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Cells adapt to proteostatic and metabolic stresses, in part, through stress

activated elF2a kinases that stimulate the translation of ATF4. Stress-induced
ATF4 translation is regulated through elements at ATF4 mRNA’s 5 leader. In
addition to elF2a kinases, ATF4 induction requires other regulators that
remain poorly understood. Here, we report an ATF4 regulatory network con-
sisting of el[F4E-Homologous Protein (4£EHP), NELF-E, the 40S ribosome, and
elF3 subunits. Specifically, we found that the mRNA cap-binding protein, 4EHP,
was required for ATF4 signaling in the Drosophila larval fat body and in disease
models associated with abnormal ATF4 signaling. NELF-E mRNA, encoding a
regulator of pol ll-mediated transcription, was identified as a top interactor of
4EHP in a TRIBE (Targets of RNA Binding through Editing) screen. Quantitative
proteomics analysis revealed that the knockdown of NELF-E or 4EHP com-
monly reduced several subunits of the 40S ribosome (RpS) and the elF3
translation initiation factor. Moreover, reduction of NELF-E, 4EHP, RpS12, elF3l,
or elF3h suppressed the expression of ATF4 and its target genes. These results
uncover a previously unrecognized ATF4 regulatory network consisting of
4EHP and NELF-E that impacts proteostasis during normal development and in

disease models.

Cells adapt to external or physiological stress in part by inducing the
expression of stress-responsive genes. Among known adaptive
mechanisms is the Integrated Stress Response (ISR), a signaling path-
way initiated by stress-activated elF2a kinases”. ATF4 (Activating
Transcription Factor 4) is a major transcription factor that mediates
ISR, inducing the transcription of various genes involved in proteos-
tasis and amino acid biosynthesis®®. Reflecting the broad role of ISR in
responding to diverse cellular stress, there is an increasing list of
metabolic and degenerative diseases associated with abnormal ISR
signaling.

Multiple elF2a kinases responding to diverse conditions of stress
can initiate ISR signaling. For example, GCN2 gains activity in response
to amino acid deprivation, and PERK is best characterized for its

activation by endoplasmic reticulum (ER) stress. In mammals, the
elF2a kinase HRI is activated in response to mitochondrial stress’™. In
Drosophila, certain types of mitochondrial stress also activate PERK, as
in the case of parkin mutants that impair mitophagy*. Notably, loss
of parkin underlies rare forms of familial Parkinson’s Disease in
humans®, suggestive of a possible role of ISR in this disease.

The immediate consequence of elF2a phosphorylation is to
transform it into an inhibitor of the guanine exchange factor elF2B,
thereby suppressing the delivery of the ternary complex (TC, con-
sisting of elF2-GTP-Met-tRNA;"*") to the 40S ribosome'®. The net effect
is a general attenuation of mRNA translation initiation. The mRNAs of
metazoan ATF4 and yeast GCN4 evade such suppression, and in fact,
undergo preferential translational induction to further mediate ISR’s
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gene expression program. Such induction of ATF4 and GCN4 relies on
the properties of their unique 5 leaders that contain regulatory
upstream Open Reading Frames (uORFs)?°. uORFs are present in
numerous transcripts, and they often reduce the translation of
downstream ORFs because of translation termination after uORF
translation. However, the 40S ribosomes on the mRNAs of ATF4 and
GCN4 can continue to scan and reinitiate translation downstream of
UORFs**"%, Re-initiation after termination is possible if the 40S can
retain essential translation initiation factors such as elF3*%, During
the translation of standard ORFs, re-initiation doesn’t occur in part
because the 40S-elF3 interaction becomes unstable and elF3 is even-
tually lost**. But on short uORFs, such as those found in ATF4 or GCN4,
some elF3 are still retained by the 40S after uORF translation, allowing
the 40S-elF3 complex to recruit a fresh TC and other initiation factors
for re-initiation at the downstream main ORF*?°. Supporting this
notion, studies have found that the reduction of certain elF3 subunits
can impair uORF-mediated translational regulation of yeast GCN4,
plant AtbZip11, and ATF4 in human cell lines?> 2301,

Here, we report a previously unrecognized pathway that regulates
40S ribosome subunits, elF3, and ATF4 expression. In the Drosophila
larval fat body with physiological stress and ATF4 signaling, we found
that the depletion of 4EHP or NELF-E reduced ATF4 and its target gene
expression. Drosophila parkin (park) mutants dramatically stimulated
ATF4 signaling, which was also suppressed by 4EHP loss. Consistently,
4EHP affected ATF4-associated pathological phenotypes, including
parkin mutants’ lethality and light-dependent retinal degeneration. We
profiled mRNAs that bind to 4EHP’s cap-binding domain using TRIBE
(Targets of RNA Binding through Editing)*, and among the top inter-
actors was NELF-E mRNA. 4EHP was necessary for NELF-E expression,
and NELF-E knockdown reduced ATF4 levels. Among the genes com-
monly reduced after the depletion of NELF-E or 4EHP were compo-
nents of the 40S ribosome (RpS genes) and a subunit of the elF3
translation initiation factor complex. Reduction of RpS12, elf3l, or
elF3h suppressed physiological ATF4 signaling in the Drosophila fat
body without affecting the expression of control transgenes. Together,
these findings uncover an ATF4 regulatory network consisting of 4EHP,
NELF-E, 40S ribosome, and elF3 subunits, impacting proteostasis
during normal development and in disease models.

Results

A screen identifies 4EHP as a gene required for physiological
ATF4 expression in the fat body

The Drosophila genome encodes a single ATF4 ortholog annotated as
cryptocephal (crc)®. A well-established transcriptional target of Dro-
sophila crc is Thor, an ortholog of 4E-BP1***°, The single intron of Thor
contains crc/ATF4-binding sites, and this regulatory sequence was
previously fused to the coding sequence of DsRed fluorescent protein
to generate an ATF4 reporter known as Thor™™-DsRed (also referred
to as 4E-BP ™"-DsRed)** (Fig. 1a). During the late third instar larval
stage, Thor™™"-DsRed expression is induced in the larval fat body
(Fig. 1b, c¢), a metabolic tissue analogous to the mammalian liver and
the adipose tissue. We had previously shown that the Thor™™ "-DsRed
signal in the fat body is dependent on GCN2 and ATF4, suggestive of
physiological amino acid deprivation stress during normal
development™.

We performed a small-scale RNAi screen for their capacity to
regulate crc/ATF4 signaling, utilizing the Gal4/UAS method” to
express RNAI transgenes with the fat body specific dcg-Gal4 (Fig. 1b).
The 184 RNA:i lines targeted either known translation regulators or the
Drosophila homologs of ribosome-associated proteins®®. The RNAi
lines that reduced the Thor™™"-DsRed signal comparable to that caused
by crc/ATF4 RNAi were marked as hits. Our screen identified 19 hits,
and the RNAi line targeting 4EHP (elF4E-Homologous Protein, also
known as elF4E2) was among those to cause the starkest decreases in
DsRed fluorescence (Fig. 1c-j and Supplementary Data 1). The

knockdown of 4EHP in the fat body caused a slight delay in develop-
ment (Supplementary Fig. S1), and to assess any general effect on
protein synthesis, we also examined a control transgene with a single
ORF, UAS-GFP expression driven by the dcg-Gal4 driver. Neither crc nor
4EHP RNAi reduced this control GFP expression in the fat body, sup-
porting their specific effects on crc/ATF4 signaling (Fig. 1f-h’, j). To
validate the role of 4EHP, we employed a hypomorphic loss-of-function
4EHP mutant allele, 4EHP™, with significantly reduced 4EHP
expression®. The Thor™™-DsRed signal was also reduced in this
4EHP™ background (Supplementary Fig. S2). Going beyond the ana-
lysis of the Thor reporter, we validated that Thor transcripts were
significantly reduced in 4EHP RNAi and 4EHP™ larvae, as measured
through RT-qPCR (Fig. 1k).

4EHP is homologous to elF4E, with a conserved domain that binds
the 7-methylguanosine cap (m7GpppN, where N is a nucleotide) of
mRNAs. Although elF4E is required for a bulk of cap-dependent mRNA
translation, 4EHP has a weaker cap-binding affinity and associates with
other proteins, such as 4E-T, to bind to a more specific set of target
mRNAs***, Perhaps because 4EHP works with other such factors,
overexpression of 4EHP alone was insufficient to induce Thor™™"-
DsRed, and RNAi lines that target 4£-T reduced this reporter in the
larval fat body (Supplementary Fig. S3). We decided to further char-
acterize 4EHP due to its possible specificity in gene expression control.

We assessed Drosophila crc protein levels in the larval fat body
through western blots. Overexpression of crc (specifically the RB
transcript) in this tissue using the dcg-Gal4 driver generates a clear
anti-crc band near the 25 kDa marker (Fig. 11, lane 3). Control larval fat
bodies also show a crc protein band, albeit weaker than that caused by
the transgene overexpression (Fig. 1I, lane 1). Knockdown of 4EHP
significantly reduced the crc band intensity (Fig. 11, m), indicating that
4EHP is required for physiological crc/ATF4 expression in the larval
fat body.

Loss of 4EHP impacts gene expression related to metabolism
and translation

To better understand 4EHP’s role in gene expression, we performed
RNA-seq analysis of the larval fat body transcripts with or without 4EHP
RNAI. With the criterion of p-adjusted <0.05, 183 transcripts were
significantly downregulated and 218 upregulated after 4EHP RNAi
(genotype: dcg-Gal4/UAS-4EHP RNAI) as compared to controls (geno-
type: dcg-Gal4/+) (Fig. 2a and Supplementary Data 2). The Principal
Component Analysis (PCA) plot showed a clear separation of the two
genotypes (Fig. 2b). crc transcript levels did not change significantly by
4EHP RNAi (Fig. 2a), supporting the idea that crc/ATF4 signaling is
impacted through a post-transcriptional mechanism.

As transcriptional changes in stressed cells do not necessarily lead
to similar changes in protein levels, we also performed a quantitative
proteomics analysis in control and 4EHP RNAi larval fat body (Fig. 2c
and Supplementary Data 3). With the criterion of p-adjusted < 0.05,
364 proteins were detected at significantly reduced levels and 333 at
higher levels in 4EHP RNAi fat body samples.

Interestingly, 12 of the top 13 enriched GO Terms for those pro-
teins significantly reduced by 4EHP RNAi were related to various
metabolic processes (Fig. 2d). To assess changes in metabolism, we
compared the steady-state metabolic profiles of homozygous 4EHP™3
larvae with those from control w™® samples (3 independent samples
for each genotype). Among 147 common cellular metabolites assessed,
107 of them were detected from at least three samples, and 89 were
detected from all six samples (Supplementary Data 4). Nine metabo-
lites were significantly lower in the 4EHP“™3 larvae (Supplementary
Fig. S4a and Supplementary Data 4). We note that seven of these nine
downregulated metabolites are either amino acids or their metabolic
products. Six of these seven (excluding L-alanine) were metabolites in
either the serine-one-carbon pathway or the urea cycle (Supplemen-
tary Fig. S4b, c¢). Changes in these metabolites correlate with the
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reduction of serine-one-carbon pathway enzyme transcripts, including
aay, Nmdmc, Gnmt (Fig. 2a, e) in the 4EHP RNAi dataset. aay, which
encodes an L-phosphoserine phosphatase that mediates serine bio-
synthesis, was also found significantly reduced in our quantitative
proteomics data (Fig. 2c, e).

4EHP™™ homozygous females had a slightly shorter lifespan
compared to control females, but the mutant male flies had lifespans
similar to controls when reared under standard conditions of nutrients
(Supplementary Fig. S5). We suspected that the amino acids available
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in standard food were sufficient to sustain the viability of 4EHP™ flies
beyond 80 days despite indications of decreased crc/ATF4 signaling.
To assess the effect of nutritional deprivation, we isolated day-1 adult
flies and subjected them to total nutrient starvation. Under these
conditions, wild-type control adults retained over 50% of their popu-
lation for 60 h, followed by a drop in population by 72 h, and a total
population loss occurred by 96h. Under equivalent conditions,
4EHP* homozygotes and 4EHP RNAi adults died at a significantly
faster rate (Fig. 2f, g). To test if protein deficiency contributes to a
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Fig. 1| 4EHP is required for the expression of the crc (ATF4) and its target, Thor
inron_N)sRed. a A schematic diagram of the Thor ™™"-DsRed reporter. The Thor intron,
containing ATF4 binding sites, drives DsRed expression. b A diagram of the RNAi
screen. The fat body-specific dcg-Gal4 was used to drive double-stranded RNA
expression in the larval fat body for RNAi knockdown of targets. The Thor ™"
DsRed reporter is expressed both in the salivary gland and the fat body, but only the
fat body signal is affected by the knockdown of crc/ATF4 signaling mediators.
c-e Representative whole larvae images expressing the Thor ™™"-DsRed reporter.
Similar fluorescence patterns were consistently observed across multiple inde-
pendent larvae (here shown as n =4 per genotype). ¢ Negative control larvae
crossed to w' instead of an RNAI transgene. d, e RNAi against crc (ATF4) (d), or
4EHP (VDRC #38399) (e) suppressed DsRed fluorescence in the region with fat
body tissues, but not the non-specific signal from the anterior salivary glands. (f-h)
Thor "-DsRed signals (red) from the dissected third instar larval fat body. A
negative control with lacZ RNAi (f), and the equivalent flies crossed to crc RNAi (g)
or 4EHP RNAi (VDRC #38399) (h). f’-h’ Control dcg-Gal4 > UAS-GFP expression
(green) assessed in the indicated genotypes. Quantification of the DsRed intensities

(i) and GFP intensities (j) indicates that the effect of 4EHP RNAi is specific for the
Thor ™°"-DsRed and not for the control dcg-Gal4 > UAS-GFP expression. Data in (i)
and (j) represent results from three biological replicates (n = 3). Statistical sig-
nificance was assessed through ordinary one-way ANOVA followed by Tukey’s
multiple comparisons test. ns indicates not significant. k Thor mRNA fold change, as
assessed through RT-qPCR from the indicated genotypes. Data represent results
from three biological replicates (each averaged from technical triplicate, n=3).
Statistical significance was assessed through ordinary one-way ANOVA followed by
Tukey’s multiple comparisons test. *** indicates p < 0.0001. | Anti-crc (top gel) and
anti-tubulin western blots (bottom gel) from third instar larval fat body extracts.
The control sample (lane 1) shows a moderate-intensity anti-crc band that dis-
appears in 4EHP RNAi (lane 2) or becomes more intense after crc overexpression
(lane 3). (m) Quantification of the normalized crc band intensity. Data represent
results from seven biological replicates (n=7) per genotype. Two-tailed Welch’s ¢
test was used for statistical analysis. All bar graphs (i, j, k, m) show mean values +/
- SD (Standard Deviation).

shorter lifespan in these flies, we assessed survival after reintroducing
protein (1.6% BSA) into their diet. This protein-only diet made 4EHP™
and 4EHP RNA:i flies less vulnerable to starvation (Fig. 2i, j). In parti-
cular, 4EHP® flies displayed a survival curve similar to control flies
when reared with 1.6% BSA (Fig. 2i). Equivalent knockdown of crcin the
fat body also made the flies vulnerable to total starvation (Fig. 2h), and
adding back 1.6% BSA to the diet abolished the survival difference with
control flies (Fig. 2k). Together, these results indicate that the loss of
4EHP reduces the levels of certain amino acids and makes flies vul-
nerable to starvation.

One of the top 13 enriched GO terms in the proteins reduced by
4EHP RNAi was “translation” (Fig. 2d). Among the established initiation
factors, elF4A, elF3l, and elF3k were detected significantly lower in
4EHP RNAi samples (Fig. 2c and Supplementary Data 3). Not all initia-
tion factors were reduced by 4EHP RNAi. For example, three subunits
of the elF2 complex were detected at significantly higher levels in
samples with 4EHP knockdown (Fig. 2c). Western blots validated the
increase in total elF2a caused by 4£EHP knockdown, but there wasn’t a
concomitant increase in phospho- elF2a. As a result, the ratio of
phospho-elF2a to total elF2a decreased in 4EHP knockdown samples
(Supplementary Fig. S6a-c). The ribosome subunits also showed an
interesting pattern: All of the significantly reduced ribosomal proteins
in the 4EHP RNAi proteome dataset were subunits of the 40S ribosome
(referred to as RpS proteins), while many 60S subunits (RpL proteins)
were detected at significantly higher levels (Fig. 2c and Supplementary
Fig. S6d). While many RpS proteins were reduced, the transcript of
RpS7 was the only 40S subunit component reduced in the RNA-seq
dataset (Fig. 2a). Our observation is consistent with published reports
that the decrease in one RpS subunit causes the reduction of other RpS
subunit proteins while increasing RpL subunits and other ribosome
biogenesis factors***,

4EHP loss affects proteostasis phenotypes

Since ATF4 signaling is deregulated in many diseases, we examined
4EHP’s possible effect in Drosophila disease models. Parkin (park)
loss-of-function variants underlie rare forms of Parkinson’s Disease,
and park encodes a protein that helps to clear defective
mitochondria***’. Previous studies had reported that Drosophila
park loss of function mutants activate PERK and promote elF2a
phosphorylation”*, To examine the effect of park loss, we used
park® and park®? alleles, which are null alleles with deletions in the
coding sequence*”*°. As reported previously, park®/park® trans-
heterozygotes survived to adulthood as long as the larvae were
reared under uncrowded conditions (20 or fewer larvae in a vial).
We found that park®/park® adult flies showed intense Thor™™"-
DsRed reporter expression indicative of strong crc (ATF4) signaling
(Fig. 3a, b).

To assess the role of 4FHP in this disease model, we
crossed 4EHP™™ into the park®/park® background (genotype:
Thor™™-DsRed/+; park®, 4EHP>/park®®, 4EHP™). These flies
expressed significantly reduced Thor™"-DsRed signals compared to
flies with park®/park® alone (Fig. 3a, b). As noted by others, a large
fraction of the park®/park® adult flies died within the first day after
eclosion (Fig. 3¢). By contrast, introducing 4EHP"> in this background
(genotype: Thor™™"-DsRed/+; park®, 4EHP"*/park®, 4EHP"3) sig-
nificantly suppressed the lethality of park®/park®* flies (Fig. 3c).

To determine if crc/ATF4 signaling also affects parkin mutants, we
employed the crc’ loss-of-function allele. cr¢’ homozygotes exhibit
early developmental lethality, but we found that the crc'/+ hetero-
zygotes moderately but significantly (p < 0.0293) prolonged the life-
span of park®/park*®" adults (Supplementary Fig. S7). These results
indicate that the loss of 4EHP suppresses crc/ATF4 signaling in parkin
mutant flies, and excessive crc/ATF4 signaling contributes to the
enhanced lethality of parkin mutants.

In another model associated with ATF4 signaling, we examined
light-dependent retinal degeneration, a phenotype accelerated by the
loss of PERK or crc”. To assess the role of 4EHP in this model, we
examined pseudopupils, which are trapezoidal patterns that appear in
response to blue light deep in the retina. The pseudopupil forms only
when ommatidial clusters maintain regular arrays of aligned photo-
receptors and serves as a convenient tool to assess ommatidial integ-
rity. As previously reported®, crc®™ hypomorphs rapidly lost
pseudopupils when reared under light (Fig. 3d). 4EHP™ flies also lost
pseudopupils earlier than the control (w"*) flies when reared under
light (Fig. 3d). Such loss of pseudopupils did not occur when 4EHP3
mutant flies were reared in the dark (Fig. 3d). These results further
support the idea that 4EHP regulates crc/ATF4 signaling in disease
models.

4EHP binds to NELF-E mRNA and NELF-E is required for

ATF4 signaling

To gain mechanistic insights into the regulation of crc/ATF4 signaling
by 4EHP, we searched for mRNAs that bind to 4EHP’s cap-binding
domain. We specifically used an approach referred to as Targets of
RNA-binding proteins Identified By Editing (TRIBE), involving an Ade-
nine Deaminase Acting on RNA (ADAR) fused to an RNA-binding pro-
tein of interest’”. ADAR edits adenine to inosine on the bound
mRNAs, and those edited RNAs can be identified through RNA-seq. We
generated UAS-transgenes with ADAR fused to wild-type 4EHP. As a
negative control, we fused ADAR to the 4EHPY™* mutant, which
impairs the mRNA 5'cap-binding pocket® (Fig. 4a). We drove the
expression of these constructs in the fat body using dcgGal4 and
analyzed polyA-containing RNAs from third instar larval fat bodies for
RNA editing profiles. The mRNAs of crc or any elF2a kinases did not
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score as significantly edited targets (Fig. 4b, Supplementary Data 5).
The preferentially edited mRNAs (binding scores >10) were enriched
with diverse GO Terms including cellular developmental process and
cell differentiation (Fig. 4c). The mRNA most significantly edited by
4EHP-ADAR was CG18132, encoding an uncharacterized protein dis-
ulfide isomerase, predicted to assist in protein folding within the
endoplasmic reticulum. The second highest was the mRNA of Negative

Elongation Factor E (NELF-E) (Fig. 4b, d). We considered NELF-E a high-
confidence hit, as another A to I edit 30 bases downstream of the first
had the 7th highest score (Fig. 4b, d). An mRNA encoding another
subunit of the NELF complex, NELF-A, was also edited with significance:
one site was ranked at 141, and a second NELF-A site was ranked at 1157
(Fig. 4b and Supplementary Data 5). NELF-E transcript levels were
comparable between control and 4EHP RNAi conditions (Fig. 4e), but
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Fig. 2 | Loss of 4EHP reduces gene expression related to metabolism and
translation. a A volcano plot of gene expression changes caused by 4EHP RNAi
(VDRC #38399) in larval fat body tissue samples across three biological replicates
per genotype (n=3). Labeled are those genes involved in serine-one-carbon path-
way (Nmdmc, Gnmt, aay), mRNA translation (Thor, RpS7), and amino acid transport
(path). Differential gene expression was computed using DESeq2 with its default
two-sided Wald test on a negative-binomial generalized linear model; p-values were
adjusted with the Benjamini-Hochberg method. b A PCA plot of three samples for
each genotype. Those flies crossed to w' instead of 4EHP RNAi were used as
controls. ¢ A volcano plot of the proteome changes caused by 4EHP RNAI in the
larval fat body. Labeled are those involved in amino acid metabolism or transport
(aay, path) and mRNA translation (RpS12, RpS10b, RpS7, elF3l, elF2alpha, elF2beta,
elF2gamma). Statistical significance was determined using a two-sided moderated ¢
test (limma) with FDR correction (fdrtool) as implemented in the DEP2 R package.
d Enriched GO Terms of the proteins reduced by 4EHP RNAI. e A schematic diagram
of the serine-one-carbon pathway with the transcripts reduced by 4£EHP RNAi in

blue. f-k Kaplan-Meier survival curves showing estimated survival probability +
standard error (SE) of flies subjected to starvation. One-day-old adults were sub-
jected to the following conditions of nutrient restrictions. f Control (w5, n=82)
and 4EHP™" homozygotes (n = 76) reared with no nutrients. g Flies with either lacZ
(control, n=50) or 4EHP knocked down (n = 80) with the fat body driver (dcg-Gal4)
reared without any nutrients. h Those with either lacZ or crc RNAi (n=75) reared
with no nutrients. i Comparison of control (w5, n = 69) and 4EHP*™> homozygotes
(n=55) reared with only 1.6% BSA. Note these two strains showed a difference in
survival under total nutrient starvation (f), which disappears with the addition of
1.6% BSA in the diet. j Comparison of control (lacZ RNAi, n=92) and 4EHP RNAi
(VDRC #38399) flies (n = 44) when reared with only 1.6% BSA in food. The difference
in survival is less than that observed with total nutrient starvation (compare with e).
k The equivalent experiment comparing lacZ and crc RNAi (n =87). Data are pre-
sented for (f-k) with error bars reflecting SE (Standard Error). Log-rank analysis
(two-sided) was used to assess statistical significance. p-values are indicated. ns =
not significant.

our anti-NELF-E western blots revealed that 4EHP RNAi reduced NELF-E
protein levels (Fig. 4f, g). These results indicate that 4EHP binds to
NELF-E mRNA to regulate its expression at a post-transcriptional level.

The NELF complex is composed of four subunits, and over-
expression of NELF-E alone was neither sufficient to enhance Thor™"-
DsRed reporter expression nor rescue the Thor™™DsRed levels in 4EHP
RNAi larvae (Supplementary Fig. S8). Late third instar larvae failed to
emerge when NELF-E was knocked down with the dcg-Gal4 at 25 °C, but
we obtained viable larvae at 20 °C, albeit with a developmental delay
(Supplementary Fig. S8e). Under these conditions, two independent
RNA. lines targeting NELF-E reduced the Thor™°"-DsRed reporter signal
in the fat body but not the control dcg-Gal4 > UAS-GFP expression
(Fig. 5a-d). We also observed that NELF-E RNAi reduced crc protein
levels (Fig. 5e, f), corroborating our observations with Thor™"-DsRed.
Consistently, flies with NELF-E RNAI died significantly faster than con-
trol lacZ RNAI under total starvation (Fig. 5g). Adding 1.6% of BSA as a
protein source to the vial abolished such a difference between NELF-E
RNAI and lacZ RNAi (Fig. 5h). These results indicated that, similar to
4EHP, NELF-E is required for physiological crc/ATF4 signaling and
survival under nutrient deprivation.

NELF-F regulates metabolic pathways and RpS subunits

To further gain insights into NEFL-E’s role, we performed RNA-seq on
NELF-E RNAi fat body tissue samples with lacZ RNAi samples as a
control. We found that 312 transcripts were significantly induced, while
890 transcripts were found at significantly reduced levels in NELF-E
RNAi samples (Fig. 6a and Supplementary Data 6; p-adjusted < 0.05).
The PCA plot showed a clear separation between the NELF-E RNAi and
control samples (Fig. 6b). Similar to what we had seen with 4EHP RNAI,
the three serine biosynthetic enzymes (aay, CG6287, and CG11899) and
the onecarbon pathway enzyme Nmdmc were detected at significantly
reduced levels in NELF-E RNAi fat body samples (Fig. 6a). These
enzymes are established targets of ATF4 in Drosophila and
mammals™*5°3>*,

In addition to RNA-seq, we subjected these fat bodies to quanti-
tative proteomics analysis (Fig. 6¢ and Supplementary Data 7). Those
peptides that were reduced in NELF-E RNAi fat bodies, as compared to
lacZ RNAi controls, were enriched with GO Terms that included serine
transport and L-serine biosynthetic process (Fig. 6d). Consistently, the
proteomics dataset from NELF-E RNAi samples showed reduced levels
of L-serine biosynthetic enzymes such as aay and CG11899 (Fig. 6c).

Previous studies had documented gene expression changes in cells
deficient in NELF>*, Because those studies had not made associations
between NELF and ATF4, we re-examined one of the published datasets
reported with NELF-B knockout mouse embryonic stem cells®.

The transcripts specifically reduced in the knockout cells include
the major enzymes that mediate the serine-one-carbon pathway,
homologous to the Drosophila enzymes reduced by NELF-E RNAi

(Supplementary Fig. S9). Taken together, the gene expression profiling
results support the idea that NELF regulates ATF4 target genes
across phyla.

We note that mouse NELF-B knockouts had significantly reduced
ATF4 transcript levels*®. However, analogous changes in the Drosophila
crc expression did not occur in Drosophila NELF-E knockdown samples
(Fig. 6a). This suggested that Drosophila NELF-E may utilize a post-
transcriptional mechanism to regulate crc expression. To gain insight,
we examined gene expression changes that were common between
4EHP and NELF-E knockdown samples. There was an overlap between
the transcripts impacted by RNAi of 4EHP and NEFL-E (Supplementary
Fig. S10a), with 83% of the transcripts significantly reduced in 4EHP
RNAi samples also significantly reduced after NELF-E RNAi. Similarly,
the proteomics data showed that 63% of the proteins reduced in 4EHP
RNAI fat body were also reduced in NELF-E RNAi fat bodies (Supple-
mentary Fig. S10a). The proteins commonly reduced in 4EHP and NELF-
E RNAi samples were enriched with GO terms such as metabolic pro-
cesses and cytoplasmic translation (Supplementary Fig. S10b). Since
crc/ATF4 expression is regulated at the level of mRNA translation, we
further examined if translation initiation factors changed their levels in
4EHP or NELF-E RNAi samples. elF3l was the only elF protein that was
significantly reduced in both conditions. In addition, many 40S ribo-
some subunits (RpS proteins) were detected at significantly reduced
levels (Supplementary Fig. S10a). The most strongly reduced peptides
mapping to the RpS subunits were RpS10b, Rps27A, RpS20, and Rps12
(Fig. 6e). According to the published human 40S ribosome structure
(PDB 7r4x), these subunits cluster together in a specific part of the
ribosome (Fig. 6f). Therefore, we speculate that the reduction of RpS12
transcripts in NELF-E RNAi fat body leads to the instability of the other
subunit peptides.

The effect of NELF-E RNAi appeared selective as none of the RpL
subunits were significantly reduced in the NELF-E RNAi or 4EHP RNAi
data (Fig. 6e and Supplementary Fig. S6). In fact, many RpL subunit
peptides were detected at higher levels, possibly through a feedback
regulatory mechanism against RpS reduction (Fig. 6e). Also detected at
higher levels were the three elF2 subunits, and the increase in the total
elF2a was validated through western blots (Supplementary Fig. S11).
Phospho-elF2a levels didn’t increase together with total elF2q,
resulting in a reduced ratio of phospho-elF2a to total elF2a in the
NELF-E RNAi samples (Supplementary Fig. S11).

To test if the reduction of RpS subunit contributes to
ATF4 signaling impairment, we employed the RpSI2*?®, a loss of
function allele caused by a transposable P-element insertion. The
homozygotes were lethal as expected, but the RpSI2*?%/+ hetero-
zygotes were viable and reduced Thor™™"-DsRed signals in the larval fat
body as compared to controls (Fig. 6g). Similar to the case of 4EHP and
NELF-E knockdown, RpS12°?%/+ did not reduce the expression of
control dcg-Gal4 > UAS-GFP (Fig. 6g, h), indicating that crc/
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ATF4 signaling is specifically sensitive to the reduction of the RpS12  elF3 partners with the post-termination 40S subunit for re-initiation
gene dosage. downstream of uORFs****, The knockdown of certain subunits

caused larval lethality or severe developmental delay, but fat body-
crc/ATF4 signaling is selectively impaired by the reduction of  specific expression of RNAi lines targeting elF3 subunits, e/f3h and
elF3 subunits elF3l, and the elF3-associated factor elF3j, did not interfere with larval
We next turned our attention to the elF3 complex as elF3l was com- development, with most flies successfully reaching pupal stages
monly reduced by the knockdown of 4EHP and NELF-E, and because (Supplementary Fig. S12). We found that e/F3[ knockdown in the fat
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Fig. 3 | The loss of 4EHP affects the outcome of proteostasis phenotypes in
degenerative disease models. a-c The parkin (park) loss-of-function phenotype is
suppressed by the loss of 4EHP. a Thor™™"-DsRed expression in one-day-old adult
flies of the indicated genotypes. park®®/park® flies have intense DsRed induction,
which is partially suppressed in the 4EHP™> homozygous background.

b Quantification of the DsRed signal from flies shown in (a). One-way ANOVA and
Tukey’s HSD were used to assess statistical significance. ¢ The lifespan of the flies of
the indicated genotypes. park®®/park® flies show high levels of lethality immedi-
ately after eclosion, and very few flies survive more than 40 days. 4EHP“™ in that
genetic background significantly enhanced survival. Log-rank (two-sided) was used

to assess statistical significance. p < 0.0001 between control and park®/park®.

p <0.0001 between park®/park® and park*, 4EHP">/park®, 4EHP?>. d Light-
dependent retinal degeneration is accelerated in 4EHP™ flies. Pseudopupils were
used to assess retinal integrity in live flies. (Left) A graph showing the percentage of
flies with intact pseudopupils when reared under light. 4EHP™ flies (red line)
exhibit accelerated retinal degeneration as compared to control (w'*®) flies (black
line). crc®™' flies (blue line) have early onset retinal degeneration. (Right) Flies with
intact pseudopupils when reared in the dark. The log-rank test (two-sided) was used
to assess statistical significance between all three genotypes in light conditions
(left, p < 0.0001) and in dark conditions (right, p > 0.9999).

body reduced Thor™ "-DsRed signals in the larval fat body as com-
pared to controls (Fig. 7a-d).

To independently validate the role of elF3, we knocked down
elF3h. Of note, our previous screen had scored e/F3h RNAi as a sup-
pressor of the crc/ATF4-signaling reporter expression’’. Two inde-
pendent RNAI lines targeting e/F3h (VDRC 106189 and BDSC 55603)
suppressed Thor ™°"-DsRed expression when expressed in the larval
fat body (Fig. 7e-g and Supplementary Fig. S13). These knockdown
conditions did not block a control GFP transgene expression

(Fig. 7¢’, f, h), further supporting a specific effect of elF3h
knockdown on ATF4 signaling. We also examined an allele of eif3h,
k09003, with a transposable element (P-element) inserted in its coding
sequence. Homozygotes eif31°°°% did not survive to late larval stages,
but the heterozygote 3 instar larvae had weaker Thor™ "-DsRed
expression in the fat body (Supplementary Fig. S14).

To gain further insight into e/F3h RNAi’s effect, we generated a
UAS line with the crc 5’ leader preceding the DsRed reporter (Fig. 7i).
This transgene will not capture potential crc (ATF4) regulation that
acts through the protein-coding sequence but is designed to report
regulatory inputs at the 5’ leader upstream of the main ORF. We first
tested the stress-inducible nature of this reporter in eye imaginal discs.
When the reporter was expressed with the eyespecific GMR-Gal4, no
DsRed expression was detected, indicating that the crc 5 leader
inhibited the main ORF translation in unstressed cells. Expressing
Rh1°*", a missense allele of RhI that induces crc/ATF4 when expressed
in eye imaginal discs”, robustly induced DsRed expression (Supple-
mentary Fig. S15). The equivalent experiment in the PERK —/- back-
ground abolished DsRed induction, indicating that crc §’ leader-DsRed
reports elF2a kinase-mediated crc induction (Supplementary Fig. S15).
When driven with the fat body-specific Gal4 driver, we detected clear
crc 5 leader-DsRed signals that reported physiological ISR activity
(Fig. 7j, k). Such reporter signal was significantly suppressed when
elF3h was knocked down (Fig. 71, m). elF3h RNAi did not significantly
reduce phospho-elF2a levels (Supplementary Fig. S16). These results
support the idea that depletion of 4EHP or NELF-E reduces elF3 levels,
and physiological ATF4 signaling is suppressed by the reduction of
elF3 subunits.

While our data demonstrates the requirement of elF3h, over-
expression of elF3h alone was not sufficient to induce Thor ™™"-DsRed
(Supplementary Fig. S17a-c), perhaps because other elF3 subunits
could be limiting. Consistently, overexpressing e/F3h did not rescue
the suppression of Thor™"-DsRed caused by NELF-E RNAi (Supple-
mentary Fig. S17d, e).

Finally, we examined if the newly identified regulators are them-
selves under the control of crc/ATF4 signaling. We found that the
transcript levels of 4EHP, NELF-E, and elF3h did not change significantly
in late larval fat bodies as examined through RT-qPCR (Supplementary
Fig. S18). These results do not support a feedback regulatory rela-
tionship between crc/ATF4 and 4EHP, NELF-E, elF3h.

Discussion

In this study, we report that 4EHP and NELF-E form a regulatory axis
required for physiological crc/ATF4 signaling. 4EHP uses its 5 cap-
binding domain to bind NELF-E mRNA and promote NELF-E expression.

4EHP and NELF-E regulate a highly overlapping set of genes and pro-
teins, including subunits of the 40S ribosome and the elF3 complex.
Reducing these components, such as RpsI2 or elF3h, suppresses crc/
ATF4 signaling. While the Drosophila lines used in this study were not
backcrossed to a common parental strain, key results were corrobo-
rated with independent RNAi lines or with classical mutant alleles.
These results support a previously unrecognized relationship between
4EHP and NELF-E and their roles in crc/ATF4 signaling (Fig. 8).

Compared to the mRNA cap-binding protein elF4E, there has been
only a limited understanding of 4EHP function. While both proteins
can bind to mRNA caps, only elF4E can recruit elF4G for translation
initiation. 4EHP reportedly represses the translation of many mRNAs
upon binding**2, A small number of in vivo studies had identified
4EHP’s role in Drosophila development and in mouse behavior®~5*,
We find that Drosophila 4EHP has a specific role in regulating NELF-E
and ATF4 signaling. ATF4 is an established regulator of nonessential
amino acid biosynthesis, and the fat body is an organ that readily
reprograms metabolism in response to amino acid deprivation®® %
Consistently, the loss 4EHP reduced specific aspects of amino acid
metabolism.

Our results show that the loss of 4EHP impacts the proteostasis-
related phenotypes of two degenerative disease models in Drosophila.
One of the degenerative disease models we examined was the parkin
mutant, which reportedly has higher PERK activity?. Consistently, we
found that parkin loss strongly activated PERK's downstream
ATF4 signaling. Moreover, our data suggest that the excessive
ATF4 signaling associated with parkin loss contributes to the
phenotype.

Our TRIBE screen provides insights into the molecular function of
4EHP. The overall results indicate that 4EHP binds to a small fraction of
cellular mRNAs. The results are consistent with the finding that 4EHP
has a significantly weaker 5 cap binding affinity compared to elF4E*.
4EHP may bind to specific target mRNAs through a combination of its
capbinding domain function and its interaction with other RNA-
binding proteins. Among the highest-scoring 4EHP interactors was the
mRNA of NELF-E. Because NELF-E protein levels were found to be
reduced after 4EHP RNAi, we conclude that 4EHP stimulates NELF-E
expression after binding to the mRNA. Whether 4EHP acts as a trans-
lational regulator of NELF-E is unclear and beyond the scope of this
study. It is possible that 4EHP stimulates NELF-E translation, analogous
to its role in translating certain mRNAs®***, Alternatively, 4EHP may
affect NELF-E expression indirectly, perhaps by regulating mRNA
maturation or transport.

NELF was initially characterized as a complex that promotes RNA
polymerase Il pausing at promoter proximal sites of certain genes®¢.
More recent studies have reported NELF’s alternative role in regulating
the cap-binding complex on nascent mRNAs**°. The net effect of
NELF depletion is a change in gene expression, with a reduction in
transcripts involved in heat shock, ERK signaling, and innate immune
response®**’%72 Qur study shows that NELF-E is required for
ATF4 signaling. Specifically, we found a clear reduction of crc/ATF4 in
the larval fat body after NELF-E knockdown. Consistently, gene
expression profiling data showed that NELF-E RNAi in the fat body
caused a strong reduction in established ATF4 target gene expression.
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While the association between NELF and ATF4 target genes had evaded
notice in previous studies, our own analysis of publicly available
datasets further supports the relationship between NELF and amino
acid biosynthesis. For example, a microarray study of NELF depleted
Drosophila S2 cells reported a reduction in two out of three enzymes
that convert 3-phospho-glycerate to Serine (aay and CGI11899)%.
Moreover, a study of mouse embryonic stem cells reported that NELF-
B knockout caused the reduction of two out of three serine biosyn-
thetic enzymes (Phgdh and PSATI) and three well-established one-
carbon pathway enzymes (Shmt2, Mthfdl, Mthfd2)*. These results

suggest a relationship between NELF and ATF4-induced amino acid
metabolism that is largely conserved across cell types and between
species.

We did not see a change in Drosophila crc transcript levels after
NELF-E knockdown, suggesting that Drosophila NELF-E regulates crc
through a post-transcriptional regulatory mechanism. Among the
proteins reduced in NELF-E RNAi fat body were multiple subunits of the
40S ribosome and an elF3 subunit. This was interesting because elF3
works together with the 40S ribosome during translation initiation”.
Many other translation initiation factors dissociate from the ribosome
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Fig. 4 | 4EHP binds to NELF-E mRNA, dependent on its cap-binding domain, to
regulate NELF-E expression. a The design of the TRIBE experiment to identify
4EHP-binding mRNAs. The RNA editing enzyme, ADAR, was fused to either the wild-
type 4EHP or to the cap binding-deficient 4EHP ""** mutant. These chimera-
proteins are designed to edit the mRNAs (from A to I) that they bind. b A plot of
mRNAs preferentially edited by 4EHP-ADAR. The binding score on the y axis shows
the log-likelihood of mRNA editing by 4EHP wild type-ADAR on a specific nucleo-
tide divided by that from the equivalent 4EHP “"** mutant. Highlighted are two
different edited sites on NELF-E and NELF-A. ¢ The enriched GO Terms of the 4EHP
targets with binding scores above 10. d A schematic diagram of the NELF-E mRNA
and the relative positions of the sites edited by 4EHP wild type-ADAR. Gray shows

the UTRs, and black indicates the coding sequence. e NELF-E transcript levels in
control and 4EHP RNAi RNA-seq dataset with three biological replicates per gen-
otype (n=3). A two-sided ¢ test was used to determine significance. Data presented
are mean values +/- SE. f Anti-NELF-E (top gel) and anti-tubulin (bottom gel) wes-
tern blots from fat bodies of control (w'$), or with 4EHP (VDRC #38399) or NELF-E
RNAi (VDRC #21009). g Quantification of relative NELF-E protein band intensities as
compared to that of the control sample across three biological replicates (each
averaged from technical duplicate, n =3). Data presented are mean values +/- SD.
An ordinary one-way ANOVA followed by Tukey’s multiple comparisons test was
used to assess statistical significance. p-values are indicated. ns = not significant.

once UuORF translation initiates, but elF3 remains bound to the trans-
lating 80S ribosome?***°, Such properties make elF3 a prime candi-
date factor required for re-initiation after uORF translation, because
elF3 retained by the ribosome may help recruit other essential trans-
lation initiation factors that were lost during uORF translation (Fig. 8).
Consistent with this idea, studies in yeast, Arabidopsis, and with human
cells reported that elF3 is required for the translation of ORFs that
contain regulatory uORFs*****%?, We found that the knockdown of
elF3h impairs ATF4 signaling, but not the expression of a control
transgene. elF3h is one of the non-core subunits of elF3, with no
homologs in S. cerevisiae. The data indicate that crc/ATF4 signaling is
particularly sensitive to a reduction in e/F3h levels. In our experiments,
a moderate reduction of 40S subunits or elF3 did not affect the
expression of UAS-GFP, a control transgene with a single ORF, and
these results imply that ribosomes and elF3 are not rate-limiting for
that transcript expression. On the other hand, we found that the uORF-
containing crc was highly sensitive to even a moderate reduction of
RpS12, elF3L, or elF3h. This could reflect the fact that elF3 is gradually
lost from the ribosome during uORF translation, and there is a limiting
amount of 40S-elF3 downstream of the uORF to help re-initiate
translation (Fig. 8).

In summary, our results support an ATF4-regulatory axis involving
4EHP, NELF-E, 40S subunits and elF3, which are required for physio-
logical and pathological ATF4 signaling activity in Drosophila. The
study provides insight into an ATF4 regulatory mechanism with
pathological implications.

Methods

Fly strains

All flies were reared in a standard cornmeal-agar diet supplemented
with molasses unless otherwise specified. Due to sexual differences in
metabolism and ATF4 signaling, males were analyzed unless otherwise
stated. All gene overexpression and RNAi experiments were done
using the Gal4/UAS binary expression system®. NELF-E RNAi crosses
were maintained at 20 °C due to larval lethality at higher temperatures.
All other crosses were maintained at 25°C. The following fly stocks
were used for this study: w8 (BDSC # 5905), Thor (4E-BP)"™°"- DsRed™*,
dcg-Gal4, UAS-crc®, UAS-lacZ RNAi"*, UAS-ATF4 (crc) RNAi (VDRC
#109014), UAS-4EHP RNAi (VDRC #38399 and BDSC #36876), UAS-
NELF-E RNAi (VDRC #21009, BDSC #32835), UAS-elF3h RNAi (VDRC
#106189, BDSC #55603), UAS-elF3l RNAi (VDRC #107267), UAS-4E-T
RNAi (VDRC #101047 and # 34755), 4EHP*%, park®>°, park®*’,
Perk?°'”* (BDSC #85557).

Molecular cloning

To generate flies expressing 4EHP-ADAR constructs for TRIBE, fusion
protein sequences were subcloned into the pUAST attB vector. The
4EHP-RD CDS (full sequence Flybase ID FBtr0303160) composed the
N-terminus of the fusion protein, followed by a 3’ linker joined to the 5
end of the ADAR-RN catalytic domain sequence. In accordance with
previous reports using TRIBE, the ADAR sequence contains a mutation
at E488Q to “hyper”-activate ADAR’s function to improve sensitivity*~
The ADAR catalytic domain was followed by a second linker, joined by

a C-terminal V5 tag. For 4EHPV"A-ADAR, the TGG codon for trypto-
phan at nucleotides 340-342 was substituted for GCT to encode ala-
nine. The full construct was generated via Invitrogen GeneArt Gene
Synthesis Services. EcoR1 and Kpnl sites were introduced to the con-
struct via High Fidelity PCR amplification using the following primers:
ADAR-F-EcoR1  5-  GCGGAATTCATGAGCATGGAGAAAGTAGC-3’;
ADAR-R-Kpnl 5- AGTGGTACCTCACGTAGAATCGAGACCGA-3. The
resulting product was verified to be free of PCR-induced mutations
using sanger sequencing with services provided by Genewiz. The
pUAST attB plasmids containing the verified complete construct were
injected into the line 24482 by BestGene Inc to insert into the 2™
chromosome at a 51 C locus.

To generate the crc SUTR-DsRed reporter, the crc RA isoform was
used, and its ATF4 main ORF was replaced with the DsRed coding
sequence. The resulting crc 5UTR fused to DsRed was subcloned into
the pUAST attB vector and injected into the VK37 strain to insert into
the 2" chromosome at 22A3.

Metabolic profiling

Late larval stage samples from control (w™®) and 4EHP* homozygous
flies were analyzed by the NYU Metabolomics Core Resource Labora-
tory using the hybrid LCSM assay. Triplicate samples for each genotype
were processed after scaling the metabolite extraction to a measured
aliquot (5 larvae/mL). A panel of 147 metabolites were assessed, and 89
metabolites were detected in all 6 samples after background threshold
correction. To assess differential metabolite expression, metabolite
peak intensities were extracted to a library of m/z values and retention
times developed with authentic standards. Intensities were extracted
with an in-house script with a 10 ppm tolerance for the theoretical m/z
of each metabolite, and a maximum of 30 s retention time window. A
cocktail of isotope-labeled amino acid standards was spiked into the
metabolite extraction solvent cocktail. Peak intensities were extracted
according to a library of m/z values and retention times for the doubly
labeled (13 C and 15 N uniform) amino acids.

Nutrient starvation experiments

For full nutrient starvation experiments, day-1 adult male flies were
collected and relocated to vials containing medium composed of 1.5%
agarose in PBS, which were incubated at room temperature. At twelve-
hour intervals, deaths were recorded. The experiment was run until all
populations perished from starvation. For protein-only diet experi-
ments, a medium composed of 1.5% agarose and 1.6% BSA in PBS
was used.

Photoreceptor degeneration assay

We collected 0-1 day AE flies from each genotype (Light: w8, n=44.
4EHP3, n=37. crc®™™, n=57. Dark: w™, n=37. 4EHP™3, n=15.
crc®™™, n=38.) and kept in regular cornmeal vials covered by parafilm
made holes for a gas exchange. These vials were put into two card-
board boxes (11.5 cm x 11.5 cm x 14 cm) which are with or without a lid.
The boxes are put in a 25 °C incubator during the assay. For the light
source, we put an LED light pad (B4 Tracing Light Box with Internal

Cord + Foldable Stand, 14.2 * 10.6 Inches Light Board for Tracing,
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Fig. 5 | NELF-E RNAi reduces crc (ATF4) protein levels and renders flies vul-
nerable to protein restriction in the diet. The indicated RNAi lines were driven to
fat body cells using the dcg-Gal4 driver. a Thor ™™"-DsRed expression (red) in the
third instar larval fat body after the knockdown of lacZ (control) or NELF-E (VDRC #
21009 line, here indicated as #1) is shown. The control dcg-Gal4 > UAS-GFP signal
(green) are shown in the lower panel. Quantification of the DsRed signal (b) and the
GFP signal (c) across three biological replicates (n=3) shows that NELF-E RNAi’s
effect is specific to the crc target reporter Thor ™°-DsRed. Two-tailed Welch's ¢ test
was used to assess statistical significance. Data presented are mean values +/- SD.
d An independent RNAI line targeting NELF-E (BDSC #32835 labeled as #2) also
reduces Thor ™"-DsRed expression. Similar fluorescence patterns were con-
sistently observed across multiple independent samples (lacZ RNAi n=3, NELF-E
RNAi (BDSC 32835) n=4). e Anti-crc (ATF4) western blot from control, NELF-E RNAi
(VDRC #21009), and crc overexpressing fat body extracts (top gel). Anti-tubulin
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blots are shown as loading controls (bottom gel). f Quantification of relative crc
band intensities in samples expressing lacZ RNAi (n = 4 biological replicates) or
NELF-E RNAI (n =4 biological replicates). Two-tailed Welch’s ¢ test was used to
assess statistical significance. Data presented are mean values +/- SD.

g, h Kaplan-Meier survival curves showing estimated survival probability + stan-
dard error (SE) of one-day-old adult flies under the indicated conditions. g NELF-E
RNAi flies (VDRC #21009) (n=47) showed a significant reduction in survival as
compared to controls (lacZRNAi, which is also shown in Fig. 1) when reared without
any nutrients. h When reared with a protein-only diet (1.6% BSA), no significant
difference was seen between NELF-E RNAIi (n =25) and control flies. Log-rank ana-
lysis (two-sided) was used to assess statistical significance. Log-rank (two-sided)
tests were used to assess the statistical significance in (i, j). p- values are listed, and
ns indicates not significant.
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Fig. 6 | NELF-E RNAi changes the levels of metabolic enzymes and ribosome
subunits. a A volcano plot of gene expression changes caused by NELF-E RNAI in
larval fat body samples, with lacZ RNAI serving as the control, across three biolo-
gical replicates per genotype (n=3). Labeled are enzymes that mediate serine
biosynthesis (CG11899, aay, CG6287), one-carbon metabolism (Nmdmc), and
translation mediators (RpS12, elF3h). Differential gene expression was computed
via the Seq-N-Slide pipeline (sns) using DESeq2 with its default two-sided Wald test
on a negative-binomial generalized linear model; p-values were adjusted with the
Benjamini-Hochberg method (as described in Fig. 2a). b A PCA plot of three
independent samples from lacZ (control) and NELF-E RNA.. ¢ A volcano plot of
proteomic changes caused by NELF-E RNA:i in the fat body of three biological
replicates per genotype (n =3). Labeled are enzymes mediating serine biosynthesis
(CG11899, aay) and those that mediate mRNA translation (RpS12, RpS27A, elF3l,
elF2alpha, elF2beta, el[F2gamma). Statistical significance was determined using a
two-sided moderated ¢ test (limma) with FDR correction (fdrtool) as implemented

«
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>
E
o

GFP intensity
& 5 g

dcg-Gal4>GFP  Thor intron - DsRed

control

in the DEP2 R package (d) Enriched GO terms of the proteins reduced by NELF-E
RNAI. e Changes in the levels of Ribosome subunits by NELF-E RNAi in the experi-
ment described in (c). Those proteins with significant changes (p adjusted < 0.05)
are labeled in blue. Significantly reduced ribosomal proteins are all part of the 40S
subunit (RpS), while many 60S subunit proteins (RpLs) were detected at higher
levels. Downregulated ribosome proteins include RpS10b (p = 0.0024), RpS12
(p=0.0097), RpS 20 (p=0.0027), and RpS27A (p = 0.0024). Significance testing
was performed as described in (c). f Modeling the position of most strongly
reduced RpS subunits based on the published human ribosome structure (PDB
7r4x). Three subunits are adjacent to each other. g Thor "°"-DsRed (red) and dcg-
Gal4 > UAS-GFP expression (green) in control and RpS*#%/+ larval fat body.

h Quantification of DsRed and GFP average pixel intensities of biological replicates
prepared from w' control samples (n =4) or RpS*¥*/+ samples (n=3) in (g). Data
presented are mean values +/- SD. Two-tailed Welch'’s ¢ test was used to assess
statistical significance. p-values are indicated. ns = not significant.

3-Levels Brightness, 8000 LUX Tracing Light Pad for Children,
VKTEKLAB) on the boxes and adjusted the intensity to be 211-259 lux in
the no-lid box. The deep pseudopupil (Dpp) in living flies was observed
under SMZ1500 (Nikon) under blue light. The observation was done
from day 10 to day 28 AE. The survival data was analyzed using
“GraphPad Prism 10” (GraphPad Software).

Confocal microscopy and Immunohistochemistry

Freshly dissected larval tissue was fixed by incubating in 4% PFA for
20 min, and then washed in 0.1% PBS-T three times, 5-10 min each
wash. For images displaying samples expressing Thor™"-DsRed and
UAS-GFP, tissues were then suspended onto whole mount slides in
either a solution of 50% glycerol containing DAPI or Vectashield anti-
fade mounting medium for fluorescence with DAPI (H-1200). For
images displaying samples expressing crc5-dsRed, tissues were labeled
with anti-DsRed (Takara 632496, 1:1000) and anti-Rhl (DSHB 4C5
antibody 1:200) for 1h. Samples were then washed three additional
times before incubated with 546 nm secondary antibodies (1:500) for
one hour. After final washes, the tissues were mounted for imaging.
Confocal imaging was performed with LSM 700 using a 20x objective
lens. Signal intensity was quantified in ImageJ by measuring red

(Thor™™"-DsRed, crc’S-DsRed) or green (UAS-GFP) fluorescence over the
range defined by DAPI-stained nuclei.

RT-gPCR

RNA from the Drosophila larval fat body was isolated with TRIzol
(Thermo Fisher Scientific) following the manufacturer’s instructions.
Unless otherwise stated, each biological replicate for RT-qPCR and
RNA-seq experiments was composed of RNA derived from 10 male
Drosophila larval fat bodies for all genotypes. For sample homo-
genization, pestles for 1.5 mL microcentrifuge tubes (USA Scientific,
1415-5390) were used. Maxima H Minus Reverse Transcriptase was
used to generate cDNA from 500 ng RNA, which was subsequently
used to perform qPCR with GreenPower SYBR® Green PCR Master Mix
(Invitrogen). Relative mRNA levels were determined by using the delta
delta CT method to measure cycle threshold, normalized to products
generated using primers for Rp49 or Rpl15. The primers for Thor and
ATF4 are previously recorded elsewhere. Other primers as follows:
Rp49-F 5- AGATCGTGAAGAAGCGCACCAAG-3’; Rp49-R 5- CACCAGG
AACTTCTTGAATCCGG- 3’; Rpl15-F 5-AGGATGCACTTATGGCAAGC-3’;
Rpl15-R 5- GCGCAATCCAATACGAGTTC-3; 4EHP-F 5- CAGCGA
TGTGGATAATCAG-3’; 4EHP-R 5- GAGAACCAGAGGCAGTAT-3’; NELFE-
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5-GTTTGATCACTTCCTCCTCTGG-3'.

RNA-seq and data analysis
RNA from the Drosophila larval fat body was isolated with TRIzol fol-
lowing the manufacturer’s instructions. The extracted RNA was then
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treated with DNase (Turbo DNA free kit) to remove contaminant
genomic DNA, and then ethanol precipitated. The samples were
vacuum dried, resuspended in dH,O and sent to the NYU Genome
Technology Center (RRID: SCR_017929) for RNA sequencing using the
Illumina NovaSeq 6000 platform using Sp100 Flow Cell v1.5. Triplicate
samples for each genotype were analyzed. The cDNA library was pre-
pared from polyA-containing mRNA. We followed Igor Dolgalev’s Seq-
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Fig. 7 | elF3l and elF3h are required for physiological crc (ATF4) signaling.
a-h Thor ™°"-DsRed signal (red in a, b, e, ) and the control dcg-Gal4, UAS-GFP
fluorescence (green in a’, b’, €’, £) in larval fat bodies with the expression of the
indicated RNAi lines. lacZ RNAi (a, e) was used as controls. VDRC 107267 was used
to knock down elF3l, and VDRC 106189 was used to target e/F3h.

¢, d, g, h Quantification of DsRed (c, g) and GFP pixel intensities (d, h) from three
biological replicates (n = 3) for each of the indicated genotypes. Data presented are
mean values +/- SD. Two-tailed Welch'’s ¢ test was used to assess statistical sig-
nificance. p-values are indicated. ns = not significant. i A schematic diagram of the
crc SUTR-dsRed reporter. The transgene is expressed through the dcgGal4/UAS
system. Black arrows above the transgene indicate uORFs. uORF2 overlaps with the

DsRed ORF (red), but in a different reading frame. The gray part of the

uORF2 symbolizes changes in the uORF2 coding sequence. j-1 Anti-DsRed immu-
nolabeling (red) of late larval fat body does not detect signals in a control fat body
without the reporter (j), but shows reporter activity in response to crc-5leader-
DsRed expression (dcg-Gal4, UAS-crc-5'leader-DsRed) (k). This reporter signal is
suppressed when elf3h RNAi (VDRC 106189) is co-expressed (I). m Quantification of
the DsRed pixel intensities of control reporter (no RNAi) samples (n = 6 biological
replicates), reporter + elF3h RNAi samples (n =4 biological replicates) and no
reporter (n =5 biological replicates). Data presented are mean values +/- SE.
Ordinary one-way ANOVA and post-hoc Tukey’s HSD were used for statistical
analysis. ns indicates not significant.

a 40S/elF3 non-limiting conditions
scanning
Conventional 5 AUE 3
mRNA T —
408
b 408S/elF3 non-limiting conditions 40S/elF3 limiting conditions
scanning
AUG AUG AUG
4EHP crc (ATF4) 5 uORF1 uORF2 | mORF 3
mRNA (‘408 i \/( 408 i
40S ribosome @
NELF-E elF3 @ reinitiation

Abundant 40S and elF3 support reinitiation

Fig. 8 | A model of crc (ATF4) regulation by 4EHP and NELF-E. a Translation of a
conventional mRNA with a single Open Reading Frame. The 40S ribosome is
depicted as a white oval, and the elF3 complex in yellow. Other translation initiation
factors are not shown. The 40S/elF3 complex forms at the 5" end and scans the
mRNA in search of an AUG start codon. Neither 40S nor elF3 is limiting under these
conditions. b Translation of crc (ATF4) mRNA with two upstream ORFs (uORF1 and
uORF2) that precede the main ORF (mORF). Like other mRNAs, the 40S/elF3

complex scans the mRNA from the 5’ end. Translation elongation and termination
of uORF1 is predicted to cause 40S/elF3 dissociation from the mRNA. The limiting
amounts of 40S/elF3 complex that remain associated after uORF1 translation
mediates reinitiation of translation at downstream ORFs. Because 4EHP and NELF-E
are required to produce abundant levels of 40S and elF3 subunits, loss of 4EHP or
NELF-E impairs the translation of the crc (ATF4) mORF significantly.

N-Slide automated workflow (https://github.com/igordot/sns) to pro-
cess the fastq files. The DESeq2 package (R v3.6.1) was used for dif-
ferential gene expression analysis between groups of samples. We
filtered the data to analyze transcripts with baseMean values above
350. Normalized cpm counts were used to generate heatmaps.

Identification of 4EHP-binding RNAs through TRIBE

Targets of RNA-binding proteins discovered by editing (TRIBE)
experiments were performed following published protocols™. Spe-
cifically, we generated an in-frame fusion between 4EHP’s coding
sequence and the catalytic domain of ADAR through gene synthesis.
As a negative control, we generated an equivalent construct with the
W114A mutation of 4EHP that disrupts its mRNA cap-binding domain.
These sequences were subcloned into pUAST-attB, which were
injected to generate targeted insertion lines on the 2™ chromosome.
The transgenes were expressed in the larval fat body using the dcg-
Gal4 driver, and the RNAs were sequenced through the NYU Genome
Technology Core (see above) to generate fastq files. Preprocessing/
adapter trimming was performed using FLEXBAR (https://github.
com/seqan/flexbar). Read mapping was done using HiSAT2
version 2.1.0.

JACUSA was used to identify genomic positions where base fre-
quency distributions differ substantially in RNA-DNA (RDD) or RNA-
RNA (RRD) comparisons. For the identification of ADAR-edited sites,
we followed the Dieterich lab TRIBE workflow (https://github.com/
dieterich-lab/tribe-workflow). We specifically considered as 4EHP

targets those that showed preferential A to G conversion by wild-type
4EHP-ADAR as compared to the negative control (4EHP Y*** mutant-
ADAR). The binding score was defined as a log-likelihood ratio of Ato G
change on specific nucleotides between the two conditions.

Antibodies and western blots

Protein extracts were prepared from larval fat bodies with either RIPA
buffer or the TRIzol reagent according to the manufacturer’s instruc-
tions. Protein was resuspended in 1% SDS and quantitated using Pierce
BCA Protein Assay. SDS-PAGE was run on approximately 3-microgram
samples and transferred onto PVDF (Immobilon-P, IPVHO0O010) or
nitrocellulose (Bio-rad, 1620115) membranes. Membranes were
blocked using 5% milk in TBS-T or using SuperBlock blocking buffer in
TBS (thermo scientific, 37535). Primary antibodies used include guinea
pig anti-crc (ATF4)*, anti-phospho-elF2a (1:500, Cell Signaling 9721S),
anti-beta tubulin (Covance #MMS-410P), anti-NELF-E’°, anti-DsRed
(Takara), anti-Rhl (DSHB). Secondary antibodies containing HRP
(1:5000-1:10000 dilution) were used to image bands, with captured via
ChemiDoc or developed using autoradiography sheets. Band intensity
was then measured using ImageJ.

Quantitative proteomics

For each genotype, triplicate samples were analyzed. Protein extracts
were prepared from ten male larval fat bodies with the Total Protein
Extraction Kit for Adipose Tissue/Cultured Adipocytes (AT-022, Invent
Biotechnologies Inc) following the manufacturer’s instructions. 10
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microliters from each sample was diluted two fold with a buffer con-
sisting of 5% SDS, 20 mM CAA, 20 mM TCEP, 100 mM Tris (pH = 8) and
incubated 15 minutes at 90 °C. 10 microliters of magnetic SP3 beads
suspension (5% solids) was added, and the proteins were precipitated
on beads by two fold dilution with ethanol. The beads were then
washed three times with 150 microliter of 85% ethanol, followed by
digestion in 100 microliter of buffer containing 0.2 micrograms of
trypsin for 8 h at 37 °C (1000 rpm). The resulting peptides were loaded
on Evosep Pure C18 tips and analyzed in DIA mode on QExactive HF-X
coupled to Evosep One LC system (88 min LC gradient). The resulting
MS RAW data were analyzed in Spectronaut using directDIA search
mode. Quantification was done on the MS2 level.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All RNA-seq and TRIBE sequence files are available through the NIH
GEO (accession number GSE309407). The raw proteomics data is
available through the MassIVE repository (dataset ID
MSV000099506). Source data are provided in this paper.

References

1. Costa-Mattioli, M. & Walter, P. The integrated stress response: From
mechanism to disease. Science 368, eaat5314 (2020).

2. Ryoo, H. D. The integrated stress response in metabolic adaptation.
J. Biol. Chem. 300, 107151 (2024).

3. Hinnebusch, A. G. Translational regulation of GCN4 and the general
amino acid control of yeast. Annu. Rev. Microbiol. 59,

407-450 (2005).

4. Han, J. et al. ER-stress-induced transcriptional regulation increases
protein synthesis leading to cell death. Nat. Cell Biol. 15,

481-490 (2013).

5. Ye, J. etal. Pyruvate kinase M2 promotes de novo serine synthesis to
sustain mTORCI1 activity and cell proliferation. Proc. Natl. Acad. Sci.
USA 109, 6904-6909 (2012).

6. Dickhout, J. G. et al. Integrated stress response modulates cellular
redox state via induction of cystathionine y-lyase: cross-talk
between integrated stress response and thiol metabolism. J. Biol.
Chem. 287, 7603-7614 (2012).

7. Bao, X. R. et al. Mitochondrial dysfunction remodels one-carbon
metabolism in human cells. Elife 5, 10575 (2016).

8. Statzer, C. et al. ATF-4 and hydrogen sulfide signalling mediate
longevity in response to inhibition of translation or mTORC1. Nat.
Commun. 13, 967 (2022).

9. Viader, A. et al. Aberrant Schwann cell lipid metabolism linked to
mitochondrial deficits leads to axon degeneration and neuropathy.
Neuron 77, 886-898 (2013).

10. Fessler, E. et al. A pathway coordinated by DELE1 relays mito-
chondrial stress to the cytosol. Nature 579, 433-437 (2020).

1. Guo, X. et al. Mitochondrial stress is relayed to the cytosol by an
OMA1-DELE1-HRI pathway. Nature 579, 427-432 (2020).

12. Celardo, I. et al. Mitofusin-mediated ER stress triggers neurode-
generation in pink1/parkin models of Parkinson’s disease. Cell Death
Dis. 7, 2271 (2016).

13. Popovic, R. et al. Blocking dPerk in the intestine suppresses neu-
rodegeneration in a Drosophila model of Parkinson’s disease. Cell
Death Dis. 14, 206 (2023).

14. Hunt, R. J. et al. Mitochondrial stress causes neuronal dysfunction
via an ATF4dependent increase in L-2-hydroxyglutarate. J. Cell Biol.
218, 4007-4016 (2019).

15. Kitada, T. et al. Mutations in the parkin gene cause autosomal
recessive juvenile parkinsonism. Nature 392, 605-608
(1998).

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Sonenberg, N. & Hinnebusch, A. G. Regulation of translation
initiation in eukaryotes: mechanisms and biological targets. Cell
136, 731-745 (2009).

Dever, T. E. et al. Phosphorylation of initiation factor 2 alpha by
protein kinase GCN2 mediates gene-specific translational control
of GCN4 in yeast. Cell 68, 585-596 (1992).

Harding, H. P. et al. Regulated translation initiation controls stress-
induced gene expression in mammalian cells. Mol. Cell 6,
1099-1108 (2000).

Vattem, K. M. & Wek, R. C. Reinitiation involving upstream ORFs
regulates ATF4 mRNA translation in mammalian cells. Proc. Natl.
Acad. Sci. USA 101, 11269-11274 (2004).

Dever, T.E., Ivanov, |. P. & Hinnebusch, A. G. Translational regulation
by uORFs and start codon selection stringency. Genes Dev. 37,
474-489 (2023).

Bohlen, J. et al. DENR promotes translation reinitiation via ribosome
recycling to drive expression of oncogenes including ATF4. Nat.
Commun. 1, 4676 (2020).

Vasudevan, D. et al. Translational induction of ATF4 during inte-
grated stress response requires noncanonical initiation factors
elF2D and DENR. Nat. Commun. 1, 4677 (2020).

Roy, B. et al. The h subunit of elF3 promotes reinitiation compe-
tence during translation of mMRNAs harboring upstream open
reading frames. RNA 16, 748-761 (2010).

Szamecz, B. et al. elF3a cooperates with sequences 5' of uORF1 to
promote resumption of scanning by post-termination ribosomes for
reinitiation on GCN4 mRNA. Genes Dev. 22, 2414-2425 (2008).
Herrmannova, A. et al. Perturbations in elF3 subunit stoichiometry
alter expression of ribosomal proteins and key components of the
MAPK signaling pathways. Elife 13, RP95846 (2024).

Mohammad, M. P. et al. In vivo evidence that elF3 stays bound to
ribosomes elongating and terminating on short upstream ORFs to
promote reinitiation. Nucleic Acids Res. 45, 2658-2674 (2017).
Bohlen, J. et al. Selective 40S Footprinting Reveals Cap-Tethered
Ribosome Scanning in Human Cells. Mol. Cell 79, 561-574 (2020).
Mohammad, M. P. et al. elF4G is retained on ribosomes elongating
and terminating on short upstream ORFs to control reinitiation in
yeast. Nucleic Acids Res. 49, 8743-8756 (2021).

Wagner, S. et al. Selective translation complex profiling reveals
staged initiation and co-translational assembly of initiation factor
complexes. Mol. Cell 79, 546-560 (2020).

Kim, T. H. et al. Translational regulation via 5' mRNA leader
sequences revealed by mutational analysis of the Arabidopsis
translation initiation factor subunit elF3h. Plant Cell 16,

3341-3356 (2004).

Hronova, V. et al. Does elF3 promote reinitiation after translation of
short upstream ORFs also in mammalian cells? RNA Biol. 14,
1660-1667 (2017).

McMahon, A. C. et al. TRIBE: Hijacking an RNA-Editing Enzyme to
Identify Cell-Specific Targets of RNA-Binding Proteins. Cell 165,
742-753 (2016).

Hewes, R. S., Schaefer, A. M. & Taghert, P. H. The cryptocephal gene
(ATF4) encodes multiple basic-leucine zipper proteins controlling
molting and metamorphosis in Drosophila. Genetics 155,
1711-1723 (2000).

Kang, M. J. et al. 4E-BP is a target of the GCN2-ATF4 pathway during
Drosophila development and aging. J. Cell Biol. 216, 115-129 (2017).
Vasudevan, D. et al. The GCN2-ATF4 signaling pathway induces 4E-
BP to bias translation and boost antimicrobial peptide synthesis in
response to bacterial infection. Cell Rep. 21, 2039-2047 (2017).
Malzer, E. et al. The integrated stress response regulates BMP sig-
nalling through effects on translation. BMC Biol. 16, 34 (2018).
Brand, A. H. & Perrimon, N. Targeted gene expression as a means of
altering cell fates and generating dominant phenotypes. Develop-
ment 118, 401-415 (1993).

Nature Communications | (2026)17:626

15


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-67357-5

38. Fleischer, T. C. et al. Systematic identification and functional
screens of uncharacterized proteins associated with eukaryotic
ribosomal complexes. Genes Dev. 20, 1294-1307 (2006).

39. Cho, P. F. etal. A new paradigm for translational control: Inhibition
via 5'-3' mRNA tethering by bicoid and the elF4E cognate 4EHP. Cell
121, 411-423 (2005).

40. Rosettani, P. et al. Structures of the human elF4E homologous
protein, h4EHP, in its m7GTP-bound and unliganded forms. J. Mol.
Biol. 368, 691-705 (2007).

41. Zuberek, J. et al. Weak binding affinity of human 4EHP for mRNA cap
analogs. RNA 13, 691-697 (2007).

42. Chapat, C. et al. Cap-binding protein 4EHP effects translation
silencing by microRNAs. Proc. Natl. Acad. Sci. USA 114,
5425-5430 (2017).

43. Christie, M. & Igreja, C. elFAE-homologous protein (4EHP): a multi-
farious capbinding protein. FEBS J. 290, 266-285 (2023).

44. Baumgartner, M. E. et al. Proteotoxic stress is a driver of the loser
status and cell competition. Nat. Cell Biol. 23, 136-146 (2021).

45. Recasens-Alvarez, C. et al. Ribosomopathy-associated mutations
cause proteotoxic stress that is alleviated by TOR inhibition. Nat.
Cell Biol. 23, 127-135 (2021).

46. Narendra, D. et al. Parkin is recruited selectively to impaired mito-
chondria and promotes their autophagy. J. Cell Biol. 183,
795-803 (2008).

47. Narendra, D., Walker, J. E. & Youle, R. Mitochondrial quality control
mediated by PINK1 and Parkin: links to parkinsonism. Cold Spring
Harb. Perspect. Biol. 4, a011338 (2012).

48. Celardo, I. et al. dATF4 regulation of mitochondrial folate-mediated
one-carbon metabolism is neuroprotective. Cell Death Differ 24,
638-648 (2017).

49. Greene, J. C. et al. Mitochondrial pathology and apoptotic muscle
degeneration in Drosophila parkin mutants. Proc. Natl. Acad. Sci.
USA 100, 4078-4083 (2003).

50. Pesah, Y. et al. Drosophila parkin mutants have decreased mass and
cell size and increased sensitivity to oxygen radical stress. Devel-
opment 131, 2183-2194 (2004).

51. Vasudevan, D. et al. A protein-trap allele reveals roles for Drosophila
ATF4 in photoreceptor degeneration, oogenesis and wing devel-
opment. Dis. Model Mech. 15, dmm049119 (2022).

52. Rahman, R. et al. Identification of RNA-binding protein targets with
HyperTRIBE. Nat. Protoc. 13, 1829-1849 (2018).

53. Ben-Sahra, I. et al. mTORC1 induces purine synthesis through
control of the mitochondrial tetrahydrofolate cycle. Science 351,
728-733 (2016).

54. Khan, N. A. et al. nTORC1 Regulates mitochondrial integrated stress
response and mitochondrial myopathy progression. Cell Metab. 26,
419-428 (2017).

55. Gilchrist, D. A. et al. NELF-mediated stalling of Pol Il can enhance
gene expression by blocking promoter-proximal nucleosome
assembly. Genes Dev. 22, 1921-1933 (2008).

56. Williams, L. H. et al. Pausing of RNA polymerase Il regulates mam-
malian developmental potential through control of signaling net-
works. Mol. Cell 58, 311-322 (2015).

57. Kang, M. J., Chung, J. & Ryoo, H. D. CDK5 and MEKK1 mediate pro-
apoptotic signalling following endoplasmic reticulum stress in an
autosomal dominant retinitis pigmentosa model. Nat. Cell Biol. 14,
409-415 (2012).

58. Valzania, L. et al. Drosophila 4EHP is essential for the larval-pupal
transition and required in the prothoracic gland for ecdysone bio-
synthesis. Dev. Biol. 410, 14-23 (2016).

59. Wiebe, S. et al. Cell-type-specific translational control of spatial
working memory by the cap-binding protein 4EHP. Mol. Brain 16,
9 (2023).

60. Obata, F. & Miura, M. Enhancing S-adenosyl-methionine catabolism
extends Drosophila lifespan. Nat. Commun. 6, 8332 (2015).

61. Kosakamoto, H. et al. Sensing of the non-essential amino acid tyr-
osine governs the response to protein restriction in Drosophila. Nat.
Metab. 4, 944-959 (2022).

62. Géminard, C., Rulifson, E. J. & Léopold, P. Remote control of insulin
secretion by fat cells in Drosophila. Cell Metab. 10, 199-207
(2009).

63. Uniacke, J. et al. An oxygen-regulated switch in the protein synth-
esis machinery. Nature 486, 126-129 (2012).

64. Jeong, S. J. et al. A threonyl-tRNA synthetase-mediated translation
initiation machinery. Nat. Commun. 10, 1357 (2019).

65. Adelman, K. & Lis, J. T. Promoter-proximal pausing of RNA poly-
merase |l: emerging roles in metazoans. Nat. Rev. Genet. 13,
720-731(2012).

66. Kwak, H. &Lis, J. T. Control of transcriptional elongation. Annu. Rev.
Genet. 47, 483-508 (2013).

67. Schulze, W. M. & Cusack, S. Structural basis for mutually exclusive
co-transcriptional nuclear cap-binding complexes with either NELF-
E or ARS2. Nat. Commun. 8, 1302 (2017).

68. Narita, T. et al. NELF interacts with CBC and participates in 3' end
processing of replication-dependent histone mRNAs. Mol. Cell 26,
349-365 (2007).

69. Aoi, Y. et al. NELF Regulates a Promoter-Proximal Step Distinct from
RNA Pol Il Pause-Release. Mol. Cell 78, 261-274.e5 (2020).

70. Wu, C. H. et al. NELF and DSIF cause promoter proximal pausing on
the hsp70 promoter in Drosophila. Genes Dev. 17,

1402-1414 (2003).

71.  Adelman, K. et al. Immediate mediators of the inflammatory
response are poised for gene activation through RNA polymerase Il
stalling. Proc. Natl. Acad. Sci. USA 106, 18207-18212
(2009).

72. Ngian, Z. K., Lin, W. Q. & Ong, C. T. NELF-A controls Drosophila
healthspan by regulating heat-shock protein-mediated cellular
protection and heterochromatin maintenance. Aging Cell 20,
e13348 (2021).

73. Nielsen, K. H. et al. Functions of elF3 downstream of 48S assembly
impact AUG recognition and GCN4 translational control. EMBO J.
23, 1166-1177 (2004).

74. Kennerdell, J. R. & Carthew, R. W. Heritable gene silencing in Dro-
sophila using doublestranded RNA. Nat. Biotechnol. 18,

896-898 (2000).

75. Worpenberg, L. et al. Identification of Methylated Transcripts Using

the TRIBE Approach. Methods Mol. Biol. 1870, 89-106 (2019).

Acknowledgements

We thank Erika Bach, Jessica Treisman, Jean-Yves Roignant, David Levy,
lan Mohr, and Robert. Schneider for helpful comments on the project,
and Park Cho-Park, David Gilmour, and ChinTong Ong for sharing
reagents. We especially thank Min-Ji Kang, who provided the newly
generated guinea pig anti-crc. This project was supported by NIH grants
RO1EY020866, R35GM148357, ROINS120488 (to H.D.R.), and
T32GM136542 (to K.W.). We thank the NYU Langone’s Metabolomics
Laboratory, Proteomics Laboratory, and the Genome Technology Center
for performing the metabolic and gene expression profiling experi-
ments, which were partially supported by the Cancer Center Support
Grant PSOCA016087.

Author contributions

K.W. and H.D.R. conceived the project, analyzed the data, and wrote the
manuscript with the inputs from the other authors. K.W. performed most
of the experiments of this study. Additional contributions include H.K.’s
quantitative proteomic analysis and retinal degeneration experiments,
H.J. and D.V.’s participation in the RNAi screen together with K.W., and
H.D.R.’s experiments related to parkin and crc5-DsRed. C.D. bioinfor-
matically analyzed the TRIBE results. H.D.R. supervised the overall
project.

Nature Communications | (2026)17:626

16


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-67357-5

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-67357-5.

Correspondence and requests for materials should be addressed to
Hyung Don Ryoo.

Peer review information Nature Communications thanks Vikki Weake,
who co-reviewed with Sarah McGovern, Leos Shivaya Valasek, and the
other anonymous reviewer(s) for their contribution to the peer review of
this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article's Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2025

Nature Communications | (2026)17:626

17


https://doi.org/10.1038/s41467-025-67357-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	4EHP and NELF-E regulate physiological ATF4 induction and proteostasis in disease models of Drosophila
	Results
	A screen identifies 4EHP as a gene required for physiological ATF4 expression in the fat body
	Loss of 4EHP impacts gene expression related to metabolism and translation
	4EHP loss affects proteostasis phenotypes
	4EHP binds to NELF-E mRNA and NELF-E is required for ATF4 signaling
	NELF-E regulates metabolic pathways and RpS subunits
	crc/ATF4 signaling is selectively impaired by the reduction of eIF3 subunits

	Discussion
	Methods
	Fly strains
	Molecular cloning
	Metabolic profiling
	Nutrient starvation experiments
	Photoreceptor degeneration assay
	Confocal microscopy and Immunohistochemistry
	RT-qPCR
	RNA-seq and data analysis
	Identification of 4EHP-binding RNAs through TRIBE
	Antibodies and western blots
	Quantitative proteomics
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




