion plays a life-saving role. The fact that TENT-5 is up-regulated
upon infection may be explained by specific pathogen-induced tran-
scriptional regulation or by a mechanism that senses the demand for
efficient protein secretion. Further research will be needed to determine
what other secretion-dependent processes are regulated by TENT-5.

Direct sequencing of RNA samples prepared from tent-5 mutants
and wild-type worms allowed us to uncover substrates of TENT-5
enzymatic activity (Fig. 5). Our analysis of poly(A) tails lengths in
L4 C. elegans is consistent with previous results (52, 53). Those
studies identified a negative correlation of poly(A) tail length with
mRNA expression. Given the counterintuitive nature of these ob-
servations, we sought to take advantage of the high quality of our
DRS data and analyzed the relationship between these features. In
accordance with (52, 53), our data showed a similar phenomenon
(fig. S5). However, TENT-5 substrate mRNAs showed significantly
decreased expression levels in fent-5(tm3504) mutants, suggesting
that shortening of the poly(A) tail from its wild-type length lowers
mRNAs expression (Fig. 5). Thus, our results show that for TENT-5
substrates, an increase in poly(A) tail length sustains mRNA steady-
state levels.

Our data indicate that TENT-5 affects mRNAs that encode short
secreted proteins. Among the prominent TENT-5 targets are mRNAs
of the nspc family of genes for which mRNA polyadenylation and
expression are strongly decreased in the tent-5 mutant (Fig. 5). In
our previous studies, we also found that TENT5 family members
regulate the expression of genes encoding secreted proteins. In B cells,
TENTS5C polyadenylates mRNAs that encode immunoglobulins (23),
and in osteoblasts, the main substrates of TENT5A are mRNAs en-
coding collagens (26). In line with that, we show that mRNAs that
encode secreted proteins constitute a large fraction of TENT5A and
TENTS5C direct substrates in macrophages (Fig. 7). In agreement
with the nature of TENT5 substrates, these poly(A) polymerases are
associated with the ER, and this is probably the main determinant
of their substrate specificity. It was recently shown that TENT5C is
actively recruited to ER in human cells through interaction with fibro-
nectin type III domain-containing proteins FND3CA and FNDC3B
(64, 65). Disturbance of TENT5C function leads to ER shrinking,
destabilization of ER-translated mRNAs, and defects in ER-mediated
protein folding and secretion (64). It is probable that TENT5C’s
binding to the ER, mediated by FNDC3A and FNDC3B, may be
enough to target its substrates. Whether the worm’s TENT-5 target
selection corresponds to an analogous mechanism requires further
investigation, because among proteins with fibronectin type III
domains, there are no obvious FNDC3 orthologs encoded in the
genome. Controlling the secretory capacity of the ER is key for
resistance to infection (90, 9I). Cytoplasmic polyadenylation by
TENTS5 proteins of mRNAs encoding proteins that transit the ER
provides a new layer to the regulation of secretion essential for the
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proper immune response and other physiological processes such as
bone formation in vertebrates.

Last, we demonstrate that the role of TENT-5 in innate immunity
is evolutionarily conserved. In murine macrophages, TENT-5 or-
thologs, TENT5A and TENT5C, polyadenylate mRNAs that encode
lysozyme and cathepsin proteases (Fig. 7), increasing their protein
level. Lysozyme is one of the most abundant antimicrobial proteins
secreted by macrophages, and deletion of Lyz2 increases suscepti-
bility to infection with P. aeruginosa, Micrococcus luteus, and
Klebsiella pneumoniae due to impaired clearance of pathogen and
can lead to higher host mortality (71-74). Cathepsins not only play
a notable role in lysosomal protein breakdown but also regulate the
immune response (92). BMDMs isolated from Ctsd-deficient mice
display enhanced susceptibility to Listeria monocytogenes infection
and increased intraphagosomal viability of bacteria (75). More-
over, cathepsin D protein levels were up-regulated after infection
of murine macrophages with Bacillus subtilis, P. aeruginosa,
L. monocytogenes, S. aureus, and E. coli, and again, its deficiency led
to an increase in the amounts of each of these bacteria inside popu-
lations of macrophages (76). Cathepsin B was also required for
optimal posttranslational processing of tumor necrosis factor-o
(TNF-a) in response to LPS, and BMDMs from Ctsb-deficient mice
secrete significantly less TNF-o than wild-type macrophages (77).

Our work demonstrates the conserved role of mRNA polyadenyl-
ation and TENTS5 family ncPAPs in the regulation of innate immu-
nity in animals. Taking into account that, in worms, TENT-5 is
expressed in multiple tissues, we expect that its functions go beyond
protection against pathogens and may be generally important for
physiological processes that involve protein secretion. In mammals,
TENT5A to TENT5D are expressed in different tissues and devel-
opmental stages, opening the possibility for them to have broad bio-
logical significance and functional interactions too.

MATERIALS AND METHODS

Bacterial strains and culture

E. coli HB101 was cultured at 37°C in LB medium supplemented
with streptomycin (final concentration of 0.1 mg/ml). P. aeruginosa
PAOI and S. marcescens Db10 were grown at 37°C in LB medium
without antibiotics (48, 93). P. luminescens Hb was grown at 30°C in
LB medium without antibiotics (48). S. aureus NCTC 8325 (Argenta
Ltd.) was cultured at 37°C on tryptic soy agar (TSA) or tryptic soy
broth (TSB) (both from BD Biosciences) supplemented with nalidixic
acid (Nal) (final concentration of 10 pug/ml). E. coli DH50. and MH1
strains were cultured at 37°C in LB supplemented with appropriate
antibiotics. All antibiotics were purchased from Sigma-Aldrich.

C. elegans strains and maintenance

C. elegans was maintained on nematode growth medium (NGM)
plates seeded with E. coli HB101 at 20°C unless otherwise specified.
Strains obtained from the National Bioresource Project of Japan
(NBRP) and strains generated by the CRISPR-Cas9 were outcrossed
two to nine times to the wild-type strain. The following C. elegans
strains were used: N2 Bristol (wild type) and VK2664 (vkEx2664
[nhx-2p::CemQOrange2::tram-1, myo-2p::gfp]) strains were obtained from
the Caenorhabditis Genetics Center; tent-5(tm3504) I was obtained
from NBRP; ADZ20 (tent-5(rtt5) I), ADZ21 (tent-5(rtt6[tent-5::
gfp::3xflag]) I), and ADZ24 (vgin-1(rtt9[vgln-1::mKate2:::3xmyc] II)
were generated in this study; ADZ87 (tent-5(rtt6[tent-5::gfp::3xflag])
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I, vkEx2664 [nhx-2p::CemOrange2::tram-1, myo-2p::gfp]) strain was
obtained by crossing ADZ21 with VK2664.

C. elegans transgenic strain generation

Transgenic worm strains were generated using standard microinjection
protocols. Plasmids that were used for microinjections were purified
with PureLink mini-prep kit (Thermo Fisher Scientific, K210002).
Injections were conducted using the Axio Observer D1 inverted mi-
croscope (Zeiss) equipped with a Femto Jet 4i microinjection sys-
tem (Eppendorf). For each transformation, at least two independent
transgenic strains were obtained. All oligonucleotides and DNA
constructs used for transgenic strain generation are listed in tables
S2 and S3, respectively.

The KO strain ADZ20 tent-5(rtt5) I that harbors a 2909-base pair
deletion, which spans from the start to stop codon of tent-5 isoform d,
was generated using an adapted version of the CRISPR-Cas9 protocol
(94). Mutation in the dpy-10 gene was used as a CRISPR co-conversion
marker. Single-stranded DNA (ssDNA) encoding tracrRNA (trans-
activating CRISPR RNA) and CRISPR RNA (crRNA) with 20 N
of single-guide RNA (sgRNA) sequences was used for the prepara-
tion of templates for in vitro sgRNA synthesis. Briefly, 5 ul of 100 pM
VL311 tracrRNA oligo was annealed with 5 ul of 100 uM sgRNA
oligo (VL312, VL313, and VL315) in the 50-pl mix containing de-
oxynucleotide triphosphates, Phusion buffer, and Phusion Hot Start II
Polymerase and incubated at 98°C for 3 min; 98°C for 10's, 65°C for
20 s, and 72°C for 5 s for 10 cycles; and 72°C for 5 min. The reaction
was purified with AMPure XP magnetic beads [1:1.4 (v/v) mix to beads;
Beckman Coulter, A63882]. In vitro transcription was assembled by
mixing 400 ng of DNA template in 35 pul of RNase-free water, 5 pl of
ribonucleoside triphosphates (NTPs) mix (20 mM each), 10x tran-
scription buffer [200 mM tris-HCI (pH 7.9), 30 mM MgCl,, 50 mM dith-
iothreitol (DTT), 50 mM NaCl, and 10 mM spermidine], 1.25 ul of
RiboLock RNase Inhibitor (40 U/ul) (Thermo Fisher Scientific,
EO0384), and 4 pl of T7 polymerase (homemade). Eight reactions
were set up for the single sgRNA transcription. Following incuba-
tion at 37°C for 3 hours, each sample was treated with 0.5 pl of TURBO
deoxyribonuclease (DNase) (2 U/ul; Thermo Fisher Scientific, AM2239)
at 37°C for 30 min. RNA was purified from the pooled reactions
with the phenol/chloroform extraction and purified further through
electrophoresis in 6% urea polyacrylamide gel electrophoresis (PAGE).
Animals were injected with the following mix: 15.5 pM Cas9 (Cas9::
NLSgv40::Hisg protein; homemade), 5.9 pM sgRNA-dpy-10, 11 uM
sgRNA-tent-5-1, 11 uM sgRNA-tent-5-2, 0.44 uM single-stranded
oligodeoxynucleotide (ssODN)-dpy-10, 0.88 uM ssODN-tent-5,
150 mM KCl, and 20 mM Hepes (pH 8.0). Worms showing dumpy
phenotype in F, progeny were screened for tent-5 deletion using
PCR, and, later, the deletion was confirmed by Sanger sequencing.
Mutant worms were backcrossed two times to wild-type worms to
cross out the dpy-10 mutation and CRISPR off-targets.

The knockin strain ADZ21 tent-5(rtt6[tent-5::gfp::3xflag]) I was
generated by CRISPR-Cas9 according to (95). The gRNA sequence
(5'-TGCCACCAGATGCAGCTACA-3’) was cloned into pDD162
to generate pDD162_sgRNA425. Homology arm regions were am-
plified by PCR using genomic DNA (gDNA) as a template and were
inserted into pDD282, resulting in the pDD282-tent-5::gfp::3xflag
construct. N2 worms were injected with the following mix: pDD282-
tent-5::gfp::3xflag (10 ng/ul), pDD162_sgRNA425 (50 ng/ul),
myo-2p::mCherry pharyngeal coinjection marker pCFJ90 (2.5 ng/ul),
and myo-3p::mCherry body wall muscle coinjection marker pCFJ104
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(5 ng/ul). The selection of positive knockin candidates was performed
as described (95). Animals with successful GFP-tag insertion were
backcrossed three times with the wild-type strain to get rid of CRISPR
off-target effects. The knockin strain ADZ24 vgln-1(rtt9[vgln-1::
mKate2:::3xmyc] II was generated by CRISPR-Cas9 using constructs
encoding gRNA, pDD162_sgRNA456 (gRNA sequence: 5'-CGTTCTTTA
CCAACGACGAG-3'), and homology arm regions, pDD287-vgln-
1::mKate2::3xmyc.

Plasmid construction

General cloning techniques were conducted according to the well-
established protocols (96) or manuals provided by the manufacturers
of kits. All plasmids were generated using either classical restriction
enzyme digestion and ligation or sequence- and ligation-independent
cloning (SLIC) (97, 98) and validated by digestion with restriction
enzymes and sequencing. All oligonucleotides and DNA constructs
are listed in tables S2 and S3. To generate pDD162-sgRNA425
(pVL060), two PCRs were performed using pDD162 as a template,
with primers VL342 and VL344 and with VL343 and VL345. Frag-
ments were gel-purified and used in a 1:1 molar ratio as templates
for PCR with primers VL386 and VL387. The product was purified
from a gel and used for the SLIC with pDD162 that has been digested
with Nde I and Sph I. pDD162-sgRNA456 (pVL069) was cloned in
a similar way using primers VL365 and VL364 instead of VL344 and
VL345. pDD282-tent-5::gfp::3xflag (pVL062) was prepared as follows:
Arms homologous to tent-5 were amplified with VL347 and VL348
and with VL349 and VL350 on gDNA isolated from N2. pDD282
was digested with Avr IT and Spe I, and the reaction was purified using
a Clean-Up kit (A&A Biotechnology). For pDD287-vgln-1::mKate2::
3xmyc construct (pVL070), homology arms were amplified from
gDNA with primers VL366 and VL367 as well as VL368 and VL369.
The pDD287 vector was digested with Avr IT and Ngo MIV. In both
cases, 200 ng of vector and 50 ng of each homology arm products were
used for SLIC. The pClneo-NHA (N-terminal lJambda symbolN boxB-
binding domain and an HA-tag) constructs for tethering assays pCI-
NHA-tent-5""" and pCI-NHA-tent-5"""" were cloned as follows: PCR
productsweregenerated with primersNHATENT-5_fwand NHATENT-
5_rev on plasmids carrying tent-5"" and tent-5"""» P15 (isoform a) genes
and subsequently cloned into Sal T and Not I sites of the pClneo-NHA.

Mice

All mice lines were generated by CRISPR-Cas9 in the Genome En-
gineering Unit (https://crisprmice.eu/) using methods described in
(21, 23, 26). Briefly, a cKO Tent5a" /"% (B6;CBA- Tent5a ™/ Tar)
mouse line was created by insertion of LoxP sites in introns flanking
exon 2, which contains triplets encoding the catalytic center of the
protein (D144N and D146N). Cas9-generated double-strand breaks
in gDNA were targeted using two chimeric sgRNA. Bam HI restric-
tion sites were inserted next to LoxP sites to facilitate genotyping.
Donor mice were handled and injected as described before (26).
The CRISPR cocktail consisted of mRNA Cas9 (25 ng/ul), sgRNAs
(15 ng/ul), and ssDNA repair template (6 ng/ul). Correct integra-
tion of LoxP sites was confirmed by Sanger sequencing and followed
by routine mice genotyping. Sequences of the sgRNAs, ssDNA do-
nor, and primers used for sequencing and genotyping of Tent5a" ¥
FloX mice can be found in table S2. Double Tent5a"™ ™% Tent5c~
mouse line was obtained by crossing Tent5a"°/F°* ¢cKO with the
previously described Tent5¢”~ (B6;CBA-Tent5¢™"/Tar) KO line (21).
Tent5¢-3xFLAG (B6;CBA- Tent5c™LAG 3XFLAG/Tar) knockin mouse line
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was generated as described in (21), with the exception that 3xFLAG was
added instead of 1XFLAG. Tent5a-3xFLAG (BGCBA-Tentsa ™ A031AC)
knockin line were described previously (26). Mice were bred in the
animal house of Faculty of Biology, University of Warsaw and main-
tained under conventional conditions (21, 26). All animal experiments
were approved by the First Local Ethical Committee in Warsaw af-
filiated to the University of Warsaw, Faculty of Biology (approval
numbers: WAW/176/2016 and WAW/772/2018) and were performed
according to Polish Law (act number 266/15.01.2015) and in agree-
ment with the corresponding European Union directive.

Primary BMDM cell culture

The primary BMDM cell cultures were established from the bone
marrow monocytes isolated from Tent5a" ™M Tent5¢7'~, Tent5a-
3xFLAG, Tent5c-3xFLAG, and wild-type mice. Mice were euthanized
by cervical dislocation at ages 13 to 22 weeks. Femurs and tibias
were isolated, the ends of bones were cut, and the bone marrow was
flushed with medium using a 25-gauge needle. Bone marrow cells
were plated in Iscove’s modified Dulbecco’s medium (Thermo Fisher
Scientific, 21980065) supplemented with 10% fetal bovine serum (FBS)
(Gibco), penicillin (100 U/ml)/streptomycin (0.1 mg/ml) solution
(Sigma-Aldrich), and macrophage colony-stimulating factor (10 ng/ml;
PeproTech, 315-02) and cultured at 37°C in 5% CO, as described
previously (99). For conditional gene targeting, BMDMs derived
from Tent5a"*F % Tent5c~ and wild-type mice were transduced
on the 8th day after isolation with 1 ml of concentrated lentivirus
solution per 1 million cells. The medium was changed 16 hours after
transduction. The lentivirus production was performed as described
previously (21). Lentiviral packaging (pMD2.G) and envelope (psPAX2)
plasmids were provided by D. Trono (Ecole Polytechnique Fédérale
de Lausanne, Switzerland). The pCAG-Cre-IRES2-GFP plasmid was a
gift from J. Jaworski (International Institute of Molecular and Cell
Biology, Warsaw, Poland). The floxed locus was genotyped 3 days
after transduction using gDNA isolated from 0.5 million cells with
a Genomic Mini kit (A&A Biotechnology). Sequences of primers
used for genotyping are listed in table S2. For BMDM stimulation
with LPS, on the 14th day after isolation, cells were treated with LPS
(100 ng/ml; Santa Cruz Biotechnology, sc3535) for 4 to 16 hours
depending on the experiment.

Phylogenetic analysis

Sequences of TENT proteins used for the phylogenetic analysis
have been obtained from the WormBase WS272 (C. elegans) and
UniProt (other organisms), and their IDs are listed in table S4. Se-
quences were aligned using the PROMALS3D server (100). Input
sequence alignment for phylogenetic analysis was performed with
MUSCLE (101). The phylogenetic tree was built using the neighbor-
joining method and visualized with iTOL v5 (102).

Worms’ brood size, body parameters,

and locomotion analyses

For brood size analysis, four individual L4 larvae per replicate were
placed onto single 35-mm NGM plates seeded with E. coli HB101
and were allowed to lay eggs at 20°C. Worms were transferred to
fresh plates every 12 hours until they no longer produced embryos.
Eggs were counted after the adult was moved. For each strain, 10 worms
have been analyzed in two independent trials (two-tailed unpaired
t test). For worm’s body and movement analysis, eight age-synchro-
nized young adult worms per strain were placed onto 35-mm NGM
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plates seeded with E. coli, and the worm movement was recorded for
2 min using the WormLab system (MBF Bioscience). The frame rate,
exposure time, and gain were set to 7.5 frames/s, 0.0031 s, and 1, re-
spectively. The worms’ body length and width, track length, center point
speed, and the overall track pattern of individual worms were ana-
lyzed using the WormLab software (MBF Bioscience). For each strain,
80 worms have been analyzed, and data were compared using the two-
tailed unpaired Student’s ¢ test with Welch’s correction and presented as
mean values + SD. A P < 0.05 was considered significantly different
from control: ns, not significant; *P < 0.05, **P < 0.001, and ***P < 0.0001.

Microscopic analysis

Worms were immobilized with tetramisole, placed on slides coated
with 2% agarose, and immediately imaged. The confocal microscopy
for Fig. 1 and fig. S1 was performed using an FV1000 system with a
60x/1.2 water immersion lens (Olympus). Images were processed
using Fiji/Image] software (version 2.0.0-rc69/1.52p) (103). For co-
localization analysis presented in Fig. 6, worms were imaged using
Zeiss LSM800 confocal microscope with 40x/1.2 water immersion
apochromatic objective. Z-stack images were processed using Imaris
8.3 software. Median filter with a 3 x 3 x 1 kernel was applied to remove
noise. Analysis was restricted to cells expressing CemOrange2-TRAM-
1 ER protein. Gating with polygon was used to exclude the strongest
unspecific signal from the green channel (Fig. 6, marked with asterisks).
Pearson correlation coefficient was calculated with the ImarisColoc
module based on three-dimensional data obtained from 18 worms.

Tethering assay

Tethering assays were performed as previously described (21, 104).
293T cells (American Type Culture Collection, CRL-3216) were
cultured in Dulbecco’s modified Eagle’s medium (Invitrogen) supple-
mented with 10% FBS (Gibco) and penicillin (100 U/ml)/streptomycin
(0.1 mg/ml) (Sigma-Aldrich) at 37°C in 5% CO,. Cells were seeded
into six-well plates and allowed to grow until about 70 to 80% con-
fluence. Next, cells were cotransfected with 0.1 pg of pRL-5Box
plasmid carrying an RL (104) and 2 pg of plasmid encoding tethered
wild-type or catalytically inactive NHA-TENT-5 using 5 ul of Lipo-
fectamine 2000 and Opti-MEM medium (Thermo Fisher Scientific,
31985047) according to the manufacturer’s instructions. Cells were
collected 24 hours after transfection for RNA (Northern blot and
DRS) and protein level analyses.

C. elegans cultures for RNA analysis

Animal populations were synchronized by bleaching of the gravid
adults and starvation of L1 larvae for 16 hours. Synchronized worms
were grown on NGM plates seeded with E. coli HB101 at indicated
temperatures until they reached the L4 stage. Worms were washed
three times with 50 mM NaCl (900g for 2 min at room temperature)
and resuspended in 1 ml of TRI Reagent (Sigma-Aldrich, T9424).
Samples were incubated for 5 min at room temperature and stored
at —80°C. For RNA analysis after C. elegans infection by S. aureus,
synchronized worms were grown on NGM plates seeded with E. coli
HB101 at 25°C until they reached the L4 stage. The infection plates
were prepared as described (37). Briefly, TSA plates with Nal (10 pug/ml)
were prepared 1 week before the experiment and stored at 4°C in
the dark. S. aureus was grown in TSB + Nal overnight at 37°C. Five
hundred microliters of the overnight S. aureus culture was uniformly
spread onto the entire surface of 100-mm TSA + Nal plates and
incubated at 37°C for 6 hours. L4 worms were washed three times
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with sterile 50 mM NaCl and seeded onto infection TSA plates that
were previously warmed to room temperature. After 8 hours of in-
fection at 25°C, animals were washed off the plates and resuspended
in TRI Reagent as described above.

RNA extraction

Total RNA was isolated with TRI Reagent according to the manu-
facturer’s instructions (Sigma-Aldrich, T9424). To ensure the highest
purity of the RNA samples isolated from worms, the subsequent
phenol/chloroform extraction has been performed according to
standard protocols. Before RT-qPCR, RNA-seq and DRS library prepa-
ration, RNase H treatment, and PAT total RNA was treated with
TURBO DNase (Thermo Fisher Scientific). RNA was then purified
by phenol/chloroform extraction and ethanol precipitation.

RNA-seq and data analysis

C. elegans cultures and RNA extraction are described above. Three
independent replicate sample sets were prepared for each strain [wild
type and tent-5(tm3504)] and condition (worms that were grown
on E. coli HB101 or infected by S. aureus for 8 hours). Two micro-
grams (worms) or 1 ug (wild-type BMDMs stimulated with LPS) of
DNase-treated total RNA was used for the library preparation.
Ribosomal RNA (rRNA) was removed using a Ribo-Zero rRNA re-
moval kit (human/mouse/rat; Epicentre, RZG1224). Sequencing
libraries were prepared using a KAPA stranded RNA-seq library
preparation kit (KAPA Biosystems, KR0934), and their quality was
assessed with an Agilent 2100 Bioanalyzer (Agilent Technologies Inc.).
The libraries were sequenced in the 75-nt single-end (C. elegans
samples) or 75-nt pair-end (BMDMs) mode on the NextSeq500
[lumina platform. RNA-seq reads were adapter-clipped and quality-
filtered with cutadapt (version 1.18) to remove adapters, low-quality
fragments (minimum quality score was set to 20), and too short sequences
(threshold set to 30 nt) (105). Quality-filtered reads were mapped to
the respective reference genomes of C. elegans (WBCel235; ENSEMBL,
release 94) or mouse (GRCm38; ENSEMBL, release 94) using the
STAR (Spliced Transcripts Alignment to a Reference) aligner (version
2.6.1b or version 2.7.6a for worm and mouse, respectively) (106). Read
counts were assigned to genes using featureCounts from the Subread
package (version 1.6.3) with options -Q 10 -p -B -C -s 2 -g gene_id -t
exon and respective annotation files for C. elegans (WBCel235;
ENSEMBL, release 94) or mouse (Gencode vM25) (107). Multi-
mappers and reads overlapping multiple features were not counted.
Differential expression analysis was performed with DESeq2 (ver-
sion 1.22) Bioconductor package (108) with default settings. For
C. elegans, most of the analyses were performed for the genes, which
expression was down-regulated at least 1.5-fold [log, fold change < —
log,(1.5), FDR < 0.05] in mutant worms. Venn diagrams were drawn
with VENNY (www.stefanjol.nl/venny). Gene sets were submitted
for GO enrichment analysis to the WormBase Enrichment Suite
(WS278) (109) and WormCat tool (110).

DRS and data analysis

For tethering assay, technical replicate sample sets were prepared
from 293T cells transfected with the wild-type or catalytically in-
active NHA-TENT-5. For C. elegans DRS, two independent replicate
sample sets were prepared for tent-5(tm3504) and wild-type worms
[the same input RNA samples as for the RN A-seq experiment (rep-
licates 1 and 2) were used]. For mice samples, BMDMs from
Tent5a"F1 Tent5:7~ and wild-type mice were isolated, cultured,
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and transduced as described above. On the 14th day after isolation,
cells were stimulated with LPS (100 ng/ml) for 8 hours. Two replicate
sample sets were prepared from BMDM:s for DRS analysis. Total
RNA from 293T, C. elegans, and BMDM samples was isolated with
TRI Reagent according to the manufacturer’s instructions (Sigma-
Aldrich, T9424). The cap-enriched mRNA was prepared from 100 pg
of total RNA with GST-eIF4EX!"?* protein (homemade) and gluta-
thione sepharose 4B (GE Healthcare, 17-0756-01) as described pre-
viously (23). Nanopore direct RNA libraries were prepared with a
DRS Kit [Oxford Nanopore Technologies (ONT), SQK-RNA002]
from 3 pg (worms and 293T) and 3.5 ug (BMDMs) of cap-enriched
mRNA mixed with 150 ng of Saccharomyces cerevisiae oligothymi-
dilate [oligo(dT)]-enriched mRNA to optimize sequencing efficiency.
Sequencing was performed with a MinION device (ONT; Flow cell
type FLO-MIN106, RevD). Raw reads were basecalled with the stand-
alone version of Guppy 4.0.11 (ONT). Sequencing reads were mapped
to Gencode v36 supplemented with sequences of reporter transcripts
(293T), WBCel235 (worms), or Gencode vM26 (BMDMs) refer-
ence transcriptomes using MiniMap 2.17 (111) with options -k 14 -ax
map-ont —secondary = no and processed with samtools 1.9 to filter
out supplementary alignments and reads mapping to reverse strand
(samtools view -b -F 2320). The poly(A) tail lengths were estimated
with Nanopolish (version 0.13.2) polya function (112). In subsequent
analyses, only length estimates with quality control tag reported by
Nanopolish as PASS were considered. Statistical analysis was per-
formed using functions provided in the NanoTail R package (23).
Poly(A) length distributions in analyzed conditions were compared
using the Wilcoxon test, filtering out transcripts that had a low
number of supporting reads under each condition (<10). Collected
P values were adjusted for multiple comparisons using the Benjamini-
Hochberg method. Transcripts were considered as having a signifi-
cant change in poly(A) tail length if the adjusted P value was <0.05.
Transcripts were considered as TENT-5 or TENT5A/C substrates
if, in addition to being significantly changed, their median poly(A)
tail len§th was at least 5 nt shorter in the mutant worms or double
Tent5a" >/ Tent5¢”~ mutant compared to wild-type worms or
mouse BMDMs, respectively. For differential expression estimates,
reads were mapped to C. elegans (WBCel235; ENSEMBL, release 94)
or mouse (GRCm38; ENSEMBL, release 94) reference genomes using
MiniMap 2.17 (111), with options -ax splice —secondary = no -uf.
Read counts were assigned to genes using featureCounts from the
Subread package (version 2.0.1) with options -L —fracOverlap 0.5 -
fracOverlapFeature 0.2 -s 1 and respective annotation files for
C. elegans (WBCel235; ENSEMBL, release 94) or mouse (Gencode
vM25) (107). Multimappers and reads overlapping multiple features
were not counted. Differential expression analysis was performed
with DESeq2 (version 1.28) Bioconductor package (108) with de-
fault settings. Gene sets were submitted for GO enrichment analysis
to the WormBase Enrichment Suite (WS278) (109) or g:Profiler (113).

Transcript and UTR length analysis

Data regarding coordinates of the 5" and 3'UTRs in the WBCel235
genome and percent guanine-cytosine content for each gene were
downloaded from ParaSite BioMart (WS276) (https://parasite.
wormbase.org/biomart/martview/). Data regarding transcript and
coding sequences lengths were obtained from BioMart using
biomaRt R package (biomart = “ensembl” and dataset = “celegans_
gene_ensembl”). For each gene, only the longest possible 5 and
3'UTRs or coding sequence was considered for the analysis. The
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lengths of the 5" and 3'UTRs were calculated on the basis of obtained
coordinates. Statistics were calculated using the Wilcoxon test.

Motif enrichment analysis

Data regarding coordinates of the 3'UTRs in the WBCel235 ge-
nome were downloaded from ParaSite BioMart (WS276) (https://
parasite.wormbase.org/biomart/martview/). Only the longest possible
3"UTR sequence for each gene was considered for the analysis. Coor-
dinates of 3'UTRs of TENT-5 substrates (DRS) and genes that expres-
sion levels were down-regulated at least 1.5-fold in tent-5(tm3505)
mutant worms compared to wild type (RNA-seq), as well as coordi-
nates of 3'UTRs of all remaining genes identified by DRS or RNA-
seq (background), were saved as bed file and were used for respective
FASTA sequences collection using the bedtools getfasta tool (ver-
sion 2.29.2) (114) and WBCel235 (ENSEMBL, release 94) genome
sequence. FASTA sequences of 3'UTRs of TENT5A/C substrates and
all Gencode-annotated transcripts in mm10 genome (background)
were obtained with bedtools getfasta tool (version 2.29.2) (114), using
bed files with 3'UTR coordinates downloaded from the UCSC Browser
Table tool (Gencode vM23 track and known_gene table) and GRCm38
genome sequence. Sequence motifs were searched using the DREME
tool (version 5.3.0) (59) with options -rna -norc -k 8 -1 with the re-
spective background (described above) specified.

Reverse transcription quantitative polymerase

chain reaction

One microgram of the DNase-treated total RNA was reverse-transcribed
with 1 pl of oligo(dT),s and random primers mix (50 mM and 50 ng/ul,
respectively) using the SuperScript III Reverse Transcriptase (Thermo
Fisher Scientific, 18080085). cDNA samples were diluted 10x and used
for RT-gPCR analysis using the LightCycler 480 SYBR Green I Master
Mix (Roche, 04887352001) and 0.25 uM primers on the LightCy-
cler 480 Instrument (Roche). Primers were designed with Primer-BLAST
(National Center for Biotechnology Information) to be exon-junction
spanning where possible and tested for amplification efficiencies with
a series of template dilutions. Each experimental replicate was mea-
sured in technical triplicate. Expression levels for each sample were nor-
malized to act-1. Gene expression changes were calculated using the
27289 method. Unpaired two-sample two-sided ¢ test using AC; values
were performed for most comparisons except for induction of gene expres-
sion during infection, where one-sided f tests were performed. A P <
0.05 was considered statistically significant: ns, not significant; *P < 0.05,
**P < 0.01, and ***P < 0.001. Primer sequences are listed in table S2.

RNase H treatment

Twenty micrograms of DNase-treated total RNA was mixed with 2 pl
of 50 mM oligo(dT),s, 1 ul 10x hybridization buffer [25 mM tris-
HCI (pH 7.5), 1 mM EDTA, and 50 mM NaCl], and water in 10 pl.
RNA was denatured at 70°C for 10 min and slowly cooled down to
42°C. Next, 10 pl of prewarmed to 37°C 2x reaction buffer [40 mM
tris-HCI (pH 7.5), 20 mM MgCl,, 200 mM KCI, 2 mM DTT, and 10%
sucrose] and 1 pl of RNase H (2 U; Thermo Fisher Scientific, EN0201)
were added, and the reactions were carried out at 37°C for 1 hour.
RNA was recovered with phenol/chloroform extraction, precipitated
with 96% ethanol, and analyzed using Northern blots or PAT.

Poly(A) tail analysis
One microgram of DNA-free total RNA was ligated with 125 pmol
of RA3_15N 3’ adaptor at 18°C for 16 hours in 20-ul mixtures
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containing 1x T4 RNA ligase buffer, 10% PEG 8000 (polyethylene
glycol, molecular weight 8000), 50 U of RiboLock RNase inhibitor,
and 300 U of T4 RNA ligase 2 truncated KQ [New England Biolabs
(NEB), M0373L]. The samples were purified with AMPure XP mag-
netic beads [1:0.75 (v/v) RNA-to-beads ratio] to discard nonligated
adapters and short RNA fragments. RNA was eluted in 15 pl of
RNase-free water and reverse-transcribed using 200 U of the Super-
Script III Reverse Transcriptase (Thermo Fisher Scientific) and 100 pmol
of the RPI PCR Index Primer (TruSeq Illumina) according to the
manufacturer’s protocol. The cDNAs were purified using AMPure
XP beads [1:1 (v/v) ratio], eluted with 20 ul of RNase-free water, and
used for the nested PCR. Briefly, 1 ul of the cDNA was used for PCR-1
(Phusion Hot Start IT; 25 cycles), with a gene-specific forward primer
and a universal reverse primer RPuni. The PCR-1 samples were di-
luted 100x and used as a template for PCR-2, with a second forward
gene-specific primer and RPuni. The PCR-1 and PCR-2 amplicons
were analyzed in the 2% agarose gels in 1x TBE buffer (90 mM tris-
borate and 2 mM EDTA). All primers used for PAT are described
in table S2.

Northern blotting

High-molecular weight RNA samples were separated on 1.2% aga-
rose gels containing 1.7% formaldehyde in 1x NBC buffer (50 mM
boric acid, 1 mM sodium acetate, and 5 mM NaOH) and trans-
ferred to Hybond-N+ membranes (GE Healthcare) by overnight
capillary elution using 8x SSC buffer (1.2 M NaCl and 120 mM so-
dium citrate). Low-molecular weight RNA samples were separated
on 4 to 6% acrylamide gels containing 7 M urea in 0.5x TBE buffer
(45 mM tris-borate and 1 mM EDTA) and electrotransferred to
membranes in 0.5x TBE buffer at 300 to 350 mA at 4°C for 3 hours.
RNA was immobilized on membranes by 254-nm UV light using a
CL-1000 cross-linker (UVP) with the auto cross-link function
(120 mJ/cm?). Next, membranes were stained with 0.03% methylene
blue in 0.3 M NaAc (pH 5.3), and staining was digitized. Random
primed RL probes were PCR-amplified with primers RL_Fw and
RL_Rev using pRL-5Box plasmid as a template and radioactively
labeled with 20 uCi of [0-"*P]-dATP and the DECAprime II DNA
Labeling Kit (Thermo Fisher Scientific, AM1456). Membranes were
prehybridized in the PerfectHyb Plus Hybridization Buffer (Sigma-
Aldrich) at 65°C for 30 min and incubated with probes in PerfectHyb
buffer at 65°C overnight with rotation. Membranes were washed
three times in prewarmed 0.5x SSC with 0.1% SDS at 65°C for
20 min and then exposed overnight to PhosphorImager screens
(Fujifilm). The screens were scanned with a Typhoon FLA 7000
scanner (GE Healthcare) and analyzed with Multi Gauge software
version 2.0 (Fujifilm).

Subcellular protein fractionation

Mixed-stage worm populations were grown on NGM plates seeded
with E. coli HB101 at 20°C. Two independent replicate sample sets
were prepared for each strain. Subcellular protein fractionation was
performed using the Subcellular Protein Fractionation Kit (Thermo
Fisher Scientific, 78840). Briefly, all buffers were supplemented
with protease inhibitors (Invitrogen), and the entire procedure was
performed at 4°C. For each strain, worms were washed from three
100-mm plates and washed three times with 50 mM NaCl (900g for
2 min at room temperature). Worms were resuspended in ice-cold
1.5 ml of cytoplasmic extraction buffer and lysed using Omni tis-
sue homogenizer for 1 min following 10 min of incubation with
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gentle mixing. Lysates were centrifuged at 500g, and the super-
natant was collected as a cytoplasmic fraction, while the pellet was
resuspended in membrane extraction buffer. After 10 min of incuba-
tion, the sample was centrifuged at 3000g, and the supernatant was
collected as a membrane fraction. Last, the pellet was resuspended in
nuclear extraction buffer, incubated for 30 min, and centrifuged
at 5000g. The supernatant was collected as a nuclear fraction. The con-
centration of protein was measured by Bradford assay, and samples
for SDS-PAGE and Western blot were prepared using the same
amount of protein from each fraction. Control total protein input
samples were prepared by boiling worms in 1x SDS sample buffer.

Total worm extract preparation for Superdex

200 chromatography

Protein extracts were prepared from mixed-stage worm popula-
tions grown at 20°C. Animals were washed three times with 50 mM
NaCl and then briefly with lysis buffer [50 mM Hepes (pH 7.4),
100 mM NaCl, 3 mM MgCl,, 0.5 mM DTT, 0.05% NP-40 substi-
tute, and 10% (v/v) glycerol]. The supernatant was discarded, and
the pellet was resuspended in 5 V of lysis buffer supplemented with
1 mM phenylmethylsulfonyl fluoride (PMSF), 1x chymostatin, and
1x protease inhibitors and drop-frozen in liquid nitrogen. Lysis was
performed by grinding frozen worms in liquid nitrogen. The extract
was allowed to melt on ice and supplemented with 1 mM PMSF, 1x
chymostatin, and 1xprotease inhibitors. The lysate was cleared by
two centrifugation steps at 20,000g at 4°C for 20 min. Five hundred
microliters of the lysate (7 ug/ul) was subjected to the Superdex 200
chromatography column equilibrated with lysis buffer. Two hundred
microliters of each collected fraction was precipitated using methanol/
chloroform; pellets were resuspended in 20 pl of 1x SDS sample
buffer, boiled, and used for the SDS-PAGE and Western blot.

Western blotting

BMDMs from Tent5a"*F°% Tent5¢"~, Tent5a-3xFLAG, Tent5c-
3xFLAG, and wild-type mice were isolated, cultured, and trans-
duced as described above. On the 13th day after isolation, cells were
counted and seeded on six-well plates, with 0.5 million cells per
well. The next day, cells were stimulated with LPS (100 ng/ml) for
8 hours (Tent5a" ™% Tent5¢"~ and wild type) or for 0 to 16 hours
of time points (Tent5a-3xFLAG, Tent5c-3xFLAG, and wild type).
BMDMs were scratched and pelleted by centrifugation for 3 min at
350g. Cells were lysed with 0.1% NP-40 in phosphate-buffered sa-
line (PBS) supplemented with protease inhibitors and viscolase (final
concentration of 0.1 U/ml; A&A Biotechnology). The samples were
incubated at 37°C for 30 min with shaking before 3x SDS sample
buffer [187.5 mM tris-HCI (pH 6.8), 6% SDS, 150 mM DTT, 0.02%
bromophenol blue, 30% glycerol, and 3% 2-mercaptoethanol] was
added, and the lysates were boiled for 10 min. Lysates from the
293T cells following tethering assay were prepared using the same
protocol. Protein samples from a mixed population of worms were
prepared by boiling ~100 worms in 3x SDS sample buffer for 5 min.
Boiled protein mixtures from cells or worms were cleared by cen-
trifugation for 5 min at maximum speed at room temperature and
resolved on 10 to 12% SDS-PAGE gels. Proteins were transferred to
Protran nitrocellulose membranes (GE Healthcare) by wet transfer
at 300 mA at 4°C for 2 hours in 1x transfer buffer [25 mM tris base,
192 mM glycine, and 20% methanol (v/v)]. After transfer, the mem-
branes were stained with 0.3% (w/v) Ponceau S in 3% (v/v) acetic
acid, and the staining was digitized. Next, membranes were soaked
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in 5% (w/v) nonfat milk in 1x TBS-T (20 mM tris base, 150 mM NacCl,
and 0.01% Tween 20) for 1 hour with gentle agitation at room tem-
perature, followed by the overnight incubation at 4°C with specific
primary antibodies diluted 1:3000 (anti-RL antibody, clone 5B11.2;
Millipore, MAB4400), 1:3000 (GFP B-2; Santa Cruz Biotechnology,
$c-9996), 1:1000 (FLAG; Proteintech, 20543-1-AP), 1:10,000 RFP
(red fluorescent protein); Erdogan, AB233), 1:5000 [glyceraldehyde
phosphate dehydrogenase (GAPDH); Proteintech, 10494-1-AP],
1:10,000 (o-tubulin, clone DM1A; Millipore, MABT205), 1:1000
(iNOS; Cell Signaling Technology, 13120), 1:1000 (CD80; Cell Sig-
naling Technology, 54521), 1:30,000 (lysozyme; Abcam, ab108508),
1:30,000 (cathepsin S; Invitrogen, MA5-29695), 1:10,000 (cathepsin
B; Abcam, ab214428), and 1:20,000 (cathepsin D; Abcam, ab75852).
Membranes were washed three times for 10 min each in 1x TBS-T
and then incubated for 2 hours with gentle agitation at room tem-
perature with horseradish peroxidase-conjugated secondary anti-
mouse (Millipore, 401215) or anti-rabbit (Millipore, 401393) antibodies
diluted 1:5000. Following three washes in 1x TBS-T, blots were
incubated with the Clarity Western ECL Substrate (Bio-Rad) for 1
to 3 min, and signals were detected either through exposure to a
CL-Exposure film (Thermo Fisher Scientific) and developed in an
AGFA Curix CP-1000 device or visualized using the ChemiDoc
Imaging System (Bio-Rad). Protein bands from Western blots were
quantified with Image]J as described in www.yorku.ca/yisheng/
Internal/Protocols/Image].pdf. Final relative quantification values
represent the ratio of net band intensity from the protein of interest
to net GAPDH (loading control).

Mass spectrometry

Protein extracts were prepared in eight replicate sample sets. The
tent-5(tm3504) mutant and wild-type worms were grown at 20°C
on E. coli HB101 until they reached the L4 stage. Worms were
washed three times with 50 mM NaCl and once in 1x lysis buffer
[50 mM Hepes (pH 7.4), 100 mM NaCl, 3 mM MgCl,, 0.5 mM
DTT, 0.05% NP-40 substitute, and 10% (v/v) glycerol]. Pellets were
resuspended in 900 ul of 1x lysis buffer supplemented with 1 mM
PMSF, 1x chymostatin, and 1x protease inhibitors; transferred to
2-ml tubes containing 200 pl of Zirconia beads (BioSpec Products);
and drop-frozen in liquid nitrogen. Next, tubes were inserted into
the Fast Prep-24 machine (MP Biomedicals), and worms were crushed
for 1 min at maximum speed. Following centrifugation at 14,000g
for 10 min at 4°C, lysates were transferred to the new tubes and sub-
jected to sonication at high amplitude for 20 min (30-s on/30-s off
cycle) (Diagenode Bioruptor XL) and then cleared by centrifuga-
tion at 14,000¢ for 30 min at 4°C. A Millipore Direct Detect infrared
spectrometer was used to determine the total protein concentration
of the lysate. Sample preparation was done on the basis of modified
FASP (Filter-aided sample preparation) protocol (115). Briefly, a
supernatant was placed at Vivacon 30-kDa filter (Sartorius), centri-
fuged, and washed three times with 200 pl of 8 M urea in 100 mM
NH4HCO;. Next, samples were reduced (DTT at room temperature
for 30 min) and alkylated (indole-3-acetic acid at room tempera-
ture for 15 min) following overnight digestion with trypsin (Promega)
and acidified with trifluoroacetic acid to a final concertation of
0.1%. Mass spectrometry (MS) analysis was performed by liquid
chromatography-MS in the Laboratory of Mass Spectrometry (Institute
of Biochemistry and Biophysics, Polish Academy of Sciences, Warsaw)
using a nanoACQUITY UPLC system (Waters, 176016000) cou-
pled to an LTQ-Orbitrap Velos mass spectrometer (Thermo Fisher
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Scientific). Peptides were separated by a 180-min linear gradient of
95% solution A (0.1% formic acid in water) to 35% solution B (aceto-
nitrile and 0.1% formic acid). The measurement of each sample was
preceded by three washing runs to avoid cross-contamination; the
final MS washing run was searched for the presence of cross-con-
tamination between samples. If the protein of interest was identified
in the washing run and the next measured sample at the same or
smaller intensity, then the sample was regarded as contaminated
and excluded from the final graphs. The mass spectrometer was op-
erated in the data-dependent MS-MS2 mode, and data were ac-
quired in the mass/charge ratio range of 300 to 2000. MS raw data
files were used to calculate protein abundance in the samples using
the MaxQuant (version 1.6.3.4) platform (116). The reference pro-
teome of C. elegans database from UniProt (27,805 protein entries)
and common contaminates list included in MaxQuant were used,
and analysis was performed with the following settings: match be-
tween runs, variable modification: oxidation (M), and 4.5 parts per
million of error tolerance. Label-free quantification (LFQ) intensity
values were calculated using the MaxLFQ algorithm to estimate quanti-
ties of identified proteins. Protein abundance was defined as the
LFQ value calculated by MaxQuant software for a protein (sum of
intensities of identified peptides of a given protein) divided by its
molecular weight. The Scafold4 Q + S platform was used for statistical
analysis. Protein abundance in analyzed samples was compared us-
ing the Mann-Whitney test with Benjamini-Hochberg correction.

Life-span and killing assays

The 35-mm plates with TSA + Nal (final concentration of 10 ug/ml)
for killing assays on S. aureus NCTC8325 were prepared 1 week
before the experiments and stored at 4°C protected from light (37).
Survival analysis on S. marcescens Db10, P. luminescens, and respec-
tive control E. coli OP50 were performed on the 35-mm plates with
NGM without the addition of drugs or antibiotics. Life-span assays
on E. coli HB101, P. aeruginosa PAO1, and some assays on E. coli
OP50 were performed with the addition of FUdR (5-Fluoro-2’'-
deoxyuridine) (final concentration of 0.1 mg/ml; Sigma-Aldrich,
F0503) to prevent progeny production. All bacteria strains were
freshly seeded from the —80°C stock 3 days before an experiment to
the appropriate solid medium. E. coli OP50 was cultured overnight
in LB, and 50 pl of overnight culture was spread onto the center of
35-mm NGM plates and incubated at 37°C for 16 hours. E. coli
HB101 was cultured overnight in LB + streptomycin (0.1 mg/ml).
Fifty microliters of overnight culture was spread onto the center of
35-mm NGM or NGM + FUdR plates (depending on the experi-
ment setup) and incubated at 37°C for 16 hours. For survival analy-
sis on UV-killed E. coli HB101, NGM + FUdR plates seeded with
bacteria were exposed to UV light in a UV Stratalinker 2400 for
30 min at maximum. For survival analysis on heat-killed bacteria,
E. coli HB101 and OP50 were cultured overnight in 50 ml of LB and
centrifuged at 7000g for 10 min at room temperature, and pellets
were resuspended in 5 ml of fresh LB. Next, to kill bacteria, mixtures
were incubated in the water bath at 65°C for 30 min. Fifty microliters
of culture containing dead bacteria was spread onto the center of
35-mm plates and incubated at 25°C for 24 hours. Bacterial killing
was evaluated by inoculating LB medium with UV- or heat-treated
bacteria, and lack of growth at 37°C confirmed effective killing.
S. aureus was grown overnight in TSB + Nal (10 ug/ml). Ten microliters
of overnight culture was spread onto the center of 35-mm TSA + Nal
plates and incubated at 37°C for 6 hours and then cooled down to
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25°C and used for the killing assays. P. aeruginosa and S. marcescens
were grown overnight at 37°C in LB. Ten microliters of overnight
cultures was spread onto the center of 35-mm NGM or NGM +
FUdR plates (for S. marcescens and P. aeruginosa, respectively) and
incubated at 37°C for 24 hours and then at 25°C for another
24 hours. P. luminescens was cultured overnight at 30°C in LB, and
10 pl of the overnight culture was spread onto the center of 35-mm
NGM plates and incubated at 30°C for 24 hours and after that at
25°C for 24 hours. All worms were grown on NGM + E. coli HB101
at 20° or 25°C (depending on the temperature in which the assays
were performed) for three to four generations before the experiments.
Animal populations were synchronized by bleaching of the gravid
adults and the starvation of L1 larvae for 16 hours at appropriate
temperatures. Forty to 60 L4-staged worms were transferred to each
of the three replicate assay plates per strain. Beginning on the next
day, the number of dead and live worms on each plate was recorded
daily (S. marcescens, P. aeruginosa, P. luminescens, and E. coli) or
twice a day (S. aureus). Live worms were transferred daily to new plates
to avoid contamination with the progeny (S. marcescens, P. luminescens,
and related E. coli OP50 control). For P. aeruginosa tests, worms
were not transferred to the new plates. For E. coli HB101 life spans
performed on the NGM + FUdR plates, worms were transferred to the
new plates every 3 days until day 12 and then left on the same plates.
Worms that left the plates in the first several days of the assay were
removed from the counts of subsequent days. Animals were consid-
ered dead if they failed to respond to a gentle touch. For each survival
experiment, at least two biological replicates were carried out. Kaplan-
Meier survival analyses were performed using GraphPad Prism 7 soft-
ware. Life-span survival data were compared using the log-rank
significance test and presented as median survival. A P < 0.05 was
considered significantly different from control: ns, not significant;
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

CFU assays

Exposure of wild-type and mutant worms to E. coli HB101 and
P. aeruginosa PAO1 was carried out exactly as for life-span and killing
assays described above. CFU assays were performed essentially as
described in (49, 50) with minor modifications. Briefly, on the 5th
(HB101) and 4th (PAO1) day of adulthood, 30 worms of each gen-
otype from each of the three technical replicate plates were collected
into 50 pl of 1x M9 supplemented with 25 mM levamisole (Sigma-
Aldrich, L9756) to inhibit pharyngeal pumping and expulsion. Worms
were washed in 1x M9 + 25 mM levamisole three times and then
surface-sterilized in 1x M9 + 25 mM levamisole + kanamycin
(100 pg/ml) for 45 min at room temperature. Following three washes
with 1x M9 + 25 mM levamisole, worms were resuspended in 150 pl
of PBS containing 0.1% Triton X-100. A 100-ul aliquot of the super-
natant was removed from each replicate to test for external bacterial
contamination. Animals were homogenized in the remaining 50 pl
of PBS + 0.1% Triton X-100 with pellet pestle (Bel-Art, BAF199230001)
and motor for 30 s, and then 450 pl of PBS was added to each sample.
Dilution series of homogenates was spread to the LB plates without
antibiotics and grown at 37°C for 24 hours. CFU value per worm was
counted as follows: number of CFU/worm = (number of colonies x
dilution factor)/number of worms in lysate — external CFU. For each
CFU experiment, three biological replicates were carried out, each com-
prising at least two technical replicates. A P < 0.05 was considered
significantly different from control: ns, not significant; *P < 0.05
and **P < 0.01.
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Statistical analysis

Statistical analysis was performed in Microsoft Excel (RT-qPCR),
GraphPad Prism 7 (life span assays), or with R 4.0 (117). Details of
the particular statistical analyses, significance, number of replicates
and sample sizes, and the features of all plots are described in the
figure legends. Data plotted as box plots have the following features:
whiskers (25th and 75th percentiles), minima and maxima (5th and
95th percentiles), and thick lines (median). Data presented as heat-
maps were normalized to a sequencing depth using DESeq2 and trans-
formed with regularized log transformation for visualization purposes.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.add9468

View/request a protocol for this paper from Bio-protocol.
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Fig. S1. TENT-S5 is a cytoplasmic ncPAP in worms.

(A) upper panel: Multiple sequence alignment of TENT-5 and human TENTS5A-D proteins.
Residues critical for the TENTS proteins catalytic activity are marked with red boxes. TENTS
ncPAPs contain NTase domain with catalytic triad ([DE]h[DE]h, h[DE]h) and PAP-associated
domain, underlined in orange and violet, respectively, and shown schematically in the lower panel
(based on (25)). (B) Northern blot detection of RL reporter mRNA using total RNA from mock-
transfected 293T cells or cells transfected with constructs that express NHA-hsTENT5CWT
(TENT5C WT, positive control), NHA-TENT-5%T (TENT-5 WT), or NHA-TENT-5P131A.DI53A
(TENT-5 MUT). Samples from two independent transfections are shown for TENT-5. In the cells
transfected with NHA-hsTENT5CWT or NHA-TENT-5VT the RL mRNA migrates slowly,
indicating its bigger length. Methylene blue staining of 18S rRNA serves as a loading control.
(C) Northern blot detection of RL reporter mRNA using poly(A)+ RNA isolated from 293T cells
transfected as in B. Observed differences in RL mRNA gel-migration upon tethering of NHA-
TENT-5%T resulted from mRNA polyadenylation, as revealed by the fact that RL mRNA from
mock and NHA-TENT-5%!-transfected cells migrated equivalently following RNA treatment with
RNase H in the presence of oligo(dT)2s. Methylene blue staining serves as a loading control.
(D) NHA-TENT-5WT tethering increases RL reporter protein levels. Western blot detection of RL
from mock-transfected 293 cells or from cells transfected with constructs that express NHA-
hsTENTSCY!T (TENT5C WT, positive control), NHA-TENT-5%T (TENT-5 WT), or NHA-TENT-
SDISIADIS3A (TENT-5 MUT). Ponceau S staining serves as a loading control. (E) RT-qPCR
quantification of tent-5 mRNA levels in wild-type and fent-5(rtt6/tent-5::gfp::3xflag] I) knock-in
strain. Data represent mean + standard deviation (SD) of three biological replicates. ns — not
significant (two-tailed t-test). (F) Anti-GFP immunoblot blot analysis of total protein lysate
prepared from the tent-5.:gfp worms. Total protein lysate from wild type was used as a negative
control. Ponceau S staining of membrane serves as a loading control. (G) Representative
fluorescence and DIC images of TENT-5-GFP expression. Scale bar is 20 um. (H) Schematic of
tent-5 gene structure and mutant alleles. Exons are depicted as blue (tent-5), green (gfp), and brown
(3xflag) boxes, UTRs as grey boxes, introns as lines. The approximate positions of triplets
encoding catalytic residues are marked with orange boxes. Arrows correspond to the position of
primers used for RT-qPCR. (I) RT-qPCR quantification of tent-5 mRNA levels in L4 wild-type
and mutant worms. Data represent mean + SD of three biological replicates; *P < 0.05; **P <
0.01; ***P <0.001 (two-tailed t-test). (J) Total brood size of wild-type and tent-5-deficient worms
(n=10, average of two independent trials). Data represent mean + SD; ns — not significant (two-
tailed unpaired t-test). Analysis of the worms’ body length (K) and width (L), track length (M),
and centerpoint speed (N) with the WormLab software. 80 young adult worms per strain have been
analyzed. Data represent mean + SD; ns — not significant (two-tailed unpaired t-test with Welch’s
correction).
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Fig. S2. Loss of tent-5 leads to the downregulation of genes that encode innate immune
effectors. (A and C) Tissue enrichment analysis of downregulated genes (log2FC < -log2(1.5),
RNA-seq) (A) and proteins (p value < 0.05, Mass Spectrometry) (C) which levels were decreased
in tent-5(tm3504) mutant compared to the wild-type worms. (B) Overrepresented functional
GO terms of proteins with decreased abundance in tent-5-deficient worms in comparison to the
wild type (Mass Spectrometry). Numbers on the right indicate the enrichment fold change for each
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Fig. S3. TENT-5 deficiency leads to the downregulation of genes that encode innate immune
effectors. (A) RT-qPCR analysis of tent-5 expression in wild type, tent-5(tm3504), and tent-5(rtt5)
worms that were exposed to S. aureus or control E. coli for 8 hours. Relative tent-5 mRNA level
was normalized to act-1 and wild type. Data represent mean + SD of three biological replicates;
*P < 0.05; **P < 0.01; ***P <0.001 (two-tailed t-test). (B and C) Overrepresented functional
GO and TEA terms of genes downregulated (log2FC < -log2(1.5)) in fent-5(tm3504) mutant
compared to wild type upon infection of L4 worms with S. aureus for 8 hours. Numbers on the
right indicate the enrichment fold change for each term. (D) Scatter plot illustrates a comparison
of the differential expression of genes (|log2FC| > 0, FDR < 0.05) between mutant (MUT) and
wild type (WT) in infected (SA) and non-infected (HB) animals. Red and blue dots indicate genes
differentially expressed in wild-type and mutant worms, respectively. Dots in magenta indicate the
common part. The middle diagonal dashed line shows the equal response of both genotypes, and
two additional dashed lines show the borders of the area where the response is +/- 1 log2FC.
The solid blue line shows a linear trend created using the linear regression model for all data points.
(E) RT-qPCR analysis of relative levels of mRNA expression in two fent-5-deficient worm strains
grown on E. coli or exposed to S. aureus for 8 hours. Relative abundance of mRNAs was
normalized to act-1 and wild type. Data represent mean + SD of three biological replicates; ns —
not significant; *P < 0.05; **P <0.01; ***P <0.001 (two-tailed t-test).



100 - 100

100 — 100 -
;\3 75 75 ;\B‘ 75 75
\_!; *kkk *kk ﬁ *kkk *kk
=l [ 50 ns = 50 Kkkk 50 ns
3 3
3 3
n 25 25 < n 25 25
0 T T 1 0 T T & 0 T T LA 0 T T s
0 5 10 15 0 5 10 15 0 5 10 15 0 5 10 15
Lifespan on alive HB101 (d) Lifespan on UV-killed HB101 (d) Lifespan on alive HB101 (d) Lifespan on heat-killed HB101 (d)
—e— wild type —a— tent-5(tm3504) —a— tent-5(rit5) —e— wild type —a— tent-5(tm3504) —a— tent-5(rit5)
¢ 100 — 100 — D 100 100 —
R 75 75 R 75
= Sk ns = Fedek ns
S50 s 50 * S50 ek 50 ns
2 2
=] 3
0 25 25 n 25 25
0 0 T T L] 0 T T 0 T T TS
0 5 10 15 0 5 10 15 0 5 10 0 5 10 15
Lifespan on alive OP50 (d) Lifespan on heat-killed OP50 (d) Lifespan on alive OP50 (d) Lifespan on heat-killed OP50 (d)
—e— wild type —a— tent-5(tm3504) —a— tent-5(rit5) —e— Wild type —a— tent-5(tm3504) —a— tent-5(rtt5)
E 100 -1 F 100 G 100
—e— wild type
< 75 - < 754 o7
&7 & & —a— tent-5(tm3504)
-r—g 50 Fkkk § 50 Fkkk § 50 Fkkk
c 2 2
=3 ] 3
n 254 0 25 w 25
0 0 1 0 T T L 1
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 0 2 4 6 8
Lifespan on E. coli OP50 (d) Time after transfer to S. marcescens (d) Time after transfer to P. luminescens (d)

Fig. S4. TENT-S is required for the host defense against various bacterial strains. (A-D) The
lifespan of wild type, tent-5(tm3504), and tent-5(rtt5) worms grown at 25°C on plates seeded with
alive or UV-killed E. coli HB101 (A), alive or heat-killed E. col/i HB101 (B), and alive or heat-
killed E. coli OP50 (C and D). For these experiments, NGM plates contained FUdR. *P < (.05;
*EP < 0.01; ***P <0.001; ****P <0.0001; ns — not significant (Log-Rank test). (E-G) Survival
of wild type and ftent-5(tm3504) worms grown on E. coli OP50 (E) or infected with S. marcescens
(F) and P. luminescens (G). Experiments presented in E-G are representative of at least two
independent trials; *P < 0.05; **P < 0.01; ***P < (0.001; ****P < (0.0001; ns — not significant
(Log-Rank test). Survival statistics related to lifespan and survival assays can be found in table S1.
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Fig. S5. Transcripts downregulated in the zent-5-deficient mutants are the direct targets for
polyadenylation by TENT-5. (A) Schematic of library preparation for Direct RNA sequencing.
(B) Correlation between gene expression levels in the wild-type worms measured by DRS and
RNA-seq. The red line represents a linear regression line. Genes with normalized expression of
minimum 1 were included in the analysis (n=13,632). Values of Pearson’s correlation coefficient
and statistical test are indicated on the plot. (C) Overrepresented functional GO terms of transcripts
significantly downregulated (1og2FC < -log2(1.5)) in tent-5(tm3504) mutant in comparison to the
wild-type worms. Numbers on the right indicate the enrichment fold change for each term.
(D) Violin plots showing the median poly(A) tail length distribution for genes with low (first
quartile), medium (interquartile range) and highly (third quartile) expressed mRNA in the wild-
type worms. (E) Plot illustrating the relationship between median poly(A) tail length and mRNA
expression in wild-type worms. TENT-5 substrates are indicated in orange, mRNAs that encode
ribosomal proteins are marked in green. (F-I) DRS-based poly(A) length profiling of mRNAs that
encode established reference genes (F), indicated innate immune effectors (H) and collagens (I).
Shown are density distribution plots scaled to 1. Vertical dashed lines represent median poly(A)
lengths (nt); padj values (Wilcoxon test) are shown on the top right corner below the mRNA ID.
(G) Scatter plot illustrates a comparison of the differential expression of genes (FDR < 0.05)
between fent-5 mutant and wild-type worms, as identified by RNA-seq and DRS. Red dots indicate
genes differentially expressed in wild-type and mutant worms according to both sequencing
methods (n=231), orange dots present TENT-5 substrates (n=96). Dashed lines mark the threshold
of the log2(1.5) fold change. Pearson’s correlation test. (J) RT-qPCR analysis of relative levels of
nspc-14 and nspc-20 mRNA expression in two tent-5-deficient worm strains grown on E. coli or
exposed to S. aureus for 8 hours. Relative abundance of mRNAs was normalized to act-1 and wild
type. Data represent mean + SD of three biological replicates; *P < 0.05; **P <0.01; ***P <0.001
(two-tailed t-test). (K) Poly(A) tail PCR tests of selected TENT-5-regulated transcripts. Samples
were prepared from fent-5(tm3504) mutant and wild-type worms infected with S. aureus
for 8 hours or grown on control E. coli. PCR products were analyzed on 2% agarose gels.
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Fig. S6. TENT-5 regulates mRNAs that encode secreted proteins. (A) Violin plot showing
length distribution of 5" UTRs of TENT-5 substrates (n=96) compared to other transcripts



identified by DRS (n=16,568); (p value, Wilcoxon test). Violin plots illustrating length distribution
of transcripts (B), coding sequences (C), 3' UTRs (D), and 5' UTRs (E) of transcripts, whose
expression levels were decreased at least 1.5-fold in tent-5(tm3504) mutant worms
(n=308) compared to other transcripts identified by RNA-seq (n=18,229); (p value, Wilcoxon
test). (F) Fractions of genes that encode secreted proteins (%) as defined by (60) across indicated
datasets. For more details also see data S4. (G) The chromatography analysis of total protein
extracts from the tent-5(rtt6) worms on Superdex 200 (on the left) followed by western blot
analysis (on the right). Fractions pooled for western blot analysis are indicated with dotted lines
and numbered in green. Most of TENT-5-GFP is present in the fraction corresponding to the
TENT-5-GFP molecular weight (pooled fractions 9-11) and a small amount of TENT-5 can be
found in macromolecular complexes or aggregates (pooled fractions 1-3). Anti-tubulin (TBA-1)
antibodies were used as control, and Ponceau S staining illustrates the relative amount of protein
in each pooled fraction. (H) Survival of wild-type and tent-5::gfp::3xflag worms infected with
S. aureus; ns — not significant (Log-Rank test). (I-J) Subcellular fractionation of proteins isolated
from wild-type, tent-5::gfp::3xflag, and vgin-1::mKate2:::3xmyc strains. (I) Ponceau S staining
of the whole membrane used for the western blot presented in Fig. 6F (10% SDS PAGE) and
membrane containing the same extracts resolved on the 15% SDS PAGE indicating successful
fractionation of proteins. (J) Second biological replicate of subcellular fractionation shown
in Fig. 6F. Anti-tubulin (TBA-1) and anti-RFP (VGLN-1-mKate2) antibodies and Ponceau S
staining were used as fractionation controls. IN — input sample, C — cytoplasmic fraction, M —
membrane fraction, N — nuclear fraction. Asterisks indicate nonspecific bands.
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Fig. S7. The role of TENT-S in innate immunity is evolutionarily conserved. DRS-based
poly(A) length profiling of mRNA isolated from Tent5a”" Tent5c”~ and wild-type BMDM. Shown
are density distribution plots for all transcripts (A), mRNAs encoding ribosomal proteins (B),
Lyz2 (D), Ctsd (E), and Ctsb (F) mRNAs scaled to 1. Vertical dashed lines represent median
poly(A) lengths (nt); for Lyz2, Ctsd, and Ctsb transcripts padj values (Wilcoxon test) are shown.
(C) Overlap between TENTSA/C molecular substrates identified in BMDM (red, DRS; this study),
osteoblasts (yellow, DRS) (26), and multiple myeloma cell lines (blue, RNA-seq after RNA
poly(A) length fractionation) (2/). (G-I) Violin plots showing length distribution
of transcripts (G), coding sequences (H), 3" UTRs (I), and 5" UTRs (J) of TENTSA/C substrates
(n=98) compared to all other transcripts identified by DRS (n=25,678); (p value, Wilcoxon test).



(K) Western blots showing that the lack of TENTSA and TENTS5C leads to the lower abundance
of LYZ2, CTSS, CTSD, and CTSB both in unstimulated (LPS, 0 hours) and stimulated
(LPS, 8 hours) BMDM derived from mutant compared to the wild-type mouse. GAPDH serves as
a loading control. Shown are replicates 2 and 3.



Table S1. Survival statistics related to lifespan and pathogenesis assays.

MS: median survival
N: total number of animals that died
P value: compared to the wild type, based on Log-rank (Mantel-Cox) test

Replicate 1 Replicate 2 Replicate 3
3:3; N p value gg?; N p value (11\:32 N p value
E. coli HB101, 20°C, FUdR (Fig. 4A)
wild type 26 80 28 91
tent-5(tm3504) 19 97 | p<0.0001 26 84 0.0091
tent-5(rtt5) 26 82 ns 28 110 ns
E. coli HB101, 25°C, FUdR (Fig. 4B)
wild type 12 151 11 179 14 | 104
tent-5(tm3504) 10 129 0.0042 10 176 | p<0.0001 12 | 113 | p<0.0001
tent-5(rtt5) 12 131 ns 10 184 | p<0.0001 12 | 138 | p<0.0001
E. coli HB101 alive, 25°C, FUdR, control to UV-killed HB101 (Fig. S4A)
wild type 12 132
tent-5(tm3504) 11 115 | p<0.0001
tent-5(rtt5) 10 138 | p<0.0001
E. coli HB101 UV-killed, 25°C, FUdR (Fig. S4A)
wild type 13 | 134
tent-5(tm3504) 13 95 ns
tent-5(rtt5) 12 130 0,001
E. coli HB101 alive, 25°C, FUdR, control to heat-killed HB101 (Fig. S4B)
wild type 11 113
tent-5(tm3504) 11 139 | p<0.0001
tent-5(rtt5) 10 149 | p<0.0001
E. coli HB101 heat-killed, 25°C, FUdR (Fig. S4B)
wild type 13 154
tent-5(tm3504) 13 144 ns
tent-5(rtt5) 13 107 ns
E. coli OP50 alive, 25°C, FUdR, control to heat-killed HB101 (Fig. S4C-D)
wild type 13 170 10 120
tent-5(tm3504) 12 144 | p<0.0001 9 143 0,0004
tent-5(rtt5) 12 | 104 ns 8 126 | p<0.0001
E. coli OP50 heat-killed, 25°C, FUdR (Fig. S4C-D)
wild type 12 | 100 14 177
tent-5(tm3504) 11 130 ns 14 146 ns
tent-5(rtt5) 11 138 0,0414 14 161 ns
S. aureus (Fig. 4D)
wild type 40 75 40 86 38 | 103
tent-5(tm3504) 36 111 | p<0.0001 40 107 | p<0.0001 | 31 | 144 0.0002
tent-5(rtt5) 36 104 | p<0.0001 40 109 | p<0.0001 | 31 | 127 0.0010




P. aeruginosa PAOI (Fig. 4E)

wild type 7 102 132 95
tent-5(tm3504) 6 110 | p<0.0001 142 | p<0.0001 90 | p<0.0001
tent-5(rtt5) 5 94 | p<0.0001 161 | p<0.0001 97 | p<0.0001
E. coli OP50, 25°C (Fig. S4E)

wild type 13 92 12 101

tent-5(tm3504) 8 127 | p<0.0001 10 116 | p<0.0001

S. marcescens Db10, 25°C (Fig. S4F)

wild type 6 115 4 84

tent-5(tm3504) 4 173 | p<0.0001 3 121 | p<0.0001

P. luminescens, 25°C (Fig. S4G)

wild type 6 90 4 96

tent-5(tm3504) 4 103 | p<0.0001 3 112 | p<0.0001




Table S2. List of oligonucleotides and sgRNAs used in this study.

ID \ Name \ Sequence 5’ to 3' \ Description
Primers used for PCR genotyping and sequencing of C. elegans strains (this study)
VL001 tent-5-wt-Rev tcaggtttccactgacaatg
VL002 | tent-5-ko-Rev tgatctcgacctgatattce Used for:
VLO003 | tent-5-Fw gttcacactcgtccaactc tent-3(tm3504),
- tent-5(rtt5),
VL318 | tent-5-crispr-Fw gatcgtgtcgeattccagg tent-5(r1¢6)
VL319 | tent-5-crispr-Rev gtgecgacaaattgatggte ADZA47 ’
VL340 tent-5-crispr-Fw?2 acgtaagatctccgatccactaattcaaaatttac
VL355 | tent-5-crispr-Fw3 ggtcttcatctggatcagatac Used for
VL356 | tent-5-crispr-Fw4 caaggtaagtttaaacagttc tent-5(rtt6),
VL357 | tent-5-crispr-Rev2 ctttaaaatttcagattttgatgta ADZA47
Primers used for cloning (this study)
VL342 | sgRNA-universal-Fw | aagcatgcaatttttgagaaactc
VL343 | sgRNA-universal-Rev | gagtgcaccatatgcggtgtgaa
V01344 sgRNA425-Revl tgtagctgcatctggtggcacaagacatctcgcaatagg Cloning of
VL345 sgRNA425-Fwl tgccaccagatgeagetacagttttagagctagaaatageaagt pDD162-
VL346 | sgRNA-universal-seq | cgttttacaacgtcgtgactggg sgRNA425
VL386 | sgRNA-universal-Fw2 ctitaatttgtcaaccttttcaaaaaaagcatgcaatttttgagaa (pVL060)
actc
VL387 | sgRNA-universal- cggcatcagagcagattgtactgagagtgcaccatatgeggt
Rev2 gtgaa
VL347 tent-5-gfp-5'arm-Rev catcgatgctectgaggctccegatgetcegatgactggaate
(silent mutations) caagttgcagegtecggeggeaagtaga Cloning of
VL348 | tent-5-gfp-5'arm-Fw acgttgtaaaacgacggeeagtegeeggcatatgtegttgaa | ,pHP28)-
catgattgatcgtgtcgc oG
VL349 | tent-5-gfp-3'arm-Fw cgtgattacaaggatgacgatgacaagagatgatccaattga e
acctcttceecctcttac
VL350 | tent-5-gfp-3'arm-Rev ggaaacagctatgaccatgttatcgatttccagattttgatgtat (pVL062)
aaacttcgtaggaaatatacag
VL364 sgRNA-456-F cgttctttaccaacgacgaggttttagagctagaaatagcaagt Cloning of
pDD162-
VL365 | sgRNA-456-R ctegtegttggtaaagaacgcaagacatctcgcaatagg sgRNA456
(pVL069)
VL366 vgln-1-mKate2-5arm-R | tatgaccatgattacgccaagcetattaaaactccgaactatgatgac
VL367 | vgln-1-mKate2-5arm-F | catcgatgctcctgaggetccegatgetecccaacgacgaga Cloning of
ggatccccaagea pDD287-
VL368 | vgln-1-mKate2-3arm-F | ctcgagcagaagttgatcagegaggaagacttgtaaagaac | vgln-1.::
gttcgaatctggatgattca mKate?2::3xmyc
VL369 | vgln-1-mKate2-3arm-R | ggaaacagctatgaccatgttatcgatttctetcacatgtacatt | (pVL070)
tagcctacatc
21 NHATENT-5-Fw ctagagtcgacatgcgtggaagacgttcceg Cloning of pCI-
23 NHATENT-5-Rev gggaageggccgctcagatgactggaatceatg NHA-tent-5
Primers for RT-qPCR analysis (this study)
VLO031 g-tent-5-Fw ggcaacttcccaacaatcetee Efficiency:
VL032 | g-tent-5-Rev gaagaggctacaaatgatgegg 1.93
VL453 | g-tent-5-Fw2 gtgctccegcttettcateg 20
VL454 | g-tent-5-Rev2 ccattgatcgtaagtggctceg )
VLO033 g-act-1-Fw gctggacgtgatcttactgattace 1.95




VL034 | g-act-1-Rev gtagcagagcttctecttgatgte
VL096 | g-ilys-5-Fw tgcctggaagagatgtgcte
VL097 | g-ilys-5-Rev tgcactgagacttgtagcgg 1.96
VL101 | g-spp-14-Fw gaccaccttetgecttetgg
VL102 | q-spp-14-Rev geattglectgtiggetigg 2.0
VL104 | g-spp-3-Fw gtcgacgcetgaatgcaagaag
VLI105 | g-spp-3-Rev ttgggtcgagcettggtate 1.93
VL108 | g-clec-160-Fw ggcagcaatgcagtatggac
VL109 | g-clec-160-Rev acgctcgtctagaaatcggac 2.0
VL111 | g-clec-50-Fw accgattccaactacctgec
VL112 | g-clec-50-Rev tccatccttggtcgeaagac 1.98
VL116 | g-irg-4-Fw tcggtcgaaacccaattecc
VL117 | g-irg-4-Rev aaattggatcgacgcageac 1.92
VL119 | g-F55G11.4-Fw tgttgcatctattgggcagg
VLI20 | q-F55G11.4-Rev ciectggtacagogtatice 1.92
VLI122 | g-irg-5-Fw tcatggacctgattacaccgce
VL123 | g-irg-5-Rev agcgaatcggatggagtacg 1.94
VL124 | g-asp-14-Fw ttaccttgacaccaccaccg
VL125 g-asp-14-Rev aagggagtcaaacacctggc 1.99
VL130 g-T21H3.1-Fw ttcggcctttgtgctaccag
VLI31 | q-T21H3.I-Rev (gecetcatigtatgggate 1.98
VL132 | g-K12H4.7-Fw acattcggagaggctcaatctg
VL133 q-K12H4.7-Rev tccgaactcagtgcaagtetg 1.54
VL206 | g-nspc-14-Fw geectetgecttgtttetge
VL207 g-nspc-14-Rev aagattcgccaccattgacacc 1.94
VL208 | g-nspc-20-Fw tgtgtgcataactgtgctgctg
VL209 | g-nspc-20-Rev gcttetttgctgggaatgttgc 1.90
VL224 | g-spp-5-Fw ccgataaggatgccaatgtc
VL225 | g-spp-5-Rev gggtctaccttgetgttgac 1.98
VL231 | g-lys-7-Fw atccggtegtgatctgatte
VL232 | g-lys-7-Rev gattgttgactcatcectte 2.0
VL236 | q-C14C6.5-Fw tggtgtcagtgactgeccag
VL237 | q-C14C6.5-Rev agccacagtatccgeaggte 2.0
VL406 | g-F28B4.3-Fwl agaccatctctggtggaageg
VL407 | q-F28B4.3-Rev tcctccattggtgctagegg 156
VL409 | gr-ttr-45-Fwl gettgtggctgcaatgaggg
VL410 | g-ttr-45-Rev ccgagtcctcttcccagage 1.98
VL414 | q-ZK1320.2-Fw aatgccggatggaacctggg
VL415 | q-ZK1320.2-Rev acatcigcactgtiagiigtggs 1.96
Primers used for Poly(A) PCR tests (this study)
RA3-15N /SrApp/ctgacnnnnnnnnnnnnnnntggaattctcgg | 3’ adaptor
gtgccaagg/3ddC/ (5’ pre-adenylated, with 15
nt unique molecular identifier)
RPI caagcagaagacggcatacgagatnnnnnngtgactgga | RNA PCR Rev
gttecttggcacccgagaattcca Primer
VL294 | RP-uni-Rev caagcagaagacggcatacgagat
VL116 | r-irg-4-Fwl tcggtcgaaacccaattecce
VL446 | r-irg-4-Fw2 gacaaacatcactcgtceatcg
VLI156 | r-lys-7-Fwl actcctgecaacttcaatgact




VL235 | r-lys-7-Fw2 aatgatacggcgaccaccgagatctacacgttcagagttcta
cagtccgacgatcatgctggaggatttgtgcaaggaa

VL212 | r-clec-50-Fwl ggatctcgegtggateggta

VL213 | r-clec-50-Fw2 aatgatacggcgaccaccgagatctacacgttcagagttcta
cagtccgacgatcctgcaagaagggatctattcatgea

VL164 | r-F55G11.4-Fwl gtgaacgcgggagceacata

VL211 r-F55G11.4-Fw2 aatgatacggcgaccaccgagatctacacgttcagagttcta
cagtccgacgatcgtggcaaggcetgtattcacgttta

VL217 | r-nspc-14-Fwl gagttctgtgctggtgtcaatg

VL218 | r-nspc-14-Fw2 tgtgtatgttgcttcagtegt

VL104 r-spp-3-Fwl gtcgacgctgaatgcaagaag

VL221 r-spp-3-Fw2 cgtctgcaccaagcttggaatgtg

VL165 | r-asp-14-Fwl tcagcacaaacgttatgaatgct

VL216 r-asp-14-Fw2 aatgatacggcgaccaccgagatctacacgttcagagttcta
cagtccgacgatccactccagegettctccaagattag

VL214 | r-asm-2-Fwl ctcacctcaatcgtggtecg

VL215 r-asm-2-Fw2 aatgatacggcgaccaccgagatctacacgttcagagttcta
cagtccgacgatcgatcatttaacaaaatagtttcac

VL222 | r-ttr-25-Fwl cacagatgcaaccacgtcgg

VL.223 r-ttr-25-Fw2 ggagagggtactgattgcattca

VL268 | r-snb-1-Fwl cggcgegataagetgegtga

VL269 | r-snb-1-Fw2 cagactaacaacatgccttctc

VL449 | r-C32H11.4-Fwl cggatctgaaactgegttcg

VL450 | r-C32H11.4-Fw2 cactcacgttctacggcgaa

VL096 | r-ilys-5-Fwl tgcctggaagagatgtgctg

VLA475 | r-ilys-5-Fw2 ggatactatgaagactgcgg

Primers for RL northern blot probe preparation (this study)
RL Fw atgattactggtccacaatgg
RL Rev ggacacgctcaacaaacgat
Oligonucleotides used to generate tent-5(rtt5) strain by CRISPR/Cas9

VL311 tracrRNA-fragment AAAAAGCACCGACTCGGTGCCACTTT
TTCAAGTTGATAACGGACTAgccttattttaa
cttgctatttctagetcta

VL312 crRNAO1-tent-5 gaaattaatacgactcactatagggGTTCAATTGGA Description:
TCAGATGACgttttagagctagaaatagcaagttaaaa underlined — T7
taagge RNA promoter;

VL315 crRNAO2-tent-5 gaaattaatacgactcactatagggCTCATTCTGTT | plye— 5'N20
TGTTCCGTGgttttagagctagaaatagcaagttaaaa guide RNA
taaggc sequence;

VL313 crRNA-dpy-10 gaaattaatacgactcactatagggGCTACCATAGG d— crRNA
CACCACGAGgttttagagctagaaatagcaagttaaa red —cr
ataaggc scaffold

VL314 ssODN-dpy-10 cacttgaacttcaatacggcaagatgagaatgactggaaacc | (94)
gtaccgcatgeggtgcctatggtageggagcettcacatggett
cagaccaacagcctat

VL326 ssODN-tent-5 ctggattttaaattattaatttaaaaaaaaattttcagttggetcat | upstream of the

catggaacaaacagatccaattgaacctcttccecctcettacat
tetgtecacccttettcgaaaatcaaaccac

start, down-
stream of the
stop codon of
tent-5 (d)




Primers for genotyping of the previously published mouse lines (with reference)

Tent5c KO-Fw aggtcctgactgaggtegte (21
Tent5¢ KO-Rev ttcctcaaaatccecgtaca
Tent5a-3xFLAG-Fw tggtaaacgagagtacggtg (26)
Tent5a-3xFLAG-Rev | ctggctgctttttaccaaca
Tent5c-3xFLAG-Fw gaccctgaaccteatctcte (21)
Tent5c-3xFLAG-Rev | tatgggtccttttagggttg

sgRNAs, ssDNA and primers used for Tent5a""""* ¢KO mouse line
sgRNA LoxP left tatgggcgtcacgatcggggagg guide RNA
sgRNA LoxP right actaatgcgegtgagtggtgteg sequence
ssDNA donor GCTGGGCATTGGGGTCGGTGAGGGTTGGG Description:

GGAGGAGGGCTACTATGGGCGTCACGATC
GGATAACTTCGTATAGCATACATTATACG
AAGTTATGGatccAGGGGAAGCCCAGGCCC
CTcggegggaccectgtecectcaccegeacacctetetgeeget
cccctaaatccactetttectcttagGACTGACCAAGGCC
AAGTGGCTTTCGGAGGGCACTACATGGCC
GAGGGCGAAGGGTACTTTGCCATGGCAG
AGGACGAGCTGACCGGCGGCCCTTACATC
CCCCTGGGTGGTGACTTCGGCGGCGGCGG
CAGCAGCTTCGGCGACCGCTGCTCGGACT
ATTGCGAAAGCCCCACGGCGCACTGCAAT
GTGCTGAACTGGGAGCAAGTGCAGCGGTT
GGACGGCATTCTGAGCGAGACCATCCCGA
TCCACGGGCGCGGCAACTTCCCCACGCTC
GAGCTGCAGCCAAGCCTGATTGTGAAGGT
GGTGAGGAGGCGCCTGGAAGAGAAGGGC
ATAGGTGTCCGCGACGTGCGCCTCAACGG
CTCAGCCGCCAGTCACGTCCTGCACCAGG
ACAGTGGCCTAGGCTACAAGGACCTGGAC
CTCATCTTCTGCGCTGACCTGCGTGGGGA
AGAGGAGTTTCAGACTGTGAAGGACGTCG
TTCTGGATTGCCTGTTAGACTTCTTGCCCG
AAGGGGTGAACAAGGAGAAGATCACACC
GCTCACTCTCAAGgtaaagccacctgatgggcttgggca
gagcaggggtggooagaaagcaagececagettgecttgactgecg
tcagtatggccatagtgagttcgtttatttatttttttattatttttttttcacg
agcgcaCTAATGCGCGTGAGTGGatccATAAC
TTCGTATAGCATACATTATACGAAGTTAT
TGTGGAGTGTTTTAGTTTCCTGGGAGATC
CAGCGCCACAACTCTGTGCTTCCTCCTCTG
CGTTTC

LoxP sites are
underlined

BamHI sites are
highlighted in
grey

Tent5a cKO sFw

actctcgcettgtgctttcca

Tent5a cKO sRv

tcagttctgettcaggcetge

sequencing

TentSa cKO gFw

caagcctgattgtgaaggtg

Tent5a cKO gRv

Mice

aaggaagagaaggaaacgca

genotyping

For genotyping of Tent5a cKO mice, PCR products generated with
Tent5a cKO gFw/gRv primers were digested with BamHI:

e  WT: undigested 489 bp, digested 489 bp

e cKO: undigested 527 bp, digested: 117 bp

A _FloX_Fl

actctcgcettgtgctttcca

A _FloX_F2

tcagactgtgaaggacgtcg

A_FloX R1

tcagttctgettcaggcetge

BMDM
genotyping




Table S3. List of DNA constructs used in this study.

pDNA Source Reference
pCFI90-Pmyo-2::mCherry::unc-54utr Dr. J. J. Ewbank Addgene plasmid #
19327; see ref. (119)
pCFJ104-Pmyo-3::mCherry: :unc-54utr Dr. J. J. Ewbank Addgene Plasmid #
19328; see ref. (119)
pCFJ151 Dr. J. J. Ewbank Addgene Plasmid #
19330; see ref. (119)
pDD162 (Peft-3::Cas9 + Empty sgRNA) Dr. B. Goldstein Addgene Plasmid #
47549; see ref. (120)
pDD282 Dr. B. Goldstein Addgene Plasmid #
66823; see ref. (120)
pDD287 Dr. B. Goldstein Addgene Plasmid #

70685; see ref. (120)

pRH269-Pmyo-2::GFP::unc-54utr

Dr. K. Drabikowski

pClneo-NHA Dr. Witold Filipowicz see ref. (104)

pRL-5BoxB Dr. Witold Filipowicz see ref. (104)

pMD2.G Dr. Didier Trono Addgene Plasmid #
12259

psPAX2 Dr. Didier Trono Addgene Plasmid #
12260

pCAG-Cre-IRES2-GFP Dr. Jacek Jaworski Addgene Plasmid #

26646; see ref. (121)

pClneo-NHA-tent-5"" This work
pClneo-NHA-tent-5""" (MUT = D151A, D153A | This work
in tent-5 isoform a)

pDD162-sgRNA425 (pVL060) This work
pDD162-sgRNA456 (pVL069) This work
pDD282-tent-5:.:gfp::3xflag (pVL062) This work
pDD287-vgin-1::mKate2::3xmyc (pVLO70) This work




Table S4. Protein sequences used for the phylogenetic analysis.

Organism \ Protein \ WormBase or UniProt ID

Caenorhabditis elegans
TENT-5 F55A12.9.d1
GLD-2 ZC308.1c.1
GLD-4 ZK858.1
USIP-1 ZK863.4
PUP-1/CID-1 K10D2.3
PUP-2 K10D2.2
PUP-3 F59A3.9
MUT-2 KO04F10.6b.1

Homo sapiens
TENTS5A Q961P4
TENTS5B Q96A09
TENTSC Q5VWP2
TENTS5D Q8NEKS
TENT2 Q6DFA8
TENT4A Q5XG87
TENT4B Q8NDF8
TENT6 QINVV4
TENTI1 Q9H6ES
TUT4 Q5TAX3
TUT7 Q5VYS8

Mus musculus
TENTS5A AOA087WS27
TENTS5B Q8C152
TENTS5C Q5SSF7
TENTS5D BIATX6
TENT2 QI91YI6
TENT4A Q6PB75
TENT4B Q68ED3
TENT6 Q9D0D3
TENTI1 Q8R3F9
TUT4 B2RX14
TUT7 Q5BLK4

Xenopus laevis
TENT2-a Q641A1
TENT2-b Q6DFA8
TENT4B AOA1L8GKF9
TUT4 AOA1L8GMG3
TUT7 AO0A1L8HZI2
TENTS5A QO8AY7
TENTS5B Q66J95
TENTS5D AOA1L8F355
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Abstract

Polyadenylation is an important post-transcriptional process that governs mRNA stability and
expression. Advancements in direct RNA sequencing in recent years have clarified many
aspects of this intricate regulation, revealing the influence of various factors. Here, we used
Nanopore Direct RNA Sequencing to investigate the association between genome-wide mRNA
poly(A) tail profiles and sexual dimorphism in Caenorhabditis elegans. Our results demonstrate
sex-dependent differences in both gene expression and poly(A) tail metabolism. Notably, we
discovered that cytoplasmic poly(A) polymerase TENT-5 regulates multiple male-specific
transcripts, predominantly encoding putative seminal fluid components with predicted
extracellular localization. TENT-5 expression in male-specific tissues, such as seminal vesicle
and vas deferens, corroborates its functional significance. Intriguingly, despite extensive
TENT-5-mediated polyadenylation of male-specific transcripts, males devoid of TENT-5 show
no abnormalities in mating behavior, sperm morphology, or fertility. Our findings suggest that
TENT-5 plays a role in regulating sex-related processes in males, although the physiological
consequences remain to be fully elucidated.

Introduction

Polyadenylation is a crucial post-transcriptional process that modifies RNA species by adding
adenosines to their 3’ ends, thereby influencing RNA stability and function within the cell. This
modification primarily occurs in the nucleus, catalyzed by canonical poly(A) polymerase, and
is essential for mRNA biogenesis and subsequent export to the cytoplasm (1, 2). Upon reaching
the cytoplasm, mRNAs associate with poly(A) binding proteins, which are critical for
maintaining mRNA stability and enabling efficient protein synthesis (2, 3). During the later
lifespan of mRNA, poly(A) tails undergo further modifications. Deadenylating enzymes, such
as CCR4-NOT or PAN2/3, gradually shorten poly(A) tails, directing mRNAs to degradation
(2, 4, 5). However, poly(A) tails can also be re-adenylated in the cytoplasm by noncanonical
poly(A) polymerases (ncPAPs), which are members of the terminal nucleotidyltransferase
family of proteins (TENTSs) (6, 7). Cytoplasmic polyadenylation enhances stability, promotes
the expression of selected transcripts, and prevents their degradation, contributing to the
complex dynamics of poly(A) tails and regulation of gene expression (6, 7).

Recent advances in RNA sequencing technologies have enabled more comprehensive studies
of poly(A) tail metabolism (8). Genome-wide poly(A) tail profiling has been carried out for
various organisms, including yeast (9, 10), nematodes (11-13), mice (10, 14—16), and humans
(10, 12, 17). These studies revealed organism-specific characteristics of poly(A) tails and their
dependence on multiple factors such as developmental stage, age, tissue localization, and
response to environmental cues. While poly(A) tail length is often positively associated with
mRNA half-life and translation efficiency, this relationship is not always consistent. During
early embryogenesis, longer poly(A) tails enhance mRNA stability and translation (2, 10, 18).
However, in somatic cells, poly(A) tail length often shows a poor or even negative correlation
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with mRNA expression levels and translational activity (10-12). For instance, mRNAs
encoding highly abundant housekeeping machinery, such as ribosomal proteins, typically have
short tails. Conversely, longer tails are predominantly found on lowly expressed mRNAs, which
often encode regulatory proteins (11, 19). Moreover, poly(A) tail dynamics is affected by
additional layers of regulatory control, including poly(A)-modifying enzymes that influence
numerous physiological processes. For example, cytoplasmic polyadenylation by GLD2 (Germ
Line Development 2)/TENT2 is indispensable for proper germline development and fertility in
nematodes (20-22) and flies (23, 24). In mammals, a similar role is observed for the recently
discovered TENTS ncPAPs (15). Additionally, members of the TENT5 family have been
implicated in regulating humoral and innate immune responses by stabilizing mRNAs encoding
immunoglobulins and secreted defense proteins (13, 16). Despite these findings, the high
complexity of cytoplasmic polyadenylation requires further examination to elucidate the
interplay between poly(A)-modifying enzymes, the mechanisms driving their substrate
specificity, and their effects on various groups of transcripts during multiple physiological
processes and conditions (6).

Here, we demonstrate that sexual dimorphism is a critical factor that strongly influences
polyadenylation profiles. For our studies, we used Caenorhabditis elegans, which features two
distinct sexes: self-fertile hermaphrodites (XX) and males (X0), comprising approximately
0,05% of the population. Utilizing Oxford Nanopore Direct RNA Sequencing (DRS), the most
reliable methodology for studying poly(A) tails, we uncovered profound differences in gene
expression and poly(A) length distributions between hermaphrodites and males. Notably, we
showed that TENT-5 ncPAP is responsible for the regulation of male-specific transcripts that
mainly encode secreted seminal fluid components. Our work provides new and interesting
insights into the polyadenylation process, expanding our knowledge of both TENT-5 functions
and C. elegans male physiology and genetics.

Methods

C. elegans culture and growth conditions

The following C. elegans strains were used: wild type N2 Bristol, BS553 (fog-2(0z40) V), and
DR94 (unc-45(m94) III), obtained from the Caenorhabditis Genetics Center (CGC); tent-
5(tm3504) I, obtained from the National Bioresource Project of Japan (NBRP); and ADZ21
(tent-5(rtt6[tent-5::gfp::3xflag]) I), previously generated in our laboratory (13). All strains
were cultured at 20°C on nematode growth medium (NGM) plates seeded with E. coli HB101
as a food source. Male enrichment of N2 and tent-5(tm3504) C. elegans cultures was achieved
through mating, with one hermaphrodite and five males of the same genotype placed on plates
with a drop of E. coli HB101. Successful mating resulted in up to 50% male enrichment.

Preparation of samples for Direct RNA sequencing (DRS)

Wild-type or fent-5(tm3504) young adult males were hand-picked from the male-enriched
plates and transferred to an Eppendorf tube containing 10 pl of 50 mM NaCl. The worm pellet
was then resuspended in 200 ul of TRI Reagent (Sigma-Aldrich), vortexed for 15 min at room
temperature, and stored at -80°C before RNA isolation. This process was repeated three times
to obtain sufficient biological material. TRIzol samples from three different pickings were
combined just before RNA isolation, resulting in approximately 300 male worms per sample.
The wild-type hermaphrodite population was age-synchronized by bleaching gravid adults and
seeding isolated embryos on plates. Worms were grown until they reached the young adult
stage, then collected and washed three times using 50 mM NaCl. The worm pellet was
resuspended in 1 ml of TRI Reagent (Sigma-Aldrich), vortexed for 15 min at room temperature,
and stored at -80°C. RNA was isolated from TRIzol according to the manufacturer’s
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instructions. The samples were additionally purified with KAPA Pure magnetic beads (RNA to
beads ratio: 1:3 v/v), and RNA quality was assessed using the Agilent TapeStation system.
Samples for wild-type and tent-5(tm3504) males and hermaphrodites were prepared in two
independent biological replicates.

Direct RNA sequencing and data analysis

Sequencing libraries were prepared using the DRS Kit (Oxford Nanopore Technologies, SQK-
RNAO002) according to the manufacturer’s protocol. In each library, mRNA isolated from male
or hermaphrodite worms (0,5 - 1,5 pg depending on the amount of isolated RNA) was mixed
with 2 ng of in vitro transcribed poly(A) standards. Sequencing was performed with the
MinlON device, followed by basecalling with Guppy 6.0.0 (ONT), mapping to WBCel235
reference (MiniMap v2.17 (25) with options -k 14 -ax map-ont —secondary = no), and
processing with samtools v1.9 (26). Lengths of poly(A) tails were estimated with Nanopolish
(v0.13.2) as described before (13, 16). Poly(A) length distributions were compared between
conditions for transcripts with a minimum of 5 reads per condition using the Wilcoxon test.
Adjusted p-values were calculated using the Benjamini-Hochberg method. Differential
expression analysis was performed using DESeq2 v1.28 Bioconductor package (27). GO
enrichment analysis was performed using WormBase Enrichment Suite (28). The subcellular
localization of proteins was assessed with DeepLoc v2.0 (29). DRS data have been deposited
to the European Nucleotide Archive (ENA) with the following accession numbers:
ERS20270802, ERS20271308, ERS20270803, ERS20271309, ERS20270804, ERS20270805,
ERS20227048, and ERS20270807.

The dataset from Ebbing A. et al. (2018) for comparisons of sex-enriched genes was reanalyzed
from raw fastq files deposited by authors in Gene Expression Omnibus (GEO). Reads were
mapped to WBCel235 reference (STAR v2.7.10a (30)) and followed by processing with
samtools v1.9 (26). Read counts were collected using featureCounts from the Subread package
(v2.0.6 (31) with options -Q 10 -p -C -B and WBCel235 annotation). Differential expression
analysis was performed using DESeq2 v1.28 Bioconductor package (27).

Spermatids isolation

A day before the spermatids isolation, a few wild-type or tent-5(tm3504) L4 stage males were
transferred to fresh NGM plates seeded with E. coli HB101. Separating males from
hermaphrodites allows spermatids to accumulate in the male’s gonad before the experimental
procedure (32). Males were dissected the next day in a drop of sperm medium (50 mM HEPES,
50 mM NaCl, 25 mM KCI, 5 mM CaCl,, 1 mM MgSO4, and 1 mg/ml BSA) by cutting the
posterior end of the male with a needle. The isolated spermatids were visualized immediately
(32, 33).

Microscopic observations

Isolated spermatids were imaged using the Nikon Eclipse 801 microscope with a 100x/oil
immersion lens. The spermatids’ size was assessed using ImageJ2 software (34) and compared
between wild-type and fent-5(tm3504) males using a two-tailed unpaired Student’s t-test. To
evaluate the localization of TENT-5 in males, tent-5::gfp worms were immobilized with 25 uM
levamisole on freshly prepared 2% agarose pads and immediately imaged on the Zeiss LSM800
confocal microscope with a 40x/oil immersion lens.

Fertility and mating behavior experiments

To assess male fertility, wild-type or tent-5(tm3504) L4 stage males were crossed with L4 stage
fog-2(0z40) females (which are unable to produce their own sperm (35)). For each cross, one
female and four males were placed on an NGM plate with a 5-mm diameter E. coli lawn.
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Crosses were performed at 20°C and continued throughout the entire female lifespan. The
number of progeny was counted and compared between wild-type and fent-5(tm3504) males
using a two-tailed unpaired Student’s t-test. For comparison of mating behavior, wild-type or
tent-5(tm3504) young adult males were crossed with young adult unc-45(m94) hermaphrodites
(uncoordinated hermaphrodites were used to increase mating efficiency (36)). For each cross,
ten hermaphrodites and five males were placed on an NGM plate seeded with E. coli HB101
and recorded for 30 minutes. Recorded movies were subsequently analyzed, and mating
behavior was described according to the following criteria: 1 — number of different
hermaphrodites touched by the male, 2 — number of contacts with any hermaphrodite, 3 —
backward locomotion after touching the hermaphrodite with the tail, 4 — turning around the
hermaphrodite’s body, 5 — successful location of the hermaphrodite’s vulva, and 6 — successful
spicule insertion (36, 37). The number of each incident was then compared between wild-type
and tent-5(tm3504) males using a two-tailed unpaired Student’s #-test (with or without Welch’s
correction depending on variance distributions).

Results

Male-enriched genes are expressed mainly in sperm, seminal vesicle, and vas deferens

It is widely recognized that gene expression displays significant variability depending on the
sex of the organism, contributing to differences in appearance and behavior. Studies of sex-
specific gene expression have been conducted in various organisms, including the nematode
C. elegans (38—42). Here, we used Oxford Nanopore Direct RNA Sequencing (DRS) to expand
on previous studies by simultaneously investigating differences in both gene expression and
mRNA poly(A) tail length dynamics between young adult C. elegans wild-type males and
hermaphrodites. Our DRS analysis revealed substantial differences in gene expression between
the two sexes, with 1538 genes exhibiting sex-dependent expression patterns (Figure 1A,
Supplementary Table S1). Among these, 1203 genes were enriched in males, while 335 were
enriched in hermaphrodites. To validate our findings, we compared our results with previously
published datasets that utilized different approaches to male collection and sample preparation.
For instance, Kim B. et al. (2016) identified 1739 genes enriched in Aim-5 mutant males using
[llumina sequencing (42), of which 802 genes overlapped with our study (Figure 1B,
Supplementary Table S1). Similarly, Ebbing A. et al. (2018) detected 3529 genes upregulated
in wild-type males (41), with 1090 genes overlapping with our dataset (Figure 1B,
Supplementary Table S1). The substantial overlap between male-enriched genes across
different studies underscores the robustness of our approach and the reliability of our data for
elucidating sex-specific gene regulation in C. elegans.

We then analyzed the gene sets enriched in males and hermaphrodites in more detail. The Gene
Ontology (GO) term analysis of male-enriched genes revealed a distinctive association with
phosphatase and kinase activities (Figure 1C and D), consistent with previous reports
identifying these as characteristic features of sperm-related genes (42—45). Indeed, among
male-enriched genes, we detected a large population encoding sperm components: 30 genes
from the msp family, 17 from the ssp family, and 9 from the nspd family (Supplementary
Table S1). While both C. elegans sexes generate sperm, males exhibit a prolonged sperm
production period, resulting in higher overall sperm levels (46). This accounts for the observed
upregulation of sperm genes in males compared to hermaphrodites (Figure 1C). Intriguingly,
apart from the sperm genes, many other male-enriched genes are exclusively expressed in males
and encode proteins with unknown functions, presenting an opportunity for further exploration
in C. elegans male research. Subsequent analyses of genes specific to males allowed us to
categorize them into two major groups: seminal vesicle genes and vas deferens genes (Figure
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1C). The seminal vesicle and vas deferens are male-specific tissues that are responsible for
producing seminal fluid and transporting it into the hermaphrodite uterus during mating (41).
Despite the crucial role of these tissues in reproduction, the precise molecular regulatory
mechanisms governing their functions are still not fully understood. However, it is known that
due to their secretory function, male-specific tissues are rich in endoplasmic reticulum (ER)
(47). In line with that, we observed that 82% of male-specific transcripts (defined as those with
no expression in hermaphrodites, FDR < 0.05) are predicted to contain a signal peptide-
encoding sequence targeting them to the secretory pathway through the ER (Supplementary
Figure S1, Supplementary Table S1).

The pool of hermaphrodite-enriched genes and their overlap with datasets from other studies
appeared relatively small compared to that of males (Figure 1A and B). However, the genes we
identified as enriched closely align with hermaphrodite reproductive functions. As expected,
among the genes highly enriched in hermaphrodites (Supplementary Table S1), we found many
implicated in hermaphrodite reproduction, germline function, and early embryo development.
Notably, all six members of the vitellogenin (vif) family exhibited high enrichment in
hermaphrodites (Figure 1E). These genes are predominantly expressed in the intestine of young
adult and adult hermaphrodites, encoding yolk proteins responsible for transporting essential
nutrients to developing embryos within the gonad (48). Similarly, genes from the egg family
(e.g., egg-1, egg-2, egg-5, and egg-6), perm family (e.g., perm-2, perm-4), and proteins
involved in RNA regulation (e.g., gld-1, lin-41, puf-5, puf-7, puf-11, mex-5, mex-6), which are
all known to influence germ cell proliferation, differentiation, and germline function in
hermaphrodites (49), showed substantial enrichment compared to males. Interestingly, we also
observed significant differences in the expression of genes encoding ribosomal proteins (rpl/
and rps) between the sexes (Figure 1E and F). Some of these genes (e.g., rpl-10, rpl-3, rpl-7A4,
rpl-9, rpl-34, rps-8, rps-11, rps-12, rps-3) were proposed to play critical roles in germline and
embryonic development (49). More broadly, ribosomal proteins are essential for protein
synthesis and cell growth. We suspect that their differential expression between sexes might
reflect differences in cellular metabolism and growth between hermaphrodites and males.

In conclusion, our DRS results reveal profound differences in gene expression between
C. elegans sexes, consistent with previous studies (41, 42). Our approach provides a more
robust basis for examining sex-related transcriptomes by analyzing a large population of wild-
type males, thus avoiding the potential influence of the 4im (high incidence of males) mutation
background on gene expression and poly(A) tail distributions. Notably, we observed the most
pronounced sex-dependent expression for genes encoding poorly studied secreted proteins
localized in male-specific tissues.
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Figure 1. Differences in gene expression patterns between wild-type males and hermaphrodites.

(A) MA plot illustrating differential gene expression between males and hermaphrodites of N2 wild-type worms.
Significantly changed genes (FDR < 0.05) are marked with blue and pink dots for male-enriched and
hermaphrodite-enriched genes, respectively.

(B) Venn diagrams showing overlaps between our DRS data and two other studies comparing transcriptomes of
C. elegans males and hermaphrodites (Kim B. et al. 2016 and Ebbing A. et al. 2018) (41, 42). For each compared
group, the significantly enriched pool of genes was included according to the cut-off FDR value set in each study.
The overlap for male-enriched genes is shown in blue and for hermaphrodite-enriched genes in pink.

(C) Zoom on the half of the MA plot showing genes upregulated in males. Significantly changed genes (FDR <
0.05) are marked with blue dots. Among these, three of the most interesting groups of genes were selected: sperm
genes (cyan dots), seminal vesicle genes (red dots), and vas deferens genes (beige dots). Groups of genes were
defined based on Ebbing A. ef al. 2018 (41). A zoomed-in fragment of the plot is shown for clearer visualization
of overlapping dots.

(D) Top GO terms for the male-enriched genes ordered by adjusted p-value (WormBase Enrichment Suite).

(E) Zoom on the half of the MA plot showing genes upregulated in hermaphrodites. Significantly changed genes
(FDR < 0.05) are marked with pink dots. Four groups of genes are marked: ribosomal genes (rp/ and rps, yellow
dots), vitellogenin genes (vit, green dots), egg genes (purple dots), and perm genes (orange dots).

(F) Top GO terms for the hermaphrodite-enriched genes ordered by adjusted p-value (WormBase Enrichment
Suite).

Poly(A) tail distributions differ for males and hermaphrodites

Given that the poly(A) tail length often correlates with a transcript’s stability and expression
level (8), we hypothesized that significant differences would be observed between the two sexes
of C. elegans not only in gene expression but also in mRNA poly(A) tail length distribution.
Utilizing the same DRS-based dataset of mRNAs isolated from hermaphrodites and males as
described above, we found global mRNA poly(A) tail length profiles consistent with previous
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studies (Supplementary Table S2) (11-13, 50). Additionally, we identified a slight difference
between the sexes, with global median poly(A) tail lengths of 51 nt for hermaphrodites and
55nt for males (Figure 2A). Further analysis of poly(A) tail length distributions for
differentially polyadenylated mRNAs (at least 5 nt difference between sexes, FDR < 0.05)
revealed 208 transcripts with significantly longer poly(A) tails in hermaphrodites and 155
transcripts with longer poly(A) tails in males (Figure 2B, Supplementary Figure S2A and B,
Supplementary Table S2). Interestingly, in males, a significant portion of transcripts with longer
tails are lowly expressed (Figure 2C). This group of mRNAs primarily contributes to the longer
median poly(A) tail length observed in males (Figure 2D). In contrast, many transcripts with
longer tails in hermaphrodites encode highly abundant proteins, such as ribosomal proteins,
collagens, or actin (Figure 2C and E, Supplementary Figure S2C, Supplementary Table S2).
These genes were also upregulated in hermaphrodites compared to males based on our
differential expression analysis (Figure 1E and F, Supplementary Table S1). We speculate that
the elongation of tails for these transcripts may be attributed to the increased demand for their
respective proteins to support embryo development in the hermaphrodite’s gonad.

We observed that in males, poly(A) tail elongation is directed towards transcripts functionally
associated with the endoplasmic reticulum (Figure 2G), suggesting the importance of efficient
secretory machinery for proper male physiology. Since most male-specific genes encode
proteins secreted by the ER (Supplementary Figure S1A, Supplementary Table S1), we
analyzed their poly(A) tails. We found that globally, male-specific mRNAs exhibit significantly
longer poly(A) tails compared to other transcripts expressed in males (Figure 2F, left panel).
This observation can be explained by the much higher proportion of lowly expressed genes in
this group, which generally have longer poly(A) tails than highly expressed ones (Figure 2D).
Further comparisons of poly(A) tails within groups of genes with similar expression levels
revealed no significant difference in median tail length between male-specific and other male-
expressed genes (Figure 2F, middle and right panels). To investigate further, we also explored
the relationship between poly(A) tail lengths and mRNA expression levels. For both
hermaphrodites and males, we observed a negative correlation between mRNA tail length and
expression level (Figure 2D and F), which is consistent with previous reports (11). Moreover,
we found that transcripts significantly upregulated in hermaphrodites also carry globally longer
poly(A) tails in hermaphrodites than in males (Figure 2H). A similar trend was observed for
male-enriched transcripts (Figure 2H), which proves the importance of poly(A) tail in
regulating gene expression levels.

Finally, due to the distinct chromosome compositions of males and hermaphrodites, we
examined the global poly(A) length distributions based on gene location within each
chromosome. Surprisingly, we identified differences in poly(A) profiles for transcripts from
chromosomes IV and X (Figure 21, Supplementary Figure S2D). Specifically, mRNAs from
chromosome IV exhibited significantly longer poly(A) tails in males compared to
hermaphrodites, whereas transcripts from chromosome X showed the opposite effect. Although
we compared multiple features of genes encoded on each chromosome (expression levels,
presence of sequence encoding signal peptides, GC content, transcript length, or 5" UTR and 3’
UTR length) (Supplementary Figure S3), we were unable to explain how observed sex-
dependent polyadenylation is influenced by gene chromosome location.

In addition to the significant differences in gene expression between males and hermaphrodites,
our DRS results unveil distinct patterns of poly(A) tail length distribution between the two
sexes. These findings underscore the important role of poly(A) metabolism in sex-dependent
physiological processes.
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Figure 2. Differences in poly(A) distributions between wild-type males and hermaphrodites.

(A) Density plot showing global differences in the poly(A) tail distribution between males (blue line) and

hermaphrodites (pink line). Vertical dashed lines represent the median poly(A) tail length for each condition (in

nucleotides). The plot was generated for all identified transcripts and normalized to 1.

(B) Volcano plot displaying differential polyadenylation between males and hermaphrodites for N2 wild-type

worms. Genes with significantly changed median poly(A) tail length (FDR < 0.05) by a minimum of 5 nucleotides

(dotted line) are marked with blue dots (elongated in males) and pink dots (elongated in hermaphrodites). Triangles

represent data points outside the y-axis limit. “M” in the x-axis title represents males and “H” represents

hermaphrodites.

(C) Fractions of genes with elongated poly(A) tails in hermaphrodites (pink bars) or males (blue bars),

characterized by low, medium, or high expression levels. Expression levels are defined by baseMean values

presented in Supplementary Table S1. Genes with baseMean < 20 are defined as lowly expressed, with 20 <
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baseMean < 500 as medium expressed, and with baseMean > 500 as highly expressed. “M” in the x-axis title
represents males and “H” represents hermaphrodites.

(D) Violin plots showing distributions of poly(A) tail length for genes grouped by their expression levels as defined
in panel C. Numbers inside the boxes indicate the median poly(A) tail length for each condition.

(E) Top GO terms for genes with poly(A) tails elongated in hermaphrodites ordered by adjusted p-value
(WormBase Enrichment Suite).

(F) Violin plots illustrating the distribution of poly(A) tail lengths for male-specific genes compared to other male-
expressed genes. Male-specific genes are defined as those with no expression in hermaphrodites based on our DRS
data (Supplementary Table S1). The left plot represents the distribution for all male-specific genes contrasted with
all others, while the middle and right plots represent similar comparisons within groups of genes with similar
expression levels as defined in panel C. No male-specific genes met our criteria for highly expressed genes.
Numbers inside the boxes indicate the median poly(A) tail length for each condition.

(G) Top GO terms for genes with poly(A) tails elongated in males ordered by adjusted p-value (WormBase
Enrichment Suite).

(H) Density plots showing differences in the poly(A) tail distribution for sex-enriched genes between males (blue
line) and hermaphrodites (pink line). Vertical dashed lines represent the median poly(A) tail length for each
condition (in nucleotides). Plots were generated for all transcripts significantly upregulated in -either
hermaphrodites or males based on Supplementary Table S1 and normalized to 1.

(I) Density plots showing differences in the poly(A) tail distribution for all genes localized on chromosome IV or
X between males (blue line) and hermaphrodites (pink line). Vertical dashed lines represent the median poly(A)
tail length for each condition (in nucleotides). Plots were generated for all transcripts assigned to a particular
chromosome and normalized to 1.

TENT-5 regulates the expression of male-specific genes

Within the cell, poly(A) tails can undergo modification by various proteins that either lengthen
or shorten them (4—6). We hypothesized that the observed differences in poly(A) distributions
between C. elegans males and hermaphrodites might result from the sex-specific activities of
these proteins. To identify a potential candidate protein, we analyzed our DRS data to determine
if the expression of known poly(A) polymerases and deadenylases varied between the sexes.
We observed no significant differences in gene expression levels for any of these poly(A)-
modifying enzymes (Figure 3A, Supplementary Table S1).

Our previous work in hermaphrodite C. elegans demonstrated that the polyadenylation of
mRNAs encoding ER-targeted secreted proteins is mediated by the noncanonical poly(A)
polymerase TENT-5 (13). Depletion of TENT-5 in hermaphrodites resulted in poly(A) tail
shortening and downregulation of mRNAs encoding secreted innate immunity effector proteins,
leading to increased susceptibility of tent-5 mutants to pathogen infection (13). As mentioned
above, our functional enrichment analysis showed that transcripts with longer poly(A) tails in
males compared to hermaphrodites are associated with ER functionality (Figure 2F). Therefore,
we assumed that TENT-5 might be responsible for their polyadenylation and thus contribute to
the differential polyadenylation observed between the sexes, particularly evident for lowly
expressed genes. Additionally, we hypothesized that since most male-specific transcripts are
predicted to encode secreted proteins, TENT-5 might also regulate their expression, which
could have been overlooked in our previous studies on hermaphrodites.

Using the tent-5::gfp knock-in strain, we examined TENT-5 localization in males. Confocal
microscopy revealed a strong expression of TENT-5-GFP in the male intestine and head
neurons (Figure 3B), consistent with previous observations in hermaphrodites (13). Notably,
we detected a pronounced localization of TENT-5 in spermatids, seminal vesicles, and vas
deferens (Figure 3B, Supplementary Figure S4A), where most of the male-enriched genes are
expressed (Figure 1C). This observation suggested that, indeed, TENT-5 may regulate male-
specific transcripts through their polyadenylation. Of note, our microscopic observations
revealed intense autofluorescence at the male tail tip and copulatory spicules (Figure 3B,
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Supplementary Figure S4B), an intriguing feature previously briefly mentioned in the literature
(51-53).

To identify TENT-5 substrates in C. elegans males and validate the hypothesis that TENT-5
regulates male-specific mRNAs and other transcripts encoding secreted proteins, we performed
DRS on tent-5 mutant and wild-type males, analyzing gene expression and poly(A) patterns.
We observed significant dysregulation of 33 genes upon TENT-5 deletion in males: the
expression levels of 32 genes were downregulated, and one was upregulated (Figure 3C,
Supplementary Table S3). Among the downregulated genes, 21 were consistent with our
previous findings in tent-5-deficient hermaphrodites (Figure 3E, Supplementary Table S3) (13),
showing similar functional enrichment in defense response processes (Figure 3D). This
underscores TENT-5’s role in C. elegans innate immunity, independently of nematode sex.
However, poly(A) profiling of fent-5 mutant males revealed more pronounced sex-related
differences. Despite no global change in the poly(A) distribution between wild-type and tent-5
mutant males (similar to our previous observations for hermaphrodites (13)) (Figure 4A), we
detected 137 transcripts with altered poly(A) tail length (changed by at least 5 nt, FDR < 0.05),
of which 119 had shorter and 18 longer poly(A) tails in fent-5 mutant males (Figure 4B,
Supplementary Figure S4C, Supplementary Table S4). Strikingly, among mRNAs with
shortened poly(A) tails in mutants, 100 were male-specific, and 12 were male-enriched,
accounting for 94% of mRNAs with shortened poly(A) tails in tent-5 mutant males (Figure 4B,
Supplementary Table S4). As expected, the majority of these transcripts are predicted to encode
extracellular proteins (93%), a hallmark of TENT-5 substrates (13, 15, 16, 54, 55), which is
even more pronounced in males than in hermaphrodites (Figure 4C and D, Supplementary Table
S4).

Approximately 66% of TENT-5 targets encode putative components of seminal fluid expressed
in male-specific tissues (Supplementary Table S4), suggesting the importance of TENT-5-
mediated polyadenylation in regulating certain aspects of male reproduction. For instance, some
of these substrates possess serine-type endopeptidase activity (Figure 4D), which has been
previously linked with sperm activation in C. elegans (33, 56). Although the process of sperm
activation is not well understood in nematodes, it is presumed that inactive spermatids stored
in seminal vesicle are transported through the male’s vas deferens and cloaca into the
hermaphrodite’s uterus. After ejaculation, spermatids are activated by seminal fluid proteins to
form functional sperm (57). So far, only a few genes involved in this process have been reported
(33, 56). Interestingly, one of them (#zry-5) is polyadenylated by TENT-5 based on our results
(Supplementary Figure S4D, Supplementary Table S4).

Among the mRNAs with shortened poly(A) tails in zent-5 mutant males, we also detected 22
members of the clec family (C-type lectins) (Supplementary Figure S4D, Supplementary Table
S4), which are reported to be immune effectors (58, 59). The enrichment of C-type lectins in
the seminal fluid suggests its possible function in the nematode’s defense response. Recent
studies have shown that C. elegans males are more resistant to fungal, viral, and bacterial
infections, as well as to heat, osmotic, and oxidative stress (60). Also in other species, seminal
fluid has been shown to have antimicrobial properties, helping to protect both female and male
reproductive tracts against infections (61, 62). This raises the interesting hypothesis that
C. elegans males utilize seminal fluid genes for both defense response and mating purposes
(57). However, the exact mechanism of that possible parallel regulation remains to be
established.

Additionally, we analyzed how differential gene expression correlates with poly(A) tail length.
Although only six genes displayed both significant downregulation and shorter poly(A) tails in
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mutant males (Figures 3E and 4E), we observed a trend where TENT-5-mediated poly(A) tail
elongation tends to stabilize the corresponding mRNA (Figure 4E), a pattern also noted in
hermaphrodites (13). This finding suggests that the correlation between mRNA poly(A) tail
length and expression level might be largely tissue-specific or specific to certain transcript types
or groups. Surprisingly, the overlap between transcripts with shortened poly(A) tails in tent-5
mutant males and hermaphrodites was minimal (Figures 3E and 4F), with only three genes
(heh-1, far-2, and clec-209) emerging as shared TENT-5 targets across sexes (Supplementary
Figure S4D, Supplementary Table S4). Moreover, heh-1 and far-2 were also significantly
downregulated in both sexes (Figure 3E). Although not well studied, these genes are predicted
to encode proteins responsible for sterol or fatty acid binding (49). Interestingly, male-specific
tissues, where TENT-5 activity in males is most pronounced, are known to be cholesterol-rich
(63). Therefore, we speculate that TENT-5 might be involved in cholesterol metabolism in both
sexes by stabilizing heh-1 and far-2 mRNAs.

Overall, TENT-5 activity in males focuses almost exclusively on polyadenylating male-specific
transcripts, whereas in hermaphrodites, it appears much more versatile (Figure 4F). The
functions of most male-specific TENT-5 substrates remain unknown, making it difficult to
speculate about TENT-5’s physiological role in males. However, we expect that the elongation
of poly(A) tails of so many putative seminal fluid components in males is crucial for their
reproduction.
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Figure 3. Differences in gene expression patterns between fent-5 mutant and wild-type males.

(A) Heatmap showing expression levels of TENTs and deadenylases between males and hermaphrodites. The
color of the heatmap specifies whether a gene is upregulated in males (blue) or hermaphrodites (pink). The
numbers on the right represent the log2 fold change value derived from Supplementary Table S1. “M” in the
heatmap legend represents males and “H” represents hermaphrodites.

(B) Fluorescence microscopic images of TENT-5-GFP expression in hermaphrodites and males (tent-5(rtt6/tent-
5::gfp::3xflag] 1). The left image represents differences and similarities in TENT-5 expression between sexes. It
is composed of six separate shots to show the full body of a male and hermaphrodite. The right image shows the
tail-end of a male body. Images were taken with 40x lens.

(C) MA plot illustrating differential gene expression between wild-type and fent-5 mutant worms. Significantly
changed genes (FDR < 0.05) are marked with red dots.

(D) Top GO terms for genes significantly downregulated in tent-5 mutant males ordered by adjusted p-value
(WormBase Enrichment Suite).

(E) Venn diagram showing overlaps between our DRS data and our previous study on fent-5 mutant
hermaphrodites (Liudkovska V. et al. 2022) (13). Four different conditions were compared: genes downregulated
in tent-5 mutant males (blue), genes with shorter poly(A) tails in tent-5 mutant males (light blue), genes
downregulated in tent-5 mutant hermaphrodites (pink), and genes with shorter poly(A) tails in fen#-5 mutant
hermaphrodites (light pink). Included were all significantly downregulated genes (FDR < 0.05) (for differential
expression) and all transcripts with significantly shorter poly(A) tail by a minimum of 5 nucleotides (FDR < 0.05)
(for differential polyadenylation).
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Figure 4. TENT-5 polyadenylates male-specific mRNAs encoding secreted proteins.

(A) Density plot showing global differences in the poly(A) tail distribution between wild-type (blue) and tent-5
mutant males (dark blue). Vertical dashed lines represent the median poly(A) tail length for each condition (in
nucleotides). The plot was generated for all identified transcripts and normalized to 1.

(B) Volcano plot showing differential polyadenylation between wild-type and fent-5 mutant males. Transcripts
with significantly changed median poly(A) tail length (FDR < 0.05) are marked with red dots. Black borderline is
added to male-specific genes. Male-specific genes were all genes that had no expression in hermaphrodites based
on our DRS data (Supplementary Table S1).

(C) Fractions of genes with predicted extracellular localization by DeepLoc 2.0 software (29). For each condition,
a group of significantly shortened/elongated transcripts by a minimum of 5 nucleotides was included. Data for
hermaphrodites comes from Liudkovska V. et al. 2022 (13).

(D) Top GO terms for genes with significantly shorter poly(A) tails in fent-5 mutant males (by a minimum of 5
nucleotides) ordered by adjusted p-value (WormBase Enrichment Suite).

(E) The relationship between the difference in the expression level and the difference in the median poly(A) tail
length of respective transcripts for fent-5 mutant compared to wild-type males. TENT-5 targets (genes with
significantly shorter poly(A) tail in fent-5 mutant worms by a minimum of 5 nucleotides; FDR < 0.05) are
highlighted with black borderline. Genes significantly downregulated in fen#-5 mutant males (FDR < 0.05) are
marked with red dots.

(F) MA plot showing differential gene expression between males and hermaphrodites of N2 wild-type worms
(Figure 1A). Significantly changed genes (FDR < 0.05) are marked with blue and pink dots for male-enriched and
hermaphrodite-enriched genes, respectively. Additionally, marked are TENT-5 targets (genes with significantly
shorter poly(A) tail in fent-5 mutant worms by a minimum of 5 nucleotides; FDR < 0.05) in males (light blue,
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black borderline) and hermaphrodites (light pink, black borderline; based on Liudkovska V. ef al. 2022). Red dots
with labels represent common TENT-5 targets for both sexes.

TENT-5-mediated poly(A) tail elongation does not affect male mating behavior

Following our observation that TENT-5 is responsible for the polyadenylation of male-specific
transcripts in C. elegans males, we attempted to identify the resulting physiological phenotype.
We hypothesized that since TENT-5 targets comprise presumed components of the seminal
fluid, the phenotype of tent-5 mutants might exhibit abnormal mating phenotypes. Firstly, we
monitored the mating behaviors of wild-type and fent-5 mutant males. We did not detect any
significant differences in the frequency of male contact with hermaphrodites, characteristic
backward movements, vulva searching, or spicule insertion (Figure 5A, Supplementary Movie
S1). The significant difference between wild-type and mutant males was noticed only for the
turning behavior. However, we cannot exclude that this observation results from a random
variance between individual worm behavior rather than from the TENT-5 depletion. The
absence of the obvious mating behavioral phenotype indicates that fent-5 mutant males have no
impaired neuronal or pheromonal signaling. Next, we assumed that post-transcriptional changes
in male-specific transcripts might influence the potency of the seminal fluid in properly
activating male sperm post-ejaculation. To investigate this, we assessed male fertility by
counting the offspring produced by fog-2 females crossed with either wild-type or tent-5 mutant
males. Progeny numbers were comparable between the two conditions (Figure 5B), which
suggests that TENT-5 does not significantly influence male mating behavior or efficiency.

Knowing that some seminal fluid components are involved in the process of sperm activation
(33, 56), we hypothesized that their TENT-5-mediated regulation might influence the
morphology of spermatids stored in the male’s seminal vesicle. However, our microscopic
observations did not show any alteration in spermatids morphology (Figure 5C, Supplementary
Figure S5) and size (Figure 5D). We also did not detect any incidents of matured sperm, that
were activated before the ejaculation. Nevertheless, considering the strong modifications in
seminal fluid components observed at the transcriptome level, we would expect that these
changes should manifest as some physiological phenotype, that were not examined in this study.
More complex in vivo studies would need to be performed to elucidate which physiological
processes are regulated by TENT-5 poly(A) polymerase in males. Unfortunately, as mentioned
above, most of the predicted TENT-5 targets in males do not have any functional annotation,
which makes it harder to anticipate their possible function in male physiology.
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Figure 5. Comparison of mating behavior, fertility, and spermatids morphology between tent-5 mutant and
wild-type males.

(A) Differences between the number of mate-related incidents performed by wild-type (n=15) and tent-5 mutant
(n=14) males. Barplots represent mean values with SD. ns => not significant; * => p-value < 0.05 (two-tailed ¢-
test).

(B) Differences in brood sizes between wild-type (n=10) and fent-5 mutant (n=6) males crossed with fog-2 females.
Barplots represent mean values with SD. ns => not significant (two-tailed #-test).

(C) Microscopic images of spermatids morphology for wild-type and tent-5 mutant males. Images were taken with
100x magnification. Scale bars => 10 microns.

(D) Differences in spermatids diameter between wild-type (n=86) and tent-5 mutant (n=114) males. Barplots
represent mean values with SD. ns => not significant (two-tailed #-test).

Discussion

Advancements in methods that allow precise genome-wide estimation of the poly(A) tail length
and composition have significantly boosted our understanding of poly(A) tail metabolism and
its role in gene regulation (8). However, it quickly became evident that this regulation is highly
cell- and tissue-type specific, and extremely dynamic in response to environmental and
developmental cues. Therefore, it should be explored in comprehensive ways that can capture
these dynamic changes. Several excellent studies leveraged these novel methodologies to
profile poly(A) tail length during oocyte maturation in Drosophila melanogaster (18) and
Xenopus laevis (64), mammalian oocyte-to-embryo transition (65), and embryonic
development of Danio regio, X. laevis, and C. elegans (10, 12, 50). However, sex-related
differences in global poly(A) metabolism remain largely overlooked in most organisms. In this
study, we employed Direct RNA Sequencing to investigate poly(A) tail distribution differences
between hermaphrodite and male C. elegans, aiming to understand their underlying reasons and
consequences.

We observed clear, previously reported differences in gene expression between males and
hermaphrodites, reflecting the distinct cellular metabolism, growth, and physiology of adult
hermaphrodites and males. Additionally, our poly(A) profiling revealed a distinct sex-
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dependent distribution of poly(A) tail length. In general, our data align with previous
observations that highly abundant housekeeping genes possess relatively short poly(A) tails
(11, 19). We confirmed this negative correlation between mRNA poly(A) tail length and
expression level for C. elegans males and hermaphrodites. Notably, highly expressed mRNAs
have slightly shorter tails in males compared to hermaphrodites, whereas lowly expressed
mRNAs have significantly longer tails in males. Interestingly, sex-enriched mRNAs (those
expressed in both sexes but upregulated in one) tend to have longer tails in the respective sex.
The mechanism behind this sex-dependent difference remains unclear. We also noted
chromosomal differences in poly(A) distributions. Transcripts encoded by genes on the X
chromosome have longer poly(A) tails in hermaphrodites, while those derived from
chromosome IV have longer tails in males. The X chromosome is enriched with female
transcripts and largely devoid of male-enriched ones (43, 66), likely leading to the observed
global elongation of poly(A) tails for X chromosome transcripts in hermaphrodites. Conversely,
the opposite trend for chromosome I'V can be explained by the presence of many male-enriched,
spermatogenesis-related genes (67). Another notable observation concerns male-specific
transcripts. We found that 82% of these transcripts are predicted to contain signal peptide-
encoding sequences targeting them to the secretory pathway through the ER. Interestingly, most
of these transcripts have medium to low expression levels. When compared with transcripts of
the same expression levels, male-specific mRNAs show no difference in their median poly(A)
tail length. However, compared to all mRNAs expressed in males, male-specific transcripts
tend to have longer poly(A) tails.

The mechanistic reasons for the sex-specific differences in poly(A) tail distributions are not yet
fully understood. Multiple factors influence mRNA poly(A) tail length, with the enzymatic
activities of deadenylases, noncanonical poly(A) polymerases, and terminal
uridylyltransferases playing primary roles (4—6). The steady-state poly(A) distribution at the
transcriptome scale is achieved through the cell- or tissue-specific concentrations of these
enzymes and their varying affinities modulated by auxiliary factors toward particular
transcripts. We discovered that for a specific group of mRNAs, which predominantly encode
secreted components of seminal fluid, the poly(A) tail length is affected by the TENT-5 ncPAP.
TENT-5 localizes to male reproductive tissues rich in ER, such as spermatids, seminal vesicle,
and vas deferens, where it potentially stabilizes male-specific mRNAs. In hermaphrodites, the
same enzyme is mainly expressed in the intestine and enhances the expression of genes
encoding secreted innate immune effectors (13). Therefore, in both C. elegans sexes, TENT-5
polyadenylates transcripts encoding proteins with predicted extracellular localization,
underscoring the notion that the TENTS family of ncPAPs is essential for post-transcriptional
regulation of mRNAs encoding proteins directed towards the ER secretory pathway (13, 15, 16,
54). As described in our previous work (13), the exact mechanism behind TENT-5-substrate
specificity is not yet clear. However, as a fraction of TENT-5 resides in the ER, we proposed
that TENT-5 specificity is directly or indirectly driven by its colocalization with ER-targeted
mRNAs (13). We have previously predicted that cytoplasmic polyadenylation by TENT-5
would be most pronounced in tissues with high secretion capacity. Consequently, in males, it
is not surprising that TENT-5 focuses on regulating male-specific genes expressed primarily in
the ER-rich seminal vesicle and vas deferens. Furthermore, our data strongly suggests that
TENT-5 affects the composition of seminal fluid by modulating its transcriptome, potentially
playing a role in male reproduction. However, despite intensive efforts, we have not identified
phenotypes related to fertility or mating behavior in TENT-5-deficient males, possibly because
these phenotypes manifest only under specific environmental conditions. We also cannot
exclude the possibility that other ncPAPs may redundantly function with TENT-5 specifically
in male tissues. One potential candidate is GLD-4, which was slightly enriched in males
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according to our DRS (Figure 3A, Supplementary Table S1). It has been shown that while GLD-
4 alone partially reduces the fertility of hermaphrodites, it does not affect spermatogenesis and
male fertility (21). In the future, it would be interesting to analyze the poly(A) distribution in
males devoid of both TENT-5 and GLD-4.

From an evolutionary perspective, it is interesting to examine the role of noncanonical
cytoplasmic poly(A) polymerases in reproduction and gametogenesis across different animal
species. In C. elegans, GLD-2 is a crucial regulator of the germline mitosis-to-meiosis transition
and subsequent gametogenesis (20). Consequently, GLD-2 depletion in nematodes results in
defective oocytes and sperm production, leading to infertility in both hermaphrodites and males
(22). Similarly, two homologs of GLD-2 in D. melanogaster, Gld2 and Wispy, are essential for
proper gamete production in a sex-dependent manner (23, 24). Gld2 is expressed exclusively
in the male germline and is required for the completion of spermatogenesis; its absence results
in complete sterility in male flies (23). Wispy, on the other hand, regulates late oogenesis and
is crucial for female fly fertility (24). Surprisingly, the knockout of the mouse homolog of GLD-
2, TENT2, does not cause abnormalities in gamete production or affect reproduction (68). In
mammals, the TENTS family of ncPAPs, which includes four members (TENT5A-D), plays an
essential role in spermatogenesis and oogenesis (15). In mice, TENT5C and TENTSD are
expressed in spermatocytes and spermatids, regulating different aspects of spermiogenesis (15,
69, 70). Depletion of either TENTSC or TENTSD results in complete male infertility (15).
Additionally, TENTS5C and TENTS5B regulate oogenesis, and the double knockout mutation of
both proteins leads to infertility (15). In contrast, TENT-5 poly(A) polymerase in worms is not
essential for hermaphrodite fertility (13) and only slightly impacts the male reproductive
system. These findings indicate that the role of cytoplasmic polyadenylation is highly conserved
across species. However, different species may rely on the activities of different TENTSs to
varying extents.

Further research is needed to uncover the complexity of poly(A) tail metabolism at the
organismal level, not only in gametogenesis and reproduction but also in many other
physiological processes. Our DRS analysis represents an important step toward expanding the
current understanding of cytoplasmic polyadenylation. Additionally, we believe our results
provide a foundation for further studies on C. elegans male physiology.
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Supplementary Figure S1. Functional enrichment for groups of male- and hermaphrodite-specific genes.
(A) Top GO terms for male-specific genes with FDR < 0.05 ordered by adjusted p-value (WormBase Enrichment

Suite).

(B) Top GO terms for hermaphrodite-specific genes with FDR < 0.05 ordered by adjusted p-value (WormBase

Enrichment Suite).
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Supplementary Figure S2. Differences
hermaphrodites.

(A) Top ten protein-coding transcripts with the most significant poly(A) elongation in hermaphrodites according
to adjusted p-value (Supplementary Table S2). Poly(A) distributions are shown as blue and pink lines for males
and hermaphrodites, respectively. Vertical dashed lines represent the median poly(A) tail length for each condition

(in nucleotides). The plots were normalized to 1.

in poly(A) distributions between wild-type males and



(B) Top ten protein-coding transcripts with the most significant poly(A) elongation in males according to adjusted
p-value (Supplementary Table S2). Poly(A) distributions are shown as blue and pink lines for males and
hermaphrodites, respectively. Vertical dashed lines represent the median poly(A) tail length for each condition (in
nucleotides). The plots were normalized to 1.

(C) Density plots showing differences in the global poly(A) tail distribution for ribosomal genes (rp/ and rps),
actin genes (acf), and collagen genes (co/) between males (blue line) and hermaphrodites (pink line). Vertical
dashed lines represent the median poly(A) tail length for each condition (in nucleotides). The plots were generated
for all transcripts identified from each group and normalized to 1.

(D) Density plots showing differences in the global poly(A) tail distribution for genes localized on all six
chromosomes between males (blue line) and hermaphrodites (pink line). Vertical dashed lines represent the median
poly(A) tail length for each condition (in nucleotides). Plots were generated for all transcripts assigned to a
particular chromosome and normalized to 1.
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Supplementary Figure S3. Differences in chromosome compositions.

(A) Composition of each chromosome regarding RNA type. Four different types of RNA were highlighted:
protein-coding mRNAs (purple), piRNA (cyan), ncRNA (green), and all other types (orange). The dataset for
analysis was downloaded from ParaSite BioMart (WS291).

(B-D) Pie charts representing distributions of all protein-coding genes (B), all male-specific genes (C), and
significantly upregulated male-specific genes (D) between different chromosomes. The dataset for analyses was
downloaded from ParaSite BioMart (WS291) and only protein-coding genes were included. Numbers on charts
represent the number and the percentage of genes on each chromosome.

(E) Differences in GC content between genes localized on different chromosomes. The dataset for analysis was
downloaded from ParaSite BioMart (WS291) and only protein-coding genes were included. Barplots represent
mean values with SD.

(F-H) Differences in transcript length (unspliced transcript + UTRs) (F), 5" UTR length (G), and 3" UTR length
(H) between genes localized on different chromosomes. The dataset for analyses was downloaded from ParaSite

BioMart (WS291) and only protein-coding genes were included. The average length of 5" UTR and 3’ UTR is
calculated considering the longer UTRs for each gene (the analyses were done for a narrowed-down subset of
genes available in the dataset with necessary annotation). Barplots on each plot represent mean values with SD.
(I) Fractions of genes from each chromosome possessing signal peptide sequence based on studies by Suh J.,
Hutter H. (2012) (71). All genes detected in our DRS data were included. Numbers on the bars represent the
percentage of genes with signal peptide sequence.

(J) Fractions of genes from each chromosome characterized by low, medium, or high expression levels. Expression
levels are defined by baseMean values presented in Supplementary Table S1. Genes with baseMean < 20 are
defined as lowly expressed, with 20 < baseMean < 500 as medium expressed, and with baseMean > 500 as highly
expressed. All genes detected in our DRS data were included. Numbers on the bars represent the percentage of
lowly expressed genes.

(K) and (L) Top five Tissue Enrichment terms for genes encoded on chromosome IV (K) or chromosome X (L)
ordered by adjusted p-value (WormBase Enrichment Suite).
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Supplementary Figure S4. TENT-5 regulates the expression of male-specific genes.

(A) Additional fluorescence microscopic images of TENT-5-GFP expression in C. elegans males (tent-5(rtt6tent-
5::gfp::3xflag] 1). All images show the tail-end of a male body. Images were taken with a 40x lens and merged
with bright-field images.

(B) Autofluorescence of the tail and copulatory spicules in wild-type (upper panel) and tent-5:gfp (lower panel)
C. elegans males. Images were taken with a 40x lens and merged with bright-field images.

(C) Top ten protein-coding transcripts with the most significant poly(A) shortening in tent-5(tm3504) mutant males
according to adjusted p-value (Supplementary Table S4). Poly(A) distributions are shown as light and dark blue
for wild-type males and tent-5(tm3504) mutants, respectively. Vertical dashed lines represent the median poly(A)
tail length for each condition (in nucleotides). The plots are normalized to 1.

(D) Density plots showing differences in the poly(A) tail distribution for genes or groups of genes mentioned
individually in the chapter “TENT-5 regulates the expression of male-specific genes”. Vertical dashed lines
represent the median poly(A) tail length for each condition (in nucleotides). The plots are normalized to 1.



Spermatids morphology

tent-5 mutant

Supplementary Figure S5. Comparison of spermatids morphology between wild-type and fent-5 mutant
males.

(A) Additional microscopic images of spermatids morphology for wild-type and fen#-5 mutant males. Images are
taken with 100x magnification. Scale bars => 10 microns.

Supplementary Movie S1. Mating behavior experiment performed by crossing wild-type (N2) or tent-
5(tm3504) mutant males with unc-45 hermaphrodites. The movie is shown at 20x speed.



Appendix 3
Manuscript 3

Mackiewicz Z., Liudkovska V., Dziembowski A. Knockout of all nematode-specific NSPC genes

expressed exclusively in the excretory gland cell results in transcriptomic signatures indicating an
affected insulin signaling. bioRxiv (2024). DOI: 10.1101/2024.12.06.627198



Warsaw, 7.01.2025
Zuzanna Mackiewicz

Laboratory of RNA Biology

International Institute of Molecular and Cell Biology
4 Ks. Trojdena

02-109 Warsaw

PHD CANDIDATE’S
CONTRIBUTION STATEMENT

Article’s title: Knockout of all nematode-specific NSPC genes expressed exclusively in the
excretory gland cell results in transcriptomic signatures indicating an affected insulin signaling.

Authors: Zuzanna Mackiewicz, Vladyslava Liudkovska, Andrzej Dziembowski

Journal: bioRxiv
Date of publishing: 7" December 2024
DOI: 10.1101/2024.12.06.627198

[ hereby declare that my contribution to the article titled “Knockout of all nematode-specific
NSPC genes expressed exclusively in the excretory gland cell results in transcriptomic
signatures indicating an affected insulin signaling” was as following:

- designing experiments

- preparing most of the C. elegans transgenic strains (without strains ADZ31-ADZ45)
- conducting most of the experiments (without studying localization of NSPC)

- analyzing all [llumina and Nanopore RNA sequencing data

- writing the initial draft of the manuscript and creating all figures

...................

PhD candidate signature

/%M!‘—‘

Corresponding author signature



bioRxiv preprint doi: https://doi.org/10.1101/2024.12.06.627198; this version posted December 7, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Knockout of all nematode-specific NSPC genes expressed exclusively in the
excretory gland cell results in transcriptomic signatures indicating an
affected insulin signaling

Zuzanna Mackiewicz!, Vladyslava Liudkovska?, Andrzej Dziembowski!

'Laboratory of RNA Biology, International Institute of Molecular and Cell Biology, Trojdena 4, 02-109
Warsaw, Poland

2Laboratory of Stem Cell RNA Metabolism, IMol Polish Academy of Sciences, Flisa 6, 02-247 Warsaw,
Poland

Abstract

The nematode Caenorhabditis elegans is one of the best-studied model organisms in molecular
biology; however, many aspects of its physiology and the functions of many genes remain
poorly understood. In this study, we investigated the role of nematode-specific NSPC proteins,
whose mRNAs were recently identified as primary targets of the poly(A) polymerase TENT-5.
Surprisingly, we found that NSPCs are exclusively expressed in the excretory gland cell, a cell
with still unclear functionality. Using an optogenetic approach, we precisely ablated the
excretory gland cell and observed that nematodes exhibited no transcriptomic or physiological
changes in its absence. Additionally, we generated and thoroughly studied a strain with a
deletion of all 18 nspc genes, which revealed that, despite previous indications, NSPCs do not
influence the worm’s defense response. Instead, the transcriptomic analysis showed that the
absence of NSPCs strongly impacts DAF-2/DAF-16 insulin signaling, suggesting that NSPCs
may function as neuropeptides influencing key C. elegans signaling pathways. Although further
studies are required to elucidate the physiological effects of this regulation, our findings provide
new insights into this unexplored part of nematode physiology.

Introduction

The small nematode Caenorhabditis elegans was introduced to the scientific community in the
1970s and rapidly became one of the most important model organisms used in genetics and
molecular biology [1]. Consequently, it is one of the best-studied multicellular organisms and
was the first to have its entire genome sequenced [2], as well as its neuronal connectome [3,4]
and cell lineage completely mapped [5—7]. Despite the extensive exploration of C. elegans over
the years, some aspects of its anatomy and physiology remain poorly understood. Among these
is the excretory gland cell, one of the 959 cells in the adult hermaphrodite worm, whose function
remains a mystery, with only a few studies briefly mentioning its existence [8—11].

The excretory gland cell, along with the pore cell, duct cell, and excretory (canal) cell,
constitutes the nematode’s secretory system, positioned on the ventral side of the pharynx,
adjacent to the anterior section of the intestine [12]. This four-cell organ develops from the
early embryonic stem cell (AB) and becomes functional at or soon after hatching. The excretory
gland cell is binucleate and A-shaped and forms by the fusion of two identical cells at the 1.5-
fold embryo stage. In addition to its tight connection with other excretory cells, it is also joined
to the nerve ring, suggesting possible neural regulation of its activity. Structurally, the excretory
gland cell features an extensive endoplasmic reticulum (ER), numerous mitochondria, and a
dense ribosomal population [12].

In the 1980s, laser ablation was used to investigate the function and interactions of individual
cells within the excretory system, including the excretory gland cell [10,11]. By precisely
targeting cell nuclei with a laser beam at different developmental stages (L1, L2, young adult,
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or dauer), researchers observed that, while all other secretory cells are involved in
osmoregulation, the excretory gland cell is not required for this process and also does not
regulate C. elegans fertility or viability. Despite these findings made decades ago, no further
studies have explored the function of the excretory gland cell.

In our previous research, we described the role of the non-canonical poly(A) polymerase TENT-
5 in the innate immune response of C. elegans [13]. Using Nanopore Direct RNA sequencing,
we demonstrated that TENT-5 polyadenylates and stabilizes a pool of mRNAs, many of which
encode short, secreted proteins with well-defined or putative roles in the defense response.
Intriguingly, our transcriptomic analysis revealed that the most prominent targets of TENT-5
were members of the NSPC family (Nematode Specific Peptide Family, group C), which
encodes 18 small, highly similar proteins. Although some evidence suggests that NSPCs may
be connected to immune or stress responses in worms [14—16], their exact function remains
unknown. However, the observed relationship between TENT-5 and nspc mRNAs indicates
that, like other TENT-5 targets, NSPC proteins may indeed be involved in immune regulation.

In this work, we show that all members of the NSPC family exhibit strong and highly specific
expression exclusively in the excretory gland cell. This important finding prompted us to
investigate the functions of both the excretory gland cell and NSPC proteins in C. elegans
physiology. To uncover the role of the excretory gland cell, we employed an optogenetic
approach to irreversibly damage the cell and disrupt its function. Since NSPCs are among the
most abundant proteins in this cell, we also used a complementary approach by generating a
CRISPR/Cas9 knockout strain lacking all nspc genes. Our extensive studies reveal that neither
the ablation of the excretory gland cell nor the deletion of all NSPCs led to profound
transcriptome changes or noticeable physiological phenotypes under tested laboratory
conditions. However, here we propose that NSPCs might not possess antimicrobial properties,
as predicted before, but might serve as neuropeptides that help regulate important signaling
pathways such as the insulin DAF-2/DAF-16 pathway. Although our findings could not fully
explain this mechanism, they provide valuable insights into this unexplored aspect of nematode
biology, and we believe they will accelerate future research in the field.

Results and discussion

NSPCs are exclusively expressed in the excretory gland cell

The NSPC family comprises 18 genes clustered on chromosome X (Figure 1A), encoding small,
secreted proteins with highly similar sequences and structures (Figure 1B and C) that are not
related to any other known proteins outside the Caenorhabditis genus. Surprisingly, only one
study has explored the possible functions of NSPC members, proposing that they may have
antimicrobial activity based on their sequence and structure [14]. This prediction is consistent
with high-throughput transcriptomic analyses showing dysregulation of nspc genes mostly
upon various pathogen infections (Supplementary Table S1). For example, bacterial infection
with Enterococcus faecalis (OGIRF), Photorhabdus [uminescens (HB), or Xenorhabdus
nematophila leads to the downregulation of multiple nspc genes [15,16]. In contrast, bacterial
infection with Pseudomonas aeruginosa or Serratia marcescens, as well as fungal infection
with Drechmeria coniospora or Harposporium sp., results in increased expression levels of
nspc genes [15—17]. Moreover, our previous studies on poly(A) polymerase TENT-5 function
in C. elegans physiology revealed its pronounced activity toward NSPC-coding mRNAs, along
with multiple known immune effectors [13]. However, despite many indications, NSPC activity
has never been demonstrated either in vitro or in vivo, and their function remains unknown.
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Therefore, we aimed to study the exact role of NSPCs and investigate the importance of their
relationship with TENT-5. We began by studying the localization of NSPCs within
the C. elegans body. We generated extrachromosomal reporters for three nspc genes fused with
mCherry and examined their expression using confocal microscopy. Surprisingly, we observed
that NSPCs are expressed exclusively in a single cell — the excretory gland cell (Figure 1D,
Supplementary Figure S1), which agrees with high-throughput cell-specific expression
profiling [18]. Moreover, the expression levels of NSPCs are extremely high, as they are
detectable in RNA sequencing experiments, even from whole-animal samples. Although not all
NSPCs exhibit the same expression levels throughout C. elegans’s lifespan, they appear to be
highly expressed throughout all developmental stages [18,19]. The excretory gland cell is a part
of the nematode’s excretory system, where four distinct cells collaborate to perform a specific
task throughout the nematode’s lifespan (Figure 1E). Notably, while the functions of the other
excretory cells have been characterized, the role of the excretory gland cell, similarly to NSPC
proteins, remains a mystery.

We also checked whether NSPCs and TENT-5 colocalize in the excretory gland cell using
worms expressing both fent-5::GFP and nspc-14p::mCherry as extrachromosomal arrays.
Indeed, we found that TENT-5 is also expressed in the excretory gland cell (Figure 1F),
allowing for the direct regulation of nspc mRNAs by TENT-5. Following these discoveries,
here we aimed to explain the function of the excretory gland cell, understand why it requires
such a high and specific expression of NSPCs, and explore the role of TENT-5 in regulating
this previously undescribed aspect of C. elegans physiology.
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Figure 1. NSPCs are exclusively expressed in the excretory gland cell.

(A) Genomic locations of nspc genes on chromosome X. Nspc genes are marked in red, neighboring genes in blue,
and pseudogenes nspc-8 and nspe-11 in gray. Boxes represent gene structures, including exons, introns, and UTRs,
while arrows indicate the DNA strand. The genomic map was prepared based on the WormBase genome browser
[19].

(B) Multiple sequence alignment of NSPC proteins. Asterisks (*) represent residues conserved across all NSPCs;
colons (:) indicate moderately conserved residues; and dots (.) indicate non-conserved residues with similar
chemical properties. Alignment was performed using the MUSCLE tool from EMBL-EBI [20].

(C) Phylogenetic tree of NSPC proteins. Analysis was performed using the MUSCLE tool from EMBL-EBI [20].
(D) Fluorescence and differential interference contrast (DIC) microscopy images of NSPC-mCherry expression in
C. elegans excretory gland cell. Scale bars => 50 um.

(E) Schematic representation of the excretory system in C. elegans. Prepared based on the scheme from Sundaram
M.V. and Buechner M. (2016) [8]. The excretory system is located near the pharynx (green) and nerve ring
(orange) and consists of the excretory cell (yellow), duct cell (purple), pore cell (blue), and excretory gland cell
(red).

(F) Fluorescence microscopy images showing colocalization of TENT-5-GFP and NSPC-mCherry in the excretory
gland cell. Scale bars => 50 pm.
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Optogenetic ablation can be successfully implemented to destroy the excretory gland cell

To study the role of the excretory gland cell, we took advantage of the restricted NSPC
expression, enabling the optogenetic cell ablation approach, which has been previously used
for the precise ablation of neurons, muscles, and epidermal cells in C. elegans [21,22]. This
method relies on the expression of the genetically encoded photosensitizer miniSOG (mini
Singlet Oxygen Generator) specifically in the cell or tissue of interest [23]. Upon blue light
illumination (maximum excitation at 448 nm), miniSOG is targeted to the outer mitochondrial
membrane, where it generates toxic levels of singlet oxygen ('02) and other reactive oxygen
species (ROS), leading to cell damage and death (Figure 2A).

Using CRISPR/Cas9, we generated two transgenic strains expressing miniSOG under the nspc-
10 promoter: one with active miniSOG fused to the mitochondrial membrane protein TOMM-
20 and another with miniSOG carrying a point mutation that renders the photosensitizer
inactive, serving as a negative control (Figure 2B). To visualize the excretory gland cell and
monitor its damage post-ablation, both miniSOG strains were crossed with a strain expressing
the red-fluorescent protein mCherry under the nspc-14 promoter on the extrachromosomal array
(Figure 2C). Since miniSOG itself is a green fluorescent flavoprotein [23], we observed its
localization to the excretory gland cell (Figure 2D) and also confirmed protein production by
western blot analysis (Figure 2E), thus validating the correct strain preparation for optogenetic
ablation.

To optimize the ablation protocol for the excretory gland cell, we tested various blue light
sources, illumination durations, and developmental stages of the worms (Supplementary Figure
S2A). Unlike other optogenetic studies, where photosensitizers were typically activated using
microscope fluorescence lamps, we developed a high-throughput method using an LED
advertising board emitting 460 nm blue light (Supplementary Figure S2B). This setup enabled
the simultaneous processing of a large worm population for subsequent high-throughput
analyses, such as RNA sequencing. Ultimately, we achieved optimal excretory gland cell
ablation by illuminating L3 stage larvae with continuous blue light in five 10-minute intervals,
allowing time to prevent worm overheating. This approach successfully and selectively
destroyed the excretory gland cell in worms expressing active miniSOG, while worms
expressing the mutated control showed no signs of cell damage. The ablation was confirmed
by the loss of mCherry fluorescence approximately 40 hours post-illumination (Figure 2F,
Supplementary Figure S2C) and by RT-qPCR, which demonstrated a nearly 90% reduction in
NSPCs expression (Figure 2G). These observations indicate that the cell was either efficiently
destroyed or significantly damaged, impairing its function.

In conclusion, we successfully employed a miniSOG-mediated optogenetic approach to ablate
the excretory gland cell in C. elegans. This method provides a model for studying the function
of the excretory gland cell and offers extensive possibilities for further investigation, surpassing
the limitations of traditional laser ablation techniques.
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Figure 2. Optogenetic ablation can be implemented to destroy the excretory gland cell.

(A) Schematic representation of the optogenetic ablation of the excretory gland cell (EGC). Worms were
illuminated on plates using the LED board emitting 460 nm blue light in five 10-minute intervals. Upon
illumination, miniSOG generates reactive oxygen species (ROS), leading to cell-specific destruction.

(B) Scheme illustrating the design of C. elegans transgenic strains used for the optogenetic ablation of the excretory
gland cell. miniSOG, together with mitochondria-directing TOMM-20, was expressed under the nspc-10 promoter,
with the nspc-10 intron and 5/3’ UTRs. A single nucleotide mutation in the miniSOG sequence results in Gly->Cys
amino acid substitution, blocking miniSOG activity.

(C) Scheme showing the design of C. elegans transgenic strain used for visualization of the excretory gland cell.
Red fluorescence protein mCherry was expressed under the nspc-14 promoter in the extrachromosomal array.
(D) Fluorescence microscopy images of the excretory gland cell expressing miniSOG. Green fluorescence of
miniSOQG is visible in the cytoplasm of the excretory gland cell, likely overlapping with mitochondria localization.
Scale bars => 50 um.

(E) Western blot showing successful generation of two miniSOG-expressing strains. a-tubulin was used as a
loading control. The lower amount of miniSOG in the inactive miniSOG strain may result from suboptimal
antibody binding to the mutated protein.

(F) Fluorescence microscopy images of the excretory gland cell after optogenetic ablation. Top images show a
worm with inactive miniSOG (control), and the bottom — a worm with active miniSOG. The absence of red NSPC-
mCherry fluorescence in the worm with active miniSOG indicates successful ablation. Scale bars => 50 um.

(G) RT-gPCR showing a decrease in all nspc gene expression levels after ablation of the excretory gland cell.
Relative nspc mRNA levels were normalized to act-1. Bar plots represent mean values with SD. ** indicates p-
value < 0.01 (two-tailed #-test).
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Ablation of the excretory gland cell leads to no transcriptome changes

We performed the optogenetic ablation of the excretory gland cell, as described above, and
monitored worms for potential abnormal phenotypes. Interestingly, worms remained viable
after ablation and displayed no visible phenotypes, which is consistent with results from
previous laser ablation experiments [10,11]. A few possibilities might explain this surprising
outcome. One possibility is that the excretory gland cell plays a more significant role during
earlier developmental stages, which are challenging to study using the optogenetic setup due to
the harmful effects of blue light exposure on younger worms (Supplementary Figure S2A).
Another possibility is that defects in the excretory gland cell only become evident under some
specific stress conditions. Furthermore, the loss of the excretory gland cell might lead to subtle
effects that are not apparent in anatomical or physiological phenotypes but may instead be
revealed through altered patterns of gene expression. To explore this latter possibility, we
performed Illumina RNA sequencing (RNA-seq) on adult worms with both active and inactive
(control) miniSOG two days after illumination. The RNA-seq results showed significant
changes in gene expression, with 1210 genes downregulated and 1293 upregulated following
cell ablation (Figure 3A, Supplementary Table S2). Notably, the downregulation of nearly all
NSPC genes confirmed the successful removal and dysfunction of the excretory gland cell.

Interestingly, further analysis revealed that mainly sperm-enriched genes were downregulated,
while oocyte-enriched genes were upregulated (Figure 3B and C). Although this pattern might
suggest a role for the excretory gland cell in reproduction, we did not detect any impact of this
gene dysregulation on worm brood sizes following ablation (Figure 3D). However, the observed
transcriptome changes might also reflect a characteristic gene expression profile associated with
age differences between worms, since sperm gene expression peaks in the L4 stage, while
oocyte genes are expressed more in young adults [24,25]. To test this possibility, we used the
R package RAPTOR [26] to estimate the age of the worms in each RNA-seq sample (Figure 3E).
Indeed, although all samples were processed simultaneously and appeared to be of similar age
based on microscopic observations, we found an age difference of a few hours between worms
with active and inactive miniSOG, which likely contributed to the overall gene expression
pattern.

To minimize confusion caused by age-related differences, we repeated the RNA sequencing
two more times and included wild-type worms post-illumination as an additional control.
Unexpectedly, the transcriptome changes remained variable but consistently involved sperm-
and oocyte-enriched genes (Supplementary Figure S3), indicating developmental stage
variations between samples (Figure 3E). These differences were also strongly pronounced
between two control samples in one of the experiments (Figure 3E and F, Supplementary Table
S2), supporting the idea that age discrepancies influenced the results. The exact reason for such
age variance between conditions in this particular experiment remains unclear, but we suspect
that the illumination process may have impacted the worms’ developmental timing [27], even
though no changes in behavior or viability were observed afterward (Supplementary Figure S3).

Finally, to reduce the impact of the observed age differences, we combined the results from all
three independent experiments. Surprisingly, the overall transcriptome changes following
excretory gland cell ablation were minimal, with only 17 genes significantly downregulated
and one upregulated (Figure 3G, Supplementary Table S2). Among the downregulated genes,
ten belonged to the NSPC family, confirming the successful ablation of the excretory gland cell
but also suggesting that the cell’s function may primarily involve NSPC production.
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The minimal impact on both nematode physiology and transcriptome following the ablation of
the entire cell seems quite unusual. As mentioned above, the cell’s role may be manifested
under the environmental pressures found in the wild, but it is difficult to detect in standard
laboratory conditions. More extensive studies will be required to further explore this hypothesis.
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Figure 3. Ablation of the excretory gland cell leads to minimal transcriptome changes.

(A) MA plot illustrating differential gene expression between inactive and active miniSOG worms after the
successful ablation of the excretory gland cell. Significantly changed genes (FDR < 0.05) are marked with red
dots. The black borderline highlights nspc genes.
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(B) Top GO terms for the upregulated (top) and downregulated (bottom) genes following the ablation of the
excretory gland cell ordered by adjusted p-value. Terms related to the dysregulation of oocyte- and sperm-enriched
genes are shown in bold.

(C) Duplicates of the MA plot in (A) showing the downregulation of sperm-enriched genes and the upregulation
of oocyte-enriched genes. Marked genes are listed in Supplementary Table S2 and are derived from Reinke V. et
al. (2004) [28].

(D) Differences in brood sizes between wild-type (orange), inactive (gray), and active miniSOG (green) worms
without and after the illumination (lighter and darker shades, respectively). Bar plots represent mean values with
SD (n=5). ns => not significant; * => p-value < 0.05 (two-tailed #-test).

(E) Age estimates for wild-type (orange), inactive (gray), and active miniSOG (green) worms after illumination,
based on three independent RNA-seq replicates. Plots represent mean values with SD. ns => not significant; * =>
p-value < 0.05; ** => p-value < 0.01; *** => p-value < 0.001 (two-tailed #-test).

(F) MA plots showing differential gene expression between wild-type and inactive miniSOG worms in the third
RNA-seq experiment (two control conditions). Significantly changed genes (FDR < 0.05) are marked with red
dots. Black borderline is used to mark sperm- and oocyte-enriched genes, as in (C).

(G) MA plots showing differential gene expression between inactive and active miniSOG worms after excretory
gland cell ablation averaged across three independent RNA-seq experiments. Significantly changed genes (FDR
< 0.05) are marked with red dots. Black borderline is used to mark nspc genes.

NSPC deletion results in no detectable physiological phenotypes

The averaged RNA sequencing results following the excretory gland cell ablation suggest that
its primary role is likely connected with NSPC production. However, the functions of NSPC
proteins remain largely unknown, complicating the interpretation of the optogenetic ablation
results and making it challenging to assess the cell’s overall significance. Therefore, we aimed
to clarify the function of this poorly understood gene family, explain the strong TENT-5-
mediated regulation of NSPCs, and provide new insights into the possible role of the excretory
gland cell.

Given the similarity within NSPCs (Figure 1B and C), we initially assumed that RNA
interference (RNAIi), a method frequently and successfully employed in C. elegans research
[29], would effectively silence all family members simultaneously. After extensive
optimization, we achieved up to 90% silencing of NSPCs, followed by extensive transcriptomic
and physiological experiments (Supplementary Figure S4A-D, Supplementary Table S3).
However, due to the variability in silencing 18 genes simultaneously, RNAi results were often
inconsistent, which complicated result interpretation. To ensure data reliability, we generated a
CRISPR/Cas9 knockout strain lacking all NSPC genes. This process involved sequential
deletions of four gene clusters: nspc-1 — nspc-7, nspc-8 — nspc-10, nspc-11—nspc-135, and nspc-
16 — nspc-20 (Figure 4A).

First, we performed RNA-seq and identified significant changes in gene expression following
NSPC deletion, with 1451 genes upregulated and 997 downregulated compared to wild-type
worms (Figure 4B, Supplementary Table S3). Interestingly, many upregulated genes showed
tissue enrichment in the worm’s epidermis and intestine (Figure 4C), which are the first tissues
to contact pathogens during infections and initiate immune response. Consistently with
functional enrichment analysis, among the upregulated genes, we identified multiple regulators
of innate immunity, such as infection response genes (4 irg family members) [30,31], C-type
lectins (24 clec family members) [32], lysozymes (4 lys family members) [33], or aspartyl
proteases (8 asp family members) [34] (Figure 4D). Similar GO terms were also observed for
downregulated genes, suggesting a potential role for NSPCs in C. elegans defense responses.
However, the observed expression changes, although significant, were generally small, with
only a few genes exceeding a two-fold change. This modest gene expression change is
consistent with the absence of visible phenotypes or significant lifespan alterations in the
mutant worms (Figure 4E).
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The potential involvement of NSPCs in defense processes, as indicated by our RN A-seq results,
aligns with evolutionary predictions made for those genes [14] and the previously observed
relationship between NSPCs and TENT-5 [13]. We previously demonstrated that TENT-5
stabilizes NSPC transcripts by elongating their poly(A) tails, although the role of this co-
regulation in mediating the C. elegans response to pathogens remains unexplored. To better
understand this mechanism, we first compared the pool of transcripts that were up- or
downregulated following NSPC or TENT-5 deletion and found no clear overlaps between the
groups, with some genes showing opposite regulation in the two mutants (Figure 4F,
Supplementary Table S3). Next, using Nanopore Direct RNA Sequencing (DRS), we measured
poly(A) tail lengths in nspc mutant worms and observed almost no changes in poly(A)
metabolism compared to wild-type worms (Supplementary Figure S4E, Supplementary Table
S4). This observation allowed us to exclude the possibility that TENT-5 is regulated or regulates
other transcripts via NSPCs. Moreover, we generated a mutant strain lacking both TENT-5 and
NSPCs and conducted additional RNA sequencing to analyze dependencies between these
proteins (Figure 4G, Supplementary Figure S4F, Supplementary Table S3 and S4).
Interestingly, NSPC deletion in the absence of TENT-5 led to smaller gene expression changes
than when TENT-5 was present (Figure 4G, Supplementary Table S3), confirming that TENT-
5 indeed regulates NSPCs. Among the few downregulated genes, we identified a unique operon
containing the genes islo-1, pmk-1, pmk-2, and pmk-3, three of which are members of the PMK
family, known for its crucial role in regulating C. elegans defense responses [35-37]. We
showed that this result is due to the strong enrichment of PMK members in tent-5 mutant
worms, with levels returning to normal upon additional NSPC deletion (Supplementary Figure
S4G), hinting at a possible complex interplay between TENT-5, NSPCs, and PMK pathway in
regulating defense mechanisms.

Together, our results show that NSPCs are not essential for viability; however, they may play
a role in facilitating defense responses. To further investigate this hypothesis, we conducted
lifespan experiments with P. aeruginosa PAOL1 infection, comparing four different C. elegans
strains: wild-type N2, fent-5 mutant, nspc mutant, and double nspc/tent-5 mutant (Figure 4H).
Although we confirmed previous findings of increased susceptibility of zens-5 mutant worms to
bacterial infection [13], we demonstrated that, despite previous indications, NSPCs are not
required for worms’ defense response to P. aeruginosa. Additionally, our results suggest that
the excretory gland cell, which is the hub for the NSPCs production, is also unlikely to play a
direct role in innate immunity. However, based on our results, we cannot rule out the possibility
that the excretory gland cell and NSPCs may be involved in responses to other pathogens.

10



bioRxiv preprint doi: https://doi.org/10.1101/2024.12.06.627198; this version posted December 7, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

nonsignificant @ significant (FDR <0.05) O NSPCs

Cluster 1 Cluster 2 Cluster 3 Cluster 4
Step1 x{ nspe-(1-7) ]i' nspc-(8-10) nspe-{11-15) |nspo—(16—20) 2 _

‘ backcrossing ° 0L _om °

with N2 g0 % o0
x Cluster 2 x Cluster 3 Cluster 4
Step 2 nspc-(8-10) nspe-(11-15) nspe-(16-20) 3 2,

®
20— e m |
backcrossing S 0 @ %0
with N2 % Q;o g‘ a8, o
[ Ciusters | [ Clustera ° 0 &8, %o °
Step 3 nspe-(11-15) nspe-(16-20) k) o8 o
backcrossing 2 \
with N2 Q-2 %
Y[ Cluster 4 x -
Step 4 * nspe-(16-20) o
®
backcrossing b
final NSPC mutant =
10° 10? 10* 10°
C D Log10 mean expression
epidermis-enriched genes
2 structural constituent of cuticle [T response to biotic stimulus [T o
o sl ) 5 o ) 3
. collagen trimer [T B e £
<) 5
S 0o— ®0 0§00 oo S membrane microdomain [ i-; defense response [ 3
2
- Cox oo LN organic acid metabolic process [ w immune system process [T g
hel L
~N9 3 immune system process [[1] = autophagosome organization [T g
2 -
§’ o response to biotic stimulus [[] identical protein binding [T °
. 0 5 10 15 20 25 0 1 2 3 4 5 6
* 9 z 2 5 -logi0q -logyq
10° 10° 10° 10°
Log10 mean expression E F
intestine-enriched genes © WT @ nspc mutant genes downregulated genes upregulated
’ 1(;8 WTvs nspe: ns in tent-5 mutant in tent-5 mutant
2 < 70
§ o —emvong e o e o- — X \
5 . = 60
o L2 S s0
3 X =
N 2 S S 40
2 d 0 30 b4
- . 20
4 10 genes downregulated in genes upregulated
10° 107 10t 10° 0 nspc mutant in nspc mutant
Log10 mean expression 1234567 8 910111213141516

Days of adulthood

nonsignificant @ significant (FDR <0.05) O NSPCs © PMK operon

tent-5 mutant © nspc/tent-5 mutant

oo
o 90

%0 ® “-‘“*-‘Fu-.. - 80

—— 000 —— .

= o - WTvs nspe:ns

@ woLR@hs, o X7 Wive o oswer

5 ® @ = 60

et o 2lems) S 59 WTvs Hhd

S ) ° § nspcvs i

o ® H 40 nspevs

=203 30 vs ins

= 20

12345678 910111213141516

<4 _ Days of adulthood
10° 10? 10* 10°
Log10 mean expression
Figure 4. NSPC deletion does not result in any physiological phenotypes.
(A) Scheme illustrating the design and generation of the null nspc mutant. Clusters depicted in Figure 1A were
subsequently deleted using CRISPR/Cas9 technology. After each deletion, worms were outcrossed with wild-type
males.
(B) MA plots showing differential gene expression between wild-type and nspc mutant worms. Significantly
changed genes (FDR < 0.05) are marked with red dots. Black borderline highlights nspc genes.
(C) Duplicates of MA plot in (B) showing the upregulation of epidermis- and intestine-enriched genes in nspc
mutant worms. Marked genes are listed in Supplementary Table S3 and are derived from CeNGEN database
[18,38].
(D) Top GO terms for the 200 most upregulated (left) and downregulated (right) genes in the nspc mutant, ordered
by adjusted p-value. Terms related to the defense response are shown in bold.
(E) Survival of wild-type (gray) and nspc mutant (green) worms grown on non-pathogenic E. coli HB101. Points
represent mean values from 6 separate plates (n=20 each) with SD. ns => not significant (log-rank test).
(F) Venn diagram showing overlaps between upregulated (darker shade) and downregulated (lighter shade) genes
in tent-5 (yellow) and nspc mutant (green) worms. Included are all significantly changed genes (FDR < 0.05).
(G) MA plots showing differential gene expression between fent-5 and nscp/tent-5 mutant worms. Significantly
changed genes (FDR < 0.05) are marked with red dots. Black borderline marks nspc genes. Yellow dots with an
orange borderline show significantly downregulated genes from a single operon: islo-1, pmk-1, pmk-2, and pmk-
3.
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(H) Survival of wild-type (gray), nspc mutant (green), tent-5 mutant (yellow), and nspc/tent-5 mutant (blue) worms
grown on pathogenic P. aeruginosa PAO]1. Points represent mean values from 6 separate plates (n=20 each) with
SD. ns => not significant; *** => p-value < 0.001 (log-rank test).

NSPCs and TENT-5 might be involved in regulating cholesterol metabolism

Extensive polyadenylation of nspc mRNAs by TENT-5 and the strong, cell-specific expression
of NSPCs in the excretory gland cell indicate a functional link between TENT-5 and NSPCs,
suggesting their potential importance for excretory gland cell activity. Unfortunately, our
research indicates that while TENT-5 plays a crucial role in the C. elegans defense response,
NSPCs do not, challenging earlier assumptions about their antimicrobial activity.

However, in our previous work, we speculated that TENT-5 might also be involved in
regulating cholesterol metabolism [39]. In C. elegans males, cholesterol levels are significantly
higher in male-specific tissues [40], where TENT-5 activity is strongest. Interestingly,
cholesterol is also abundant in the excretory gland cell [40], leading us to hypothesize that
TENT-5 activity may be exaggerated in cholesterol-rich tissues, influencing cholesterol
metabolism in worms. Additionally, cholesterol is known to influence the p38/PMK-1 MAPK
pathway [41,42], which is critical for innate immune responses in worms, further linking this
hypothesis to our previous observation that PMK genes are significantly upregulated in tent-5
mutants. Given that TENT-5 positively regulates the expression of NSPCs, we hypothesized
that NSPCs could also be involved in cholesterol regulation. To explore this possibility, we
conducted lifespan experiments on non-pathogenic E. coli and pathogenic P. aeruginosa for
four C. elegans strains (wild type, tent-5, nspc, and nspc/tent-5 mutants) under standard
conditions and with varying cholesterol concentrations (Figure 5SA-D). As expected, lower
cholesterol levels generally reduced worm lifespan under both conditions (Figure 5A and B).
Interestingly, when fed on non-pathogenic bacteria, nspc mutants performed slightly better than
other strains at low cholesterol levels (Figure 5C), suggesting that NSPCs might negatively
regulate cholesterol uptake or metabolism. Interestingly, tent-5 mutants showed a shortened
lifespan on both low and normal cholesterol plates (Figure 5A), indicating that TENT-5 might
be required to facilitate some cholesterol-related processes. Finally, when both tent-5 and nspc
genes were deleted, the opposing effects of these proteins mitigated the impact of cholesterol
on nematode lifespan (Figure SA). However, these trends were not observed under pathogenic
conditions, possibly because the effects of infection outweighed cholesterol-related changes
(Figure 5B and D). Nonetheless, the difference between wild-type and nspc mutants compared
to tent-5 and mspc/tent-5 mutants was slightly smaller after exposure to high cholesterol,
suggesting that cholesterol might contribute to pathogen resistance in C. elegans (Figure 5D).

In conclusion, while the lifespan experiments are not straightforward, they do not rule out a
potential role for TENT-5 and NSPCs in regulating cholesterol metabolism. This regulation
could involve cholesterol uptake from the environment, its intracellular transport, or further
chemical modifications.
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Figure 5. NSPCs might be involved in cholesterol metabolism.

(A) Survival plots for wild-type, nspc mutant, fent-5 mutant, and nspc/tent-5 mutant worms grown on non-
pathogenic E. coli HB101 plates supplemented with three different cholesterol concentrations: low (0 mg/ml;
orange), normal (20 mg/ml; red), and high (80 mg/ml; brown). Points represent mean values from 6 separate plates
(n=20 each) with SD. ns => not significant; ** => p-value < 0.01; *** => p-value < 0.001 (log-rank test).

(B) Survival plots for wild-type, nspc mutant, fent-5 mutant, and nspc/tent-5 mutant worms grown on pathogenic
P. aeruginosa PAO1 plates supplemented with three different cholesterol concentrations: low (0 mg/ml; orange),
normal (20 mg/ml; red), and high (80 mg/ml; brown). Points represent mean values from 6 separate plates (n=20
each) with SD. ns => not significant; * => p-value < 0.05; ** => p-value < 0.01; *** => p-value < 0.001 (log-rank
test).

(C) Survival plots for low (0 mg/ml), normal (20 mg/ml), and high (80 mg/ml) cholesterol plates with non-
pathogenic E. coli HB101 bacteria. Survival is compared among four strains: wild-type (gray), nspc mutant
(green), tent-5 mutant (yellow), and nspc/tent-5 mutant (blue) worms. Points represent mean values from 6 separate
plates (n=20 each) with SD. Only significant comparisons are shown on the plots. * => p-value < 0.05; ** => p-
value < 0.01; *** => p-value < 0.001 (log-rank test).

(D) Survival plots for low (0 mg/ml), normal (20 mg/ml), and high (80 mg/ml) cholesterol plates with pathogenic
P. aeruginosa PAOI1 bacteria. Survival is compared among four strains: wild-type (gray), nspc mutant (green),
tent-5 mutant (yellow), and nspc/tent-5 mutant (blue) worms. Points represent mean values from 6 separate plates
(n=20 each) with SD. Only significant comparisons are shown on the plots. * => p-value < 0.05; *** => p-value
<0.001 (log-rank test).
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NSPC knockdown results in transcription signatures related to the DAF-2/DAF-16 insulin
signaling

To further explore the potential functions of NSPCs, we analyzed high-throughput datasets
from WormBase to identify conditions under which NSPCs become dysregulated
(Supplementary Table S1). Our analysis showed that NSPCs are frequently dysregulated in
studies involving the insulin DAF-2/DAF-16 pathway (Figure 6A). Following this lead, we
examined the structures and sequences of NSPCs and noticed their similarity to insulin-like
peptides from the INS family (Figure 6B and C). In C. elegans, these insulin peptides interact
with the DAF-2 receptor, influencing the cytoplasmic or nuclear localization of the transcription
factor DAF-16, which regulates key physiological processes such as lifespan, innate immunity,
and metabolism [43—46] (Figure 6A). The similarity between NSPCs and insulin peptides led
us to hypothesize that NSPCs might serve as neuropeptides that co-regulate the insulin signaling
pathway, potentially in the excretory gland cell. Their potential redundancy with INS proteins
could explain the lack of strong phenotypes following nspc cluster deletion. To test this
hypothesis, we crossed a GFP-tagged DAF-16 strain [47] with both fent-5 and nspc mutants
and examined DAF-16-GFP localization. We observed no significant differences in DAF-16
localization across cell types in standard conditions, as well as after heat shock, pathogen
infection, and varying cholesterol supply (Figure 6D, Supplementary Figure S5), suggesting
that NSPCs and TENT-5 may not be essential for maintaining proper insulin signaling.

Next, we generated a strain lacking both daf-16 and nspc genes and conducted RNA-seq to gain
further insight into their possible co-regulation. Interestingly, we observed substantial overlap
in genes upregulated upon deletion of either nspc genes or daf-16 (Figure 6E, Supplementary
Table S5), supporting the hypothesis of NSPC-mediated regulation of the insulin pathway and
suggesting that NSPCs act antagonistically towards DAF-2. Consistently, our sequencing
results showed that while DAF-16 depletion typically causes significant gene dysregulation,
this effect is less pronounced in the absence of NSPCs (Figure 6F, Supplementary Table S5).
In contrast, NSPC deletion in the absence of DAF-16 resulted in a transcriptomic shift similar
to that seen with NSPC deletion alone, except for some genes that were upregulated when DAF-
16 was present but downregulated in its absence (Figure 6G, Supplementary Table S5). These
results suggest that NSPCs may act upstream of DAF-16, but their role is likely not limited to
regulating insulin signaling. For example, defense response genes remained upregulated in the
absence of NSPCs, regardless of DAF-16 presence (Figure 6H), indicating that these processes
might be regulated independently of insulin signaling. Consequently, the deletion of NSPCs in
daf-16 mutants did not lead to any changes in worms’ survival for both non-pathogenic E. coli
and pathogenic P. aeruginosa conditions (Figure 6I). Although our RNA-seq results support
the potential role of NSPCs as neuropeptides in the DAF-2/DAF-16 pathway, their possible
redundancy with other small peptides and the complexity of the signaling machinery might
mask the potential physiological effect and make it difficult to definitively prove this
hypothesis. A comprehensive study would require generating a strain lacking both NSPCs and
all INS peptides; however, this is beyond the scope of the current work.
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Figure 6. NSPCs might be involved in insulin signaling.

(A) Schematic representation of the DAF-2/DAF-16 insulin signaling pathway. Insulin peptides (INS) act as
ligands for the DAF-2 receptor. Upon DAF-2 activation, DAF-16 is retained in the cytoplasm; when DAF-2 is
inactivated, DAF-16 translocates to the nucleus to initiate DAF-16-mediated gene expression.

(B) Comparison of NSPC-16 and INS-18 protein structures predicted by AlphaFold 3 [48]. Representatives of
NSPC and INS families were chosen arbitrarily. Protein similarity was assessed visually without the use of any
quantitative parameters.

(C) Comparison of NSPC-16 and INS-18 protein sequences. Asterisks (*) represent residues that are conserved in
all NSPCs; colons (:) represent moderately conserved residues; and dots (.) indicate non-conserved residues with
similar chemical properties.

(D) Fluorescence microscopy images of DAF-16-GFP localization in wild-type, fent-5, and nspc mutant worms in
standard growth conditions. Scale bars => 100 pm.

(E) Venn diagram showing overlaps between upregulated (darker shade) and downregulated (lighter shade) genes
in daf-16 (orange) and nspc mutant (green) worms. Included are all significantly changed genes (FDR < 0.05).
(F) MA plots showing differential gene expression after DAF-16 depletion in the presence of NSPCs (left) and in
their absence (right). Significantly changed genes (FDR < 0.05) are marked with red dots.

(G) MA plot showing differential gene expression between daf-16 and nspc/daf-16 mutant worms. Significantly
changed genes (FDR < 0.05) are marked with red dots. Genes upregulated in nspc mutant that are DAF-16
independent are marked in blue, and DAF-16-dependent are shown in green. Only genes significantly upregulated
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in nspc mutant in both the presence (FDR < 0.05; Figure 4B; Supplementary Table S3) and absence of DAF-16
(Supplementary Table S5) were included.

(H) Top GO terms for DAF-16 independent (top; blue) and dependent (bottom; green) genes upregulated in nspc
mutant ordered by adjusted p-value. Terms related to the defense response are shown in bold.

(I) Survival of wild-type (gray), nspc mutant (green), daf-16 mutant (orange), and nspc/daf-16 mutant (purple)
worms grown on non-pathogenic E. coli HB101 (left) or pathogenic P. aeruginosa PAO]1 (right). Points represent
mean values from 6 separate plates (n=20 each) with SD. Only significant comparisons are shown on the plots. *
=> p-value < 0.05; *** => p-value < 0.001 (log-rank test).

Conclusions

The research presented in this manuscript revealed that one of the main functions of the
excretory gland cell is the production of secreted nematode-specific NSPC proteins. This
family, which encompasses 18 highly similar genes, is unique to the Caenorhabditis genus and
was previously suggested to function as an immune effectors. Here, we show that they might
function rather as neuropeptides that are potentially involved in regulating signaling pathways,
such as the insulin DAF-2/DAF-16 pathway. Although these findings do not entirely clarify the
physiological role of the excretory gland cell, they lay a foundation for future research into how
this cell and its associated NSPCs contribute to nematode biology, particularly under
ecologically relevant conditions.

From the evolutionary perspective, it is interesting to consider the function of the excretory
gland cell in nematode species that lack NSPCs. Although limited studies exist, the excretory
gland cell has been suggested to secrete components of epicuticle in Toxocara canis [49],
enzymes important for feeding in Nippostrongylus brasiliensi [50], or peptidases required for
molting in Phocanema decipiens [51]. While the first two possibilities remain unexplored in
C. elegans, the role of the excretory gland cell in molting has already been excluded [11]. It
appears that in C. elegans, the excretory gland cell has evolved to perform a distinct role,
possibly because of inhabiting a different natural environment in comparison to the mentioned
parasitic nematodes. That change was accompanied by the generation of Caenorhabditis-
specific NSPCs, further supporting their importance for the cell’s function.

Methods

C. elegans culture and growth conditions

All C. elegans strains used in this study are summarized in Supplementary Table S6. Unless
specified otherwise, worms were maintained at 20°C on nematode growth medium (NGM)
plates seeded with E. coli HB101 as a food source.

Plasmids construction

All plasmids used in this study are presented in Supplementary Table S7. Plasmids pVL033
and pVL037-40 were constructed using sequence- and ligation-independent cloning (SLIC),
following established protocols. The VL033 plasmid was built by introducing fent-5 in fusion
with GFP-3xflag (amplified from respective BAC) into the pCFJ151 backbone. Plasmids
pVL037-40 were assembled from the following fragments: the pCFJ104 backbone, the nspc-9,
-14, or -20 promoter with or without gene CDS (amplified from genomic DNA isolated from
wild-type worms), the mCherry reporter (from pCFJ104), and the nspc-9, -14, or -20 3" UTR
(also from wild-type genomic DNA). PCR amplification of each fragment was performed using
Phusion polymerase with an initial denaturation at 98°C for 2 min, followed by 25 cycles of
98°C for 10 s, 60°C for 30 s, and 72°C for 10 s, and a final elongation step at 72°C for 5 min.
Plasmids pCE090 and pCE091 were prepared through classical restriction enzyme digestion
and ligation methods. The nspc-7 and nspc-14 coding sequences were amplified from wild-type
C. elegans cDNA and initially cloned into the pJET1.2 vector, following the manufacturer’s
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protocol. Both L4440 and pJET1.2 vectors containing nspc-7 or nspc-14 were digested with
Xhol and Xbal and subsequently ligated with T4 DNA ligase. The pCE092 plasmid, containing
nspc-7, nspe-14, and nspc-20 sequences, was assembled with SLIC using an 14440 backbone
containing the nspc-14 sequence (from pCE091), nspc-7 sequence (from pCE090), and nspc-
20 (from wild-type cDNA). All plasmids were validated by restriction digestion and Sanger
sequencing.

NSPC localization

Localization of NSPCs and TENT-5 was assessed using an Olympus FV1000 confocal
microscope with a 60x/1.2 water immersion lens. Images were processed using Fiji/Image]
software [52].

Generation of transgenic C. elegans strains

All new C. elegans transgenic strains were generated by microinjection into the hermaphrodite
gonad using either extrachromosomal arrays (plasmid-based) or CRISPR/Cas9-mediated
genome editing (via guide RNA and repair template injection). Microinjections were conducted
on Axio Observer 5 microscope.

Strains ADZ31, ADZ33, ADZ35, ADZ37, and ADZ44 were produced by injecting wild-type
worms with a mix containing pVLO037, pVL039, pVLO038, pVL040, or pVL073 respectively
(20 ng/ul), pPRH269 (5 ng/ul), and GeneRuler DNA mix (75 ng/ul). Progeny were screened for
green fluorescence in the pharynx and red fluorescence in the excretory gland cells, and
transgenic worms were regularly enriched by isolating GFP-positive individuals. For the
ADZA4S5 strain, pVL038 and pVL045 were injected without the co-injection marker.

Strains ADZ72, ADZ83, and ADZ111-114 were generated using a modified co-CRISPR
approach, based on established protocols. Injection mixes contained 4 uM Cas9, 10 uM specific
guide/s, 4 uM dpy-10 guide RNA, 0.4 uM repair template, and 0.2 uM dpy-10 repair template.
To create strain ADZ72, the nspc-10 coding sequence was removed using two guide RNAs and
repaired by a template containing the first nspc-10 intron, tomm-20, and miniSOG(426Cys)
sequences. The ADZS82 strain was generated by introducing a single nucleotide substitution in
miniSOG present in ADZ72, converting Cys426 to Gly and thus activating the miniSOG
protein. For the ADZ111 strain, the first NSPC cluster was removed, and successive deletions
were conducted until the final strain lacking all NSPC clusters was obtained. In all cases, worms
were co-injected with dpy-10 guide and repair template introducing a visible roller or dumpy
phenotype in affected worms, enabling easier selection of mutants for genotyping. After
homozygote selection, worms were outcrossed with wild-type males to eliminate any potential
off-target mutations. All CRISPR guide RNAs and repair templates are listed in Supplementary
Table S8. The repair template for strain ADZ72 was generated by PCR from pCZGY 1703
plasmid, using primers with 35-50 nucleotide homology arms. The PCR reaction was performed
using Phusion polymerase with an initial denaturation at 98°C for 2 min, followed by 25 cycles
of 98°C for 10 s, 60°C for 30 s, and 72°C for 10 s, and a final elongation step at 72°C for 5 min.
PCR products were purified using Gel-out and KAPA Pure magnetic beads, and prepared for
microinjection.

Additional strains, including ADZ74, ADZ83, ADZ116, ADZ122, ADZ130, and ADZ131,
were generated by crossing previously established strains as outlined in Supplementary Table
S6.

Optogenetic ablation

To induce optogenetic cell ablation, age-synchronized populations of wild-type and
active/inactive miniSOG worms were cultured on NGM plates at 15°C until the L3 stage. Plates
were then exposed to blue light (460 nm) from an LED advertising panel. The plates were
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inverted and placed without lids on the panel, with a 1 mm glass separator to minimize the
transfer of heat. The illumination process was performed at ambient temperatures of 18-20°C
and included five intervals of 10 minutes of light, separated by 10-minute breaks. After
illumination, worms were transferred back to 15°C and grown for two days to allow complete
miniSOG-mediated cell destruction. Ablation success was verified by detecting the loss of
mCherry fluorescence in the excretory gland cell and measuring the expression of nspc genes
by RT-qPCR. All imaging was conducted on a Zeiss LSM800 confocal microscope with a
40x/o0il immersion lens.

Western blotting

Similarly dense population of worms expressing active or inactive miniSOG were harvested
and washed three times with 50 mM NaCl. Worm pellets were mixed with zirconia-silica beads
and 3x SDS sample buffer (187.5 mM Tris-HCI (pH 6.8), 6% SDS, 150 mM DTT, 0.02%
bromophenol blue, 30% glycerol, and 3% 2-mercaptoethanol), vortexed for 5 minutes, and
incubated at 95°C for 5 minutes. Samples were centrifuged, and the supernatant was run on
15% SDS-PAGE gels. Proteins were transferred onto Protran nitrocellulose membranes through
semi-dry transfer at 15V for 1 hour. Following the transfer, membranes were blocked with 5%
non-fat milk in 1x TBST (20 mM Tris-HCI, 150 mM NacCl, 0.01% Tween 20) for 1 hour at
room temperature. Membranes were then incubated with primary antibodies for miniSOG
(1:1000; Kerafast; EFH004) and a-tubulin (1:10 000; Sigma-Aldrich; CP06) overnight at 4°C.
After washing with 1x TBST, membranes were incubated with secondary anti-mouse
antibodies (1:5000 for miniSOG, 1:10000 for a-tubulin; Sigma-Aldrich; 401215) for 1 hour at
room temperature, activated with Clarity Western ECL Substrate (Bio-Rad), and visualized
using CL-Exposure film (Thermo Fisher Scientific) developed with an AGFA Curix CP-1000
device.

RNA interference (RNAi)

RNA interference (RNAi) was used to silence NSPC genes in C. elegans. Plates for RNAi were
additionally supplemented with 1 mM IPTG (Sigma-Aldrich), 25 pg/ml carbenicillin (Sigma-
Aldrich), and 25 U/ml nystatin (Sigma-Aldrich). E. coli HT115 bacteria transformed with RNAi
plasmids were prepared by overnight culture, centrifuged, concentrated 15x times, and seeded
onto RNAI plates, which were left at room temperature overnight. Age-synchronized L4 worms
(approximately 30 per 100-mm plate) were transferred to the RNAI plates, and their progeny
were used for subsequent analyses. Silencing efficiency was verified using RT-qPCR.

RNA isolation

Populations of worms were collected and washed three times with 50 mM NaCl. Worm pellets
were resuspended in 1 ml TRI Reagent (Sigma-Aldrich), vortexed for 15 minutes at room
temperature, and stored at -80°C until further processing. RNA extraction was performed
according to the manufacturer’s protocol for TRIzol-based isolation, with additional
purification using KAPA Pure magnetic beads (RNA to beads ratio: 1:3 v/v). RNA quality and
integrity were confirmed using the Agilent TapeStation system. RNA samples were prepared
in three independent biological replicates for downstream RT-qPCR and Illumina RNA-seq,
and two replicates were used for direct RNA sequencing.

RT-qPCR

Expression levels of NSPCs following excretory gland cell ablation and RNAI silencing were
evaluated using RT-qPCR. Total RNA was treated with TURBO DNase (Thermo Fisher
Scientific) to eliminate genomic DNA. cDNA synthesis was conducted following the
manufacturer’s protocol with the use of SuperScript III (Thermo Fisher Scientific) and a mix
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of oligo(dT)20 and random primers. RT-qPCR reactions were carried out using Platinum SYBR
Green Mix (Thermo Fisher Scientific) on a QuantStudio 5 PCR system (Thermo Fisher
Scientific) with primers targeting NSPCs (Supplementary Table S8). Due to high similarity in
NSPC sequences, primers were designed to detect groups of genes: one primer pair for nspc-
(1-15), and another for nspc-(16-20). Relative gene expression was normalized to act-1 or rps-
23 and quantified using the 27240 method. Statistical significance was determined by two-
tailed unpaired Student’s t-tests.

Hllumina RNA sequencing and data analysis

RNA samples were treated with TURBO DNase (Thermo Fisher Scientific) before sequencing.
Libraries were prepared from 2 pg of poly(A)-enriched RNA and sequenced on an Illumina
platform in 150-bp paired-end mode (performed by the Center for New Technology, University
of Warsaw or GENEWIZ, Germany). Reads were mapped to the C. elegans WBCel235
reference genome using STAR aligner v2.7.10a [53] and processed with samtools v1.961 [54].
Read counts were obtained with featureCounts from the Subread package v2.0.6 [55] (options
-Q 10 -p -C -B). Differential expression analysis was conducted using DESeq2 Bioconductor
package v1.28 [56] with default settings. Gene ontology (GO) enrichment analysis was
performed using WormBase Enrichment Suite [57]. Raw sequencing data were deposited in the
Gene Expression Omnibus (GEO) database under accession number GSE282286.

Nanopore Direct RNA sequencing and data analysis

Libraries were generated using the Direct RNA Sequencing Kit (SQK-RNA002, Oxford
Nanopore Technologies), using 1.5 pg of total RNA with added in vitro transcribed poly(A)
standards (2 ng). Sequencing was conducted on a MinION device and followed by basecalling
by Guppy v6.0.0. Reads were aligned to the WBCel235 reference using MiniMap v2.17 [58]
(options -k 14 -ax map-ont —secondary=no) and processed with samtools v1.9 [54]. Poly(A) tail
lengths were estimated using Nanopolish v0.13.2 as described before [13,59]. Distribution
comparisons across conditions were assessed by the Wilcoxon test, with p-values adjusted via
the Benjamini-Hochberg method. Raw DRS data are available in the GEO database under
accession number GSE282286.

Worms age estimations

Worm age was estimated for samples used in RNA-seq experiments using the R packages
RAPTOR v1.2 and wormRef v0.5 [26]. Given the worms’ stages (L4 for NSPC mutants and
young adults for optogenetic ablations), the “Cel YA 1 reference was selected from wormRef
as appropriate for both experiments. Age estimations were conducted using ae function with
normalized gene counts as an input. Statistical differences were tested by a two-tailed unpaired
Student’s t-test.

Lifespan experiments

Lifespan assays were conducted on 35-mm NGM plates supplemented with 50 uM 5-fluoro-2'-
deoxyuridine (FUdR) to inhibit reproduction and maintained at 25°C. To assess NSPC function
in cholesterol metabolism, plates were prepared with varying cholesterol concentrations of 0
mg/ml (low), 20 mg/ml (standard), and 80 mg/ml (high). All plates were seeded with either
non-pathogenic E. coli HB101 or pathogenic P. aeruginosa PAO1 (100 pl/plate) and incubated
overnight at 37°C. Age-synchronized C. elegans populations were prepared by bleaching and
seeding embryos on plates. Once worms reached the L4 stage, they were transferred to the
experimental plates (20 worms per plate, six replicates per condition). The number of live and
dead worms was recorded daily until all worms had died. Survival data were analyzed by the
Kaplan-Meier method, with condition comparisons assessed via log-rank significance tests.
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Brood-size analysis

To evaluate reproductive potential post-ablation, progeny counts were done for wild-type,
inactive miniSOG (ADZ74), and active miniSOG (ADZ83) worms, with and without
illumination. Worms were synchronized by bleaching, grown to L3 at 15°C, and half of the
population was illuminated as described. After 24 hours, five worms per condition were placed
on fresh plates seeded with E. col/i HB101 and later grown at 20°C. Worms were transferred to
new plates daily throughout their entire lifespan. Progeny counts were compared across
conditions by a two-tailed unpaired Student’s t-test. For RNAi-silenced worms, assays followed
a similar approach but with HT115 RNAI bacterial plates and worms’ preparation steps used in
RNAI protocol.

DAF-16 localization

Localization of DAF-16 was visualized in strains OH16024 (daf-16::GFP) [47], ADZ116 (tent-
5/daf-16::GFP), and ADZ122 (nspc/daf-16::GFP) under standard conditions upon various
stimuli. For standard imaging, synchronized L4 worms were immobilized with 25 pM
levamisole on freshly prepared 2% agarose pads and imaged immediately. For studying DAF-
16 nuclear translocation after heat shock, synchronized L4 worms were exposed to 35°C for 1
hour before imaging. For studying DAF-16 delocalization from the nucleus to the cytoplasm
upon infection, worms after heat shock were either maintained on standard E. co/i HB101 or
switched to P. aeruginosa PAO1 for 16 hours before imaging as described before [60]. To
investigate the effects of cholesterol concentration on DAF-16 localization, worms were grown
on NGM plates containing low (0 mg/ml) or high (80 mg/ml) cholesterol before standard
imaging. All imaging was conducted on a Zeiss LSM800 confocal microscope with a 20x
objective.

Sequence alignment and phylogenetic analysis

Amino acid sequences of all NPSC and INS peptides were retrieved from WormBase [19].
Alignments and phylogenetic analysis were performed using the MUSCLE tool from EMBL-
EBI [20].

Data availability
The raw data from [llumina RNA Sequencing and Nanopore Direct RNA Sequencing have been

deposited in the Gene Expression Omnibus (GEO) database under the accession number
GSE282286.
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Supplementary Figure S1. NSPCs are exclusively expressed in the excretory gland cell.

(A) Additional fluorescence and differential interference contrast (DIC) microscopy images of NSPC localization
in the excretory gland cell for different transcriptional and translational NSPC-mCherry reporters. Scale bars =>
50 pm.



Blue light source Mode of light Worms’ stage | Illumination time Ablation
stereo microscope fluorescence adapter (440-460 nm) continuous light
) ) v multiple ) ) depending on - illumination of one plate at a time
military torches (460 nm and 470 nm) continuous light R multiple variants 20°C - N L
variants condition - uneven illumination of plate
WormLab’s optogenetic module (470 nm) flushing light
continuous light; 30 min; . - better effect for continuous light
LED board (460 nm) o L4 ) 20°C medium e
flushing light 10 min - better effect for longer illumination
LED board (460 nm) continuous light L4 1h 20°C medium - many dead worms
LED board (460 nm) continuous light L4 45 min 15°C low
LED board (460 nm) continuous light L2 30 min 20°C low
LED board (460 nm) continuous light embryo-L4 5minevery2h RT low - worms’ developmental delay
. . 30 min (repeated next day); .
LED board (460 nm) continuous light L4 N 20°C high
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. . . . - complete disappearance of
LED board (460 nm) continuous light L3 5x10 min 15°C high
the excretory gland cell

c myo-2p::GFP nspc-14p::mCherry

Supplementary Figure S2. Optogenetic ablation can be implemented to destroy the excretory gland cell.
(A) Table summarizing the optimization process for optogenetic ablation of the excretory gland cell. Various blue
light sources, illumination durations, modes of light, and developmental stages of the worms were tested.

(B) LED advertising board used for illumination of miniSOG-expressing worms. The LED board emits 460 nm
blue light with adjustable frequency, allowing simultaneous illumination of multiple plates containing worms.
(C) Fluorescence microscopy image of the excretory gland cell after optogenetic ablation. In some cases, the
excretory gland cell was not destroyed completely but was significantly shrunken. However, such a drastic change
in cell size and morphology is likely sufficient to impair its functions. Scale bars => 50 pm.
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Supplementary Figure S3. Ablation of the excretory gland cell leads to no transcriptome changes.
(A) MA plots illustrating all possible combinations of differential gene expression between wild-type, inactive,
and active miniSOG worms from the second replicate of the excretory gland cell ablation. Significantly changed
genes (FDR < 0.05) are marked with red dots. Black borderline is used to mark sperm- and oocyte-enriched genes,
as in Figure 3C.
(B) MA plots illustrating all remaining combinations of differential gene expression between wild-type, inactive,
and active miniSOG worms from the third replicate of the excretory gland cell ablation. Significantly changed
genes (FDR < 0.05) are marked with red dots. Black borderline is used to mark sperm- and oocyte-enriched genes,
as in Figure 3C.
(C) Age estimates for wild-type (gray), nspc mutant (green), tent-5 mutant (yellow), nspc/tent-5 mutant (blue),
daf-16 mutant (orange), and nspc/daf-16 mutant (purple) worms from other RNA-seq experiments described in
this study. Although age differences are significant between multiple conditions, they are much smaller than those
observed in RNA-seq samples after the ablation. Plots represent mean values with SD. Only significant
comparisons are shown on the plots. ns => not significant; * => p-value < 0.05; ** => p-value < 0.01 (two-tailed
t-test).
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Supplementary Figure S4. NSPC deletion does not result in any physiological phenotypes.

(A) RT-gPCR showing decreased expression levels of all nspc genes following RNAI silencing. Worms were
grown on E. coli HT115 expressing one of the following: an empty RNAIi vector (control; gray), a mix of bacteria
each expressing a vector targeting nspc-7, -14, or -20 individually (light green), or a single silencing vector
simultaneously targeting nspc-7, -14, and -20 (nspc-7/14/20) (green). Relative nspc mRNA levels were normalized
to act-1. Bar plots represent mean values with SD. ** => p-value < 0.01; *** => p-value < 0.001 (two-tailed t-
test). Due to higher efficiency, the nscp-7/14/20 vector was used for further RNAI silencing experiments.

(B) MA plot illustrating differential gene expression between wild-type and RNAi nspc mutant worms grown on
E. coli HT115 expressing empty RNAi vector or nspc-7/14/20 silencing vector, respectively. Significantly changed
genes (FDR < 0.05) are marked with red dots (Supplementary Table S3). Black borderline is used to mark nspc
genes. Nspc-7, -14, and -20 were upregulated despite RNAI silencing due to the detection of bacterial dsSRNA
during RNA-seq.

(C) Survival of wild-type (gray) and RNAi nspc mutant (green) worms grown on E. coli HT115 expressing empty
RNAI vector or nspc-7/14/20 silencing vector, respectively. Points represent mean values from 3 separate plates
(n=40 each) with SD. ** => p-value < 0.01 (log-rank test).

(D) Differences in brood sizes between wild-type (gray) and RNAi nspc mutant (green) worms grown on E. coli
HT115 expressing empty RNAI vector or the nspc-7/14/20 silencing vector, respectively. Bar plots represent mean
values with SD (n=3 for WT, n=5 for RNAi nspc mutant). ns => not significant (two-tailed t-test).



(E) Volcano plot showing differential polyadenylation between wild-type and nspc mutant worms (Supplementary
Table S4). Transcripts with significantly changed median poly(A) tail length (FDR < 0.05) by a minimum of 5
nucleotides (dotted lines) are marked with red dots and labeled.

(F) Volcano plots showing a lack of NSPC influence on differential polyadenylation between wild-type and tent-
5 mutant worms (Supplementary Table S4). Transcripts with significantly changed median poly(A) tail length
(FDR < 0.05) by a minimum of 5 nucleotides (dotted lines) are marked with red dots. Black borderline is added to
transcripts commonly shortened in all three comparisons.

(G) Plots showing the number of RNA-seq reads for pmk genes in wild-type (gray), nspc mutant (green), tent-5
mutant (yellow), and nspc/tent-5 mutant (blue) worms. Bar plots represent mean values with SD. ns => not
significant; ** => p-value < 0.01; *** => p-value < 0.001 (two-tailed t-test).
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Supplementary Figure S5. Studying the influence of TENT-5 and NSPCs on DAF-16 localization.

(A) Fluorescence microscopy images of DAF-16-GFP localization in wild-type and nspc mutant worms after heat
shock (1h; 35°C), which is the best-known stimuli for relocating DAF-16 from the cytoplasm to the nucleus. Scale
bars => 100 pm.

(B) Fluorescence microscopy images of DAF-16-GFP localization in wild-type and nspc mutant worms after heat
shock (1h; 35°C) followed by exposure to either non-pathogenic E. coli HB101 or pathogenic P. aeruginosa PAO1
as described in Evans E.A. et al. (2008) [60]. Scale bars => 100 um.

(C) Fluorescence microscopy images of DAF-16-GFP localization in wild-type, tent-5, and nspc mutant worms
grown on plates with low (0 mg/ml) or high (80 mg/ml) cholesterol concentration. Scale bars => 100 pm.



Supplementary Table S6. List of C. elegans strains used in this study.

Strain Genotype Source Comments
N2 Bristol | wild type CGC* -
CF1038 daf-16(mu86) 1 CGC* -
OH16024 | daf-16(0t971[daf-16::GFP]) 1 CGC* -
TM3504 tent-5(tm3504) 1 NBRP** | -
ADZ31 rttEx12[nspc-14p::mCherry::nspc-14 3' UTR; this study | extrachromosomal array;
myo-2p::gfp::unc-54 3" UTR] in N2 transcriptional reporter
ADZ33 rttEx13[nspc-20p.::mCherry::nspc-20 3' UTR; this study | extrachromosomal array;
myo-2p::gfp::unc-54 3" UTR] in N2 transcriptional reporter
ADZ35 rttEx15[nspc-14p::nspc-14::mCherry::nspc-14 3' | this study | extrachromosomal array;
UTR; myo-2p::gfp::unc-54 3’ UTR] in N2 translational reporter
ADZ37 rttEx17[nspc-20p: :nspc-20::mCherry::nspc-20 3' | this study | extrachromosomal array;
UTR; myo-2p::gfp::unc-54 3’ UTR] in N2 translational reporter
ADZ44 rttEx24[nspc-9p.:nspc-9::mCherry::nspc-9 3' this study | extrachromosomal array;
UTR; myo-2p::gfp::unc-54 3’ UTR] in N2 translational reporter
ADZA45 rttEx25[tent-5p: :tent-Sabd: :egfp::3xflag::tent-5 3’ | this study | extrachromosomal array
UTR; nspc-14p::nspc-14::mCherry::nspc-14 3’
UTR] in N2
ADZ72 nspc-10(rtt31[nspc-10p: :tomm- this study | CRISPR/Cas9
20::miniSOG(426Cys)::nspc-10 3' UTR]) X
ADZ74 rttEx12[nspc-14p::mCherry::nspc-14 3' UTR; this study | cross between ADZ72 and
myo-2p::gfp::unc-54 3" UTR] in ADZ72 ADZ31; final inactive
miniSOG strain
ADZS82 nspc-10(rtt33[nspc-10p: :tomm- this study | CRISPR/Cas9
20::miniSOG::nspc-10 3' UTR]) X
ADZS83 rttEx28[nspc-14p::mCherry::nspc-14 3' UTR; this study | cross between ADZS82 and
myo-2p::gfp::unc-54 3° UTR] in ADZS2 ADZ31; final active
miniSOG strain
ADZ111 nspe-(1-7)(rtt34) X this study | CRISPR/Cas9
ADZ112 nspe-(1-10)(rtt35) X this study | CRISPR/Cas9
ADZ113 nspe-(1-15)(rtt136) X this study | CRISPR/Cas9
ADZ114 nspe-(1-20)(rtt37) X this study | CRISPR/Cas9; final nspc
mutant
ADZ116 tent-5(tm3504) I; daf-16(0t971[daf-16::GFP]) I this study | cross between TM3504 and
OH16024
ADZ122 nspe-(1-20)(rtt37) X; daf-16(0t971[daf-16::GFP]) | this study | cross between ADZ114 and
1 OH16024
ADZ130 nspe-(1-20)(rtt37) X; tent-5(tm3504) 1 this study | cross between ADZ114 and
TM3504
ADZ131 nspe-(1-20)(rtt37) X; daf-16(mu86) 1 this study | cross between ADZ114 and

CF1038

*CGC - Caenorhabditis Genetics Center
**NBPJ - National Bioresource Project of Japan




Supplementary Table S7. List of plasmids used in this study.

ID Sequence Source
pCFJ104 myo-3p.:mCherry:unc-54 3' UTR J. J. Ewbank
pRH269 myo2p:.gfp::unc-54 3' UTR K. Drabikowski
pCZGY1703 tomm-20N.:miniSOG(426Cys) in pENTR Addgene #66781
L4440 - K. Drabikowski
pCFJ151 - J. J. Ewbank
pJET1.2 - Thermo Fisher Scientific
WRMO69A BAC containing tent-Sabcd. :egfp::3xflag TransgeneOme
pVL033 tent-5pshort::tent-5abd.: :egfp::3xflag: :tent-5 3° UTR in this study
pCFJ151
pVL037 nspc-14p::mCherry::nspc-14 3' UTR in pCFJ104 this study
pVLO038 nspc-14p::nspc-14::mCherry::nspc-14 3' UTR in pCFJ104 this study
pVL039 nspc-20p::mCherry::nspc-20 3' UTR in pCFJ104 this study
pVL040 nspc-20p::nspc-20::mCherry::nspc-20 3'UTR in pCFJ104 this study
pVLO73 nspc-9p.:nspc-9::mCherry::nspc-9 3' UTR in pCFJ104 this study
pCE090 nspc-7 in L4440 this study
pCEQ091 nspc-14 in 1.4440 this study
pCE092 nspc-7::nspc-14.:nspe-20 in L4440 this study




Supplementary Table S8. List of guide RNAs, repair templates and primers used in this study.

ID | Sequence | Comments

guide RNAs

sgRNAOI | GCUACCAUAGGCACCACGAG dpy-10; for co-CRISPR

sgRNAOS | AAAGGACAACGAGGGTGCGA for ADZ72 generation

sgRNA09 | AGCTTTACAACAATCTTTAA

sgRNA17 | TCTCTGGTCCCTGCAGAAAG for ADZ82 generation

sgRNAI18 | TATAGATGTGATATAATGAC for ADZ111 generation

sgRNA19 | AGGAAGTGGATGTTATCTCC

sgRNA20 | ATTGTTCTAGATGCGCAAAC for ADZ112 generation

sgRNA21 | ACAGCTCCTGTTATCAATAC

sgRNA22 | TTGTGATCGCATTTTAAATG for ADZ113 generation

sgRNA23 | CATCACTTGAACAGTAATCC

sgRNA24 | TGTAACCAGGCCGTGTTTGA for ADZ114 generation

sgRNA25 | GTGAATACCACCCACCAGTT

repair templates

VL314 CACTTGAACTTCAATACGGCAAGATGAGAATGACTGGAA
ACCGTACCGCATGCGGTGCCTATGGTAGCGGAGCTT dpy-10; for co-CRISPR
CACATGGCTTCAGACCAACAGCCTAT

- CATGGTAAGTAGTTTCAGTTTTAAATGGAACAATTGAAT | for ADZ72 generation
ATCCTTGCAG

ATG — start codon
XXX — nspc-10 intron
— tomm-20
TCCGGAGAGAAAAGTTTCGTGATAAC | XXX —

TGATCCACGGCTGCCAGACAATCCCATCATCTTCGCATCC | miniSOG(426Cys)
GATGGCTTCCTGGAGCTGACCGAGTATTCCAGAGAGGAG | T - place of point
ATCCTGGGCCGCAATTGCCGCTTTCTGCAGGGACCAGAG | mutation (G in active
ACAGACCAGGCCACAGTGCAGAAGATTCGCGATGCCATT | miniSOG)
AGAGATCAGCGCGAGATTACCGTGCAGCTGATAAACTAC
ACAAAAAGCGGGAAGAAATTCTGGAACCTCCTGCACCTC
CAGCCCATGAGGGACCAGAAGGGTGAGCTCCAGTATTTC
ATCGGAGTGCAGCTGGATGGAGGATCTTCCGGATAAAGG
AGTTTTCTGCACATTCAGTTGTTGCACATTCATTC

prCE580 GTATTCCAGAGAGGAGATCCTGGGCCGCAATGGTCGCTT for ADZ82 generation
TCTGCAGGGACCAGAGACAGACC

prCE660 TAAACCAGATTTGTAAATTATAGATGTGATATAATTCCTG for ADZ111 generation
GTTTGCTGAAAATTATTTGCAATATGTGCC

prCE661 TCCCGCAAACAAAAATACATTGTTCTAGATGCGCATTGAT for ADZ112 generation
AACAGGAGCTGTAAAAATGGCCCTATGCCC

prCE662 AACAAATTTTACACATATTTGTGATCGCATTTTAATCCTG for ADZ113 generation
GAGTCTGAAACATCATTTTTTGGATTATAT

prCE663 TGCAGAAGTTGAACTCACTGTAACCAGGCCGTGTTGTTAG for ADZ114 generation
GAAATGTATTTTATTAAATATTGCGGACAA

primers

prCE509 CATGGTAAGTAGTTTCAGTTTTAAATGGAACAATTGAATA
TCCTTGCAGTCGGACACAATTCTTGGTTTCAACAAATC for repair template for

prCE510 GAATGAATGTGCAACAACTGAATGTGCAGAAAACTCCTT | ADZ72 generation
TATCCGGAAGATCCTCCATCCAGC

VL047 GATATCTGGATCCACGAAGC

VL048 CTGCAGGAATTCCTCGAGAC

VL049 CGCACCGTACGTCTCGAGGAATTCCTGCAGGCATTCGAC for cloning of pVL033
GAGATGAAGAA

VLO050 ACCATGGGAAGCTTCGTGGATCCAGATATCCTATGTTCAG
TGCATTACGTTTTTG

VL182 ATAGCTTGGCGTAATCATGG for cloning of pVL037

VL183 ATAATTCACTGGCCGTCGTT VL038. pVL039 ’

VL183 TATGACCATGATTACGCCAAGCTATCATCTCATGATGGGC | P P ;
TACTTTC pVLO040 and pVL073




VL184

CCTTTGAGACCATGGTGTTGTATCAGATAAAACCTG

VL185 CTGATACAACACCATGGTCTCAAAGGGTGAAGAAG
VL186 AACATACACAAATCTACTTATACAATTCATCCATGCC
VL187 ATTGTATAAGTAGATTTGTGTATGTTGCTTCAGTC
VL188 TGTAAAACGACGGCCAGTGAATTATAACAGAAAAACTGT
AGAATAGTTTTTTTC
VL189 ATAGCTTGGCGTAATCATGG
VL190 CCTTTGAGACCATAAGATTATTGTAGAGTTTGTTGCAAC
VLI191 CTACAATAATCTTATGGTCTCAAAGGGTGAAGAAG
VL192 TATGACCATGATTACGCCAAGCTATAGCCCACGCTGATCTT
CTTC
VL193 CCTTTGAGACCATGTTTAGAATAGCCAGTTGTTGGAC
VL19%4 GGCTATTCTAAACATGGTCTCAAAGGGTGAAGAAG
VL195 ATCATATAGAGTACTACTTATACAATTCATCCATGCC
VL196 ATTGTATAAGTAGTACTCTATATGATCAACTCGAATAAAAA
C
VL197 TGTAAAACGACGGCCAGTGAATTATGTTTAGACAAAAATT
ATGTACTGTAAAAG
VL198 CCTTTGAGACCATATCGAGATTGAGGTAACGACG
VL199 CCTCAATCTCGATATGGTCTCAAAGGGTGAAGAAG
VL378 CTATGACCATGATTACGCCAAGCTATGATATTTTATGTGTCT
CCATGATGATTATTTATAGT
VL379 TCACCCTTTGAGACCATAAGATTATTGTAGAGTTTGTTGCA
ACCG
VL380 TGCAACAAACTCTACAATAATCTTATGGTCTCAAAGGGTG
AAGAAGA
VL381 ACTGAAGCAACATATAGAACTCTACTTATACAATTCATCCA
TGCCACC
VL382 GGATGAATTGTATAAGTAGAGTTCTATATGTTGCTTCAGTC
GTTG
VL383 AACGACGGCCAGTGAATTATAAGTACATGGTTCTCCCATGT
prCE576 CTCGAGATTCAACTGATACCTCAACATG for pCE090 cloning
prCE577 TCTAGATGATGAAAACCTTCATTATATC
prCES78 CTCGAGTCTGATACAACACCATGTTC for pCE091 cloning
prCE579 TCTAGAGGAGTGCAACGACTGAAGCAAC
prCES88 GCTTCAGTCGTTGCACTCCTATTCAACTGATACCTCAAC
prCE589 GTTTAGAATAGCCAGTTGTTGTGATGAAAACCTTCATTAT
ATC for pCE092 cloning
prCE590 GATATAATGAAGGTTTTCATCACAACAACTGGCTATTCTA
AAC
prCE591 GGGAGACCGGCAGATCTGATCGAGTTGATCATATAGAG
VL001 TCAGGTTTCCACTGACAATG tent-5:
VL002 TGATCTCGACCTGATATTCC for ge;10 typing
VL003 GTTCACACTCGTCCAACTC
VL076 ACGACAAGACAGGCGGTATC daf-16:
VL077 TGAAGGGAGCCCATCAATGC for gerio typing
VL078 GGCAATCTGAGGTGATGATG
prCE676 GCATACTGTCGCTTCTTCATC daf-16::GFP;
prCE678 TATTGCTGCTTACCTCACTCCTC for genotyping
prCES511 GAATCTGATGTACGTGAATAGCGCAGTAG in/active miniSOG;
for genotyping
prCE512 GCTCGACTACAGTGCATAAGATTTCTCAC in/active miniSOG, nspc-
(8-10);
for genotyping
prCE596 GAGATCCTCGGCCGCAATGGT active miniSOG;
for genotyping
prCE597 GAGATCCTCGGCCGCAATTGC inactive miniSOG;

for genotyping




prCE649

AAAACAACGAGTCGCTTAACAAAT

prCE650 | CTTCACCGGCCTTGAATTGC ’f”pc'(’ 7).
prCE609 | GAGTTTTGGGGCGTAGGATGA or genotyping
prCE651 GACAACGTTACGACTCTGACC nspc-(8-10);
prCE652 GTAATGGACTTTGCGCCCTCT for genotyping
prCE654 | TGGCAAAAAGTCAGTTCAGGA _
prCE655 | AAATTCTGAAAACAAAGTTCTGTGC ’f”p c-(11-13);
prCE657 | GTAATATTTGTCTCGCTCAACTA or genotyping
prCE658 | ACGTGTTTCCACGTATTTTGTAG _
prCE659 | TGAATTGAATGGTCATCCGGC P c-(16-20);
prCE501 | TCACCAGTTGCTCACTCATTACAG or genotyping
prCE574 | ATGTTCCTTCGCACCCTCGTTG nspe-(1-15);
prCE575 | CTGATCCATGGAGAGCAGAATG for RT-qPCR
prCE573 | ATGCTGGCTCTTCGCATCCTTG nspe-(16-20);
prCE547 | CTTGACAGAGGTTCAAGGTTATGG for RT-gPCR
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Introduction

This manual describes the functionality of data analysis tools designed for quicker and easier
management of large-scale datasets obtained through RNA sequencing. The series of data
analysis tools contains five R Shiny applications with following purposes:

1. RNA-seq data analysis

This tool provides a robust and clear visualization of gene expression or poly(A) tail length
changes and allows to capture similarities and differences in transcriptomic signatures
across multiple conditions for a single gene or group of genes.

2. Visualization of gene groups

This extension of the first tool allows to screen the differential expression
or polyadenylation results for changes in characteristic gene groups, for example genes
enriched in individual cells or associated to specific physiological processes.

3. qPCR analysis

Third tool uses the built-in script to analyze RT-qPCR results using 2"22* method using
only an output file from the thermocycler.

4. Comparisons of gene groups
This tool identifies and visualize genes overlapping between two gene groups.
5. Translation of gene names

The last tool allows the quick translation between alternative gene identifiers — gene name,
transcript name, and WormBase ID.



How to start

The applications can be accessed in two different ways:

1. Web Access via URL

The easiest method is to access the apps online through the URL provided below. However,
in this format, the applications will load only with default datasets described in the PhD thesis
titled “Investigating cytoplasmic polyadenylation and its role in gene regulation
and physiology in Caenorhabditis elegans” .

URL: http.//zmackiewicz-rstudio.iimcb.gov.pl:3838/

2. R Studio Access

For users who wish to customize the applications or analyze their own datasets, the raw code
is available in my GitHub repository (link provided below). Each application is organized
in its own folder. By downloading the folder and opening it in R Studio, users can run
the corresponding R Shiny file locally and later modify the app according to their needs.

GitHub: https://github.com/zuzanna-mackiewicz/PhD-data-analysis



http://zmackiewicz-rstudio.iimcb.gov.pl:3838/
https://github.com/zuzanna-mackiewicz/PhD-data-analysis

Detailed description of data analysis tools functionality

Tool nr 1 — RNA-seq data analysis

The first tool is designed to visualize datasets obtained using Illumina or Nanopore RNA
sequencing and compare changes in gene expression levels or differences in poly(A) tail lengths

across multiple conditions.

The tool for RNA-seq data analysis is depicted below and consists of the following:

(1) Experiment list for choosing the dataset that user wants to explore. The list of datasets
is built into each R Shiny app and can be changed only in the application’s code. The input
should be structured as a table containing analyzed sequencing data, obligatorily with
averaged normalized counts and log2 fold change of gene expression or poly(A) length
difference between control and tested condition.

(2) Gene window for searching a singular gene or family of genes. As a result, all genes
containing the typed-in phrase will show up on the (5§) MA plot. Sometimes, a few gene
families have the same phrase in their names, causing some unwanted genes to be marked.
The user can limit the search by typing  symbol before or $§ symbol after the desired
name.

(3) Group of genes window for exploring not only genes from the same family but also genes
interlinked, for example, by their function or site of expression. Gene names can be entered
manually or copied into the window, preferably from an Excel sheet. Although, there
is no limit to the number of genes that can by visualized simultaneously, the app works
smoothly for up to 1000 genes. Both this window and the (2) Gene window
are case-sensitive, and gene names need to be entered exactly as they appear
in the C. elegans reference.

(4) Table representing all the statistics calculated for chosen comparison and can be sorted
by any column. Additionally, by clicking on a gene symbol, the user can select genes to be
visualized on the (5) MA plot.

(5) MA plot showing a differential expression or differential polyadenylation between
conditions in the chosen experiment. The “x” axis corresponds to log10 mean expression
level, and “y” to log2 fold change expression change. Significantly changed genes appear
as red dots, and not significantly as gray. All selected or typed genes are marked with black
borderlines and additional labels, as long as these labels do not disrupt plot’s clarity.

(6) Selected gene summary presenting how the expression of a chosen gene changes across
all experiments listed in the (1) Experiment list. This allows for a comprehensive analysis
of a single gene without the need to jump between different plots.

(7) Clear selection button for restarting the gene search by emptying both the (2) Gene
and the (3) Group of genes windows, and unselecting genes chosen by clicking
in the (4) Table.



RNA-seq data analysis 2 3
|Experiment: Gene: Group of genes:
1 WT vs nspc - I Clear selection I 7
Search: Wi e
r s o: o9
symbol baseMean log2FoldChange pvalue padj sig gene_id et a
.
tatn-1 2286.813 1.31 22e-55 2.8e-51 Sig WBGene00009628 l: : ‘ woa
ram-2 1161.615 0.985 21e-35 1.3e-31 Sig WBGene00004300 7 ? .“‘ ;’ E n”‘., : sig ;
col-162 629.973 1.214 1.4e-33 6e-30 Sig WBGene00000735 2 % ::s"
4 irg-5 1670.975 0.934 4.8e-33 1.5e-29 Sig WBGene00009429 ¢
gri-16 553.526 1.248 8.1e-31 2.1e-27 Sig WBGene00001725 2
col-88 469.096 1.23 1.8e-30 3.7e-27 Sig WBGene00000663 2
bli-6 1371.133 0.85 2e-28 3.7e-25 Sig WBGene00000256 € 7 baseen
col-130 337.486 1.142 1.2e-24 1.9e-21 Sig WBGene00000704 1 5
. 1
Showing 1 to 9 of 22,001 entries
Selected gene summary
experiment symbol baseMean log2FoldChange padj sig control_1 control_2 control_3 test_1 test 2 test 3
WT vs nspc irg-5 1670.975 0.934 1.5e-29 Sig 971 1159 1215 2305 2047 2329
tent-5 vs nspc/tent-5 irg-5 1705.939 -0.135 0.92 NotSig 1999 1551 1902 1743 1278 1763
daf-16 vs nscp/daf-16 irg-5 7237.873 4.055 0 Sig 831 611 760 12939 13884 14401
WT vs tent-5 irg-5 1403.014 0.445 0.0000081 Sig 1024 1216 1273 1794 1396 1714
6 WT vs daf-16 irg-5 915.597 -1.066 2.5e-25 Sig 1115 1321 1385 632 462 579
nspc vs nspc/tent-5 irg-5 2000.633 -0.644 1.7e-8 Sig 2565 2276 2593 1670 1215 1685
nspc vs nspc/daf-16 irg-5 7450.535 1.823 5.9e-202 Sig 3069 2713 3117 11255 12108 12440
WT vs nspc/tent-5 irg-5 1433.204 0.247 0.22 NotSig 1126 1338 1399 1732 1266 1738
WT vs nspc/daf-16 irg-5 6960.692 2911 0 Sig 1337 1598 1681 11563 12543 13043
RNAi: WT vs nspc irg-5 382.077 1.194 1.6e-7 Sig 256 201 160 516 537 622

For clarity, the

datasets from the PhD thesis titled
polyadenylation and its role in gene regulation and physiology in Caenorhabditis elegans”

“Investigating cytoplasmic

— available at the provided URL and GitHub repository — have been organized into three

separate applications, each focusing on different part of the research. The first app focuses

on differential gene expression in worms after the excretory gland cell ablation, second app

on differential expression in nspc mutant worms, and the third app on differential

polyadenylation driven by various poly(A) polymerases.




Tool nr 2 — Visualization of gene groups

The second tool enables robust screening of differential expression or polyadenylation results
for changes in specific gene groups, which could suggest potential functions of the studied
tissue or protein. Its design is similar to the first tool and uses the same input files containing

analyzed RNA sequencing data.

The tool for Visualization of gene groups is depicted below and consists of the following:

(1) Experiment list for choosing the conditions for which the user wants to perform
a screening. In this version of the app, the user needs to select only one experiment
for analysis at the beginning, as changing experiments during the screening significantly
slow down the app. To change the experiment, the app must be restarted.

(2) Choose file with gene groups browser for uploading an Excel file with gene groups
for screening. The table should provide groups of genes segregated into columns with
headers defining each group. Groups can, for example, represent genes enriched
in individual cells.

(3) MA plot showing differential expression or polyadenylation, similarly to the previous
tool. Black borderlines are added for the genes included in the selected gene group.

(4) Previous and next group buttons for easy screening through all groups defined
in the uploaded table.

(5) Select group from the list for visualizing genes for a specific group without the need
to process through all the groups in the table.

Visualisation of gene groups

Experiment: Choose file with gene groups:

1 Nanopore: WT vs gld-4 mutant v 2 Browse... wzbogacenie wedlug cengen.)

5

Germline Select group from the list:

[ < Previous group Next group > Germline| -

0 4

pvc
Epidermis
Excretory cell
Excretory gland cell
significance FLP

Notsig
Germline
® Glia 1
Alia 2

log2FoldChange




Tool nr 3 — gPCR analysis

The third tool allows to automate the process of the RT-qPCR results analysis using 244
method. Currently, the tool is adapted to work with output files from the QuantStudio 5

thermocycler, but with minor modifications to the code, it can easily be adapted for use with
data from other devices.

The tool for qPCR analysis is depicted below and consists of the following:

(1) Choose file browser for selecting the file containing the RT-qPCR results. After
a successful upload, a (5) Bar plot will appear on the right side of the screen showing
the analyzed data. For the file to work correctly, gene names need to be defined already
in the QuantStudio software, and biological replicates must be defined as a number
separated from the condition name with a space.

(2) Reference gene list for choosing which gene should be treated as the reference gene
(ideally a housekeeping gene whose expression remains constant across conditions).

(3) Control condition list summarizing different conditions run on the RT-qPCR plate
and allowing to select the internal control for analysis (ideally a sample from wild-type
or untreated worms).

(4) Target gene to show list allowing to screen through the various target genes for which
reactions were run together on the plate.

(5) Bar plot representing the final results, including the calculated mean Ct value with
standard deviation error bars for each condition.

gPCR analysis 5
nscp-(1-15)
Choose file:
1 Browse... werif2 RNA poprawione.xls !
” L
Reference gene: _
o
2 rps-23 : E
c 0.6
)
Control condition: ﬁ
g
3 ADZ74 - o
u.| 0.3 03—
Target gene to show:
4 nscp-(1-15) v
0.0
ADZ74 ADZ83




Tool nr 4 — Comparisons of gene groups

The fourth tool can be used to identify genes overlapping between two gene groups.

The tool for Comparisons of gene groups is depicted below and consists of the following:

(1) Group 1 window for entering the first group of genes. Gene names can be entered
manually or copied into the window, preferably from an Excel sheet. It can be later cleared
with the button on the left side.

(2) Group 2 window for entering the second group of genes. As long as both groups are
entered consistently, the app accepts any type of gene identifiers. For optimal performance,
it is recommended to use groups containing fewer than 1 000 genes.

(3) Table listing all mutual genes present in both groups, that can be copied for further
analyses.

(4) Venn diagram providing a visual representation of the overlap.

Comparisons of gene groups

Group 1:

Group 2: Copy Search:

Clear group 1 acp-6 aps-3 B0513.4 Clear group 2 B0513.4 asp-13 sdz-27

C39D10.7 C44B7.5
col-119 col-122 col-140
col-184 dod-6 F22D6.2
F57C2.4 far-2 msp-33
nspc-12 nspc-4 nspc-6
nspc-9 perm-2 perm-4
T04G9.7 ttr-2 ule-1 ule-2
ule-4 vit-5 Y37D8A.19
Y57A10A.29 ZK813.3

T04G9.7 F48E3.4 tbh-1
C44B7.5 C39D10.7 ddo-3
C10G8.4 perm-2 ule-4
C18E9.4 ZK813.7
Y37D8A.19 perm-4 far-2
vit-1

1

2

B0513.4
C39D10.7
C44B7.5
far-2
perm-2
perm-4
T04G9.7

ule-4

Showing 1 to 9 of 9 entries
\

3



Tool nr 5 — Translation of gene names

The fifth tool aims at simplifying the translation between three alternative gene identifiers: gene

name, transcript name and WormBase ID.

The tool for Translation of gene names is depicted below and consists of the following:

(1) Genes to translate window for entering names of genes for translation. Gene names
in any form can be entered manually or copied into the window, preferably from an Excel

sheet.

(2) Translate into WormBase ID and Translate into symbol buttons for converting inserted
genes into the respective format, Whole translation button for showing all three types
of identifiers for each gene, and Clear button for restarting the analysis.

(3) Table displaying list of translated genes, which can be copied for subsequent analyses.

Translation of gene names

Copy Search:
Genes to translate:
WBGene00001386 WBGene00000696 WBGene00000693 WBGene00000713 WBGene00007458 symbol gene_id transcript_id
00004 Wi 00000757 WB 15913 WB 2 01662
990 WBGer 5 Gene00015913 Gene00006929 WBGene00016627 asp-1 WBGene00000214 Y39B6A.20
1 WBGene00002017 WBGene00003090 WBGene00005002 WBGene00016655 WBGene00002020
WBGene00000219 WBGene00000214 WBGene00010539 WBGene00009119 WBGene00006439 asp-6 WBGene00000219 F21F8.7
WBGene00000680 WBGene00018811 WBGene00000883 WBGene00002019 WBGene00009692 col-106 WBGene00000680 Y77E11A15
WBGene00002018 WBGene00012557 WBGene00009691 WBGene00022042
col-119 WBGene00000693 C53B4.5
2 Translate into WormBase ID Translate into symbol Whole translation col-122 WBGene00000696 TO5A1.2
Clear col-140 WBGene00000713 F26F12.1
col-184 WBGene00000757 F15A2.1
cyn-7 WBGene00000883 Y75B12B.2
far-2 WBGene00001386 F02A9.3
hsp-16.11 WBGene00002017 T27E4.2
Showing 1 to 10 of 29 entries

3
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