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Abstract

Post-translational protein modifications (PTMs) are fundamentally important in regulating protein function across
species. One such PTM, referred to as protein AMPylation, is increasingly recognized to fine-tune endoplasmic
reticulum (ER) stress signaling in metazoans. Protein AMPylation in the ER is catalyzed by conserved fic-domain
containing enzymes (fic AMPylases), including FICD (Homo sapiens) and FIC-1 (Caenorhabditis elegans). However,
it remains unclear whether enhanced fic AMPylase-mediated protein AMPylation promotes a conserved cellular
response. In this study, we determined the transcriptomic consequences of increased fic AMPylase-mediated protein
AMPylation in mouse fibroblasts and young adult nematodes. We find that in C. elegans, FIC-1(E274G) over-ex-
pression (OE) triggers a unique transcriptional signature, leading to the marked upregulation of pathways involved
in cellular stress signaling. We further show that FIC-1(E274G) OE upregulates genes involved in antibacterial
innate immune responses and identify a potentially co-regulated gene cluster sensitive to changes in AMPylation
levels. Intriguingly, we observe a similar transcriptomic signature in mouse fibroblasts in response to FICD(E234G)
OE. A cross-species comparison of the transcriptomes of nematodes, yeast, and mouse fibroblasts enduring increased
fic AMPylase-mediated protein AMPylation revealed a conserved transcriptional core response to enhanced
AMPylation. Collectively, this study defines a conserved cellular stress response to enhanced fic AMPylase-mediated
protein AMPylation.
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Introduction the hydroxyl group of exposed threonine, tyrosine, and

serine residues and the alpha-phosphate of an ATP mo-
Fic-type AMP transferases (AMPylases/Adenylylases) lecule (AMPylation)."” Using the same catalytic domain,
catalyze the formation of a phosphodiester bond between  these enzymes are also capable of removing AMP from
modified proteins (deAMPylation)." Fic AMPylases are
critically involved in the regulation of protein home-

*  Matthias C. Truttmann ostasis (proteostasis) in the endo;;l?slrgnc reticulum (ER)
mtruttma@med.umich.edu and neurogenesis in metazoans. ~~~ One key protein

controlled by reversible fic AMPylase-mediated AMPy-
lation is the ER-resident chaperone BiP (HSPAS5)."' '*
AMPylation of BiP on Thr518 and/or Thr356 regulates
BiP-dependent stress signaling through the unfolded
protein response pathway in the ER (UPR®®).”""" Fic
AMPylase knockout mice,"”"”""? fruit flies (Drosophila
melanogaster),”® and worms (Caenorhabditis ele-
gans)'**>?! are viable, but exhibit altered responses to
protein unfolding stress. Contrasting, increased fic AM-
Pylase-mediated protein AMPylation is cytotoxic and
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lethal in C. elegans and D. melanogaster.”'* Consistent
with these in vivo phenotypes, the expression of a mutant
fic AMPylase, FICD(E234G), which is deficient in
deAMPylation activity yet a potent AMP transferase,’ is
cytotoxic in human cells."”* Two recent studies further
identified a pair of disease-associated FICD mutations in
patients presenting with infancy-onset diabetes and
motor neuron degeneration.”””* Both mutant enzymes,
FICD(R371S) and FICD(R374H) exhibit diminished
deAMPylation activity while AMPylation activity is
maintained, leading to an accumulation of AMPylated
BiP. However, the mechanisms through which enhanced
or irreversible protein AMPylation impairs cellular
health and reduces organismal fitness remain poorly
understood.

In this study, we show that inducible over-expression
(OE) of the constitutively active C. elegans AMPylase
FIC-1(E274G) profoundly alters gene expression in vivo.
Using RNA-seq, we find that FIC-1(E274G) OE up-
regulates innate immunity genes, causes ER stress, and
UPR™® signaling. In a complementary model, we de-
monstrate that OE of hyperactive FICD(E234G) in
mouse embryonic fibroblasts (MEFs) elicits a similar
response, with 155 ER stress- and chaperone-related
genes strongly induced, while few were suppressed.
Finally, we perform cross-species analyses using
RNAseq datasets from worm, mouse, and yeast experi-
encing enhanced fic AMPylase-mediated protein
AMPylation. This analysis uncovered a conserved
transcriptomic signature marked by elevated expression
of ER protein-folding genes (BiP/HSPAS5, PDIs, ERO1,
ATF4) and reduced expression of genes encoding for
metabolic enzymes, establishing increased Fic-mediated
AMPylation as an evolutionarily conserved trigger of ER
stress programs and metabolic adaptations.

Results

Increased FIC-1(E274G)-mediated protein AMPylation up-
requlates innate immunity genes in C. elegans

Why does increased protein AMPylation lead to sig-
nificant health impairments across species? We ap-
proached this question by RNAseqg-based transcriptomics
comparing wild type C. elegans animals with worms that
inducibly OE the constitutively active mutant AMPylase
FIC-1(E274G) from allele nls774 (Fig. 1a). This allele was
previously shown to promote robust FIC-1(E274G) OE
within 2 h following induction by a short heat pulse
(37°C for 30 min)." We analyzed and compared four
sample cohorts, each represented in biological triplicates:
uninduced N2 wild type, uninduced nls774, induced N2

wild type, and induced nIs774. Twelve hours after in-
duction, we extracted total RNA from approximately
2000 synchronized day 1 adult animals per replicate of
each of the four sample cohorts. Following RNA quality
control checks, we prepared polyA RNAseq libraries,
which were run on an Illumina NextSeq sequencer by
the Michigan Advanced Genomics core. After aligning
the reads to the C elegans reference genome, we per-
formed Euclidian distance (Fig. 1b) and principal com-
ponent analyses (Fig. 1c). In both approaches, we
observed four distinct and separated clusters, each con-
sisting of the three replicates per sample. As anticipated,
the separation was greatest for samples overexpressing
FIC-1(E274G), whereas samples of uninduced N2 wild-
type and nls774 were most related. Fic-1 wild-type ex-
pression from the endogenous locus was low yet detect-
able in all samples (Figure Sla). We further confirmed
FIC-1(E274G) OE and associated increased HSP-3/HSP-4
AMPylation in nematodes biochemically (Figures S1b-
S1d). These results suggest that our RNAseq approach
was robust and replicable. The spatial separation of the
individual clusters further indicates distinct transcrip-
tional fingerprints for each tested condition. Next, we
performed differential gene expression analyses, com-
paring induced niIs774 samples to each of the three
control conditions. We focused our analyses on 12,163
genes, which showed a coverage of at least 5 reads in
each sample and replicate (Supplementary Table S1). As
expected, FIC-1(E274G) OE resulted in pronounced
transcriptional changes. We identified 62 genes that are
at least 5-fold up-regulated and 9 genes at least 5-fold
down-regulated in induced nls774 samples compared to
all other samples (Supplementary Table S2). Spot-vali-
dation of several genes by qPCR confirmed the results
observed in the RNAseq analysis (Figure Sle-f). Gene
ontology analysis showed that these up-regulated genes
were linked to innate immune responses in C elegans
(Supplementary Table S3). Next, we performed gene
ontology analysis using a ranked list of genes that were at
least 3-fold up-regulated in induced nls774 compared to
induced N2 wild type. We observed a significant en-
richment for genes associated with innate immune sig-
naling as well as the UPR®®, particularly PERK and IRE-
1 mediated signaling (Fig. 1d, Supplementary Table S4).
Notably, these changes parallel gene expression differ-
ences observed upon hsp-3 and hsp-4—the two C elegans
BiP orthologs—knockdown,”” suggesting that AMPyla-
tion-mediated BiP inhibition may drive at least some of
the observed transcriptional changes. These results sug-
gest that FIC-1(E274G) OE activates the UPR®® and
UPR"R-associated stress responses, many of which
overlap with innate immune signaling in C elegans.”*”’
Finally, we used STRING to group the list of genes up-
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Fig. 1 Increased FIC-1(E274G)-mediated AMPylation in C elegans leads to transcriptional upregulation of innate immunity and ER
stress genes. (a) Schematic of the experimental design for RNAseq analysis. Synchronized day 1 adult C elegans carrying the FIC-
1(E274G) OE transgene (nls774) or wild-type (N2) were subjected to a short heat-pulse induction or maintained at 20 °C as controls.
Animals were harvested 12 h post-induction for RNA extraction and transcriptome analysis in biological triplicates. Venn diagram
depicts the four experimental groups compared in the study. (b) Sample distance matrix (Euclidean distance heatmap) showing high
intra-group similarity and distinct clustering of replicates within each experimental condition, confirming robust gene expression
changes upon FIC-1(E274G) overexpression. (c) Principal component analysis (PCA) of RNAseq datasets demonstrates clear
separation of the four sample cohorts, with nls774-induced samples forming a distinct cluster characterized by the highest
transcriptional divergence. (d) Bar plots displaying log, fold changes (log,FC) of representative genes significantly up-regulated in
induced nls774-induced animals versus all three controls. Left: Genes linked to innate immune signaling (yellow). Right: Genes
involved in UPR®® signaling, subdivided by IRE-1 (green), PERK (pink), or other ER stress response pathways (blue).
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regulated at least 3-fold or 5-fold in induced nls774
compared to induced N2 wild type into functional asso-
ciation networks (Figure S2A and b). Consistent with our
gene ontology analysis, we observed several functional
clusters consisting of genes converging on the innate
immunity functions, cell cycle regulation, autophagy,
and UPR™® signaling. Taken as a whole, these results
implicate a direct link between enhanced FIC-1(E274G)-
mediated protein AMPylation and a dysregulation of ER
stress signaling, cell division, and innate immunity in
C elegans.

Knockdown of major up-regulated genes does not prevent FIC-
1(E274G)-induced developmental arrest

FIC-1(E274G) OE during early larval stages leads to de-
velopmental arrest.”’ Because impaired innate immune
and UPR™® signaling as observed during FIC-1(E274G)
OE can trigger apoptosis, we next tested if RNAi-medi-
ated knockdown of significantly up-regulated genes
would prevent developmental arrest in FIC-1(E274G) OE
larvae. We fed worms with RNAi to knockdown selected
genes in N2 wild type, nls774, uls60, and nls774;uls60
animals and tested their F1s in development assays. The
allele uIs60 [unc-119p:YFP + unc-119p:sid-1]*" sensitizes
worms to RNAI treatment in neurons, whereas N2 wild-
type neurons are largely insensitive to RNAi conditions.””
Perhaps not surprising, we observed that none of the
tested single-gene knockdowns resulted in a significant
rescue of larval development upon induction of FIC-
1(E274G) OE in either a wild-type or uls60 background
(Figure S3). These results suggest that the toxicity exerted
by FIC-1(E274G) OE is likely the consequence of su-
praphysiological protein AMPylation and not mediated
through the increased transcription of a pro-apoptotic
stress-related gene.

Enhanced FICD(E234G)-mediated protein AMPylation in MEFs
activates the ER stress response

In a next step, we addressed the impact of increased
AMPylation on gene transcription in immortalized
MEF cells. Since the presence of the endogenous wild-
type Ficd allele prevented FICD(E234G)-mediated in-
creased AMPylation, we used Ficd knockout MEFs in
which we inducibly expressed either FICD wild type or
constitutively active FICD(E234G). Biochemical ana-
lysis confirmed robust FICD(E234G) expression and
accompanied increases in BiP AMPylation upon in-
duction with doxycycline (Figure S4a-b, S5). Consistent
with the results observed in worms, principal compo-
nent and Euclidian distance analyses showed that the
overexpression of the constitutive AMPylase, FICD

(E234G) led to significant changes in gene expression
(Figure 2a and e). As for the nematode dataset, Spot-
validation of several genes by qPCR confirmed the re-
sults observed in the RNAseq analysis (Figure 2b-d).
Notably, considering genes with a coverage of at least
five reads in each sample and replicate, we identified
142 gene that were up-regulated at least four-fold in
FICD(E234G) OE MEFs compared to FICD(WT)-ex-
pressing cells (Table S5). This suggests that increased
FICD-mediated protein AMPylation does not measur-
ably suppress mRNA synthesis and gene transcription.
Gene ontology and gene network analysis using
STRING indicated that FICD(E234G) expression sig-
nificantly affected ER stress signaling, chaperone-
mediated protein folding, and cellular stress signaling
(Figure 2c and S4c). Among the 142 gene up-regulated
at least four-fold were several UPR*R-associated genes:
Atf3, Hspa5, Dnajb9, Pdia4, Manf, PpplR15A, Trib3,
and Chacl and Selll. Notably, the gene products ATF3,
PPP1R15A, CHACI, and TRIB3 are associated with ER
stress-mediated cell death, a mechanism increasingly
exploited by genotoxic chemotherapy agents in cancer
treatment (Figure 3d).””"

Conserved cross-species signatures of increased AMPylation-
mediated transcriptional changes

Are transcriptional responses to increased fic AMPylase-
mediated protein AMPylation conserved? To address this
question, we first searched for overlap in differential gene
expression profiles from the two RNAseq datasets dis-
closed in this study. Using the Alliance ortholog tool,”’
we first mapped orthologous genes between mouse and
worm genomes. We next used a fully linear model to
identify genes in our RNAseq datasets that were sig-
nificantly (P < 0.05) up- or down-regulated in both
FICD(E234G)-expressing MEFs and FIC-1(E274G)-ex-
pressing worms. We identified 104 mouse genes, map-
ping to 118 C elegans genes, that were significantly up- or
down-regulated in response to increased AMPylation in
both species (Table S6). Gene ontology analysis showed
that the conserved differentially regulated genes are as-
sociated with protein folding in the ER and amino acid
metabolism (Figure 3a). Among the up-regulated genes
was BiP (Hspa5 in mice; hsp-3 AND hsp-4 in worms), the
ER-resident HSP70 family chaperone and best-described
target of FICD/FIC-1'"""* (Figure 3b). Other notable
genes included Pdia3 and Pdia4, encoding for a pair of
protein disulfide isomerases that catalyze the formation
and breakage for disulfide bonds in ER-resident proteins,
Erola and Erolb, two ER-resident oxidoreductases, and
Atf4, a transcription factor responsive to the UPR®® and
the integrated stress response through interactions with
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Fig. 2 Overexpression of constitutively active FICD(E234G) in MEFs induces gene networks associated with the ER stress response. (a)
Principal component analysis (PCA) of transcriptomes from FICD(E234G)-induced and FICD wild-type (WT) MEFs showing clear
clustering and transcriptional reprogramming upon FICD(E234G) induction. (b-d) Quantitative RT-PCR gene expression analysis of
Hspas (b), Atf4 (c) and Erolb (d) in Ficd KO, Ficd WT, and FICD(E234G) cells. Error bars represent standard deviations. Significance
calculated using one-way ANOVA. ****P < 0.0001. Graphed mean values represent 3 technical replicates from 3 biological replicates
(n=9). (E) Sample distance matrix (Euclidean distances) highlighting robust intra-group clustering and large transcriptional
divergence between FICD(WT) and FICD(E234G) MEFs. (f) Gene ontology (GO) analysis for at least four-fold up-regulated genes in
FICD(E234G)-overexpressing MEFs revealing enrichment for ER stress response, unfolded protein response (UPR™®), and related
processes. (g) Bar plot showing log, fold change (log,FC) in expression of selected up-regulated genes (all with adjusted P < 0.05),
many of which are hallmarks of ER stress, UPR®® signaling, and ER stress-mediated cell death (e.g., Trb3, Chacl, Atf3, Pdia4,

Manf, Selll).

phosphorylated EIF2alpha’* (Figure 3b). In contrast,  succinate-CoA ligase (Suclgl), and glutamate dehy-
genes encoding for fatty acid elongase 6 (Elovi6), citrate  drogenase (GludI) were significantly down-regulated in
synthase (Cs), stearoyl-CoA desaturase 1 (Scdl), both MEFs and C elegans cells (Figure 3b).
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Fig. 3 Conserved transcriptomic signatures of enhanced AMPylation across C elegans and mouse. (a) Gene ontology (GO) enrichment
analysis for 104 mouse genes (corresponding to 118 orthologs in C elegans) differentially expressed in both FICD(E234G)-expressing
MEFs and FIC-1(E274G)-expressing worms. Top terms are related to ER protein folding and various metabolic processes. (b) Bar plot
of log, fold changes (log,FC) for selected conserved genes involved in ER protein folding/ER-to-Golgi trafficking (right) and
metabolic genes (left) commonly regulated in both mouse (gray) and worm (orange) in response to increased AMPylation.

In a next step, we repeated this analysis, including a
previously published RNAseq dataset of Saccharomyces
cerevisiae (yeast) cells expressing the constitutively ac-
tive C elegans AMPylase FIC-1(E274G).”" Unlike most
eukaryotes, yeast do not express an endogenous fic-do-
main containing AMPylase. This offered a unique op-
portunity to include the yeast RNAseq dataset as an
example of how enhanced AMPylation in a cell un-
familiar with protein AMPylation in the ER alters gene
expression. Since the yeast dataset consisted of a series
of samples collected over a 4-hour period, we treated the
1-, 2-, and 4-hour samples as individual replicates of the
combined yeast RNAseq dataset. To induce FIC-
1(E274G) OE, yeast cells were treated with galactose.
Cells carrying an empty plasmid but induced with ga-
lactose in parallel served as reference controls. Using a
fully linear model and a cut-off of P < 0.05, we identi-
fied 13 genes that were differentially regulated in the
same direction in response to enhanced protein AM-
Pylation (Figure 4a). Most of these genes, including
Aldhla7, Aldh2, Aldhlal, Arrdc2, Arrde4, and Cs were
associated with cellular metabolism. Gene ontology
analysis indicated that several of the identified 13 genes
are associated with cellular aldehyde, fructose, and al-
cohol metabolism (Figure 4b). Notably, no gene linked

to ER stress signaling was among the 13. This is con-
sistent with published results’’ showing that FIC-
1(E274G) expression in yeast cells significantly up-reg-
ulates the heat shock response but not the UPRE,
Taken as a whole, our analysis shows that increased fic
protein-mediated protein AMPylation down-regulates
genes associated with metabolic processes while upre-
gulating ER stress response genes.

Discussion

In this study, we present a detailed cross-species tran-
scriptomic assessment of cellular responses to increased
protein AMPylation driven by constitutively active fic
AMPylases. In C elegans, FIC-1(E274G) OE caused
marked transcriptional remodeling, promoting the up-
regulation of genes associated with the UPR®, ER cha-
perones, and innate-immunity components, whereas the
down-regulated set centered on fatty-acid elongation,
citrate synthase, stearoyl-CoA desaturase, and other
metabolic enzymes. In MEFs, FICD(E234G) OE up-
regulated 155 genes by >4-fold, including BiP (Hspa5),
ATF4 targets, and ER-stress-responsive apoptotic factors,
but no significant down-regulated gene were detected.
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Fig. 4 Conserved transcriptomic signatures of increased
AMPylation across C elegans, mouse, and yeast species. (a) Bar
plot showing expression changes (log, fold change) of 13
orthologous genes most consistently up-regulated by increased
AMPylation in mouse (grey), worm (orange), and yeast (purple).
These genes are primarily involved in aldehyde and alcohol
metabolism. (b) GO analysis for the 13 genes up-regulated in
response to increased AMPylation in MEFs, worms, and yeast,
highlighting enrichment in aldehyde and retinoic acid
metabolism.

These results indicate that enhanced AMPylation con-
sistently activates ER- and protein folding stress path-
ways, consistent with previous studies linking FICD and
FIC-1 to the regulation of ER proteostasis.

Ortholog mapping connected 104 mouse genes to
118 C elegans orthologs showing concordant differential
expression, and gene-ontology analysis highlighted pro-
tein-folding, amino-acid metabolism, and ER quality-
control functions as shared response elements. Inclusion
of yeast, an organism lacking endogenous fic AMPylases,
reduced the conserved signature to just 13 genes, all
linked to generic aldehyde, fructose, and alcohol meta-
bolism; yeast expressing FIC-1(E274G) failed to elicit
canonical UPR®® activation. These findings emphasize
that the sensitivity of the ER-stress/innate-immunity axis
to increased AMPylation observed in metazoans is not
universally conserved and may represent an organismal-
specific adaptation to AMPylation imbalance.

Our work does not provide definitive answers as to
how increased AMPylation leads to cell death. Our re-
sults indicate that the uncontrolled upregulation of ER
stress responses leading to ER-mediated cell death may
contribute to this process in both MEFs and C elegans.
Changes in catabolic metabolism upon increased
AMPylation may further sensitize cells to cell death.

However, it appears most plausible that enhanced fic
AMPylase-mediated protein AMPylation interferes with
multiple cellular signaling pathways, ultimately culmi-
nating in cell death.

Limitations of this study

The interpretation of our results is complicated by sev-
eral factors. First, the work relies solely on mRNA se-
quencing; no protein-level validation, functional assays,
or organismal phenotyping was performed to explicitly
test connections observed in mRNA signatures. Second,
the endogenous fic-1 wildtype allele was still present in
all utilized worm strains; despite its low expression
level, it is plausible that trace amounts of wildtype FIC-1
may have slightly reduced/enhanced observed
AMPylation levels in all conditions. Third, the temporal
resolution of our study is limited, potentially excluding
early or late gene expression patterns, complicating in-
terspecies comparisons. Fourth, cross-species analyses
depend on imperfect one-to-many ortholog assign-
ments, which can obscure nuanced evolutionary re-
lationships. Nevertheless, our experiments suggest that
enhanced protein AMPylation in the ER dysregulates
ER-stress signaling and cellular metabolism, leading to
cell death.

Methods
Mouse embryonic fibroblast isolation and immortalization

Ficd”~ MEFs were isolated as described in Durkin et al”
and immortalized by serial passaging for 8 weeks.

Lentiviral transduction of Ficd”~ MEFs

Previously established lentiviral pInducer plasmids’
encoding neomycin phosphotransferase II and expres-
sing either wildtype (WT) or p.Glu234Gly (E234G)
mutant human FICD under the control of a tetra-
cycline-responsive promoter were used to generate
lentiviral particles. Lentiviral FICD plasmids and
packaging plasmids (psPAX2, Addgene plasmid #12260
and pMD2. G, Addgene plasmid #12259) were co-
transfected into 293T cells using Lipofectamine 2000
(Invitrogen) as previously described.” Transfection
media was replaced 24 h post-transfection. Viral super-
natants were harvested 48 h post-transfection, clarified
though a 0.45um filter, and applied to immortalized
Ficd’”~ MEFs in the presence of 8 ug/ml polybrene.
Fresh growth medium was added to transfected 293T
cells after each harvest, collected 24 h later, clarified and
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applied to target Ficd”~ MEFs. After three rounds of
infection, G418 (Gibco) was added to a final con-
centration of 400 ug/ml 24 h after the final round of
infection to select for transductants. Expression of
FICDY" and FICD®***¢ was confirmed via immunoblot
24 h after the addition of 50 ng/ml doxycycline.

Cell culture and RNA extraction

Human FICDV" and FICD®***¢ expressing MEFs were
cultured in DMEM (Gibco) containing 4.5 g/L glucose,
110 mg/L  sodium pyruvate, 4mM rL-glutamine,
100units/ml penicillin (Gibco), 100 pg/ml streptomycin
(Gibco), 0.1 mM non-essential amino acids (Gibco),
20 mM HEPES (Gibco), 10% Tet System Approved FBS
(Takara), and 100puM 2-mercaptoethanol (Sigma-
Aldrich), while 293T cells were maintained in DMEM
(Gibco) containing 4.5g/L glucose, 110 mg/L sodium
pyruvate, 4mM r-glutamine, 100units/ml penicillin
(Gibco), 100 pg/ml streptomycin (Gibco), and 10% heat-
inactivated FBS (Corning). All cell lines were routinely
confirmed to be free of mycoplasma contamination by
PCR and were grown in a humidified chamber at 37 °C
containing 5% CO, and ambient oxygen tension.

MEFs were plated at a density of 1x10* per well of a
6-well dish 24 h before induction of FICD expression.
The following day, culture media were replaced with
medium containing 50 ng/ml doxycycline to induce
FICDYT or FICD®***C expression. After 24 h in induc-
tion media, cells in 3 wells were washed twice with ice-
cold PBS and lysed in 1 ml TRIzol Reagent (Invitrogen).
RNAs from each of three wells from both FICDY" and
FICD®?**¢ were extracted and purified, according to the
manufacturer’s protocols. RNAs were then treated with
10 units of RNase-free DNAse I (Roche) for 30 min at
37°C, according to the manufacturer’s instructions.
RNA integrity was determined by gel electrophoresis. A
remaining well was harvested for protein to confirm
expression of FICDY and FICD®***¢ by immunoblot.

Transcriptome sequencing of transgenic Ficd”™ MEFs

Total DNAse I-treated RNAs from FICDV' (n=3) or
FICD®#%C (n=3) expressing Ficd”~ MEFs were sub-
mitted to the Novogene Corporation Inc. for sample
processing, quality control, and Eukaryotic mRNA
Sequencing (NovaSeq X Plus Series; PE150; 6.00G raw
data per sample).

Caenorhabditis elegans strains and maintenance

All C elegans strains were maintained using standard
procedures as described by Brenner (1974). Worms were

cultured on nematode growth medium (NGM) agar
plates seeded with Escherichia coli strain OP50 as the
food source. Unless otherwise noted, strains were
maintained at 20 °C under standard laboratory condi-
tions. Wild-type worms were of the Bristol N2 strain.
Worm strains used in this study are listed in
Supplemental Table S7. All strains were obtained from
the Caenorhabditis Genetics Center (CGC, University of
Minnesota) unless otherwise indicated.

Worm synchronization

Strains were propagated by chunking, whereby a small
agar block containing a mixed-stage population was
transferred to a fresh NGM plate seeded with OP50, every
3-4 days, to maintain healthy populations and prevent
starvation. All experiments were performed using age-
synchronized populations of worms obtained by hypo-
chlorite treatment of gravid adult worms. Worms were
collected from NGM plates with water, sedimented, and
washed three times with M9 buffer (3g KH,PO,, 6¢g
Na,HPO,, 5g NaCl in 950 ml Milli-Q water). Gravid
adults were treated with freshly prepared hypochlorite
solution (56.6 ml distilled water, 14.4ml 5N NaOH,
6.6 ml 8.25% NaOCl) and incubated at 20 °C for 7 min
with agitation (1200 rpm). Samples were centrifuged at
100 g for 30s and washed twice with water. Embryos
obtained from the hypochlorite treatment were subse-
quently plated onto RNAi experimental plates.

RNAi-mediated knockdown experiments

Gene knockdown was achieved using RNA interference
(RNAI) by feeding. C elegans were exposed to E coli
HT115 strains expressing small interfering RNA
(siRNA) precursors. Bacterial cultures were grown
overnight in LB medium supplemented with 100 pg/ml
carbenicillin at 37°C, concentrated, and induced with
5mM isopropyl B-D-1-thiogalactopyranoside (IPTG).
NGM plates were supplemented with 100 ug/ml carbe-
nicillin and 1mM IPTG and seeded with the corre-
sponding RNAi bacteria. HT115 expressing siRNAs
targeting gfp or pos-1 served as negative and positive
controls, respectively. Knockdown efficiency and target
specificity were validated by quantitative PCR (qQPCR;
data not shown).

Developmental assays

Eggs were transferred to RNAI plates, and the initial egg
count was recorded. Plates were then assigned to one of
two groups: a non-heat induction control or a heat-in-
duction treatment. To induce FIC-1 expression, all
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animals in the heat-induction group were incubated at
37 °C for 30 min, followed by a 30-min recovery period
at 20 °C. Animals in the control group were maintained
at 20 °C during this period to prevent unintended FIC-
linduction. After recovery, all animals were maintained
at 20°C for 96h to allow development to adulthood.
Following this period, adult worms were counted to
assess developmental outcomes.

Caenorhabditis elegans RNAseq sample preparation

For RNAseq sample preparation, we followed a pre-
viously established protocol to obtain high-quality
C elegans mRNA.”" In brief, N2 wild type and nls774
animals were synchronized by bleach prepping and
grown on standard 100 mm NGM-agar plates seeded
with E coli OP50. Worms were incubated at 20 °C for
72 h. To induce FIC-1(E274G) OE, nIs774 animals were
incubated at 37°C for exactly 30 min (referred to as
nls774 induced). To control for heat-related changes in
gene expression, one cohort of N2 wild-type animals was
exposed to the same 30 min heat treatment (referred to as
N2 induced). Twelve hours after induction, induced
nls774, induced N2, as well as uninduced controls of
each genotype were collected, washed five times with
distilled water and snap frozen in liquid nitrogen. Worms
were then thawed in 300 pl TRI reagent (Zymo Research)
and lysed using a Qiagen TissueLyser II (5min, 30 Hz).
Following lysis, samples were centrifuged at maximal
speed in a table-top centrifuge at 4 °C for 10 min. Total
RNA was then extracted using a Direct-zol RNA Mini-
prep kit (Zymo Research). RNA quality was assessed by
determining OD260/280 and OD260/230 ratios using a
nanodrop system. PolyA RNAseq libraries were prepared
and run on an Illumina NextSeq sequencer by the Mi-
chigan Advanced Genomics core.

RNAseq differential expression analysis

RNA-seq raw read counts received from the UM ad-
vanced genomics core were normalized using the
GeTMM normalization method.”” Removal of adapters
and quality-control trimming was conducted using
fastp.’® These trimmed reads were aligned and quanti-
fied with HISAT2 and featurecounts’’ mouse genome
mm39, C elegans genome WBcel235.”° For this, we
normalized raw read counts by gene length and used
the normalized data as input into edgeR to perform
Trimmed Mean of M-values normalization. To perform
differential expression analysis, we used the Limma/
Voom differential expression pipeline.””"’ We further
used the Benjamini-Hochberg method to control for
false positive rates. We choose an adjusted P value of 1%

for our significance level and a log;y-fold change of at
least two to determine differentially expressed genes.
C elegans gene ontology results used the wormbase
enrichment analysis tool.”'** With the MEF differential
expression results, we used ontology enrichment tools
such as GSEA™ and topGO™ in R.

STRING network analysis

A list of genes that were at least two-fold up-regulated in
the induced nls774 cohort compared to the induced N2
wild-type cohort was used as input for a network ana-
lysis using STRING (string-db.org).”® Fold increase in
gene transcription was added manually to graphic
output using Adobe Illustrator.

Immunoblotting

Whole-cell protein extracts from MEFs or C elegans
pellets were prepared in protein sample buffer (62.5 mM
Tris pH 6.8, 2% SDS, 10% glycerol). Lysates were soni-
cated using a Model 120 Sonic Dismembrator (Fisher
Scientific) for 20s set to 30% amplitude. Lysates were
then clarified by centrifugation at 15,000 rcf for 15 min at
4°C. Protein concentrations were determined using DC
Protein Assay (Bio-Rad). Equivalent amounts (10 ug) of
total protein, supplemented with 710 mM [(-mercap-
toethanol and 0.01% (w/v) bromophenol blue, then
boiled for 5min, were fractionated by SDS-PAGE on a
12% polyacrylamide gel, electrophoretically transferred to
PVDF, and probed with antibodies diluted in 5% nonfat
milk or 5% BSA in 1XTBS-0.1% Tween-20. Membranes
were imaged on an ImageQuant LAS 4000 Scanner (GE
Healthcare) after application of Immobilon Western HRP
Substrate (Millipore). Antibodies used in this study were:
17G6 for AMPylation,”’ anti-BiP (for MEFs) Cat#: 66574-
1-Ig (Proteintech), anti-BiP (for HSP-3 and HSP-4) Cat#:
11587-1-AP (Proteintech), anti-beta-actin (8H10D10)
Cat#: 3700 (Cell Signaling), anti-alpha-tubulin Cat#:
12G10-s (Developmental Studies Hybridoma Bank), anti-
FICD Cat#: HPA021390 (Millipore Sigma), anti-HA
C29F4 Cat#: 3724 (Cell Signaling), anti-rabbit IgG, HRP
linked Cat#: 7074 (Cell Signaling), and anti-mouse IgG,
HRP linked Cat# 7064 (Cell Signaling).

Quantitative RT-PCR

Total RNA was extracted from frozen MEF or C elegans
pellets in 1 ml of TRIzol reagent (Invitrogen), according
to the manufacturer’s instructions. To remove con-
taminating genomic DNA, RNA was incubated with 10
units of RNAse-free DNAse I (Roche) at 37 °C for 30 min
presence of 10 units of RNAse inhibitor (Roche). RNA
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was then purified using the RNA Clean and Conentrator-
5 Kit (Zymo Research). Reverse transcription of 2 ug of
cDNA was then carried out at 37°C for 2h using the
High-Capacity cDNA Reverse Transcription kit (Applied
Biosystems), according to the manufacturer’s instruc-
tions. Equivalent amounts of cDNA (10 ng per 10 ul re-
action) were cycled in a QuantStudio 6 Pro Real-Time
PCR system (ThermoFisher Scientific). Reactions were
setup in the presence of 500 nM of each primer in the
PowerUp SYBR Green Master Mix (Applied Biosystems)
and cycled according to the manufacturer’s instructions.
Expression analysis was done using the 2“9 formula,
normalizing to Eef-2 for MEF samples and cdc-42 for
C elegans samples. Each primer set resulted in a single
peak after melting curve analysis, indicating a single
product was formed.
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