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SUMMARY

The absence of thousands of recently annotated small open reading frame (smORF)-encoded
peptides and small proteins (microproteins) from databases has precluded their analysis in
metabolism and metabolic disease. Given the outsized importance of small proteins and
peptides such as insulin, leptin, amylin, glucagon, and glucagon-like peptide-1 (GLP-1) in
metabolism, microproteins are a potentially rich source of uncharacterized metabolic regulators.
Here, we annotate smORFs in primary differentiated brown, white, and beige mouse adipose
cells. Ribosome profiling (Ribo-Seq) detected a total of 3,877 unannotated smORFs. Analysis of
RNA-Seq datasets revealed diet-regulated smORF expression in adipose tissues, and validated
the adipose translation of the feeding-neuron marker gene Gm8773. Gm8773 encodes the
mouse homolog of FAM237B, a neurosecretory protein that stimulates food intake and
promotes weight gain in chickens. Testing of recombinant mFAM237B produced similar
orexigenic activity in mice further supporting a role for FAM237B as a metabolic regulator and
potentially part of the brain-adipose axis. Furthermore, we demonstrated that data independent
acquisition mass spectrometry (DIA-MS) proteomics can provide a sensitive, flexible, and
quantitative platform for identifying microproteins by mass spectrometry. Using this system led
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to the detection of 58 microproteins from cell culture and an additional 33 from mouse plasma.
The proteomics data established the anti-inflammatory microprotein AW112010 as a circulating
factor, and found that plasma levels of a microprotein translated from a FRS2 uORF is elevated
in older obese mice. Together, the data highlight the value of this database in examining
understudied smORFs and microproteins in metabolic research and identifying additional
regulators of metabolism.

INTRODUCTION

Recent advances in ribosome profiling (Ribo-Seq) and proteogenomics have identified
thousands of unannotated peptides and small proteins (microproteins or MPs, less than 150
amino acids) encoded from small open reading frames (smORFs) in mammalian genomes
(Chen et al., 2020; Ingolia et al., 2011; Martinez et al., 2020; Slavoff et al., 2013). Several of
these newly annotated smORFs have been characterized with biologically significant activities
ranging from cell biology to physiology. For instance, there are microproteins involved in cell
stress and survival (Chen et al., 2020; Chu et al., 2019) and several microproteins that have
roles in muscle development and function (Anderson et al., 2015; Bi et al., 2017; Nelson et al.,
2016; Zhang et al., 2017). The application of CRISPR screening with single cell transcriptomics
has enabled unbiased genetic screens to identify novel functional smORFs (Chen et al., 2020).
Together, these studies reveal a large group of unexplored mammalian genes with functions in
biology and even pathology. Indeed, gene therapy with the DWORF microprotein mitigates
cardiomyopathy in mice (Makarewich et al., 2018).

With a current growing population of over 600 million obese adults, the health impacts of obesity
are numerous and still unfolding (The GBD 2015 Obesity Collaborators, 2017). The underlying
causes of obesity are multifactorial with individual genetics, nutritional sources, and physical
activity all playing roles. Where fat is deposited and processed organism-wide, along with the
genomic and molecular underpinnings of the differing fat depots and their distributions and
functions, are still being studied. A survey of biology reveals that peptides and small proteins
have an outsized role in regulating metabolism, suggesting that microproteins might be an
unusually rich source of metabolic regulators. In support of this hypothesis, several
microproteins have recently been discovered with roles in cellular metabolism (fatty acid
oxidation, respiration), such as the 56-amino acid microprotein from LINC00116 mRNA that is
now called mitoregulin (Chugunova et al.,, 2019; Friesen et al., 2020; Lin et al.,, 2019;
Makarewich et al., 2018; Stein et al., 2018). Additionally, a microprotein derived from
mitochondrial RNA called MOTS-c is a circulating factor that reduces obesity and ameliorates
insulin resistance (Lee et al., 2015). smORF discovery is still early and additional profiling
experiments in new cells and tissues continue to identify novel potentially microprotein-coding
genes (Chen et al., 2020; Martinez et al., 2020; Prensner et al., 2021). Therefore, we reasoned
that a search for additional metabolically important smORFs should focus on the unexplored
adipose tissue smORFome.

Adipose tissue is critical in health and disease, and functions as a physiological energy depot as
well as an endocrine tissue that is able to secrete peptide and protein factors that regulate
feeding, energy balance, and thermogenesis to varying degrees depending on the species
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(Kusminski et al., 2016; Reilly and Saltiel, 2017; Smith and Kahn, 2016). We examined primary
mouse differentiated brown, subcutaneous white, and beige (differentiated from subcutaneous
white) adipocytes with Ribo-Seq to generate a database of 3,877 unannotated smORFs in these
cells. Here, we underscore the utility of this database as a resource for the metabolism
community by demonstrating how this data can be used to identify potentially translated
smORFs with Ribo-Seq and their associated microproteins with mass spectrometry (MS). These
smORF-encoded microproteins could be important regulators of metabolism, as we show a
circulating microprotein with an obesity- and age-related level increase as well as the validation
of the translation and functional characterization of a mouse microprotein from the predicted
gene Gm8773 mRNA, that controls feeding when administered centrally to diet-induced obese
mice.

RESULTS

Ribo-Seq identification of microprotein-coding smORFs in primary mouse brown, white,
and beige fat cells.

Adipose tissue is a complex mixture of cell types that includes adipocytes, fibroblasts, vascular
cells, and immune cells (Vijay et al.,, 2020). Using primary mouse adipocytes focused the
discovery efforts on adipocyte-specific microprotein-coding smORFs without contamination from
other cell types. Previous studies in human cell lines demonstrated that while some smORFs
are translated in multiple cell lines, many translated smORFs are cell line specific (Martinez et
al., 2020). Therefore, comprehensive profiling of adipose-derived smORFs requires annotation
of different adipose cell types. The primary types of adipose tissue are thermogenic brown
adipose tissue (BAT) and energy storage-focused white adipose tissue (WAT) with WAT being
subdivided into subcutaneous and visceral depots. Additionally, the subcutaneous WAT
(scWAT) depot has thermogenic potential in the “beige” phenotype, so we sought to annotate
translated smORFs in primary cells derived from BAT and from scWAT differentiated into both
white and beige phenotypes separately (Cannon and Nedergaard, 2004; Rosen and
Spiegelman, 2014).

Primary brown adipocytes and subcutaneous white adipocytes were prepared from freshly
dissected BAT and scWAT, respectively, isolated from 7 week old female C57BI6/J mice and
differentiated using established protocols (Cannon and Nedergaard, 2001; Hausman et al.,
2008) (Fig. 1A). Additionally, white adipocytes were also grown under beiging conditions
(Roberts et al., 2014). Promoting brown and beige adipocyte biogenesis is a potential
therapeutic approach for increasing energy expenditure to reduce obesity (Kajimura, 2015),
which was the rationale for also analyzing beige subcutaneous adipocytes.

We used a combination of Ribo-Seq and RNA-Seq to comprehensively annotate protein-coding
smORFs in these cell lines (Martinez et al., 2020). Ribo-Seq is a powerful tool for the unbiased
identification of translated open reading frames (ORFs) that relies on footprinting of ribosomes
and sequencing of ribosome protected RNA fragments (RPFs) to determine the transcriptome-
wide location of ribosomes (Ingolia et al., 2009, 2011). After sequencing, RPFs are mapped
onto a de novo assembled transcriptome where RNA-Seq defined transcripts from the same cell
type are used to create a database of all possible ORFs by in silico three-frame translation.
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Each possible ORF, including smORFs, is then scored for likelihood of translation using the
RibORF computational pipeline (Ji, 2018; Ji et al., 2015) which defines protein-coding ORFs
undergoing translation. The final list of unannotated predicted protein-coding smORFs is
assembled by removing ORFs that are annotated in the SwissProt database as reviewed
protein-coding ORFs in UniProt as well as smORFs that contain regions of overlap with
annotated ORFs in the UCSC mouse gene database, where the overlap creates difficulty in
accurately assessing translation of the smORF versus the canonical ORF using Ribo-Seq. We
previously showed that Ribo-Seq identification of smORFs is inherently noisy, most likely
because smORF RNAs are on average at lower concentrations than those of annotated ORFs
(Martinez et al., 2020). To improve confidence in smORFs called translated, we collect multiple
replicates for each sample (Table S1).

Ribo-Seq analysis for all three cell types identified a total of 3,877 previously unannotated
smORFs (Fig. 1A and Table S1). Of these, 251 smORFs were called translated in all three cell
types, while 931 were identified in at least two cell types (Fig. 1B). These results are consistent
with number of predicted protein-coding smORFs identified previously in a variety of human cell
lines (Chen et al., 2020; Martinez et al., 2020). The length distribution of mouse adipose
microproteins also follows a similar curve as human microproteins and the 33 amino acid
median length is close to the 32 amino acid median identified for novel human microproteins
(Martinez et al., 2020) (Fig. 1C). Next, an analysis of the amino acid frequencies in predicted
mouse adipose microproteins showed higher usages of alanine, glycine, proline, arginine, and
tryptophan as well as lower levels of aspartate, glutamate, asparagine, glutamine, and tyrosine,
which is identical to what we had observed in human microproteins (Martinez et al., 2020) (Fig.
1D). We also analyzed the microproteins for evidence of transmembrane domains using the
TMHMM Server (Sonnhammer et al., 1998) and signal peptides using the SignalP and Phobius
analysis tools (Almagro Armenteros et al., 2019; Kall et al., 2004), and found that only 2.8%
contain at least one predicted transmembrane helix and 5.5% contain a predicted signal peptide
secretion tag, similar percentages to what is observed with human microproteins (Table S2).

In addition, 204 predicted protein-coding smORFs have a positive average PhyloCSF score,
suggesting higher likelihood of being a conserved coding region (Table S1). When employing
tBLASTn (Gertz et al., 2006), we also observed 241 smORFs with high amino acid sequence
similarity to ORFs found on human transcripts, which indicates possible conservation between
mouse and human. For example, the microprotein encoded by a smORF in the 5’-UTR of the
creatinine transporter (Slc6a8) is identical in several species (Fig. 1E). Microprotein sequence
conservation is often observed in functionally characterized microproteins, and thus suggests
that this set of microproteins are the most likely to produce functional peptides or small proteins.
However, there are examples of functional microproteins that are not well conserved, such as
the mouse AW112010 microprotein which is involved in mouse mucosal immunity but is not
conserved in humans (Jackson et al., 2018). In aggregate, the data indicate smORFs are
potentially translated to a similar extent across different mammalian species, and share many of
the same global properties. Furthermore, as in humans, many of the microproteins identified in
mouse adipocytes are likely to be functional based on their conservation (Chen et al., 2020;
Martinez et al., 2020).
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smORFs are frequently located on genes important in lipid metabolism

The maijority of predicted protein-coding smORFs in mouse adipocytes overlap with or are
within close proximity to annotated RefSeq transcripts. Representing the largest category, 1,816
smORFs (~50%) are found upstream of annotated coding sequences within or proximal to 5’-
untranslated regions (Fig. 1F). The existence of upstream ORFs (“UORFs”) has been known for
decades (Andreadis et al., 1982; Rose and Botstein, 1983) and experiments on the yeast GCN4
(Miller and Hinnebusch, 1990) and mammalian ATF4 (Lee et al., 2009) have demonstrated a
role for these ORFs in the cis regulation of downstream translation (Kozak, 2002). The advent of
genomics technologies including Ribo-Seq demonstrates that uUORFs are prevalent (Calvo et
al., 2009), with Ribo-Seq confirming their potential translation (Chen et al., 2020; Ingolia et al.,
2009, 2011; Martinez et al., 2020).

There are reports of uUORFs mediating the translation of metabolically important genes. To
determine whether translated uORFs identified in our data could potentially regulate metabolic
pathways, we employed gene ontology (GO) analysis on the annotated genes containing
UORFs (Ashburner et al., 2000). The top 10 redundancy-filtered pathways regulated by genes
containing UORFs included lipid metabolic processes, positive regulation of catabolic processes,
mitochondrion organization, and glycoprotein metabolic process (Fig. S1 and Table S3). Of
note, our Ribo-Seq data detects uORFs on genes known to be involved in metabolism, including
Insr, Igf1, Cd36, Adrala, Adrb1, Ppara, Plin1, Irs2, Ucp1, and Ucp2 (Fig. 1F). The biological
significance of most of these uORFs is unknown, but the Cd36 uORFs were previously
characterized and are necessary for glucose regulation of Cd36 translation (Griffin et al., 2001).
The translation of each of these smORFs and others in the data, might regulate the translation
of these canonical ORF genes critical to metabolism. It is also possible that microproteins
encoded on uORFs could have functions independent of translational regulation of the
canonical coding ORF (Chen et al., 2020). For instance, a uORF on Pten encodes a 31-amino
acid microprotein that regulates lactate metabolism in cells in a mouse glioblastoma model
(Huang et al., 2021) and a recent report shows a uORF-encoded peptide that acts as an
autoinhibitor of PKC signaling (Jayaram et al.,, 2021). Taken together, it is evident that
understanding of the functional significance of uUORFs in biology is still unfolding. The potential
for each UORF to either be involved in translational control of the downstream ORF via
ribosome stalling or be translated into a functional stable microprotein with functions on its own,
or even both, is unclear. Evolutionarily, it has been shown that mutations to the stop codon of
UORFs are under a stronger negative selective pressure than missense mutations in the main
OREF corroborating their importance in biology irrespective of the mechanism (Lee et al., 2021).

Beyond uORFs, another 568 smORFs (~15%) are located downstream of annotated coding
sequences within or proximal to 3’-untranslated regions (Fig. 1E). In contrast with uORFs, these
downstream open readings frames (dORFs) have been shown in some instances to enhance
translation of the gene’s main coding ORF (Wu et al., 2020). For instance, we find a prominent
dORF on the Irs1T mRNA that suggests the potential for translation level regulation of the IRS1
protein (Fig. 1G). An additional 950 smORFs (~25%) overlap annotated intronic regions (Fig.
1F). Finally, 538 smORFs (~10%) are located on either annotated non-coding RNAs or within
intergenic regions, both of which represent transcripts that lack any annotated coding regions


https://doi.org/10.1101/2022.03.12.484025

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.12.484025; this version posted March 14, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

(Fig. 1F). Moreover, intergenic smORFs are encoded on transcripts that are entirely
unannotated in RefSeq. In total, we observed that protein-coding smORFs in mice are found
throughout the transcriptome in regions previously considered untranslated, which is consistent
with previously published Ribo-Seq based smORF discovery in other cell and tissue types.

Data-independent acquisition mass spectrometry (DIA-MS) allows for proteome-wide
quantification of microproteins with single-peptide resolution

Only a fraction of smORFs produce functional peptides and microproteins. MS-based
proteomics complements Ribo-Seq by validating translation and demonstrating that the
translated microprotein is stable and long lived enough for detection. Nevertheless, detecting
microproteins by MS-based proteomics is challenging because most peptides and microproteins
are at low concentrations while also generating few detectable peptides. Consequently, almost
all microproteins are identified by detecting a single peptide. Common MS methods such as
data-dependent acquisition (DDA) stochastically sample the proteome, leading to individual
peptides being analytically missed across biological replicates (Gillet et al.; Ludwig et al., 2018;
Navarro et al., 2016; Pino et al., 2020; Searle et al., 2018; Ting et al., 2017), creating a problem
for quantifying microproteins that liberate few, if any, peptides (Fernandez-Costa et al., 2020;
Ma et al., 2016). To circumvent these issues and improve our chances for quantifying
microproteins, we chose a DIA-MS method that favors the reliable quantification of individual
peptides, while also being fast enough for proteome-wide quantitation (Fig. 2) (Searle et al.,
2018). This approach uses a pool of sub-aliquots from all sample groups (depicted as blue/red)
to generate a sample-specific “chromatogram library”. Here the pool is analyzed using both
column fractionation followed by DDA and gas-phase fractionated (GPF) DIA. Peptides are
identified from the DDA injections, and the DIA-specific peak shape, retention time, and
fragmentation patterns for those peptides are assigned from the GPF-DIA injections. These
peptide parameters are compiled in the chromatogram library and used to accurately detect and
quantify peptides in individual samples.

Microprotein proteomics with DIA-MS in primary differentiated brown and subcutaneous
white adipocytes confirms novel translation and imparts evidence for secretion

We used DIA-MS to validate the translation of smORFs and to quantify differences in
microprotein levels between whole cell lysates and the secreted protein space (“secretomes”) of
primary differentiated BAT- and scWAT-derived cells (Fig. 3A). BAT-derived, differentiated
“brown” cells have distinctly smaller lipid droplets compared to the differentiated scWAT-derived
“‘white” cells (Fig. 3A). We validated this technique by examining known protein changes
between brown and white cells. Mitochondrial brown fat uncoupling protein 1 (UCP1) was
characteristically elevated in the brown cultures (Fig. 3B). Both types of adipocytes produced
perilipin 1 (PLIN1), which is the major packaging protein for lipid droplets, and, as expected, we
observed higher levels in BAT-derived brown cultures with their numerous smaller lipid droplets.
Additionally, UCP1 (Cannon and Nedergaard, 2004) and glucose transporter type 4 (GLUT4)
(Orava et al., 2011; Shimizu et al., 1993) protein levels were higher in brown adipocytes,
consistent with the literature (Fig. 3B). Analysis of the secretome was also consistent with
expectations as we observed no difference in adiponectin (ADIPOQ) levels between cell types
but higher apolipoprotein E (APOE) amounts in the brown adipocytes culture media (Bartelt et
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al., 2017). Taken together, these results from the comparison of primary differentiated brown
and subcutaneous white adipocytes (BAT- and scWAT-derived, respectively) demonstrate that
our cultures are generating functional surrogates of their respective tissue depots, and that our
quantitative proteomics methods are accurately detecting significant biological differences.

Having established the robustness of the data with known genes, we turned our attention to the
microproteins from within these cultures. First, we fractionated the whole cell lysates and the
secretome proteins as depicted in Fig. 2. We identified a total of 55 microproteins from a
combined database search of the fractionated cell proteomes and secretomes using non-
quantitative DDA analysis with a 1% peptide-level false discovery rate (Table S4 and Fig. 2).
Considering the cell proteomes and conditioned media secretomes from both brown and
subcutaneous white adipocytes, we quantified 12 microproteins specific to the cell proteomes, 7
microproteins specific to the secretomes, and 7 microproteins that were found in both
compartments (Fig. 3D). None of these microproteins are listed in the UniProt database, and the
peptides we detected for these microproteins do not map to any other sites in the proteome.

Some of the DIA-MS quantifiable microproteins showed different levels between brown and
white adipocytes, either in the proteome or secretome fraction or both, similar to annotated
proteins dynamics. The quantification via DIA-MS of the seven microproteins in unfractionated
tryptic digests from both the proteomes and the secretomes (Fig. 3D) indicates that they are
abundant. Fig. 3E shows the Ribo-Seq coverage for one of these microproteins encoded on the
RPS4L pseudogene (RPS4L-MP). Fig. 3F shows the levels of RPS4L-MP in adipose whole cell
lysate and secretome as well as quantification for a microprotein encoded within an annotated
intronic region of v-abl Abelson murine leukemia viral oncogene 2 (“(intronic) ABL2-MP”), a
microprotein from a smORF encoded on the putative INcRNA Gm14023 (“Gm14023-MP”), and a
microprotein from a CUGBP Elav-like family member 2 uORF, (“(uORF) CELF2-MP”). RPS4L-
MP and Gm14023-MP are both statistically unchanged between the brown and white cultures
while the (intronic) ABL2-MP and the (UORF) CELF2-MP are significantly higher in the
proteomes of brown adipocytes. Consistent with the observation that ATG start codons lead to
higher microprotein levels, all of these microproteins are predicted to begin with methionine.

Microproteins smORFs are transcriptionally regulated during diet-induced obesity

Having uncovered thousands of candidate translated smORFs in primary differentiated
adipocytes, we next sought to identify which encoded microproteins are potentially functional in
metabolism and obesity. To tackle this problem, we searched for evidence of smORF regulation
during broad multi-organ metabolic changes triggered by diet-induced obesity (DIO). RNA-seq
data was collected from BAT, epididymal white adipose tissue (eWAT), liver, scWAT,
retroperitoneal fat (“Retro Fat”), and mesenteric fat (“Mesen Fat”) from cohorts of 27 week old
male diet-induced obese (DIO) mice fed with high-fat diet (“HFD” for 21 weeks) and healthy
age-matched control mice fed normal chow diet. To confirm that DIO mice exhibited altered
metabolism, we first analyzed each tissue for differential RNA expression of annotated genes. In
each of the fat depots, more than 1,000 genes showed significant changes in RNA expression
in obese mice relative to healthy controls, including over 4,000 genes in eWAT (Table S5). In
liver tissue, however, only 418 genes were significantly regulated. In BAT and eWAT, GO
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analysis revealed enrichment of lipid metabolic processes among downregulated genes and
enrichment of immune system and inflammatory response pathways among upregulated genes
(Fig. S2). These changes are consistent with the obesity-induced altered metabolism.

We next analyzed protein-coding smORFs expressed in adipocytes for transcriptional changes
in DIO versus lean mice. In each fat tissue type, hundreds of smORFs were found to be
significantly changed, while only 85 were found to be regulated in liver tissue (Fig. 4A and Fig.
S3), consistent with fewer annotated genes being differentially expressed in liver relative to the
fat depots. Observation of the RNA-Seq tracks for Irs1 and Ucp2 shows the marked differences
in RNA counts over two associated smORFs (Fig. 4B) opening the possibility that these and
other unannotated microproteins could function in lipid metabolism and adipocyte biology.
Additionally, our Ribo-Seq data indicated ribosomal association with five predicted microproteins
that are encoded on the putative INcRNA gene Brown adipose tissue enriched long non-coding
RNA 1 (Lnchate1), which show decreased expression in several fat depots of obese mice (Fig.
4C and Table S6) (Alvarez-Dominguez et al., 2015). Lncbate? has been shown to be required
for development and maintenance of brown adipocytes (Alvarez-Dominguez et al., 2015).
Therefore, these data now call into question whether this gene’s functions are actually driven by
the encoded microproteins instead of, or in conjunction with, the transcribed RNA. Lastly, a
global analysis via principal component analysis (PCA) of RNA expression for smORFs from
both non-uORF smORFs (Fig. 4D) as well as from uORF smORFs (Fig. S4) show that
adipocyte smORFs are capable of separating out brown adipose tissue from non-BAT fat
depots and liver, suggesting that also the BAT smORF expression landscape and potentially
some of the microprotein levels in these tissue depots are different.

Relative quantification of age- and obesity-associated mouse plasma canonical ORF
proteins and microproteins

The identification of a microprotein in the circulation is interesting as it suggests a potential
novel system-wide biological functional in regulation of distant target cells or tissues. To
complement our tissue RNA-Seq of obesity in mice, we analyzed plasma proteins, including
microproteins, from DIO and lean mice at 26- and 41-weeks of age (sample groups shown in
Fig. 5A). We used a deep fractionation DDA method to improve detection of small proteins in
plasma followed by DIA-MS to quantify circulating microproteins. For the deep protein
fractionation that improved our small protein coverage, we enriched the undigested plasma
proteins with both C8 and C18 to enrich for the small proteome (Fig. 5B). These enriched
samples were then digested with trypsin and the peptides fractionated with high-pH reverse
phase (RP) fractionation (Fig. 2). The results of all of the DDA-based plasma fractionation
provided evidence for 33 circulating microproteins that are each represented in the library by a
single tryptic peptide (Table S7) highlighting the need for DIA-MS quantification that is robust on
the single peptide level proteome-wide.

Of the DDA-MS-identified microproteins, three had a predicted signal peptide that scored above
the positive thresholds (>0.4 in SignalP 5.0) (Fig. S5), highlighting the ability of this workflow to
identify novel secreted microproteins, but also suggesting other secretion mechanisms are at
play. One of microproteins with a high SignalP score is from a smORF on a non-coding RNA
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(symbol A530053G22Rik) and a second is on a pseudogene described as lymphocyte antigen 6
complex pseudogene (symbol 9030619P08Rik). The presence of the latter gene provided
evidence that this pseudogene is translated into a stable, circulating microprotein. This
microprotein shares 50-60% sequence identity to several other mouse lymphocyte antigen 6
complex members, a family with emerging roles in immunity and cancer (Upadhyay, 2019). The
third detected secreted microprotein with a confidently predicted signal peptide, AW112010-MP
(Fig. 5D), was recently characterized with a role in mucosal immunity (Jackson et al., 2018;
Yang et al., 2020). Our data provides new compelling evidence that AW112010-MP is indeed
circulating beyond the local environment of the gut and inflammatory macrophages where it was
discovered and suggests potential additional roles for this microprotein in the inflammation of
obesity. Broadly, the finding of immune related genes is consistent with models of obesity and
diabetes leading to inflammation and changes in immunity.

Quantitative DIA-MS comparison of different combinations of lean, obese, young, and old mice
identified many canonical ORF proteins that are changed in these different physiological
settings. First, we validated our quantitation with known human biomarkers of obesity-related
liver disease (ALDOB, LAP3, SAA1, and PIGR) (Niu et al.,, 2019) and aging (HP, APOC2,
APOA4, SERPINA7, and SERPINA3N) (Fig. 5E). Taken together, this data strongly shows an
aged, obese mouse with numerous markers of liver injury and dysfunction (Niu et al., 2019).
Alongside these established markers, we find increased levels of a 24-amino acid microprotein
encoded by a smORF in the 5UTR of fibroblast growth factor receptor substrate 2 (UORF)
FRS2-MP in aged/obese mice (Fig. 5F-H). FRS2 is an intracellular protein that links ligand-
activated fibroblast growth factor receptor 1 (FGFR1) to downstream signal transduction
pathways (Rabin et al., 1993; Xu et al., 1998) (Fig. 5G). We did not detect evidence for the
canonical FRS2 protein in the plasma. The tryptic peptide for this (UORF) FRS2-MP was
MINLLMQHQR++ with its well annotated DDA-based spectrum shown in Fig. 5H. Our previous
efforts in human cells identified a UORF on FRS2 that is conserved in primates. While this MP
sequence differs substantially from the mouse uORF, the presence of a uORF in both genes
suggests that FRS2 is post-transcriptionally regulated by a uORF, a hypothesis that should be
investigated further.

Ribo-Seq evidence for the translation of the predicted gene Gm8773 that encodes the
mouse orexigenic FAM237B neurosecretory protein

In our Ribo-Seq data, we identified a translated smORF from the predicted gene Gm8773
(labelled as a non-coding RNA in mouse) in primary differentiated BAT- and scWAT-derived
adipocyte cultures (Fig. 6A), providing the first evidence for translation of this mRNA in mice.
We became interested in the Gm8773 because this 132 amino acid microprotein contains a
signal peptide which would generate a 108 amino acid secreted microprotein in its final
predicted processed form. Furthermore, Gm8773 is the evolutionarily conserved homolog of the
human, rat, and chicken FAM237B (Ukena, 2021) which are biologically active. hFAM237B has
activity against the feeding receptor GPR83, and chicken FAM237B is an orexigenic peptide
that regulates feeding and adipose tissue in chickens (Ukena, 2021). The evidence for Gm8773
translation validates the translation of mMFAM237B in mouse adipose cells.
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Expression and regulation provides further evidence that Gm8773 may be active in regulating
mouse feeding. Previously, transcriptional control of Gm8773 was seen during single-cell RNA-
Seq (scRNA-Seq) measurements of the arcuate nucleus of the hypothalamus where it is co-
expressed with agouti-related peptide (AgRP) (Campbell et al., 2017). In that scRNA-Seq atlas
of the arcuate nucleus, the AGQRP-Gm8773 cluster is distinct from the AgRP-somatostatin cluster
suggesting its potential role in somatostatin-independent AgRP-related feeding mechanisms.
We further identified the transcript as tissue-specifically elevated in the hypothalamus in gPCR
quantitation of the mRNA across a panel of mouse tissues (Fig. 6B). Additionally, reanalysis of
published flow cytometry data of sorted cell types explanted from genetically engineered mouse
strains with GFP-tagged brain loci-specific reporter genes shows clear co-expression of
Gm8773 with the NPY labeled cells (Fig. 6C) (Sugino et al., 2019). These data are consistent
with our morphological distribution of Gm8773 that we observe by in situ hybridization in
hypothalamic brain slices (Fig. 6D). Together, the data strongly support an association between
Gm8773 with the neuropeptide Y (NPY) / AgRP feeding locus in the arcuate nucleus, consistent
with the homology and activity to FAM237B.

We reasoned that the combined evidence of the Ribo-Seqg-derived protein coding potential of
Gm8773/FAM237B mixed with the arcuate nucleus association of the transcript created a
logical experimental hypothesis for testing a recombinantly expressed Gm8773/FAM237B
protein directly in the hypothalamus. Sequence analysis predicts two O-linked glycosylation
sites (Fig. 6E) (Hansen et al., 1998), no transmembrane domains (Fig. 6F) (Sonnhammer et al.,
1998), and the presence of a signal peptide (Fig. 6F) (Almagro Armenteros et al., 2019) all of
which support the secretion of this microprotein from cells. Recombinant expression of
Gm8773/FAM237B in mammalian cells (HEK 293T) generated a protein of the correct
molecular weight that ran as a monomer in SDS-PAGE despite the presence of a free cysteine
(Fig 6G). Treatment of the recombinant protein with an O-linked specific deglycosylation
enzyme resulted in the collapse of two proximal bands into a single band, consistent with the
predicted glycosylation of Gm8773/FAM237B (Fig. 6G). The straightforward production of the
recombinant Gm8773/FAM237B microprotein highlights a single example of potentially many
unannotated, stable, secreted, post-translationally modified, and folded microproteins in our
adipose smORF datasets.

To test the hypothesis that the mFAM237b microprotein modulates food intake, we injected our
recombinant microprotein into DIO mice via intracerebroventricular (ICV) injection 30 minutes
before the nocturnal cycle. We observed an induction of feeding in the mFAM237B-treated mice
(Fig. 6H), consistent with expression in the feeding center (Campbell et al., 2017; Sugino et al.,
2019) and homology to chicken FAM237B (Ukena, 2021), which showed similar orexigenic
activity in chickens. Thus, the Ribo-Seq data validated the translation of Gm8773 to produce the
mouse FAM237B homolog, which has orexigenic activity and establishes this molecule as
potentially part of the brain-adipose axis to control feeding. The advantage of having established
this system in mice is that we can use the large repository of knockout mice and engineering
tools in mouse neuroscience and physiology to better study the role of this microprotein than
would have been feasible in chickens or other organisms.
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DISCUSSION

The growing global health burden of obesity is of major concern for the future of humans. Obese
individuals are at increased risk for type 2 diabetes (T2D) as well as obesity-related liver
diseases such as non-alcoholic fatty liver disease (NAFLD) and non-alcoholic steatohepatitis
(NASH) where cirrhosis can create the need for liver transplant in the latter and where
therapeutic strategies are currently lacking (Cassidy and Syed, 2016; Newsome et al., 2021;
Vuppalanchi et al., 2021). Additionally, obesity is a well-established driving risk factor of
cardiometabolic health problems and cardiac-related death and has a high association with
numerous cancers potentially caused by the altered systemic endocrine function created by the
obese state. Nevertheless, gaps remain in our knowledge about the molecular determinants of
obesity and obesity-related diseases.

While the aim of whole genome mapping projects has been to identify and validate all possible
protein-coding genes, the last decade has revealed a blind spot for smORFs and microproteins,
with thousands of these peptides and small proteins being recently discovered. Since we cannot
study what we do not know, the discovery of smORFs and their correlate microproteins
represents an important advancement in the understanding of the genome and proteome. Most
microprotein annotation has focused primarily on cell lines and primary cells in culture, but an
excellent example of tissue-based smORF discovery in the human heart was recently published
(van Heesch et al., 2019) unlocking new smORF genes with potential function in cardiac biology
and disease. With any of these newly identified smORF genes, it is necessary to perform
ribosome profiling on cells or tissues of interest because the ability of these genes to be
transcribed or translated in all tissues is not known.

The mouse is an ideal model for metabolism research because countless results from mouse
studies have translated into humans, and the prevalence of different genetic models facilitates
mechanistic studies. Adipose depots have well-documented endocrine functions with leptin, a
potent circulating metabolic factor adipokine, being a long-standing exemplar (Ahima and Flier,
2000), which piqued our interest in the possibility of identifying novel secreted microproteins in
adipocytes. While tissue ribosome profiling is feasible, low overall yields of RNA in adipocytes
creates challenges in tissue-based Ribo-Seq and profiling endogenous adipose tissue would
result in a mixture of cell types. For these reasons, we focused our Ribo-Seq efforts on primary
white, beige, and brown adipocytes. This led to the identification of 3,877 smORFs that all
potentially encode microproteins that are absent from the SwissProt UniProt reviewed proteome
database, providing an entirely new set of adipose proteins to study and understand. We
imagine that these genes can and should be included in large-scale genomic screening efforts
like using CRISPR to identify novel functions as transcriptional regulators (Dumesic et al., 2019)
and/or functional microproteins (Chen et al., 2020; Chu et al., 2019).

To understand the potential impact of large groups of microproteins on metabolism, we
examined smORF regulation and found hundreds that are transcriptionally regulated in various
adipose tissue depots in mice fed high fat diet. These putative microproteins along with the
conserved smORFs represent a subset that should be at the top of any list for subsequent
functional studies. More generally, with thousands of available RNA-Seq datasets, researchers
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can map these smORFs to different studies to identify smORFs regulated under different
metabolic conditions or genetic models where changes in microprotein expression levels can
lead to new testable hypotheses.

In general, microproteins are derived from mRNAs or mRNA regions thought to be non-
coding—e.g., 5’- and 3’-UTRs and non-coding RNAs. With mRNAs with multipole ORFs, the
smORFs are thought to act as translational regulators of the main ORFs (Chen et al., 2010; Lee
et al., 2009; Wu et al., 2020). The uORF regulator of PGC1a is one example of an important
translational regulator where the uORF generates a stable microprotein that in part controls
translation of the canonical ORF (Dumesic et al., 2019) and a recent study showed a translated
UORF microprotein that can inhibit PKC phosphorylation (Jayaram et al., 2021). Of course,
many of these smORFs might regulate translation via ribosome stalling or some other
untranslated mechanism and also produce a functional microprotein (Chen et al., 2020).
Therefore, it is interesting to find smORFs on the mRNAs of several metabolic genes (e.g.,
INSR, PLIN1, UCP1), as these underappreciated genetic elements might have a key role in the
positive or negative regulation of the translation of these genes, or indeed produce bioactive
microproteins. Either way, these findings lead to new hypotheses and open up new avenues of
inquiry into these genes. Similarly, the discovery that some functional “non-coding” RNAs, such
as LNCBATE1 may in fact be translated (Alvarez-Dominguez et al., 2015), may lead to the
expansion of our understanding of their biology as potential protein-coding genes and not just
non-coding RNAs although the possibility of both biological functions co-occurring also exists.
For metabolism, certainly the Ribo-Seq-based discovery of translation of a non-coding RNA
whose amino acid sequence has a predictable secretion signal peptide, is of high interest for
follow up studies such as those shown here with the observed central feeding control
associated with our recombinant Gm8773.

As new genes, antibodies to microproteins need to be developed, which can be difficult and
time consuming (Chu et al., 2019). Proteomics offers a solution to microprotein detection and
complements Ribo-Seq by reporting on the stability and location of a microprotein. However,
owing to their length, microproteins produce few tryptic peptides for detection, and the tryptic
peptides they generate are often not unique to the microprotein, or none of the tryptic peptides
are detectable because of their biophysical properties. These limitations hamper the validation
of microproteins and have also limited previous proteomics-based quantification efforts. DIA-MS
provides a more reliable detection and quantitation platform for dealing with single peptides by
mass spectrometry, resulting in an ideal strategy for microproteins. Indeed, using DIA-MS, we
were able to detect and quantify microproteins in our primary adipocyte cultures. Also, with the
ability of proteomics to inform on the location of a microprotein, we revealed the existence of
several circulating microproteins in mouse plasma, including a well-annotated spectrum for
AW112010-MP, a recently discovered mouse microprotein with a role in gut immunity. By
revealing AW112010-MP as a circulating microprotein it suggests a broader role for this
microprotein in immunity that compliments the original discovery of the protein (Jackson et al.,
2018).
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At the outset of these studies Gm8773 was listed as a non-coding RNA and ribosome profiling
provided the first empirical evidence that Gm8773 produces a protein in mice (this
misannotation was recently revised and Gm8773 is currently listed as a protein-coding gene in
RefSeq, but a “Predicted gene” in UniProt). As a result of its misannotation, there are no reports
of Gm8773 translation or function, but, fortunately, homology to a characterized chicken protein
FAM237B led us to show that this gene makes a stable, folded, secretable, and glycosylated
recombinant microprotein that regulates food intake when administered centrally to DIO mice,
which is also consistent with published chicken and rat experiments (Ukena, 2021). To
compliment the central food intake increase effects seen here, the Gm8773 gene was
previously reported to be co-expressed with AgRP, a known orexigenic peptide, in the
hypothalamus in a scCRNA-Seq atlasing effort (Campbell et al., 2017). Given the availability of
readily available genetic mouse models and experimental paradigms in mice, research into the
potential impact of this gene can now accelerate with more confidence aided by the verification
of its protein function in mice. More generally, this example highlights the value of microprotein
annotation to uncover these novel proteins and facilitate their characterization to provide new
biological insights and therapeutic opportunities.

Altogether, the smORF database generated in this study will find value in mining other -omics
datasets including: genomics data, bulk RNA-Seq data from disease models, proteomics data
by amending protein databases with microprotein sequences, and the ever-expanding single
cell datasets. Moreover, with DIA-MS adoption increasing in proteomics due to superior
quantitation, we imagine that the integration of sequences will reveal new microproteins that are
increased or decreased under different conditions using DIA-MS. These -omics studies will lead
to targeted hypothesis driven experiments to look at the function of specific smORFs or
microproteins based on their location or regulation. For instance, upstream and downstream
smORFs on genes such as Ucp? and Irs1 suggest a layer of translational regulation that is
currently not well understood. Thus, the impact of this work will be the identification of new
genes with roles in murine metabolism, and eventually some of these genes will provide insights
that can provide therapeutic opportunities in obesity and diabetes and potentially other
diseases.
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Fig. 1. Ribosome profiling to define primary differentiated white, brown, and beige mouse
adipocyte microproteins. (A) Primary subcutaneous white, beige (from subcutaneous WAT),
and brown adipocytes were generated from freshly isolated subcutaneous white adipose tissue
(WAT) and brown adipose tissue (BAT). Primary differentiated adipocytes were then analyzed
by Ribosome Profiling (Ribo-Seq), leading to the identification of thousands of microprotein-
encoding small open reading frames (smORFs) not found in curated databases (UniProt,
Refseq, Ensembl). (B) A Venn Diagram of the identified smORF distributions between primary
white, beige, and brown adipocytes. (C) The length distribution of the microproteins encoded by
smORFs results in a median length of 33-amino acids (blue dotted line). (D) Comparison of the
amino acid composition of microproteins (red bars) to mouse RefSeq proteins (black bars). (E)
Homer analysis of the microprotein-encoding smORF positions was used to estimate numbers
of smORFs in non-coding/intergenic regions, those downstream of a CDS (downstream ORF
(dORF)/translational termination site (TTS)), intronic regions, antisense RNAs, and upstream of
a CDS (upstream ORF (uORF)/translational start site (TSS)). (F) Primary differentiated brown
adipocyte Ribo-Seq data shows ribosome occupancy on a uORF of the Ucp2 gene, and
subcutaneous white adipocyte Ribo-Seq data detected a dORF in what was considered the 3’-
UTR of Irs1. (G) Some microproteins such as the 14-amino acid microprotein encoded from the
creatine transporter Slc6a8 uORF are evolutionarily conserved.
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Fig. 2. Schematic of Data-independent Acquisition Mass Spectrometry (DIA-MS) method
that employs the chromatogram library approach.

An idealized experiment with two groups of six (red and blue) is depicted in the upper left. A
small volume of each sample is split and pooled for peptide identification analysis (purple). First,
the pool is subjected to high pH reversed-phase (RP) fractionation where peptide identifications
are generated from DDA injections of each RP fraction. The RiboSeq generated smORF-
encoded microprotein sequences are amended to the canonical reviewed UniProt proteome
database (blue/grey library icon) where each RP fraction DDA injection is searched (Comet +
PeptideProphet) with the results used to make a spectral library of peptide identifications
(orange library icon). The pool is also subjected to a small (4 m/z) DIA gas-phase fractionation
(GPF) window. The GPF chromatogram library method utilizes 6 replicate injections of the
sample pool with small, staggered windows (4 m/z) across a short mass range (100 m/z). Each
short mass range injection covers one sixth of the total mass range of the profiling method used
on each sample. The profiling method for quantifying each sample uses larger staggered
windows (8 m/z) from a mass range of 400-1000 that covers the entire mass range of the GPF
injections. The GPF injections are inserted into the randomized queue of individual samples to
be quantified, allowing very accurate retention time realignment and improved accuracy in the
peptide extractions from the DIA-MS profiling data. EncyclopeDIA is first used to create the
chromatogram library (green library icon) that contains all of the DIA-based peptide
identifications and accurate retention times. EncyclopeDIA is then used again to extract
fragment ion-based peptide information from the profiling injections using the chromatogram
library generated from the GPF injections. Extracted ion chromatograms for each peptide are
then viewable in Skyline (MacLean et al., 2010), allowing for viewing the data, proteome
regulation analysis (generation of protein or peptide volcano plots), and exporting the summed
peptide fragment ion intensities for each peptide. Multiple peptides per protein can be summed
to quantify individual proteins, but the method is also highly accurate on a single peptide level.
Box 1 depicts how this methodology is important for smORF-encoded microprotein discovery.
Each smORF sequence may only generate a small number of analytical peptides in a tryptic
digest (or any given sample prep methodology). In contrast, a canonical ORF may generate
many analytical peptides per protein in a tryptic digest.
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Fig. 3. DIA-MS quantitation of canonical ORF proteins and small ORF microproteins in
primary differentiated brown and subcutaneous white adipocytes.

(A) A schematic of the experimental design quantifies the proteomes of primary differentiated
brown and subcutaneous white adipocytes, allowing for identification with DDA and
quantification with DIA-MS of canonical ORF proteins smORF-encoded microproteins in whole-
cell lysates and conditioned media (secretomes). (B) DIA-MS quantification of canonical ORF
proteins UCP1, PLIN1, and PCK1 from the whole-cell lysates of the same primary differentiated
brown and subcutaneous white adipocytes analyzed with RiboSeq in Figure 1. (C) DIA-MS
quantification of known secreted proteins APOE and ADIPO (Adiponectin). (D) Venn diagram of
the total number of microproteins quantified with DIA-MS in the whole-cell lysates and
conditioned media. (E) RiboSeq coverage of a conserved smORF (chr6:148354710-
148355199) identified in both primary differentiated brown and subcutaneous white adipocytes
(F) DIA-MS quantification of microproteins in the whole-cell lysates and secretomes of both the
differentiated brown and subcutaneous white adipocyte cultures showing 4 microproteins
quantified in both the whole cell lysates and secretomes that includes microproteins from the
smORFs: chr6:148354710-148355199 (seen in panel E RiboSeq); chr1:156615947-156616057;
chr2:129306194-129306639; and chr2:6872358-6872429. (scale bar = 25 uym in Panel A,
statistics performed with paired t-test where * = p-value < 0.05, ** = p-value < 0.01, and *** = p-
value < 0.001).
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Fig. 4. Adipose protein-coding smORFs are differentially transcribed in diet-induced
obesity mice. (A) Changes in RNA expression for adipose protein-coding smORFs induced by
DIO in various tissues (padj < 0.05 and |log2 fold change| = 1). (B) Total mMRNA-Seq read maps
(equivalently scaled) in lean (blue) and DIO (brown) over the microprotein encoding smORFs of
Irs1 (comparison depicted in BAT, top) and Ucp2 (comparison depicted in eWAT, bottom). (C)
Schematic showing the locations of translated smORFs identified on Lncbate1. Five smORFs
were identified across the primary differentiated subcutaneous white, brown, and beige
adipocytes: two in frame 1, two in frame 2, and one in frame 3 (left). Representative ribosomal
A-site plots (Ribo-Seq) from brown adipocytes for Lncbate?1 with one smORF identified as
translated in both brown and subcutaneous white adipocytes highlighted in yellow (right). (D)
PCA analysis of non-uORF protein-coding smORF RNA expression levels in tissues derived
from DIO and lean mice.
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Fig. 5. Plasma proteomics of aged obese mice identifies evidence for multiple smORF-
encoded microproteins with one FRS2 uORF circulating at a higher level in the aged
obese state (A) Experimental design for plasma proteomics of 26-week and 41-week old mice
with both DIO and lean groups in both ages (n=12 per group). (B) Strategy for non-quantitative
DDA-based deep identification of canonical ORF proteins and smORF-encoded microproteins in
lean mouse plasma shows a combinatorial fractionation strategy designed to enrich small
proteins using both C8 and C18 based fractionation with both trifluoroacetic acid (TFA) and
triethylammonium formate (TEAF) ion-pairing agents. Additionally, plasma from the experiment
depicted in Panel A was fractionated (not pictured) with high pH RP fractionation as depicted in
Figure 2. (C) Summary of all proteins identified with the fractionation strategies outlined in Panel
B showing peptides and proteins identified from both the canonical ORFs and smORF-encoded
microproteins. (D) Annotated MS2 fragment ion spectrum of a peptide
(VFC*HQANDVHIYQTQVVMTNTLETSSGK++++, *=reduced and alkylated cysteine) that maps
to a microprotein generated from the lincRNA AW112010 (chr19:11047983-11050396)
discovered in the circulation via the plasma fractionation depicted in Panel B. The peptide is
depicted in a butterfly plot with the measured MS2 spectrum above the x-axis and the Prosit-
predicted fragment ion pattern below the x-axis (E) Volcano plot of DIA-MS quantification of the
experiments depicted in Panel A comparing the DIO old condition to the lean old condition
depicting regulated canonical ORF proteins along with a regulated smORF-encoded
microprotein that correlates to chr10:117081098-117085087. (F) Quantification with DIA-MS of
a tryptic peptide (sequence: MINLLMQHQR++) for the smORF-encoded microprotein from
chr10:117081098-117085087 across all of the biological conditions in Panel A. (G) The amino
acid sequence of the smORF-encoded microprotein from chr10:117081098-117085087 that
maps to the uORF region of fibroblast receptor substrate 2 (FRS2)

with the identified tryptic peptide (sequence: MINLLMQHQR) depicted in yellow and the whole
smOREF in blue/yellow. (H) Annotated MS2 fragment ion spectrum of the tryptic peptide from the
FRS2 uORF (sequence: MINLLMQHQR++) was used to quantify this microprotein in Panels E
and F with DIA-MS. (statistics performed with one-way ANOVA where **** = p-value < 0.0001).
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Fig. 6. Translation, expression, and activity of Gm8773. (A) RiboSeq evidence for the
translation of Gm8773 in both differentiated brown and subcutaneous white adipocytes. (B)
Relative comparative tissue level mMRNA expression with qPCR of Gm8773 across a panel of
mouse tissues (C) Replotting of published transcriptional co-expression data of Gm8773
expression within specific nuclei of the hypothalamus and other regions of the brain; Note
Gm8773 co-expressed with NPY containing neurons (Sugino et al., 2019) (D) in situ
hybridization of Gm8773 mRNA localization to the arcuate nucleus of the hypothalamus,
showing section morphometry (D.i), the arcuate nucleus and median eminence (D.ii), and
arrows denoting Mouse-Gm8773+ cells in the mediobasal hypothalamus. Scale bars = 500 um
(D.i), 250 um (D.ii), 50 pm (D.iii). (E) Amino acid level conservation of the predicted protein
sequence of Gm8773 along with the two residues that have a positive O-linked glycosylation
prediction score (NetOGlyc 4.0) (F) Signal peptide (Signal P 5.0) and transmembrane domain
(TMHMM 2.0) predictions for Gm8773 predicted protein sequence. (G) Expression of
recombinant Gm8773 in HEK cells showing a double band at the molecular weight of a protein
monomer in both reducing and non-reducing conditions (left side) along with the collapsing of
the Gm8773 doublet protein band down to a single band upon treatment with an O-linked
glycosylation deglycosylating enzyme (right side). (H) Increased food intake is observed in mice
following the intracerebroventricular (ICV injection) administration of the recombinant Gm8773
protein from Panel G (statistics performed with two-way ANOVA with significant time by
treatment interaction where **** = p-value < 0.0001).


https://doi.org/10.1101/2022.03.12.484025

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.12.484025; this version posted March 14, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

LIMITATIONS OF THIS STUDY

In this study, we provide evidence for the translation of thousands of smORFs in primary brown
and white adipocytes, and the proteomic detection of microproteins from cell proteomes,
conditioned media, and plasma. Mass spectrometry underestimates microprotein numbers
because these polypeptides are short and generate few detectable tryptic peptides.
Furthermore, without trypsin microproteins do not ionize well, which partially explains the
difference in numbers between mass spectrometry and ribosome profiling. That said, smORF
annotation by ribosome profiling does not guarantee that the encoded microproteins are stable,
long-lived molecules capable of regulating biology, though our hypothesis is that there are
enough biologically active microproteins within this pool to make it worthwhile to interrogate
these genes. Indeed, the ribosome profiling data provided the first empirical evidence for the
translation of the biologically active Gm8773 microprotein. Pharmacological experiments with
the recombinant Gm8773 microprotein and ICV injections reveal an intriguing feeding
phenotype. To determine whether these pharmacological experiments define a physiological
role of Gm8773, subsequent studies should employ mouse genetics that knockout/knockin
Gm8773 in cells and tissues of a living animal.
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