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Abstract

Genome-wide translational profiling has uncovered the synthesis of thousands of microproteins 

in human cells, a class of proteins traditionally overlooked in functional studies. Although an 

increasing number of these microproteins have been found to play critical roles in cellular 

processes, the functional relevance of the majority remains poorly understood. Studying these low-

abundance, often unstable proteins is further complicated by the challenge of disentangling their 

functions from the noncoding roles of the associated DNA, RNA, and the act of translation. This 

review highlights recent advances in functional genomics that have led to the discovery of over 

one thousand human microproteins required for optimal cell proliferation. Ongoing technological 

innovations will continue to clarify the roles and mechanisms of microproteins in both normal 

physiology and disease, potentially opening new avenues for therapeutic exploration.
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Microproteins: hidden treasure of the proteome

Proteins are the workhorses of life, and they come in a wide range of sizes. Human 

proteins, for instance, vary from as small as 12 amino-acid (aa) to as large as 35,991 

aa, with a median size of 431 aa (Figure 1). Historically, proteins shorter than 100 aa

—often referred to as microproteins (see Glossary), micropeptides, or short/small open 

reading frame (ORF)-encoded peptides (SEPs)—have largely been overlooked in functional 

studies. Gene-finding algorithms often use a threshold of 100 aa to filter out numerous 

short ORFs, which may arise from random sequences and are therefore considered less 

likely to encode functional proteins [1]. Advances in DNA sequencing technologies have 

enabled deep surveys of the transcriptome, leading to the discovery of tens of thousands 

of transcripts initially predicted to be noncoding [2]. While these were mostly annotated as 
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long noncoding RNAs (lncRNAs), many contain short ORFs and were later found to be 

translated, as revealed by ribosome profiling (Ribo-seq) [3–5], a sensitive assay that maps 

translating ribosomes genome-wide [6]. The translation of short ORFs in lncRNAs is not 

surprising given that there is no known cellular mechanism to measure ORF length without 

first translating it. In addition to lncRNA ORFs, translation has also been found in several 

other types of noncanonical ORFs (ncORFs) (Figure 2), including upstream ORFs (uORFs) 

in 5’ UTRs of canonical mRNAs [4,7] and circORFs in circular RNAs (circRNAs) [8–10].

The functional relevance of most microproteins remains unknown. Even among the most 

reliably curated lists of human proteins, such as MANE Select [11], 11 of the 13 proteins 

shorter than 30 aa are uncharacterized, despite their high sequence conservation. This lack 

of functional characterization underscores the presence of major challenges in investigating 

microproteins. However, this also presents an exciting opportunity for new discoveries, as 

many essential proteins—including seven ribosomal proteins—are technically microproteins 

(25–98 aa, e.g., the 25-aa RPL41). In recent years, large-scale functional screens, 

particularly CRISPR/Cas9-mediated loss-of-function screens, have facilitated the systematic 

discovery of microproteins that are likely crucial for optimal cell growth [7,12–16]. Detailed 

characterization of top candidates has unveiled novel mechanisms by which microproteins 

exert their functions [7,12–16]. In this review, we will discuss some of the major challenges 

in studying microproteins, summarize recent advancements enabled by genetic screens, and 

discuss future directions for research.

The expanding catalog of microproteins

A comprehensive catalog of microproteins is a crucial first step toward systematic functional 

studies aimed at understanding these molecules. Recent advances in omics approaches, 

including mass spectrometry (MS), Ribo-seq, and associated bioinformatics tools, have 

dramatically increased the number of putative microproteins identified in cells (see reviews 

[17–19]). While MS is the gold standard for high-throughput protein detection, the direct 

detection of microproteins using MS is challenging due to their small size, low abundance, 

and often poor annotations. Even with customized, sensitive MS pipelines, each study often 

detected less than a hundred microproteins [7,20].

Instead, the presence of most microproteins has been inferred from Ribo-seq data, which 

quantifies the footprints of ribosomes synthesizing microproteins encoded by short ORFs. A 

recent meta-analysis of 669 human Ribo-seq samples identified 58,383 translated ncORFs, 

over 90% of which encode putative microproteins [21]. Most of these are uORFs in mRNA 

5’ UTRs (28,981) and short ORFs in lncRNAs (13,047), compared to 33,251 canonical 

ORFs detected in the same analysis (Figure 2). Approximately one-third of these ncORFs 

use non-AUG start codons, in contrast to less than 0.5% of canonical ORFs. Other similar 

meta-analyses of Ribo-seq data have identified even more translated short ORFs in humans 

and other species, exceeding 100,000 [22,23].

A key challenge in the field is to generate a standardized, high-quality reference annotation 

of microproteins for each species, starting with humans. A comprehensive reference set 

would greatly facilitate the functional characterization of microproteins. In the absence of 
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such a consensus, functional screens have targeted different sets of microproteins, resulting 

in limited overlap among identified functional microproteins, even in screens conducted 

within the same cell line (see discussion below). One major barrier to creating a reference 

microprotein annotation is the limited overlap in identified translated short ORFs across 

different computational tools [24]. For example, only about 2% of short ORFs were 

identified by all five commonly used tools when applied to the same high-resolution Ribo-

seq dataset [25].

To address this, a community-led effort has compiled a consolidated catalog of 7,264 

Ribo-seq supported ncORFs from seven previous studies [26]. The majority (95%) of these 

translated ncORFs encode microproteins. Subsequent studies have further characterized this 

reference set of microproteins, including their evolutionary origins [27], peptide evidence 

[28], and interacting partners [27]. Large-scale functional genetic screens have yet to be 

conducted for this set of ORFs.

Challenges in functional studies of microproteins

In addition to the sheer number of putative microproteins to be characterized and the lack of 

a widely accepted reference annotation, several unique challenges complicate the functional 

studies of microproteins. These include their small size, low abundance, short half-life, and 

low conservation. Another major issue is the need to unequivocally assign functions to 

microproteins themselves, rather than attributing observed effects to noncoding functions of 

the underlying RNA, DNA, or even the act of translation (Figure 3).

Too small to study

While the small size of microproteins may enable them to perform functions that 

larger proteins cannot, it also poses significant challenges for their study. For instance, 

microproteins produce fewer peptides detectable by MS. Computationally, accurately 

assessing sequence conservation and coding potential for short ORFs is more difficult. 

Experimentally, protein tags (e.g., GFP, HA, FLAG) are commonly used to study the 

localization, interactions, and dynamics of proteins. However, even a small tag like FLAG 

can significantly increase the size of a microprotein, potentially disrupting its normal 

function and regulation. Additionally, the small size of ORFs limits the number of CRISPR 

gRNAs available for loss-of-function studies, particularly for CRISPR systems with strong 

PAM dependencies. Even when efficient gRNAs induce frameshifting indels, the resulting 

frameshift may lengthen the protein rather than truncating it, increasing the risk of gain-of-

function effects and false positive results.

Low abundance and rapid degradation

Most microproteins encoded by Ribo-seq-annotated short ORFs remain undetected in 

proteomics studies [28,29]. Several mechanisms suppress the production and accumulation 

of proteins derived outside of canonical coding sequences [30]. One such mechanism is 

BAG6-mediated noncoding translation mitigation, which targets hydrophobic C-termini 

commonly found in proteins encoded by ncORFs. This often leads to the proteasomal 

degradation of these proteins immediately after translation [31,32]. Nascent proteins 
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degraded through the BAG6/proteasome pathway serve as a significant source of MHC-I/
HLA-I antigen peptides [33]. Additionally, some microproteins may be degraded by other 

cellular proteases or through the lysosomal pathway [21]. Reflecting the typically short 

half-life of most microproteins, only 66 (0.9%) of the 7,264 reference Ribo-seq ncORFs 

[26] are supported by high-quality peptide evidence from a meta-analysis of 3.5 billion 

MS spectra [28]. In contrast, 1,785 (24.6%) of these ncORFs were detected in a smaller 

HLA immunopeptidomics dataset (0.24 billion MS spectra), with 94.3% being HLA-I 

peptides [28]. These findings suggest that the vast majority of microproteins are rapidly 

degraded, likely via the BAG6/proteasome pathway, and subsequently processed into HLA-I 

peptides. Although a short half-life does not exclude the possibility of functional roles for 

microproteins, it does pose challenges for functional and mechanistic studies.

Lack of conservation

Most microprotein-encoding ORFs lack sequence conservation, limiting the utility 

of conservation as a reliable filter for functional microproteins. Additionally, when 

conservation is present, it may reflect selective pressure on the RNA or DNA level, rather 

than on the microprotein itself. Codon-level conservation scores, which examine protein-

coding signatures such as synonymous codon substitutions, are frequently employed to 

identify conserved microproteins. However, many functional microproteins have evolved 

recently and thus exhibit little to no conservation [7]. For instance, none of the 44 known 

functional human microproteins that originated de novo from noncoding sequences [34] 

were predicted as coding by PhyloCSF [35], a widely used tool for assessing coding 

potential based on multiple sequence alignment.

Translation-independent functions

Detecting translation activity in an ORF does not necessarily indicate functional translation 

or a functional protein product, nor does it exclude translation-independent functions of 

the underlying RNA or DNA. For instance, a highly translated lncRNA was shown to 

be essential for pancreatic endocrine cell development, yet it retained its functionality 

even when the translated ORFs within it were deleted or frameshifted [36]. To definitively 

establish that translation is necessary for an ORF’s function, it is essential to rule out any 

potential noncoding roles of the underlying RNA or DNA (Figure 3).

Microproteins are encoded by UTRs, lncRNAs, and circRNAs, all of which primarily 

function as RNA molecules, often independent of whether translation occurs. The majority 

of functional lncRNAs and circRNAs execute their functions without being translated, 

instead influencing gene expression and cellular processes through RNA-RNA, RNA-DNA, 

and RNA-protein interactions [37–39] (Figure 3A). Both 5’ and 3’ UTRs play crucial roles 

in regulating mRNA stability, localization, and the translation of the main ORF by recruiting 

RNA-binding proteins and regulatory RNAs (e.g., microRNAs) [40–42] (Figure 3B).

In addition to RNA-based functions, the genomic sequences encoding lncRNAs and UTRs 

frequently serve as functional DNA elements. For instance, many lncRNA loci act as 

enhancers, which loop to gene promoters to activate target gene transcription [43,44] (Figure 

3A). The DNA sequences encoding 5’ UTRs are located near the promoter and transcription 
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start site of their associated coding genes, allowing them to regulate key transcriptional 

processes such as nucleosome positioning, transcription initiation, and promoter-proximal 

pausing and release [45] (Figure 3B).

Disruption of the genomic locus of a short ORF can impact both DNA- and RNA-dependent 

functions, which must be carefully ruled out to attribute the observed phenotype specifically 

to ORF translation or to the microprotein. A common approach to exclude translation-

independent effects is a phenotypic rescue experiment in which the start codon of the short 

ORF is mutated. A successful rescue with a translation-deficient construct would suggest 

that the observed effects are not due to the microprotein or translation but rather to other 

regulatory functions of the DNA or RNA.

Translation-dependent but protein-independent functions

The act of translation can serve a functional role even when the resulting protein is rapidly 

degraded. For instance, translation of uORFs in the 5’ UTR often inhibits the translation 

of the downstream main ORF on the same mRNA, typically independent of the specific 

sequence of the microprotein encoded by the uORF [46]. Additionally, translation of uORFs 

in mRNAs and short ORFs in lncRNAs has been shown to trigger RNA degradation via 

the nonsense-mediated RNA decay (NMD) pathway [47–51]. The rapid degradation of 

most microproteins [28] also supports the idea that the act of translation, rather than the 

microprotein itself, may be the primary functional event. Translation in other types of 

ncORFs found in mRNAs (Figure 2) may similarly regulate the host mRNA. To determine 

whether the microprotein is responsible for the observed phenotype, one can attempt a 

rescue of the knockout phenotype by exogenously expressing the microprotein without its 

native sequence context. For example, uORFs can be tested without the main ORF, or 

lncRNA ORFs without the remainder of the lncRNA sequence. The ORF can be further 

recoded using synonymous codons, enabling modifications to the underlying DNA and RNA 

sequence without affecting the amino acid sequence of the microprotein. A success rescue 

would support a role of the microprotein.

CRISPR screens for functional microproteins

Over the past five years, six CRISPR/Cas9-mediated knockout screens have been conducted 

to systematically assess the functional impact of thousands of microproteins in various 

human cell lines [7,12–16] (Table 1). These studies have identified more than 1,000 putative 

functional microproteins and provided valuable insights into their mechanisms of action. For 

a subset of top hits, carefully designed experiments have ruled out potential RNA, DNA, or 

translation-dependent noncoding functions. These studies also highlight certain limitations 

of current methodologies and suggest avenues for future improvements.

CRISPR/Cas9 knockout screens

CRISPR/Cas9-mediated knockout screens have become a widely used tool for 

systematically identifying proteins involved in specific phenotypes [52–55]. In commonly 

used pooled CRISPR screens, a library of gRNAs designed to target either all or a subset 

of genes is introduced into cells via lentiviral vectors, with most cells stably expressing 
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either one or no gRNA. Untransduced cells are removed using antibiotics or sorting, and the 

remaining cells are then selected based on phenotypes such as cell growth or drug resistance. 

After selection, sequencing is used to measure the enrichment or depletion of gRNAs, which 

reflects the impact of knocking out the corresponding gene or ORF on the phenotype. For 

instance, gRNAs targeting essential genes will be depleted during cell culture. Thousands 

of pooled CRISPR screens, primarily genome-wide, have been performed, significantly 

advancing the functional annotation of canonical coding genes. This approach is now being 

applied to discover functional microproteins in an unbiased and systematic manner.

Selecting microproteins to screen

In the absence of widely accepted reference annotations, the six studies each screened a 

unique set of ncORFs, with the number of ORFs ranging from 553 to 11,776 (Table 1) 

[7,12–16]. The study that targeted the largest number of ORFs (11,776) focused exclusively 

on short ORFs encoding microproteins [16], while the other five studies screened ncORFs, 

a small fraction of which encoded proteins longer than 100 aa. Most studies concentrated 

on ORFs that were translated in the specific cell type used for screening. For example, 

Chen et al. targeted 2,353 ncORFs annotated using Ribo-seq data from induced pluripotent 

stem cells (iPSCs) and several other cell lines, conducting their screens in iPSCs and K562 

cells [7]. Hofman et al. performed screens in multiple medulloblastoma cell lines, using a 

gRNA library that targeted 2,019 ncORFs, a subset of previously annotated ncORFs [13,26] 

that showed Ribo-seq evidence of translation in 32 medulloblastoma samples [12]. Zheng 

et al. identified 758 lncRNA ORFs through Ribo-seq in MCF7 cells and conducted their 

screen in the same cell type [14]. A similar approach was used in another study to screen 

1,046 lncRNA ORFs in HCT116 cells [15]. The remaining two studies, by Prensener et al. 

[13] and Schlesinger et al. [16], curated ORFs from publicly available data and performed 

their screens in multiple cell lines (Table 1). On average, each ORF was targeted by 4 to 8 

gRNAs.

Identifying functional microproteins

All six studies used cell growth as the phenotypic readout and identified microproteins 

essential for optimal cell survival and proliferation, i.e., knocking out a microprotein impairs 

these processes. When applied to canonical ORFs, this type of screening is often referred 

to as an “essential gene screen.” The number of functional microproteins identified in each 

of the six studies varied significantly, ranging from 13 to 703 (Table 1). This variation is 

not solely due to differences in the total number of ORFs screened, as the percentage of 

ORFs identified as functional also varied widely, from 0.8% to 36% (Table 1). While the 

high percentage of hits in some studies (e.g., 36% [7]) supports the idea that microproteins 

have widespread functional roles, other studies suggest a more limited scope of microprotein 

functionality.

In addition, despite using the same cell growth phenotype, there is limited overlap in 

the functional microproteins identified across studies (Figure 4). In total, 1,049 functional 

ORFs encoding microproteins have been reported by at least one study. However, only 

109 (10.4%) are supported by more than one study, and no ORF has been identified as 

functional in more than three studies. This lack of substantial overlap is likely attributed 

Azam et al. Page 6

Trends Genet. Author manuscript; available in PMC 2026 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to differences in the target ORF pools and the distinct cell lines used in the screens. 

Microproteins may exhibit cell-type-specific functions, and cancer cell lines can vary in 

their dependency on the same functional pathways. For example, only 50 ORFs were shared 

between the 553 ORFs targeted by Prensner et al. [13] and the 11,776 ORFs targeted by 

Schlesinger et al. [16]. Even though both studies used the same cell line (A375), only one 

of these 50 ORFs screened in both studies was identified as a common hit, and it failed 

to be validated in a secondary screen [16]. In contrast to the variation between studies, 

results within the same study tend to show strong correlations between replicates, even when 

conducted in different cell lines. For instance, in the study by Chen et al. [7], 70% of the 

hits from the iPSC screen were also hits in the K562 screen. More analysis is needed to 

understand the inconsistencies across studies, which underscores the need for a consensus 

reference annotation and standardized CRISPR screening protocols. This includes the use 

of standardized positive and negative controls to assess and compare the sensitivity and 

specificity of the screens.

Validating microprotein functions

As discussed earlier, the knockout phenotype of a microprotein-encoding ORF may result 

from the loss of noncoding functions rather than the loss of the microprotein itself (Figure 

3). To address this, most studies have conducted additional experiments to validate a subset 

of hits and determine which functions can be definitively attributed to the microprotein. 

For example, Chen et al. generated individual knockout cell lines for nine uORF hits and 

confirmed cell growth defects in all cases [7]. Importantly, the growth defects were at 

least partially rescued by ectopic expression of the wild-type uORF but not by a mutant 

with the start codon mutated, indicating that the phenotype depends on the translation 

of these uORFs [7]. Similar validations were conducted in other studies. Consistent with 

translation-dependent functions, three studies performed gRNA tiling screens on positive 

hits, finding that gRNAs targeting the ORF itself tend to cause stronger growth defects than 

those targeting the flanking regions of the ORF [7,12,13].

It is more challenging to determine whether the observed knockout phenotype of short ORFs 

is associated with the microprotein or with the act of translation itself. This is particularly 

problematic for uORFs, as their translation is known to impact the translation of the main 

ORF [46]. In a screen focusing on 964 pairs of uORFs and their corresponding main 

ORFs, Hofman et al. found that 7.2% uORFs exhibited a stronger knockout phenotype 

than the main ORF [12]. For most uORFs it is difficult to assess the extent to which their 

function is independent of the main ORF. Similar observations were made by Chen et al. 

when comparing their uORF screen data to published main ORF screens [7]. It remains 

to be determined to what extent translation-dependent but protein-independent functions 

contribute to the knockout phenotypes of ORF hits in these screens.

Mechanistic dissection of microprotein functions

Detailed analysis of top hits from CRISPR screens has elucidated how microproteins 

contribute to cellular functions at a molecular level. For instance, Chen et al. tagged 

several microproteins with a 16-aa split-fluorescent protein tag, which enabled localization 

studies through fluorescent imaging and interaction analyses via co-immunoprecipitation 
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(IP) and MS [7]. Their findings revealed that many microproteins localize to membranes, 

interact with membrane proteins, and, notably, about half of uORF-encoded microproteins 

interact with the protein encoded by the corresponding main ORF [7]. However, a 

potential limitation is that the split fluorescent tag, despite being small, may alter the 

microprotein’s localization and interactions, particularly when overexpressed. Future studies 

using antibodies specific to the endogenous microproteins will be necessary to confirm 

these findings. Zheng et al. similarly employed IP-MS and other assays to show that a 

microprotein named SMIMP binds to the cohesion complex via SMC1A and represses 

tumor-suppressive cell cycle regulators CDKN1A and CDKN2B, thereby explaining the 

observed cell growth defects in their CRISPR screen [15]. In addition to the detailed 

mechanistic dissection of individual top hits, high-throughput assays such as Perturb-seq 

[7] and large-scale ORF overexpression followed by RNA-seq [13] have been employed 

to uncover the genes and pathways affected by the perturbation of a large number of hits. 

These approaches provide valuable insights into how each microprotein impacts cell growth 

[13–15].

Concluding Remarks and Future Perspectives

Our genome continually surprises us with new functional elements, including introns, 

microRNAs, lncRNAs, and now, microproteins. The discovery of a vast number of translated 

short ORFs presents both a challenge and an opportunity: to explore hidden functional 

microproteins and uncover novel biological mechanisms. Advances in high-throughput 

genomics, particularly pooled CRISPR screens, have enabled the systematic discovery 

and functional characterization of these elusive microproteins. However, several significant 

challenges remain (see Outstanding Questions).

First, there is limited consensus from large-scale screens on the prevalence of functional 

microproteins, with estimates ranging widely from less than 1% [16] to 36% [7]. These 

discrepancies likely stem from variations in short ORF annotations, screening protocols, 

statistical methods, and cell lines used. Establishing a consensus reference annotation 

and standardizing CRISPR screening protocols are essential to address this uncertainty. 

Although progress has been made toward creating a unified annotation based on Ribo-seq 

evidence [26], the lack of conventional MS peptide support for 99% of these Ribo-seq ORFs 

hinders downstream studies [28]. With the growing catalog of MS-supported microproteins, 

it may be time to shift focus from Ribo-seq-annotated ORFs to microproteins detected 

by MS. For example, the SmProt database (v2.0) includes evidence for 1,177 human 

microproteins validated by MS [22]. The catalog of MS-supported microproteins can 

be further expanded by applying refined MS-based discovery pipelines [20,28] across a 

broader range of cell lines and tissues. We envision future CRISPR screens focusing on 

MS-supported microproteins to yield more reliable and functionally significant discoveries.

Given the identification of over 1,000 putative functional microproteins across various 

studies (Table 1), there is a critical need for orthogonal high-throughput methods to 

eliminate false positives. These includes cases where ORFs are falsely identified as 

functional, or where the observed effects stem from the underlying DNA, RNA, or the 

act of translation itself rather than the microprotein. This challenge is particularly pressing 
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because most of these microproteins cannot be reliably detected at the protein level. For 

lncRNA-encoded microproteins, comparing knockout screens with orthogonal knockdown 

approaches, such as CRISPRi (transcriptional shutdown) [56] and CRISPR/Cas13 (RNA 

degradation) [57] screens, could help identify false positives and elucidate their mechanisms 

of action. Notably, most lncRNAs encoding putative functional microproteins identified in 

CRISPR knockout screens did not exhibit significant growth defects in CRISPRi screens 

[7]. While incomplete knockdown by CRISPRi may explain part of this discrepancy, 

additional studies—such as comparisons with Cas13 screens [57]—could offer further 

insights. Moreover, current studies often fail to adequately differentiate between translation-

dependent but protein-independent functions and bona fide microprotein activities. These 

gaps represent major limitation in existing validation practices and calls for the development 

of high-throughput methods capable of unambiguously distinguishing between coding and 

noncoding functions encoded by the same DNA sequence.

Large-scale screens have predominately focused on identifying microproteins essential for 

cell proliferation in vitro. While microproteins involved in regulating cell growth may 

contribute to tumorigenesis, their roles in other diseases and normal physiological processes 

remain largely unexplored. Expanding functional screens to investigate diverse cellular 

functions—such as cell differentiation, stress responses, and drug resistance—could uncover 

a broader range of microprotein functions. Additionally, adapting these screens for use in 

primary cells and in vivo models, as has been done with canonical coding gene screens 

[58,59], could provide critical insights into physiologically relevant microproteins.

Lastly, existing CRISPR knockout screens cannot target short ORFs that overlap with 

canonical ORFs (Figure 2) or circORFs, which also frequently overlap with canonical ORFs 

in linear mRNAs. In such cases, precise editing is required to specifically disrupt the short 

ORF without affecting the canonical ORF in a different reading frame. Techniques like base 

editing [60] or prime editing [61] offer potential solutions by introducing a premature stop 

codon selectively within the short ORF, leaving the canonical ORF largely intact.

Microproteins are at the forefront of expanding our understanding of the genome, offering 

insights into previously uncharted dimensions of gene regulation and cellular function. 

By refining our tools and approaches, we are poised to unlock the full potential of 

microproteins, shedding light on their contributions to biology and their implications for 

health and disease.
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Proteins shorter than 100 amino acids. Also called micropeptides or short/small open 

reading frame-encoded peptides (SEPs)

Open reading frame (ORF)
A span of DNA sequence between a start codon and an in-frame stop codon

Short ORF
An ORF encoding a peptide shorter than 100 amino acids

lncRNA
Long noncoding RNA (>200 nucleotides)

Ribo-seq
A sequencing-based assay that maps ribosome footprints genome-wide. Also known as 

ribosome profiling

ncORF
Noncanonical ORF, which refers to an ORF other than the main ORF in canonical mRNAs

uORF
Upstream ORF located in the 5’ UTR of canonical mRNAs

Circular RNA (circRNA)
A type of RNA whose 5’ end and 3’ end are covalently linked, forming a circular structure

circORF
ORFs found within circular RNAs

Mass spectrometry (MS)
An analytic technique used to measure the mass-to-charge ratio of ions, commonly used for 

high-throughput protein identification and quantification

MHC-I/HLA-I antigen peptides
Short peptides derived from intracellular protein degradation subsequently presented on the 

on the cell surface by major histocompatibility complex class I (MHC-I) or human leukocyte 

antigen class I (HLA-I) molecules, involved in immune recognition

Nonsense-mediated RNA decay (NMD)
A surveillance pathway that degrades translated RNAs containing premature stop codons or 

a long 3’ UTR
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Highlights

• Thousands of microproteins with unclear functional significance are 

synthesized in human cells and other organisms.

• Large-scale CRISPR knockout screens in human cells have identified over a 

thousand candidate functional microproteins essential for optimal cell growth 

in vitro.

• Validating these candidate functional microproteins and uncovering their 

molecular mechanisms and physiological relevance remain significant 

challenges.
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Outstanding Questions Box

1. How many microproteins are synthesized in human cells? How do we 

generate a consensus annotation considering the variation in the quality and 

coverage of Ribo-seq data, the low overlap between different ORF annotation 

tools, and the lack of peptide evidence for most ORFs?

2. How can we validate and characterize the 1049 putative functional 

microproteins identified through CRISPR knockout screens but lack direct 

protein evidence?

3. How can we rule out the noncoding functions of the underlying RNA, DNA, 

or even the act of translation in a high-throughput manner for all hits from 

large-scale CRISPR screens?

4. Can CRISPR screens targeting microproteins with peptide evidence uncover a 

higher proportion of functional microproteins?

5. Can base editing or prime editing be used for functional screens of circORFs 

and other short ORFs overlapping with canonical ORFs?
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Figure 1: Size distribution of canonical human proteins.
Shown is a histogram plot for the length (aa) of 19,352 human proteins included in the 

NCBI/EMBL-EBI MANE Select set (v1.3). Note that the x-axis is in log scale.
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Figure 2: Most microproteins are encoded by noncanonical ORFs (ncORFs).
(A) ncORFs in canonical mRNAs: uORF – upstream ORF contained entirely in the 5’ UTR; 

uoORF/ouORF – upstream overlapping ORF that begins in the 5’ UTR but ends within 

the canonical ORF in a different reading frame; intORF – ORF within the canonical ORF 

in a different reading frame; doORF – downstream overlapping ORF that begins in the 

canonical ORF but ends in the 3’ UTR in a different reading frame; dORF – downstream 

ORF contained entirely in the 3’ UTR. (B) Many lncRNAs contain a short ORF (sORF or 

smORF). (C) Some circular RNAs (circRNAs) contain an ORF (circORF/cORF) that can be 

translated in a cap-independent manner. The numbers on the right indicate the number of 

ORFs supported by Ribo-seq data in a previous study [21], except for circRNAs [9].
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Figure 3: Potential coding and noncoding functions of short ORFs.
(A) lncRNA: At the DNA level, lncRNA loci can function as enhancers, regulating the 

transcription of neighboring genes. CRISPR-mediated targeting of the short ORFs within 

lncRNAs could disrupt this enhancer activity. At the RNA level, most lncRNAs exert their 

functions without being translated. However, translation of short ORFs within lncRNAs 

may activate nonsense-mediated decay (NMD), leading to the degradation of the lncRNA. 

Consequently, disrupting the translation of these short ORFs could alter the lncRNA’s 

stability and affect its RNA-mediated noncoding functions. Additionally, the microproteins 

produced from these lncRNA-encoded ORFs may also have functional roles as proteins. (B) 

uORF: At the DNA level, uORFs, due to their proximity to the promoter, may influence 

the transcription of the host mRNA gene when disrupted by CRISPR. At the RNA level, 
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uORF sequences can regulate the stability and localization of the host mRNA. Translation 

of uORFs frequently inhibits the translation of the main ORF and can also trigger NMD, 

leading to the degradation of the host mRNA.
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Figure 4: Pairwise overlap of microprotein hits across published CRISPR screens.
The heatmap displays the pairwise overlap of microprotein hits between studies, with each 

row and column representing a specific study. The heatmap values indicate the number of 

microprotein hits in one study (row) that overlap with hits in another (column). Overlap 

between two different ORFs is defined as sharing at least one base pair in the genome. Note 

that Schlesinger et al. 2024 [16] is excluded due to the absence of genomic coordinate data. 

Study IDs correspond to those listed in Table 1.
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Table 1:

Summary of published CRISPR screens for functional microproteins

Study Cell type ncORFs screened ncORF hits Microprotein hits

Chen2020 [7]

iPSC 2,353 570
(24%)

703

K562 2,353 848
(36%)

Prensner2021 [13] A375, A549, HA1E, HeLa, HepG2, HT29, MCF7, PC3 553
*57

(10%)
43

Zheng2023a [14] MCF7 758 28
(3.7%) 13

Zheng2023b [15] HCT116 1,046 49
(5.4%) 29

Hofman2024 [12] 7 medulloblastoma cell lines 2,019
*387
(21%)

323

Schlesinger2024 [16] A375 11,776 83
(0.7%) 83

*
: Total unique hits from all cell lines screened.
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