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Abstract

Mutations in FMR1 are the most common heritable cause of autism spectrum disorder. FMR1 encodes an RNA-binding protein, FMRP,
which binds to long, autism-relevant transcripts and is essential for normal neuronal and ovarian development. In contrast to the prevailing
model that FMRP acts to block translation elongation, we previously found that FMRP activates the translation initiation of large proteins in
Drosophila oocytes. We now provide evidence that FMRP-dependent translation is conserved and occurs in the mammalian brain. Our
comparisons of the mammalian cortex and Drosophila oocyte ribosome profiling data show that translation of FMRP-bound mRNAs
decreases to a similar magnitude in FMRP-deficient tissues from both species. The steady-state levels of several FMRP targets were re-
duced in the Fmr1 KO mouse cortex, including a �50% reduction of Auts2, a gene implicated in an autosomal dominant autism spectrum
disorder. To distinguish between effects on elongation and initiation, we used a novel metric to detect the rate-limiting ribosome stalling.
We found no evidence that FMRP target protein production is governed by translation elongation rates. FMRP translational activation of
large proteins may be critical for normal human development, as more than 20 FMRP targets including Auts2 are dosage sensitive and are
associated with neurodevelopmental disorders caused by haploinsufficiency.
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Introduction
Mutations in the FMR1 gene, encoding the RNA-binding protein
FMRP, lead to fragile X syndrome (FXS) and fragile X primary

ovarian insufficiency, causes of intellectual disability (ID), autism
spectrum disorder (ASD), and premature ovarian failure (Sullivan
et al. 2011; Hagerman et al. 2017). FMRP binds to hundreds of indi-
vidual mRNAs, which are longer than average and which are
nonrandomly enriched for genes associated with ID and ASD
(Darnell et al. 2011; Ascano et al. 2012). FMRP loss leads to a wide
array of phenotypes in Fmr1 knockout animals, which extend be-

yond changes in translation. These include altered RNA transport
(Kao et al. 2010; Goering et al. 2020), RNA nuclear export(Hsu et al.
2019), RNA stability (Shu et al. 2020), metabolic signaling (Sharma
et al. 2010), ion channel function (Brager et al. 2012), stem cell pro-
liferation (Callan et al. 2010), dendritic spine maturation
(Grossman et al. 2006), homeostatic plasticity (Zhang et al. 2018;
Bülow et al. 2019), and mGluR5-dependent long-term depression

(Osterweil et al. 2010; Hays et al. 2011; Prilutsky et al. 2015).
Treatments targeting the primary defects associated with FMRP

loss have the potential to alleviate secondary effects as well.
However, it has been difficult to determine which phenotypes are
a primary result of Fmr1 loss and are a secondary result of the
dysregulation of 1 or more of hundreds of potential FMRP target
genes. FMRP’s precise molecular function and key targets have
remained controversial (Aryal and Klann 2018).

FMRP associates with polysomes, suggesting a role for FMRP in
translational regulation. In vitro measurements of translation of
neuronal mRNAs performed in reticulocyte extracts showed
widespread changes in translation elongation rates in the ab-
sence of FMRP (Darnell et al. 2011); however, experiments deter-
mining translation elongation rates are performed in the
presence of translation initiation inhibitors, confounding their in-
terpretation. Measurements of Drosophila oocyte protein produc-
tion with ribosome profiling revealed that FMRP preferentially
affects large proteins and that it promotes rather than represses
translation by promoting the translation initiation (Greenblatt
and Spradling 2018). These divergent effects of FMRP in mice and
Drosophila could be due to species and/or tissue differences.
However, FMRP is highly conserved in structure and function
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between Drosophila, mouse, and many other species, and the hu-
man FMR1 gene rescues neuronal defects in Drosophila Fmr1
mutants (Coffee et al. 2010). Moreover, long protein-coding capac-
ity is emerging as a common property shared by most mRNA tar-
gets regulated by FMRP in multiple systems (Greenblatt and
Spradling 2018; Das Sharma et al. 2019; Sears et al. 2019; Aryal
et al. 2021).

By reanalyzing ribosome profiling data using a common pipe-
line from experiments conducted with FMRP-deficient Drosophila
oocytes (Greenblatt and Spradling 2018) or mouse cortex (Das
Sharma et al. 2019), we find that ribosome footprints of FMRP tar-
gets encoding large proteins are reduced by comparable magni-
tudes, suggesting a conserved role of FMRP in translational
activation. Consistent with an activator function, large FMRP tar-
get proteins examined using capillary electrophoresis immunoas-
says showed reduced steady-state levels in the cortex of Fmr1 KO
mice. These targets include Auts2, which is decreased by �50%
and which is associated with a human autism disorder caused by
Auts2 haploinsufficiency.

The decrease in translation initiation rates of FMRP targets
contrasts with previous models suggesting that FMRP acts as a
repressor of translation elongation. To determine whether trans-
lation of FMRP targets is limited by translation initiation or elon-
gation rates, we developed a bioinformatic method to identify
changes in ribosome distribution that would be consistent with
the alleviation of rate-limiting stalling in FMRP-deficient tissues.
In contrast to the elongation stalling model and consistent with
the translation initiation of FMRP targets being rate limiting, we
find that the distribution of ribosomes along FMRP target tran-
scripts is nearly identical in control and FMRP-deficient tissues.

Finally, we find that ASD-relevant genes generally encode pro-
teins that are larger than average and that many FMRP ASD target
genes are haploinsufficient but not triplosensitive. Our findings are
consistent with an ancient and conserved role for FMRP to promote
the production of large, dosage-sensitive proteins essential for nor-
mal neuronal development. Our data support a model in which
FMRP’s primary function is to increase the rate of translation
initiation of its targets.

Methods
Read alignments and quantification
Raw sequencing data (Woolstenhulme et al. 2015; Fradejas-Villar
et al. 2017; Greenblatt and Spradling 2018; Das Sharma et al. 2019;
Philippe et al. 2020) from fly, mouse, Escherichia coli, and human
samples were aligned to the Flybase Consortium/Berkeley
Drosophila Genome Project (BDGP)/Celera Genomics Drosophila re-
lease dm 6.28, Genome Reference Consortium mouse build 38
mm10, University of Wisconsin E. coli strain K-12 sub-strain
MG1655 build ASM584v2, and Genome Reference Consortium
Human build 38 assemblies, respectively. Alignments were per-
formed with STAR (Dobin et al. 2013). The aligned data from both
the mRNA sequencing and ribosome footprinting experiments
were imported into Python and quantified using the Plastid
(Dunn and Weissman 2016) software package.

Length and expression analyses
SFARI Class I and Class II genes were obtained from the SFARI
Gene database (Abrahams et al. 2013). For each gene, the highest
expressed transcript isoform was used as the representative
form. Transcripts with a transcript per million (TPM) value of <2
were excluded from analyses. Intron, untranslated region (UTR),
and coding sequence (CDS) lengths for transcript isoforms were

computed from BDGP and refGene gene models for Drosophila and
mouse data, respectively. For translation efficiency analyses,
fold-change and Padj values were computed using RiboDiff soft-
ware (Zhong et al. 2017). Stress-granule enrichment data were
obtained from Khong et al. (2017).

Ribosome stalling analysis
Ribosome footprints were mapped to their P-sites with 30 offsets
that varied based on the length of the individual ribosome foot-
prints (Supplementary Table 5). These variable 30 offsets were de-
termined using the psite function from the riboWaltz R package
(Lauria et al. 2018). Ribosome footprinting read densities were de-
termined using the Plastid software package. These densities
were then smoothed using LOWESS regression and normalized
by the total number of reads per transcript. Transcripts were fil-
tered so that only transcripts with a length exceeding 100 codons
and an average read density above 0.5 reads/codon were kept.
The Kolmogorov–Smirnov (K–S) statistic for all transcripts was
calculated as the maximum absolute difference between the con-
trol and mutant normalized read densities. All transcripts were
grouped into high (>0.3), medium (>0.3 and <0.15), and low
(<0.15) K–S statistic groups. The fold enrichment of targets in
each group was determined as the fraction of the total targets in
that group over the fraction of the total nontargets in that group.
The significance of target enrichment was determined using
Fisher’s exact test.

Simulations with the inhomogeneous ‘-Totally
Asymmetric Simple Exclusion Process model
Plausible elongation rates for each codon position along simu-
lated transcripts were computed from a gamma distribution to
mimic the observed distributions of elongation rates. Elongation
rates of control transcripts were greatly reduced at random to
simulate a mutation inducing pauses in translation. These elon-
gation rates were inputted into an implementation of the inho-
mogeneous ‘-Totally Asymmetric Simple Exclusion Process
(TASEP) (Erdmann-Pham et al. 2020; Erdmann-Pham et al. 2021)
model in Python. The inhomogeneous ‘-TASEP model was used
to determine if translation was initiation limited, elongation lim-
ited, or termination limited. Simulations using the inhomoge-
neous ‘-TASEP model were performed to obtain ribosome
densities across the simulated transcript. Finally, the transcript
was undersampled to simulate the process of obtaining a ribo-
some footprint. This simulation was repeated many times to ob-
tain many different simulated ribosome footprints for transcripts
of varying lengths.

Mouse brain cortex dissection and capillary
electrophoresis western experiments
The animal experiments were carried out in accordance with the
protocols of Carnegie Institution of Washington (CIW) IACUC. All
mice were kept in specific pathogen-free facilities of CIW. Fmr1
knockout mice (003025) were acquired from the Jackson
Laboratory. For brain cortex dissection, 24-day-old male mice
were scarified using cervical dislocation. The brains were col-
lected after breaking off the skull and the meninges, followed by
freeing the cortical hemisphere from the brain through removing
the cerebellum and the pons. The cortex was then dissected, fro-
zen in liquid nitrogen, and stored in �80�C. Samples were lysed
in 0.5 ml of cell extraction buffer (FNN0011; Thermo Fisher
Scientific) supplemented with 1� complete protease inhibitor
cocktail (Roche Molecular Biochemicals) with a Dounce homoge-
nizer on ice. After 30-min incubation on ice, with vortexing at 10-
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min intervals, lysate was centrifuged at 13,000 rpm for 10 min at
4�C and the supernatant was collected for total protein quantifi-
cation. The western analysis assays for FMRP, Auts2, Med13L,
HUWE1, Arid2, Arid1a, Fat1, Ubr4, and Sptbn2 detection were
performed as previously described (Baradaran-Heravi et al. 2016)
with minor modifications. In brief, mixtures of cell lysates (0.5 or
1 mg/ml, diluted in 0.1� WES sample buffer) and the fluorescent
master mix were heated at 70�C for 5 min. The samples, blocking
and chemiluminescent reagents, primary and secondary antibod-
ies, and wash buffer were dispensed into the microplates with
12–230 or 66–440 kDa separation modules and capillary electro-
phoresis western analysis was carried out with the ProteinSimple
WES instrument. Total protein in the lysates was also measured
similarly followed by biotin labeling of all proteins. Rabbit anti-
FMRP (1:50; Cell Signaling 4317), rabbit anti-Auts2 (1:50; Abcam
ab96326), rabbit anti-Med13L (1:50; Bethyl Laboratories
A302-420A), rabbit anti-HUWE1 (1:100; Thermo Fisher Scientific
A300-486A), rabbit anti-Arid2 (1:50; Abiocode R2380-1), mouse
anti-Arid1a (1:50; Santa Cruz sc-32761), rabbit anti-Fat1 (1:50;
Abcam ab241372), rabbit anti-Ubr4 antibody (1:100; Abcam
ab86738), and rabbit anti-Sptbn2 (1:50; Proteinteck 55107-1-AP)
antibodies were used. The data were acquired in electrophero-
grams and analyzed using the inbuilt Compass software
(ProteinSimple). The expression level of each target protein was
first adjusted using the concentration curve expression generated
for 1 wild-type sample and then normalized using the total
biotin-labeled protein detected in the same volume of each
lysate.

Results
The effect of FMRP deficiency on translation is
strikingly similar in Drosophila oocytes and the
mouse cortex
To test whether FMRP has a similar function in Drosophila oocytes
and in mouse cortex, we compared the effects of FMRP on trans-
lation as measured using ribosome profiling in these 2 tissues
and organisms (Greenblatt and Spradling 2018; Das Sharma et al.
2019) but re-analyzed here from primary reads with identical bio-
informatic pipelines (see Methods and Supplementary Table 1). In
this analysis, the translation efficiency is considered to be pro-
portional to the frequency of ribosome footprints mapped onto
the mRNA in question by ribosome profiling normalized to
mRNA levels as measured by mRNA-seq. Consistent with
Greenblatt et al., we found that many transcripts containing long
CDS were translationally downregulated in Fmr1 RNAi oocytes as
compared to controls (Fig. 1a). The median CDS length of genes
whose translation decreased significantly in Fmr1 RNAi oocytes
was 3.1 times longer than the median length of all oocyte
expressed genes (4,262 vs 1,372 bp, respectively, Fig. 1b). We ob-
served a strikingly similar effect of Fmr1 KO in the mouse cortex.
Many genes encoding large proteins were translationally downre-
gulated over a similar range (Fig. 1a), and the affected mRNAs
had 3.4 times longer CDS lengths as compared to all
cortex-expressed genes (4,797 vs 1,401 bp, respectively, Fig. 1b).

If FMRP acts directly to activate translation, then mRNAs
bound by FMRP should be selectively reduced rather than in-
creased in translation in mutant tissues. Consistent with FMRP
acting directly, mouse cortex mRNAs bound by FMRP had re-
duced ribosome footprints in Fmr1-null animals (Das Sharma
et al. 2019). Likewise, we found that Drosophila and mouse FMRP

direct targets, as determined by TRIBE (McMahon et al. 2016) and
in more recent CLIP-seq experiments (Sawicka et al. 2019), were
concordantly translationally downregulated. Ninety-eight per-
centage (43/44) and 100% (50/50) of translationally altered
mRNAs bound by FMRP in Drosophila oocytes and the mouse hip-
pocampus, respectively, exhibited reduced translation efficiency
in the absence of FMRP (Fig. 1c). FMRP CLIP targets were
more than 10 times more likely to be translationally reduced in
the Fmr1 mutant mouse cortex compared to all neuronally
expressed transcripts irrespective of FMRP binding (25% vs 2.2%
respectively, P¼ 3.8 � 10�107, v2 test). These data argue that FMRP
acts directly to increase the translation of a subset of bound
mRNAs.

The magnitude of FMRP translational activation
is similar for targets of varying length
FMRP contains multiple RNA-binding domains and studies sug-
gest that it has the potential to bind to widespread tetranucleo-
tide motifs and G-rich sequences (Ascano et al. 2012; Vasilyev
et al. 2015; Anderson et al. 2016). FMRP-dependent translational
activation might depend on length, with longer mRNAs being
more strongly affected on average simply due to a greater num-
ber of FMRP-binding sites. An alternative possibility is that FMRP
translational activation requires only that a minimum number of
binding sites be occupied by FMRP, reflecting a highly cooperative
process. This latter model predicts that FMRP translational acti-
vation would be independent of mRNA length, at least beyond a
threshold (i.e. the length at which the minimum number of bind-
ing sites is occupied). To distinguish between these possibilities,
we compared the magnitude of downregulation of translation for
transcripts of varying length in FMRP-deficient cells. We found
that while genes encoding large proteins were more likely to be
FMRP targets, the magnitude of the reduction in translation did
not increase proportionately with CDS length (Fig. 1d). The mag-
nitude of reduction in translation was similar for FMRP targets of
varying length (Fig. 1d) or CLIP score (Fig. 1e), an indicator of the
strength of FMRP binding. These data support a threshold model
for FMRP-dependent translational activation in both Drosophila
oocytes and the mouse cortex.

FMRP targets show decreased expression in the
mouse cortex
To further test whether FMRP acts to promote the translation of
large proteins in the mouse cortex, we performed western experi-
ments to determine the steady-state levels of FMRP direct targets
as determined by CLIP-seq (Darnell et al. 2011; Li et al. 2020) in
wild-type or FMRP-deficient tissues. We used automated capillary
electrophoresis western analysis, which allows for the efficient de-
tection of large proteins as it avoids a potentially lossy electropho-
retic transfer step. The steady-state levels of all FMRP targets
tested were reduced in FMRP KO cortex samples between 5% and
50% (Fig. 2, a–c). The largest reduction (49% reduced, P ¼ 0.019,
t-test) was observed for Auts2 (Fig. 2, a and a0). Auts2 encodes a
PRC1-associated transcriptional activator essential for normal
neuronal gene expression (Gao et al. 2014), and haploinsufficiency
of Auts2 is associated with ID and autism (Oksenberg and Ahituv
2013). The protein levels of Med13L, HUWE1, and Arid2 were also
reduced by 15–17% in the FMRP KO cortex as compared to controls
(Fig. 2, a–c) (P ¼ 0.021, P ¼ 0.061, and P ¼ 0.028 respectively). Med13L
encodes a subunit of the Mediator complex required for neural
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crest cell migration (Utami et al. 2014), Arid2 is a core subunit of
the PBAF chromatin remodeling complex whose loss results in
neuronal hyperconnectivity (Zaslavsky et al. 2019), and HUWE1
encodes a large ubiquitin ligase, which inhibits neuronal progeni-
tor proliferation (Zhao et al. 2008). All 3 of these genes are impli-
cated in ID and autism disorders, and Med13L and Arid2 mutations
are associated with dominant disorders caused by Med13L/Arid2
haploinsufficiency (Utami et al. 2014; Bramswig et al. 2017).
Consistent with FMRP promoting the translation of a fraction of

large proteins in the brain, we observed a small reduction (9%) in
the bulk levels of all cellular proteins >300 kDa labeled with biotin
(Fig. 2, b0 and b00). The levels of other FMRP CLIP targets, Fat1, Ubr4,
and Sptbn2 also exhibited a trend toward reduced rather than in-
creased levels (Fig. 2c). No FMRP target among the 8 tested had in-
creased cortex protein levels in the absence of FMRP. Together,
these data indicate that multiple FMRP targets encoding dosage--
sensitive genes essential for neurodevelopment are downregulated
in the FMRP KO mouse brain.

Fig. 1. FMRP has a highly conserved role to promote translation in Drosophila oocytes and the mouse cortex. a) Volcano and b) box plots showing
concordantly diminished translation efficiency of mRNAs with long CDS regions in FMRP-deficient Drosophila oocytes (Greenblatt and Spradling 2018)
and mouse cortex (Das Sharma et al. 2019). c) Volcano plots showing concordantly diminished translation efficiency of FMRP-bound mRNAs (McMahon
et al. 2016; Liu et al. 2018) in FMRP-deficient Drosophila oocytes and in mouse cortex. d) Scatter plots showing reduced translation efficiency as a function
of protein size for the 200 most significantly affected genes in Fmr1 RNAi Drosophila oocytes or FMR1 KO mouse cortex. Histograms of size distributions
for all Drosophila or mouse proteins respectively are shown to the right. e) Scatter plot showing reduced translation efficiency as a function of CLIP score
(Sawicka et al. 2019) for the 200 most significantly affected genes in the FMR1 KO mouse cortex.
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A novel method to detect changes in translation
due to ribosomal stalling
Declines in ribosome footprints on target mRNAs in FMRP-
deficient tissues could in theory result from reduced translation
initiation or increased elongation relative to controls. Similar to
our measurements performed in the mouse cortex (Fig. 2, a–c),
Drosophila oocytes and neurons are known to contain lower levels
of 3 large FMRP target proteins in FMRP-deficient cells, consistent
with reduced translation initiation (Greenblatt and Spradling
2018; Sears et al. 2019). However, ribosome density was reported
to be more uniform across translated mRNAs in FMRP-deficient
neurons (Das Sharma et al. 2019), a finding potentially consistent
with a role for FMRP in translation elongation. Translation elon-
gation rates are typically measured in the presence of inhibitors
of translation initiation, confounding the interpretation of these
experiments (Schmidt et al. 2009; Darnell et al. 2011). Observed
changes in translation elongation may not impact overall protein

production rates if translation initiation rather than elongation is
rate-limiting. While translation of the vast majority of mRNAs is
initiation limited (Ingolia et al. 2011; Shah et al. 2013; Erdmann-
Pham et al. 2020), elongation limitation has been shown to occur
in cells with low levels of tRNAs (Darnell et al. 2018) or in the ab-
sence of elongation factors (Woolstenhulme et al. 2015; Schuller
et al. 2017).

To disentangle the effects of differential ribosome pausing
and reduced translation initiation in FMRP-lacking cells, we
sought to develop a quantitative method to detect rate-limiting
pause sites using published ribosome profiling data. Rate-
limiting pausing during translation elongation leads to the accu-
mulation of stacked ribosomes prior to the pause site (Wolin and
Walter 1988). Similar to the distribution of cars before or after a
traffic jam, high densities of ribosomes precede rate-limiting
pause sites and fewer ribosomes are found downstream of the
pause site (Woolstenhulme et al. 2015; Erdmann-Pham et al.

Fig. 2. FMRP targets encoding large proteins are downregulated in the mouse cortex. a, a0) Profiles and quantification of capillary electrophoresis
western experiments showing a partial reduction in the levels of FMRP targets Auts2 and Med13L and complete loss of FMRP in the Fmr1 KO mouse
cortex as compared to wild-type controls. Insets show standard curves of western signal as a function of total protein concentration. b) Total protein
levels of all biotin-labeled proteins in mouse cortex extracts. b0) A zoom-in of (b) showing large proteins >300 kDa. b00) Quantification of (b) showing a
decrease in the levels of large proteins but not total proteins in Fmr1 KO mouse cortex samples. c) Quantification of capillary electrophoresis western
experiments of indicated proteins performed on mouse cortex extracts from wild-type or Fmr1 KO animals. *P < 0.05, #P < 0.1.
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2020). The appearance of “ribosome traffic jams” is therefore in-
dicative of the existence of a rate-limiting ribosomal pause site.

To illustrate this phenomenon, we simulated the effect of ri-
bosomal pauses on ribosome footprinting data from initiation- or
elongation-limited genes using a biophysical model of translation
(Fig. 3a). This model derives from a stochastic process of interact-
ing particles, called the TASEP, and has been widely used for the
past few years to simulate and analyze the determinants of
translation speed from ribosome profiles (Zur and Tuller 2016;
Dao Duc and Song 2018; Sharma et al. 2019; Szavits-Nossan and
Ciandrini 2020). More precisely, one can distinguish under the
TASEP model a traffic regime of “low density,” where the flux of
ribosome is limited by translation initiation, and leads to a fairly
even distribution of ribosomes across the transcript (Fig. 3a). In
contrast, a “maximal current” regime is observed when the flux is

limited by elongation at the region of minimal elongation rate,
with a strong asymmetry in ribosome footprints accumulating
upstream in this region (Fig. 3a) as predicted (Erdmann-Pham
et al. 2020). Therefore, a slowdown of ribosome traffic within the
coding region only results in a transition from initiation- to
elongation-limited transition if the corresponding profiles display
a discontinuous “phase transition” with asymmetry appearing at
the pausing site. For initiation-limited transcripts, even if elonga-
tion rates are altered, they will not substantially affect overall
translation rates unless they become rate-limiting and vice versa.

To detect differences in the processes limiting translation (e.g.
initiation/elongation) between 2 ribosome footprinting profiles,
we introduced using the K–S statistic (Fig. 3b), which measures
the maximal difference in the cumulative distributions of 2 sam-
ples. We found that low and high K–S statistic values were highly

Fig. 3. Elongation limitation leads to a quantifiable change in the distribution of ribosome footprints. a) Simulated ribosome footprinting profiles of
initiation-limited and elongation-limited transcript using the inhomogenous ‘-TASEP model (Erdmann-Pham et al. 2020). b) Cumulative distribution
plots showing a large difference in the distribution of ribosome footprints (high K–S scores) in a simulated elongation-limited vs initiation-limited
transcript. c) Plot showing high K–S values derived from comparisons (as in b) between elongation-limited but not initiation-limited transcripts. d)
Ribosome footprinting profiles of cysQ and Sephs2 showing reduced ribosome densities (Woolstenhulme et al. 2015; Fradejas-Villar et al. 2017b) following
stall sites induced in cells lacking efp and Trsp, respectively, whereas no stall is detected for the LARP1 target (Philippe et al. 2020) Rpl13. e) Cumulative
distribution plots of (d) showing large differences in the distribution of ribosome footprints for cysQ and Sephs2 but not Rpl13 in mutant vs control cells.
f, g) Plots showing that genes with known stall sites, efp targets and selenoproteins, have high K–S scores >0.3 in cells lacking efp and Trsp, respectively.
LARP1 targets, which have altered translation initiation, in LARP1 KO cells do not have K–S scores >0.3.
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predictive of whether a simulated profile was in the low density
or maximal current regimes, respectively (Fig. 3c and
Supplementary Fig. 1), with all initiation-limited or elongation-
limited transcripts having a K-S statistic value lower than or
greater than 0.3, respectively (Fig. 3c).

To validate the utility of this approach, we applied our method
to published ribosome footprinting datasets of mutant cells lack-
ing key elongation or translation initiation factors. We analyzed
datasets where gene expression was affected by changes in trans-
lation elongation: polyproline tract-containing proteins in bacte-
ria lacking efp, a factor required for the efficient incorporation of
prolines within polyproline stretches (Doerfel et al. 2013; Ude et al.
2013), and selenoproteins in mouse liver lacking the selenocys-
teine tRNA gene Trsp (Fradejas-Villar et al. 2017). We also ana-
lyzed data from cells lacking LARP1 (Philippe et al. 2020), which
acts to repress the translation initiation of ribosomal proteins
when mTOR is inhibited. Consistent with published data, the
elongation-limited EFP target cysQ and selenoprotein gene Sephs2
had reduced ribosome occupancy downstream of their respective
stall sites in mutant cells (Fig. 3d). In contrast, ribosomes were
similarly distributed across the length of the initiation-limited
LARP1 target Rpl13 (Fig. 3d). Consequently, the K–S scores for cysQ
and Sephs2 were substantially higher (0.452 and 0.534, respec-
tively, Fig. 3e) than Rpl13 (0.082, Fig. 3e). We found that among
genes with high K–S statistic scores (K–S statistic > 0.3), EFP tar-
gets and selenocysteine-containing proteins were strongly
enriched, �12-16-fold, whereas LARP1 targets were not enriched
(Fig. 2, c and d). Thus, the K–S statistic can be used to identify
genes whose overall translation is altered due to ribosome paus-
ing.

We performed similar tests to determine whether Drosophila
and mouse FMRP targets are limited by translation initiation or
elongation. We found that ribosome footprints along Drosophila
targets Poe, osa, and HUWE1 and mouse FMRP targets Arid2,
HUWE1, and Auts2 were nearly identical in their overall distribu-
tions in wild-type vs FMRP-deficient animals, with K–S statistic
values varying from 0.027 to 0.105 (Fig. 4, a–d). This trend was
true for other FMRP targets. Among genes with high K–S statistic
values >0.3, none of the FMRP TRIBE-seq and CLIP-seq targets an-
alyzed passed this threshold (0/111 for Drosophila targets and 0/
103 for mouse targets) (Fig. 4, e and f). Together, our analyses do
not support a major role for FMRP in controlling the translation
elongation of its targets.

ASD/ID genes encode exceptionally large proteins
whose requirement for FMRP is evolutionarily
conserved
FMRP is known to associate with mRNAs from many genes asso-
ciated with ASD and ID (Darnell et al. 2011; Sawicka et al. 2019)
and our data indicate a specific function of FMRP RNPs in the
translational activation of large proteins. To investigate whether
ASD/ID genes, which are known to be exceptionally long (King
et al. 2013), also encode proteins larger than average, we com-
pared them with the general population of neuronally expressed
genes in the juvenile mouse cortex (Das Sharma et al. 2019). We
classified high confidence and strong candidate genes implicated
in ASD—SFARI Class I, Class II, and syndromic autism genes
(Abrahams et al. 2013; Pereanu et al. 2018)—as “ASD-relevant gen-
es,” and found that they encode proteins averaging 1,234 amino
acids, which is more than twice as large as the average neuro-
nally expressed protein, 589 amino acids (Fig. 5a). There was an
even greater average difference in the size of these genes (exonic
and intronic sequences), 83 vs 23 kb, consistent with prior studies

(King et al. 2013; Zhao et al. 2018). The greater gene size was
largely because ASD-relevant genes contain larger introns total-
ing 78.3 kb on average vs 20.6 kb on average for neuronally
expressed genes (Fig. 5b). ASD-relevant genes were only slightly
larger than the neuronal average with respect to 50 UTR length
(250 vs 160 bp, Fig. 5c) and 30 UTR length (1,703 vs 1,053 bp,
Fig. 5d). ASD-relevant genes were not significantly different from
other neuronal genes in mRNA levels (Fig. 5e) or translation levels
(Fig. 5f). Not surprisingly given their large average CDS length,
ASD-relevant genes as a class were translationally downregu-
lated in the FMRP KO cortex (Fig. 5g). FMRP target ASD-relevant
genes encode proteins even larger than the average for ASD-
relevant genes generally (2,035 aa vs 1,234 aa).

No evidence of a role for putative binding motifs
in conferring FMRP target specificity
We next tested whether FMRP preferentially promotes the trans-
lation of ASD-relevant genes primarily because of their tendency
to encode large proteins. If FMRP affects the translation of tran-
scripts from ASD-relevant genes preferentially, then transcripts
from these genes would be more likely to be downregulated in
the Fmr1 KO cortex as compared to transcripts of similar size
from non-ASD-relevant genes. Among the 200 most significantly
downregulated genes, we found that ASD-relevant genes encod-
ing long proteins >1,800 amino acids were more enriched than
ASD-relevant genes irrespective of protein size, as well as genes
generally encoding large proteins (P-value ¼ 0.005 and 0.02, re-
spectively, Chi-squared test, Supplementary Fig. 2a). These data
are potentially consistent with FMRP acting preferentially on a
subset of large ASD-relevant target mRNAs. However, this result
could also be obtained if FMRP acts nonspecifically on mRNAs
encoding large proteins, if ASD-relevant genes are more likely
than other genes to be expressed in cells in the cortex such as
neurons that utilize FMRP-dependent translation.

Previous studies have identified short 3–4 nucleotide motifs in
FMRP-bound mRNAs that are slightly enriched in FMRP-bound
mRNAs and which have been proposed to contribute to FMRP
binding (Ascano et al. 2012; Anderson et al. 2016). To test for a role
for these motifs, we compared the frequency of putative FMRP-
binding motifs WGGA, ACUK, GAC, and UAY (Anderson et al.
2016) in downregulated genes in the FMR1 KO cortex as compared
to nondownregulated genes. While the number of putative FMRP-
binding sites was higher in downregulated genes, this was also
true for any random 4-mer sequence (Supplementary Fig. 2b).
When controlling for transcript length, none of the putative
FMRP-binding motifs were enriched in translationally downregu-
lated transcripts as compared to size-matched unaffected tran-
scripts (Supplementary Fig. 2c). Thus, we find no evidence that
FMRP acts preferentially on transcripts containing a high density
of the putative 3–4 nucleotide-binding motifs. Our data do not ex-
clude a model in which FMRP binds long transcripts via motifs
that are present in higher frequency in targets simply because
they are longer.

Underproduction rather than overproduction of
FMRP ASD target genes may lead to clinical
phenotypes
The relatively modest decreases in protein production that result
from the loss of FMRP function might be particularly significant
in the case of “dosage-sensitive” genes that cause defects when
present in only one instead of 2 genomic copies. Dosage-sensitive
genes relevant for the FXS phenotype, based on the FMRP activa-
tor model, would be “haploinsufficient,” i.e. loss of either the
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maternal or paternal copy would lead to clinical defects. In con-
trast, under the repressor model relevant FMRP targets would be
“triplosensitive,” where gene duplications leading to the overex-
pression of FMRP targets result in clinical phenotypes. We identi-
fied 61 genes that are translationally downregulated in the Fmr1
KO mouse cortex and that score as SFARI Class I, Class II, or syn-
dromic ASD-relevant genes (Table 1), which we considered to be
potentially relevant. From this group, haploinsufficiency and
triplosensitivity scores were available in the Clinical Genome
Resource (NIH) database from clinical data for 32 FMRP targets
(Rehm et al. 2015). Consistent with the activator model, we found

that 22 of the 32 downregulated ASD-relevant genes were classi-
fied as haploinsufficient at the levels of “emerging evidence” and
“sufficient evidence” (score of 2 and 3 respectively, Table 1). In
contrast, and in contradiction to the FMRP repressor model, none
of these genes (0/32) had emerging or sufficient evidence of trip-
losensitivity. These data indicate that reduced expression, but
not overexpression, of FMRP ASD targets lead to observable clini-
cal phenotypes and further support our model that FMRP acts
primarily as an activator and not a repressor of gene expression.

FMRP target ASD-relevant genes were predicted to be transla-
tionally downregulated to 51–83% of control levels based on

Fig. 4. The translation of FMRP targets is limited by initiation rather than elongation rates. a) Ribosome footprints of FMRP targets Poe, osa, and HUWE1
in control and Fmr1 RNAi oocytes. b) Cumulative distribution plots showing nearly identical distributions of ribosome footprints for FMRP targets in
wild-type and Fmr1 RNAi oocytes. c) Ribosome footprints of mouse FMRP targets Arid2, HUWE1, and Auts2. f) Cumulative distribution plot showing
nearly identical distributions of ribosome footprints of Arid2, HUWE1, and Auts2 in wild-type vs FMRP-deficient tissue. e, f) Plots showing that all mouse
FMRP targets as analyzed as in (d) have low K–S scores <0.3.
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reduced ribosome footprints. On average, FMRP target ASD-relevant
genes were translationally reduced to similar levels as compared to
generic downregulated genes (72% vs 70%, respectively). FMRP
probably acts by directly binding to most of these mRNAs, since 48
of 61 (79%) were cross-linked in FMRP CLIP experiments (Darnell

et al. 2011). Thus, at least 22 dosage-sensitive ASD-relevant genes
may be translationally downregulated in the Fmr1 KO cortex, likely
through the loss of FMRP direct binding, each potentially contribut-
ing to defects despite relatively small individual reductions.

Discussion
FMRP has a conserved function to promote the
translation of a subset of large proteins
Oocytes and neurons use common mechanisms of RNA transport
and translational regulation to control protein production in both
time and space. In oocytes, FMRP is required for the constitutive
translation of large proteins (Greenblatt and Spradling 2018), and
our analyses here suggest a similar role for FMRP in the mamma-
lian brain. Our side-by-side comparison of ribosome profiling
data shows that the effect of FMRP loss on translation in
Drosophila oocytes and mouse cortex is extremely similar despite
the fact that different tissues and organisms are involved. In both
cases, the targets are more than 3 times longer than average-
sized mRNAs and encode correspondingly larger proteins, includ-
ing many orthologs. In both cases, the normal stimulatory effects
of FMRP are estimated to be 2-fold or less, independent of the
length of the mRNA and their predicted FMRP-binding site con-
tent. Moreover, based on our analyses, these similar effects do
not appear to be to changes in rates of ribosome elongation or
stalling, but represent differences in translation initiation and
protein output. Consistent with our findings here, western analy-
ses documented the expected reductions in 2 FMRP target pro-
teins in oocytes, the 2,053-amino-acid snRNA 30 processing factor
IntS1 and the 5,322-amino-acid E3 ubiquitin ligase Poe/UBR4
(Greenblatt and Spradling 2018), while the 3,719-amino-acid pro-
tein kinase A regulator rugose/NBEA is reduced in Fmr1 mutant
Drosophila mushroom body (Sears et al. 2019), as well as mouse
cortex FMRP targets in this study which include Auts2, Med13L,
HUWE1, and Arid2 (Fig. 2, a–d).

These findings are consistent with the important and ancient
role FMRP plays in neurons, oocytes, and spermatocytes from di-
verse animals ranging from Drosophila to humans (Hagerman
et al. 2017; Drozd et al. 2018). Mammalian and Drosophila FMRP
contain the same protein domains and the expression of human
FMRP rescues neural defects in Drosophila Fmr1 mutants (Coffee
et al. 2010). FMRP had long been considered primarily a general
translational repressor (Laggerbauer et al. 2001; Li et al. 2001;
Darnell et al. 2011); however, bulk translation in the brain has
been observed to be unaffected in the brains of FXS patients
(Schmidt et al. 2020). Our data indicate that FMRP likely acts di-
rectly on its targets to increase translation. FMRP was found to
bind to Poe mRNA in neurons and glia in vivo as well as in cul-
tured Schneider 2 cells (McMahon et al. 2016) as well as to the
mRNA of mouse ortholog Ubr4 in hippocampal neurons (Sawicka
et al. 2019), and FMRP direct targets are concordantly reduced in
translation in both Drosophila ovaries (Fig. 1c) as well as the
mouse cortex (Fig. 1c). These data are corroborated by previous
Ribo-tag studies of Fmr1 KO hippocampal cells, which similarly
showed that 11/12 differentially expressed FMRP targets are re-
duced rather than increased in expression (Ceolin et al. 2017). Our
findings here are similarly consistent with observations that
FMRP CLIP targets have concordantly reduced ribosome foot-
prints (Das Sharma et al. 2019), that FMRP preferentially binds to
long transcripts (Sawicka et al. 2019; Li et al. 2020), and that the

Fig. 5. SFARI autism genes have longer open-reading frames, UTRs, and
introns than average. Box plots of length distributions showing increased
a) coding sequences lengths, b) 50 UTR lengths, c) intron lengths
(summed across all introns), and d) 30 UTR lengths specifically for SFARI
Class I and Class II ASD genes (magenta) as compared to all genes
expressed in the juvenile mouse cortex (blue). No significant differences
were detected between the distributions of transcript levels (e) or
translation levels (f) specifically for ASD-relevant genes vs all cortex-
expressed genes as detected by mRNA sequencing and ribosome
footprinting, respectively. g) Volcano plot showing a concordant
downregulation in the translation efficiency of SFARI Class I and Class II
autism genes as compared to all neuronally expressed genes.
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Table 1. SFARI Class I and Class II ASD-relevant genes are translationally reduced in the Fmr1 KO mouse cortex.

SFARI autism gene Fold-change TE
Fmr1 KO/WT

P-valueadj # amino acids Darnell et al.
(2011) CLIP target

ClinGen haplo-in-
sufficiency score

ClinGen triplo-
sensitivity score

PRR12 0.51 0.0Eþ00 2,035 � n/a n/a
KMT2A 0.58 9.0E�05 3,966 � 3 0
HIVEP3 0.58 4.7E�04 2,348 � 1 0
SHANK1 0.59 0.0Eþ00 2,167 � 1 0
SETD1B 0.59 1.4E�03 1,985 n/a n/a
KMT2C 0.61 4.0E�08 4,904 � 3 0
SPEN 0.63 2.7E�07 3,620 � 1 0
MED13L 0.63 4.8E�08 2,207 � 3 1
TCF20 0.64 7.1E�07 1,987 � 3 0
SCAF4 0.64 6.1E�04 1,209 n/a n/a
AHDC1 0.65 2.2E�07 1,594 � 3 0
SRCAP 0.65 6.2E�07 3,271 1 0
CIC 0.66 5.4E�07 1,604 � 2 0
KDM3B 0.66 1.3E�06 1,762 n/a n/a
CNOT3 0.66 5.0E�03 751 0 0
MAP1A 0.67 0.0Eþ00 2,776 � n/a n/a
SHANK2 0.67 5.9E�08 1,472 � 2 0
RIMS1 0.67 9.7E�07 1,190 1 0
AUTS2 0.67 8.0E�06 1,261 � 3 0
RERE 0.68 1.0E�03 1,558 � n/a n/a
SYN1 0.68 1.2E�06 670 � 2 0
HECTD4 0.68 0.0Eþ00 4,418 n/a n/a
LRP1 0.69 0.0Eþ00 4,545 � n/a n/a
CAMK2A 0.69 3.0E�04 478 � 1 0
CREBBP 0.69 1.1E�06 2,441 � 3 0
NOVA2 0.70 2.6E�03 492 n/a n/a
CHD8 0.70 2.7E�05 2,582 � 3 0
SHANK3 0.71 5.4E�03 1,805 � 3 0
ARID2 0.71 7.3E�04 1,828 � 3 0
ASH1L 0.71 2.9E�09 2,958 � 3 0
IQSEC2 0.71 1.3E�05 1,479 � 3 0
ZC3H4 0.72 3.6E�03 1,255 � n/a n/a
SON 0.72 5.2E�04 2,444 � 3 0
GRIK5 0.72 5.6E�03 979 � n/a n/a
CACNA1A 0.72 1.6E�05 2,327 � 3 0
KIF5C 0.73 1.4E�10 956 � n/a n/a
HUWE1 0.73 6.6E�10 4,378 � 0 0
ZMIZ1 0.74 1.5E�03 1,066 � n/a n/a
AKAP9 0.74 1.2E�03 3,779 � n/a n/a
NCOR1 0.74 4.1E�07 2,454 � n/a n/a
ARID1B 0.75 1.8E�04 2,244 � 3 0
AGO2 0.76 1.2E�03 860 n/a n/a
MYT1L 0.77 6.6E�03 1,185 � 3 0
FOXG1 0.78 8.6E�03 481 3 0
MECP2 0.78 9.5E�03 484 n/a n/a
WDFY3 0.78 6.5E�06 3,508 � n/a n/a
VAMP2 0.78 6.7E�05 116 � n/a n/a
NSD1 0.79 4.3E�03 2,691 � 3 0
CHD3 0.79 4.8E�04 2,055 � n/a n/a
EP400 0.80 8.2E�04 2,999 � n/a n/a
INTS1 0.80 5.2E�03 2,222 � n/a n/a
PHF3 0.80 2.7E�03 2,025 1 0
YWHAG 0.80 5.8E�04 247 � n/a n/a
SLC12A5 0.81 5.0E�03 1,138 � n/a n/a
CTNND2 0.81 2.3E�04 1,221 � 2 0
SATB1 0.82 7.4E�03 764 n/a n/a
TRRAP 0.82 2.0E�04 3,847 � 1 0
NFIX 0.82 5.5E�04 433 � n/a n/a
SYNE1 0.82 4.1E�03 1,431 � n/a n/a
TANC2 0.83 7.6E�03 1,994 � n/a n/a
ATP2B2 0.83 5.5E�04 1,198 � n/a n/a
ILF2 1.25 9.5E�03 390 n/a n/a

Table showing SFARI Class I and Class II ASD�relevant genes that are significantly altered in their translation efficiency in the Fmr1 KO mouse brain. Ninety-eight
percentage (61/62) of altered ASD-relevant genes are translationally reduced. ClinGen Dosage scores (Rehm et al. 2015) (3¼ sufficient evidence, 2¼ emerging
evidence, 1¼ little evidence, 0¼no evidence) show that many of these ASD-relevant genes have strong or emerging evidence of human syndromes associated with
gene losses (haploinsufficiency) but not gene duplications (triplosensitivity). n/a, not available.
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protein levels of large proteins are reduced rather than increased
in the Fmr1 KO hippocampal proteome (Seo et al. 2022). Our data
are also consistent with other prior reports that FMRP activates
the translation of its targets (Bechara et al. 2009; Tabet et al. 2016).
Indeed, none of the mRNAs with increased translation in Fmr1-
null animals were among the top 200 CLIP targets (Darnell et al.
2011; Das Sharma et al. 2019). The increased translation of some
genes in Fmr1 mutant animals is likely due to secondary, indirect
effects of FMRP loss. FMRP targets include transcription repress-
ors, and E3 ubiquitin ligases that stimulate protein degradation
via the proteasome, while some proteins increase in translation
due to the dysregulation of mTOR signaling (Sharma et al. 2010;
Das Sharma et al. 2019). These data help explain the failure of the
mTOR inhibitor rapamycin to reverse behavior deficits in Fmr1-
null mice (Saré et al. 2017), since treating the increased transla-
tion levels of secondary FMRP targets would not rescue the pri-
mary translational defect in these animals—the underproduction
of dozens of ASD/ID-associated large proteins. These data are
also consistent with observations that underproduction, but not
overproduction, of FMRP ASD targets leads to clinical phenotypes
(Table 1).

FMRP is used to support translation in neurons
and other cells that depend on stored mRNAs
Large cells such as neurons and oocytes rely heavily on the trans-
port and storage of stable, untranslated mRNAs. For example, a
large fraction of oocyte mRNAs are translationally repressed for
later use during early embryonic development, including CNS de-
velopment (Kronja et al. 2014; Greenblatt et al. 2019). Neurons
transport translationally regulated synaptic mRNAs up to a me-
ter or more down long axonal projections. Such transport
requires cells to partition mRNAs into repressed or actively trans-
lated states through the use of RNP particles, including P bodies
and neuronal particles, that are structurally related to stress
granules. These complexes often associate binding partners to-
gether through phase separation, which is sensitive to protein
concentration (Molliex et al. 2015). Thus, there are periods when
mRNAs undergoing transport from the cell body along an axon,
or while stored in the vicinity of a synapse, must remain func-
tional while in an inactive state. The rate of growth of Drosophila
oocytes varies strongly in response to available nutrition, and
both oocytes and neurons grow at very different rates at different
stages of development. P bodies and stress granules can be seen
to form and disperse within minutes when growth conditions
vary sharply (Shimada et al. 2011; Wheeler et al. 2016). FMRP func-
tion is particularly required under conditions where development
is slowed, for example after mature oocytes enter quiescence
(Greenblatt and Spradling 2018). In such cells, long mRNAs are
inefficiently translated as compared to shorter mRNAs
(Greenblatt and Spradling 2018). Fmr1 may have evolved during
animal evolution to support the production of large proteins
which play critical roles in the reproductive and nervous systems.
This model is consistent with FMRP0s preferential binding to
mRNA CDS regions (Darnell et al. 2011; Maurin et al. 2018).
Proteins do not have to bind to the 50 UTR or mRNA cap to affect
translation initiation—for example the repressive cap-binding
complex 4EHP-GYF2 is recruited to the 30 UTR of AU-rich
element-containing mRNAs through tristetraprolin to compete
with eIF4E-dependent translation initiation (Fu et al. 2016).
Another example is poly(A)-binding protein, which stimulates
translation initiation through the binding of the poly(A) tail of
mRNAs (Sachs and Davis 1989).

Previous observations showed that genes expressed during

neural development on average encode larger proteins than in

many other tissues (Gabel et al. 2015). Proteins regulated by FMRP

are more than 3 times larger still and include many genes associ-

ated with autism and ID syndromes. There is currently no well-

understood functional explanation for what exceptionally large

protein size contributes to higher neural functions. Neural devel-

opment likely involves complex tasks such as integrating sensory

inputs and outputs in ways that are vital to survival. It may be

advantageous to place multiple protein domains along a single

polypeptide chain to ensure they are present at equimolar levels

to help guarantee the proper stoichiometries of protein domains

that function together in a complex process. Another possibility

is that large neural proteins function as scaffolds for exception-

ally large and specific protein complexes that play critical func-

tions essential for neural processing. Such proteins might require

many critical binding sites for additional binding partners spaced

substantial distances apart along the primary sequence. If pro-

cesses associated with the most complex neuronal-based deci-

sion-making are especially dependent on complexes catalyzed by

enormous proteins, this might explain the enrichment of the

ASD/ID gene products among the largest cohorts of FMRP targets.

Data availability
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GSE132703 (Philippe et al. 2020), GSE84112 (Fradejas-Villar et al.

2017), and PRJNA466150 (Greenblatt and Spradling 2018). The com-

piled translation efficiency data for the Fmr1 RNAi Drosophila ovary

and Fmr1 KO mouse cortex analyses are available in

Supplementary Table 1. A compiled table showing the effect of

Fmr1 RNAi on the translation of Drosophila orthologs of ASD-

relevant genes is available in Supplementary Table 2. K–S statistic

values computed for Drosophila and mouse transcripts in compari-
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Supplementary Table 3. Unprocessed RNA sequencing and ribo-

some profiling TPM values are available in Supplementary Table 4.
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