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mediated mRNA decay (NMD) and
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major NMD-activating mechanism.
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SUMMARY

The RNA helicase UPF1 shapes the transcriptome as the core factor of nonsense-mediated mRNA decay

(NMD). The essential role of UPF1 in human cells has impeded efforts to delineate its directly regulated tran-

scripts and molecular function. To investigate the effects of rapid UPF1 depletion, we engineered human cell

lines with endogenous UPF1 fused to conditional degron tags. Temporal-resolution transcriptomic analyses

identified direct target mRNAs, consisting predominantly of NMD substrates that are mostly stabilized within

hours of UPF1 depletion. By integrating long-read sequencing and ribosome profiling data, we defined the

consolidated NMD-regulated human transcriptome (NMDRHT), uncovering previously unannotated tran-

scripts and establishing alternative splicing as a major contributor of NMD-targeted mRNAs. Additionally,

we identified non-canonical NMD events that lack indication of being driven by other UPF1-dependent degra-

dation routes. Our work refines the role of the post-transcriptional regulator UPF1 and introduces an exper-

imentally validated NMD-regulated transcriptome as a navigable resource at https://nmdrht.uni-koeln.de.

INTRODUCTION

Quality control mechanisms continuously monitor the transcrip-

tome in eukaryotic cells to ensure the expression of correct gene

products.1 Translation-coupled surveillance pathways are

particularly important,2 as they eliminate aberrant transcripts

that have escaped previous checkpoints. Nonsense-mediated

decay (NMD) is a translation-coupled process that targets

mRNAs harboring premature termination codons (PTCs).3

PTCs introduced by mutations may cause genetic disorders,4

as they halt protein synthesis prematurely, resulting in the pro-

duction of potentially dysfunctional or toxic C-terminally trun-

cated proteins.5,6 NMD ensures that mRNAs containing PTCs

are promptly eliminated to prevent the accumulation of detri-

mental proteins.7

In mammalian cells, PTCs are recognized through the exon

junction complex (EJC). EJCs are multiprotein complexes

formed during pre-mRNA splicing that demarcate exon bound-

aries.8–10 When a ribosome terminates more than 50 nucleotides

(nt) upstream of the last exon-exon junction, the downstream

EJC initiates the assembly of NMD complexes.11–13 This 50-nt

rule14 is used to annotate transcript isoforms as biotype

‘‘NMD’’ in reference databases such as Ensembl and GEN-

CODE.15,16 The EJC’s capacity to activate NMD explains the

tendency for regular stop codons to be predominantly located

in the final exon.

The widespread use of alternative splicing (AS) by mammalian

cells, while expanding the coding potential of the genome,17,18

concurrently becomes a significant source of NMD sub-

strates.19–23 For example, AS events that alter the reading frame

frequently result in ‘‘unproductive’’ transcripts harboring PTCs.24

Additionally, regulated inclusion of PTC-encoding exons (‘‘poi-

son exons’’) contributes to the AS coupled to NMD (AS-

NMD).25 Therefore, NMD is not only a quality control but also a

general gene expression regulatory mechanism. Consequently,

alternatively spliced mRNAs constitute a large portion of endog-

enous NMD substrates.26,27 Other NMD substrates include

mRNAs with long 3′ UTRs, upstream open reading frames
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(ORFs), and 3′ UTR introns.28 While often NMD is triggered by an

EJC, it is not required for long 3′ UTR NMD.29,30

Prematurely terminating ribosomes activate NMD complex

formation centered around the key NMD factor UPF1.31 NMD

activation immobilizes the RNA-dependent helicase UPF1 in

the vicinity of the termination codon. Subsequently, the kinase

SMG1 phosphorylates multiple SQ or TQ motifs in the unstruc-

tured N- and C-terminal regions of UPF1.32 Phosphorylated

UPF1 then recruits the heterodimer SMG5 and SMG7, enabling

SMG6 to endonucleolytically cleave the mRNA in close proximity

to the PTC.26,33–37

The NMD core machinery, including UPF1, is required for

proper embryogenesis and development of many model organ-

isms.38–43 A meta-analysis identified UPF1 in a core set of 188

common essential genes in mice, human cell culture, and the hu-

man population.44 Moreover, the Cancer Dependency Map

(DepMap) classifies UPF1 as ‘‘common essential’’ across

>1,000 cancer cell lines.45–50

UPF1 also participates in other mRNA degradation path-

ways,51,52 including Staufen (STAU)-mediated mRNA decay

(SMD), replication-dependent histone mRNA decay (HMD),

glucocorticoid-induced mRNA decay (GMD), and structure-

mediated mRNA decay (SRD).53–56 In these degradation path-

ways, UPF1 is recruited to target transcripts by interactions

with various RNA-binding proteins.51,52 Apart from SMD, for

which biochemical insights exist,57 UPF1’s mechanistic role in

other pathways remains unclear.

Despite extensive study, UPF1’s essentiality limits experi-

mental analysis in mammalian cells. Here, we employ auxin-

and degradation tag (dTAG)-degron-mediated rapid depletion

of UPF1 protein in human cells to characterize the UPF1-regu-

lated transcriptome. UPF1 degradation resulted in strong NMD

inhibition within 12 h of treatment, surpassing the effects of

long-term knockdowns (KDs). Directly targeted mRNAs were

identified by temporally resolved transcriptomics complemented

by metabolic labeling data. Comprehensive transcriptome as-

sembly and read-to-transcript aware quantification confirmed

UPF1’s primary role in regulating NMD-targeted transcripts.

Notably, UPF1 depletion had no detectable effect on replica-

tion-dependent HMD. At the proteome level, we detected

NMD-transcript-encoded proteins/peptides with potentially

lost or altered functionality. These data illustrate that acute

degradation enables high-resolution analyses of RNA decay

and gene expression regulation. The transcriptomic data can

be interactively explored at https://nmdrht.uni-koeln.de.

RESULTS

The RNA helicase UPF1 monitors the transcriptome by non-spe-

cifically binding to mRNAs,58–60 dissociating from non-target

transcripts,61 and initiating degradation of target RNAs via

diverse pathways such as NMD (Figures 1A and S1A). Loss of

function of UPF1 and several other NMD and EJC factors is

not tolerated in cancer cells or the human population

(Figure S1B).47,62 This renders studies of UPF1 challenging, as

conventional CRISPR-Cas9 knockout (KO) results in lethality.

Therefore, RNA interference-based KD is commonly used to

transiently deplete UPF1 protein (Figure 1B) and inactivate

NMD. However, prolonged KD often causes reduced prolifera-

tion, cell cycle arrest, or apoptosis.63–66

We compared UPF1-KD (Figure 1B) with the combined SMG6

and SMG7 downregulation, which strongly inhibits NMD activ-

ity.26,67–69 UPF1 was downregulated in human embryonic kidney

cells (HEK293) and the colon cancer cell line HCT116 using either

an established small interfering RNA (siRNA)70 or a high

complexity siRNA pool (siPOOL) to minimize off-target effects71

(Figures 1C and S1C). We observed stronger accumulation of the

alternatively spliced NMD-target SRSF272 and NMD-sensitive

long non-coding RNAs (lncRNAs) ZFAS1 and GAS573 in

SMG6 + SMG7-KD cells compared with either UPF1-KD

(Figures 1C and S1C). Despite strongly reduced UPF1 levels, re-

sidual UPF1 appears to sustain partial NMD activity, particularly

at early time points. This aligns with published mass spectrom-

etry data74,75 indicating high UPF1 abundance and a long half-

life (T1/2 ≥ 48 h) in human tissues (Figures S1D and S1E). By

contrast, SMG6 and SMG7 are less abundant and degrade

faster, explaining the quicker NMD inhibition following their KD.

Characterizing conditional degron systems for rapid and

functional UPF1 depletion

Given the lethality of UPF1-KO and the moderate effects of

UPF1-KDs, we explored conditional degradation systems for se-

lective UPF1 protein depletion. We utilized the auxin-inducible

degron (AID) system to conditionally degrade UPF1 in HCT116

cells,76 which express AtAFB2 from the AAVS1 locus.77 The cells

were engineered with an N-terminal or C-terminal V5-AID-tag at

the UPF1 locus (Figure 1D; Table S1).

Following treatment with 500 μM indole-3-acetic acid (IAA) for

various time points, RNA sequencing (RNA-seq) revealed a time-

dependent accumulation of differentially regulated transcripts in

AID-tagged cells, but not in control cells (Figure S1F). We

selected the N-terminally AID-tagged cell line for subsequent ex-

periments, since it consistently showed stronger effects

(Figure S1F). Proteomic analyses confirmed efficient UPF1

depletion after 6–24 h of IAA treatment (Figures S1G and S1H),

with minimal effects on other NMD/EJC/SMD factors

(Figures 1E and S1I). Thus, UPF1 degron cells enable rapid, spe-

cific, and time-resolved UPF1 depletion with minimal off-target

effects.

Next, we performed an extended UPF1 depletion time course

up to 48 h, including an early 2-h time point (Figure S1J). Western

blot confirmed UPF1 depletion by 2 h post-IAA treatment

(Figure 1F), and selected NMD-sensitive transcripts accumu-

lated over time with seemingly different kinetics (Figure 1F).

These variations likely reflect differences in transcription, pro-

cessing, and translation rates, and/or NMD efficiency, high-

lighting the inherent heterogeneity of NMD-sensitive transcripts.

We utilized the reversibility of the AID system76 for studying

transcripts recovering from NMD inhibition. We removed IAA af-

ter 24-h treatment and recovered over 48 h (Figure S1J). UPF1

protein returned to control levels within 24–48 h of IAA with-

drawal (Figure 1G), and accumulated NMD targets gradually

normalized over time following UPF1 recovery (Figure 1G).

To assess the broader applicability of UPF1 depletion, we

tested a different conditional degron tag, dTAG (FKBP12F36V),78

in HCT116 and HEK293 cells (Figure S1K). Following 12 h of
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Figure 1. Rapid depletion of UPF1 via the AID system inhibits NMD

(A) Overview of UPF1-mediated RNA degradation pathways activated by signals (e.g., stem loops and EJC) in the 3′ UTR.

(B) Workflow for studying UPF1 in human cells.

(C) (Top) Western blot of UPF1 protein after siRNA KD in HCT116 cells, and tubulin serves as a loading control; o.e., overexposure. (Middle) End-point quantitative

reverse-transcription PCR (RT-qPCR) of SRSF2: relative levels of SRSF2 isoforms were quantified. (Bottom) qPCR of NMD targets ZFAS1 and GAS5, shown as

log2 fold change (log2FC). Individual data points and mean (bars) are shown (n = 3).

(D) Cell line generation for auxin-inducible (indole-3-acetic acid [IAA]) UPF1 depletion.

(E) Mass spectrometry of NMD/EJC/SMD proteins in cells ± IAA.

(F) Western blot, RT-qPCR, and qPCR analyses of N-terminal AID-tagged UPF1 HCT116 cell lines treated with 500 μM IAA for the indicated time

(visualized as in C).

(G) Western blot, RT-qPCR, and qPCR analyses of N-terminal AID-tagged UPF1 HCT116 cell lines treated with 500 μM IAA for the indicated time and incubated

for the recovery time without auxin (visualized as in C). V5-AID-tagged UPF1 was also detected via V5 antibodies.
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dTAGV-1 treatment, which recruits the von Hippel-Lindau (VHL)

E3 ligase complex,79 UPF1 was efficiently depleted (Figure

S1L), and NMD-sensitive transcripts (SRSF2, ZFAS1, and

GAS5) accumulated strongly (Figure S1L). Thus, both AID and

dTAG systems allow for the efficient and specific depletion of

UPF1, effectively inhibiting NMD.

Directly UPF1-regulated genes are enriched for NMD

targets

To investigate transcriptome-wide changes upon UPF1 deple-

tion, we performed deep mRNA-seq of the AID-mediated degra-

dation and recovery time course samples and dTAG conditions

(Figures S1J and S2A). Differential gene expression (DGE) anal-

ysis revealed pronounced UPF1- and time-dependent changes

in thousands of genes across all GENCODE-annotated biotypes,

including the accumulation of known NMD targets80 (Figure 2A).

After 12 h of UPF1 depletion, DGE effects were comparable to or

stronger than those observed in severe NMD-inhibited condi-

tions, such as SMG5/SMG6/SMG7 downregulation in various

cell lines26,69 or SMG1i inhibitor (SMG1i)81 treatment of human

foreskin fibroblast (HFF), human umbilical vein endothelial cells

(HUVECs), or HCT116 cells82 (Figure 2A; Table S2). By contrast,

recently published RNA-seq datasets of UPF1-KD exhibited

generally fewer and weaker gene expression changes,83–88

except for the dataset with the strongest reduction of UPF1

mRNA levels.84 Collectively, rapid UPF1 depletion via condi-

tional degron tags outperforms RNA interference approaches

and elicits strong transcriptome-wide effects.

Using the AID-UPF1 degradation and recovery time course,

we aimed to distinguish direct UPF1-dependent consequences

from indirect secondary effects.89 Principal component analysis

revealed that the most pronounced changes occur within the

first 12 h of AID-UPF1 depletion or recovery (Figure S2B), sug-

gesting that immediate UPF1-dependent effects predominantly

arise during this time. To test this hypothesis, we performed hi-

erarchical clustering of genes that were significantly up- or

downregulated at least at one time point compared with the

respective control condition. We identified four distinct clusters,

categorized by their expression patterns as ‘‘early,’’ ‘‘delayed,’’

‘‘late,’’ and ‘‘inverse’’ (Figures 2B and S2C). Most significantly

altered genes clustered as early or delayed, mirroring profiles

of previously analyzed targets such as SRSF2 (early) and

GAS5/ZFAS1 (delayed) (Figures 1F, 1G, and 2B). By contrast,

genes in the inverse clusters showed mis-regulation at 0 h IAA

treatment, suggesting clone-specific variation due to genetic

drift during clone selection (Figure 2B). Consequently, we

excluded these clusters from subsequent analyses.

To validate the cluster classification, we applied ImpulseDE2

to model RNA-seq counts for each gene.90 Most genes showed

a transient (impulse model) expression pattern, confirming the

reversibility of their expression changes91 (Figures S2D and

S2E). We extracted onset (t1) and offset (t2) times for each

gene (Figure S2D) and re-evaluated the clusters. Onset times

closely matched our previous classification, especially for the

early (x̃ = 3.6 h), delayed (x̃ = 8.5 h), and late (x̃ = 24.9 h) upregu-

lated clusters (Figure 2C). Early and delayed clusters exhibited

similar short offset times (x̃ = 27.6 and 29.1 h), suggesting their

rapid degradation by recovering UPF1. In conclusion, genes in

the early and delayed upregulated clusters are likely direct

UPF1 targets, while secondary effects presumably drive late

cluster genes.

As UPF1 is the central component of the NMD machinery, we

expected numerous bona fide NMD targets among the upregu-

lated classified cluster genes. Due to the lack of a ground truth

for NMD-targeted transcripts, we assessed ‘‘NMD relevance’’

empirically by examining significant regulation across 18

strongly NMD-inhibited RNA-seq conditions (Figure 2D). Genes

in the upregulated early and delayed clusters showed higher

NMD relevance, while the late and downregulated clusters

scored lower (Figure 2E). 61% of UPF1-dependent upregulated

genes showed low NMD relevance (Figure 2E). However, we

observed generally lower effect strengths in the low NMD rele-

vance bin (Figure 2F), suggesting that those apparently NMD-

irrelevant genes exhibit weak gene expression changes. To

test this, we analyzed the strongest UPF1-KD dataset,84 and

the FKBP-UPF1 depletion conditions. Most low NMD relevance

genes fall below our standard cutoff (log2 fold change

[log2FC] < 1) (Figure 2G), whereas high NMD relevance genes ex-

hibited the strongest expression changes across conditions

(Figure 2G).

To validate our NMD-related findings, we used two datasets:

(1) NMD factor KD/rescue meta-analysis67 and (2) phospho-

UPF1-enriched RNA immunoprecipitation sequencing (RIP-

seq).92 Early and delayed upregulated clusters and high NMD

relevance genes were enriched in both datasets (Figures S2F

and S2G). We conclude that the rapid and pronounced

Figure 2. Identification and characterization of UPF1-regulated genes

(A) (Left) Comparison of multiple RNA-seq data regarding the fraction of significantly differentially expressed genes (separated by up-/downregulation) versus all

detected genes per GENCODE biotype. (Middle) Absolute number of significantly regulated genes stratified by GENCODE biotype. (Right) Expression changes of

UPF1 or individual NMD-target genes.

(B) Z-scaled log2-transformed gene-level counts of combined degradation and recovery N-AID-UPF1 RNA-seq data over IAA treatment/recovery time. Control

samples are shown at the terminal ends of the x axis. Upregulated (left column) or downregulated (right column) clusters after hierarchical clustering (k = 4) are

depicted.

(C) Boxplot of modeled onset (t1) and offset (t2) time parameters for differential gene expression (DGE) cluster genes (outliers are not displayed).

(D) Workflow for NMD relevance assignment of DGE cluster genes.

(E) (Top) NMD relevance as a fraction of genes per DGE cluster, depicted as binned (upper bars) or absolute percentage (lower bars). (Bottom) Absolute number of

genes per binned NMD relevance, separated by up-/downregulation. Inverse clusters were excluded.

(F) Median log2FC of upregulated DGE cluster genes (excluding inverse cluster) per NMD relevance bin in RNA-seq datasets. Asterisks designate the 18 con-

ditions included for NMD relevance determination.

(G) Boxplot of log2FC of upregulated DGE cluster genes (excluding inverse cluster) of UPF1-depleted RNA-seq conditions, stratified by NMD relevance bin. The

default significance cutoff (log2FC > 1) is shown, and outliers of the boxplot are not displayed.
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Figure 3. UPF1 destabilizes target mRNAs and is not required for HMD

(A) Model of mechanism for gene expression changes upon UPF1 depletion.

(B) Labeling strategy for SLAM-seq of control or N-AID-UPF1 HCT116 cells with 4-thiouridine (4SU). Mean raw T-to-C mutation rates are shown.

(C) Mechanistic dissection of SLAM-seq data by integrating the detected changes in RNA levels (log2FC(RNA) by DESeq2) and degradation rate (log2(kdeg) by

bakR) in each condition compared with control 0 h IAA HCT116 cells. The size of points indicates the statistical significance of mechanism scores, and the

mechanism score Z score (fill color) indicates degradation-driven (negative values) or synthesis-driven (positive values) expression changes. Conclusions are

based on parameters defined in the STAR Methods section.

(D) Boxplot of log2FC of differential degradation (kdeg) or synthesis (ksyn) rate constants per DGE clusters (left) or NMD relevance bins (right), stratified by DGE

up-/downregulation. Outliers of the boxplot are not displayed.

(E) Scheme of UPF1’s role in replication-dependent HMD.

(legend continued on next page)
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upregulation of transcripts upon UPF1 depletion correlated with

greater NMD relevance, supporting the critical role of UPF1

in NMD.

Transcriptome changes in UPF1-depleted cells result

from mRNA stabilization

To explain the temporal clustering of UPF1-regulated tran-

scripts, we considered RNA metabolism parameters such as

synthesis, processing, and degradation rates. Using data from

HEK293 cells,93 we observed that upregulated gene clusters,

particularly early genes, exhibited higher degradation rates and

reduced cytoplasmic accumulation (Figure S3A), suggesting

that UPF1 promotes the degradation of its direct targets.

To further characterize direct UPF1 targets, we performed

thiol(SH)-linked alkylation for the metabolic sequencing of RNA

(SLAM-seq) of control and AID-UPF1 cells at 0, 12, and 24 h of

IAA treatment with 4-thiouridine (4SU) labeling (Figures 3A and

3B).94 T-to-C conversion rates were consistent (≈1%), allowing

analysis using bakR (Figure 3B).95,96 By calculating log2FCs in

the degradation rate constant [log2FC(kdeg)], combined with dif-

ferential RNA expression level analysis from DESeq2 [log2FC

(RNA)], we classified genes as either synthesis-driven or degra-

dation-driven (Figure 3C). UPF1 depletion resulted in transcript

stabilization in 927 and 1,053 genes at 12 and 24 h, respectively

(Figure 3C). Of note, IAA treatment for 12 and 24 h also resulted in

synthesis-driven expression changes of about 700 genes. Gene

Ontology analyses at 12 h revealed downregulation of energy/

respiration-related genes and increased expression of stress-

and metabolism-related genes (Figure S3B), suggesting that

transcriptional responses contribute to the altered transcrip-

tome. Integrating SLAM-seq results with DGE clustering and

NMD relevance bins showed that the upregulated early and de-

layed clusters, as well as the upregulated high NMD relevance

genes, have reduced degradation rates (Figure 3D). These re-

sults confirm that UPF1 actively promotes the destabilization

of direct NMD-sensitive target transcripts.

Given the translation-dependent nature of UPF1-dependent

mRNA degradation,52 we next examined the translatome of un-

treated or 12 h UPF1-depleted cells by Ribo-seq. Ribo-seQC97

analysis showed that reads primarily mapped to annotated cod-

ing sequence (CDS) with a 3-nt periodicity and 75% reading

frame preference (Figure S3C). Genes with significant changes

upon UPF1 depletion were mostly upregulated in both Ribo-

seq and mRNA-seq, as well as stabilized (Figures S3D and

S3E). Accordingly, ribosome occupancy increased for the upre-

gulated early and delayed clusters and high NMD relevance

genes (Figure S3F), supporting the predominantly translation-

dependent mechanism of regulation by UPF1.

Lack of evidence for a major role of UPF1 in HMD

UPF1 has been implicated in multiple decay pathways, including

replication-dependent HMD (Figure 3E).56 These histone mRNAs

lack poly(A) tails and undergo rapid degradation at the end of the

S phase (Figure 3E). They were underrepresented in our previous

UPF1-depleted RNA-seq datasets that were generated using

poly(A)-selected library preparation (Figure S3G). Therefore, we

re-sequenced rRNA-depleted RNA from N-AID-UPF1 cells, al-

lowing the detection of 73 out of 118 HUGO Gene Nomenclature

Committee (HGNC)-annotated histone genes (Figure S3G). Of

these mRNAs, only three were significantly upregulated

(H2BC1, H2AB2, and H3-4) after 12 or 48 h of UPF1 depletion

(Figure 3F), while most histone genes showed reduced expres-

sion, suggesting cell cycle alterations63 rather than a direct role

for UPF1 in HMD.

To further examine the role of UPF1 in HMD, we used hydroxy-

urea (HU) to inhibit replication and trigger replication-dependent

HMD (Figure 3E).56,98 N-AID-UPF1 HCT116 cells treated for up

to 60 min with 0.5 mM HU exhibited time-dependent reduction

of replication-dependent H1-2 and H2AC18 mRNAs (normalized

to replication-independent H3-3A; Figure 3G). However, UPF1

depletion, whether for a short (6 h; Figure 3G) or extended period

(12–48 h; Figure S3H), had no effect on the HU-induced degra-

dation of both histone mRNAs, despite clear effects on NMD.

Compared with NMD, where UPF1 is a key factor and its deple-

tion has a marked impact on NMD substrates, our data suggest

that it has little to no involvement in replication-dependent HMD.

Definition of the NMDRHT

Until now, our analyses of UPF1-regulated transcriptomes relied

on gene-level aggregated counts (Figure S4A) and the

GENCODE annotation.15 While this approach is computationally

robust,99 it oversimplifies the complexity of the human transcrip-

tome. AS can generate isoforms with distinct NMD sensitivities,

which may be overlooked by gene-level analyses. At the tran-

script level, GENCODE (V42) includes >250,000 annotated tran-

script isoforms, many of which have low or missing transcript

support levels (TSLs), particularly among NMD- and lncRNA-an-

notated mRNAs (Figures S4B and S4C). This annotation uncer-

tainty, with the inherent read-to-transcript ambiguity (RTA) in

short-read RNA-seq quantification,100 complicates NMD-rele-

vant transcript-level analyses. Furthermore, novel transcript iso-

forms not annotated in GENCODE will be missed.

To address this, we established a consolidated NMD-regu-

lated human transcriptome (NMDRHT) by integrating long-

read- and short-read-based transcriptome assemblies (Figures

4A and S4D; see STAR Methods for full details). We sequenced

untreated or 12 h IAA-treated N-AID-UPF1 cells with the

DirectRNA (Oxford Nanopore Technologies) as well as the Kin-

nex full-length RNA kit (PacBio) (Figure S4E). GENCODE-guided

and de novo transcriptome annotations were assembled with

three benchmarked tools (Figure S4D).101–106 In addition, we

incorporated short-read RNA-seq transcript annotations from

other cell lines, NMD inhibition methods, and library preparations

(Figure S4D).

(F) Expression levels of HGNC-annotated histone mRNAs as baseMean from DESeq2 plotted versus expression changes (DGE) of 12 h (left) or 48 h (right) UPF1

depletion, with rRNA depletion library preparation.

(G) (Top) Western blot of UPF1 from N-terminal AID-tagged UPF1 HCT116 cells, treated with 500 μM IAA and 500 μM hydroxyurea (HU) for the indicated time; o.e.,

overexposure. (Middle) End-point RT-qPCR of SRSF2 (as in Figure 1C). (Bottom) qPCR of replication-dependent histone mRNAs H1-2 and H2AC18, normalized

to replication-independent histone mRNA H3-3A as log2 fold change (log2FC). Individual data points and mean (bars) are shown (n = 3).
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Across 54 transcriptomes we assembled in total 2.1 × 106

transcripts, with 48% matching the reference annotation and

41% containing novel intron chains (Figure S4F).107 Comparing

all transcriptomes, we identified 405,428 unique intron chains

(UICs), of which the vast majority was supported (=detected) in

only a few transcriptomes (Figures S4D and S4G). A two-phase

gene-wise filtering strategy selected UICs from well-supported

genes (high filter level), followed by otherwise missed genes

A B

C

D

E

F

G

Figure 4. Defining the NMDRHT

(A) Scheme for integrating data sources to generate the NMD-regulated human transcriptome (NMDRHT).

(B) (Left) Number of NMDRHT-annotated transcripts by SQANTI3 categories in relation to the GENCODE reference annotation. Abbreviations are explained in the

STAR Methods section. (Right) Absolute number or fraction of NMDRHT-annotated transcripts according to their predicted ORF status.

(C) Aggregated transcript-wise splice site confidence (splam score) per intron chain.

(D) (Top) Integrative Genomics Viewer (IGV) snapshot of SRSF2 RNA-seq (short- and long-read) coverage from untreated or 12 h UPF1-depleted cells. (Middle)

GENCODE-annotated transcripts with their transcript biotype and transcript support level (TSL). (Bottom) NMDRHT-annotated SRSF2 transcript isoforms with

their SQANTI3 category and unique intron chain (UIC) support. Coordinates of SRSF2 were mirrored for visualization.

(E) (Left) Scheme of ORF identification. (Right) nVenn plot depicting the overlap between ORFquant and Ribo-TISH detected ORFs, and those selected for

NMDRHT-supplementation are in bold font.

(F) Absolute number and fraction of transcripts by ORF status and NMD reason, stratified by Ribo-seq-supported or ORFanage-predicted ORFs. Transcripts with

no detected/predicted ORFs were labeled as lncRNAs.

(G) Alluvial plot of NMDRHT-annotated NMD-sensitive transcripts with SQANTI3 categories, ORF status, and NMD reason as nodes. Streams are colored ac-

cording to NMD reason.
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Figure 5. UPF1 regulates primarily alternatively spliced NMD-targeted transcripts

(A) (Top) Scheme for RTA-aware transcript quantification and differential transcript expression (DTE) analysis. (Bottom) Comparison across RNA-seq data

regarding the fraction of significantly differentially expressed NMDRHT-annotated transcripts (separated by up-/downregulation) versus all detected transcripts

per ORF status (left), the absolute number of significantly regulated transcripts stratified by ORF status (middle), as well as expression changes of individual NMD-

target mRNAs (right).

(B) Boxplot of DTE log2FC from 12 h UPF1-depleted conditions, stratified by ORF status (top) and NMD reason (bottom).

(C) Boxplot of DTE log2FC from 12 h UPF1-depleted conditions, stratified by ORF status (top) and SQANTI3 categories (bottom).

(legend continued on next page)
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with low-supported UICs (low filter level; Figure S4H). Finally, we

annotated 45,747 transcripts as the NMDRHT. This dataset con-

tains both normal, non-NMD-targeted isoforms and those likely

regulated by NMD. For further characterization, we determined

transcript boundaries by majority voting, recovered ORF infor-

mation (Figure S4I), and predicted NMD sensitivity using the

50-nt rule (Figure 4B). Transcripts with predicted stop codons

>50-nt upstream of the last exon-exon junction were classified

as NMD-activating, accounting for ≈18% of all NMDRHT tran-

scripts. About one-third of NMDRHT-annotated transcripts con-

tained novel intron chains, which were more frequently predicted

to elicit NMD (Figure 4B).

NMDRHT transcriptome boundaries generally matched refer-

ence annotations, with greater 5′ end variability in low support

and ‘‘novel not in catalog’’ (NNIC) transcripts (Figure S4J). 3′

ends aligned closely with reference positions. Splam-based108

splicing confidence was high for well-supported transcripts

(Figure 4C), comparable to GENCODE TSL 1 (Figure S4K), but

lower for NNIC or low-support transcripts.

As an example, we visualized the NMD-targeted gene SRSF2

(Figure 4D). Of 11 GENCODE isoforms, only three (matching

SRSF2-202, -204, and -208) remained after filtering in the

NMDRHT annotation (Figures 4D and S4L). The protein-coding

isoform SRSF2-202 predominates under control conditions,

while the NMD-target SRSF2-204 strongly accumulated upon

UPF1 depletion (Figure 4D). These findings demonstrate that

the NMDRHT annotation captures the most relevant mRNA iso-

forms for NMD-related studies.

ORF annotation reveals NMD-activating features

The 50-nt rule predicts NMD sensitivity based on the distance

between the stop codon and the last exon-exon junction.109–111

However, the accurate application of this rule requires tran-

script-specific knowledge of translated ORFs, which is subopti-

mal in our GENCODE-based ORF recovery approach. To refine

ORF annotation and properly account for novel isoforms and/

or ORFs, we leveraged our Ribo-seq data and performed ORF

annotation with two software packages (Figures 4A, 4E, and

S4M).112,113 Only ORFs identified by both ORFquant and Ribo-

TISH in each condition (0 or 12 h IAA) were considered

(Figures 4E and S4N).

Next, we determined the transcript-specific ORF status and

identified the NMD-activating feature, judged by length-normal-

ized ORF usage (Figures 4F and S4M; see STAR Methods for de-

tails). Ribo-seq-supported ORFs were assigned to ∼60% of

NMDRHT-annotated transcripts, with 71% classified as NMD-

insensitive (= ‘‘coding’’). By contrast, 5,538 transcripts were

classified as NMD-sensitive (= NMD), and 2,084 contained mul-

tiple ORFs, with at least one predicted to trigger NMD (=

‘‘mixed’’; Figure 4G). Interestingly, upstream ORFs (uORFs) pri-

marily contributed to NMD sensitivity in mixed transcripts,

whereas AS-NMD was the predominant mechanism in NMD-

classified transcripts (Figures 4F and 4G). 3′ UTR splicing events

(AS-NMD-UTR3), where the ORF remains unchanged (e.g.,

SRSF2), were less frequent. Novel ORFs (e.g., ZFAS1) ac-

counted for 10%–15% in mixed and NMD transcripts. For

NMDRHT-annotated transcripts lacking Ribo-seq-supported

ORFs, we retained the predicted ORF status (= predicted cod-

ing/predicted NMD) or assigned ‘‘lncRNA’’ when no ORF infor-

mation was available (Figure 4F). Collectively, these results

define a high-quality, data-driven, and consolidated NMDRHT

transcriptome, distinguishing NMD-sensitive and -insensitive

human transcript isoforms.

Stabilization of NMD-sensitive transcript isoforms

Next, we evaluated how GENCODE or NMDRHT annotation in-

fluences transcript isoform quantification of UPF1-depletion

short-read RNA-seq datasets. While read mapping fractions

were similar, NMDRHT yielded fewer transcript equivalence

classes114 and lower gene-wise overdispersion, improving

quantification accuracy (Figure S5A). For example, NMDRHT

improved quantification accuracy of SRSF2 isoforms (Figure

S5B). Consequently, the NMDRHT annotation was used for all

subsequent transcript isoform analyses.

Global differential transcript expression (DTE) analysis across

multiple NMD-compromised RNA-seq datasets revealed

strong and specific upregulation of NMD-sensitive transcripts

(Figure 5A; Table S3). Both Ribo-seq-supported and predicted

NMD-targeted transcripts are upregulated, whereas mixed and

lncRNA transcripts showed weaker expression changes. All

NMD-activating features resulted in increased transcript iso-

form levels upon UPF1 depletion for 12 h (Figure 5B), with AS-

NMD having the most pronounced effects. Mixed transcripts

containing uORFs exhibited a milder response, while novel tran-

script isoforms (NIC and NNIC) were also markedly upregu-

lated, highlighting NMDRHT’s ability to identify previously un-

annotated UPF1- and NMD-dependent transcript isoforms

(Figure 5C).

To further characterize these dynamics, we performed hierar-

chical clustering, impulse modeling, and NMD relevance anal-

ysis on the transcript level, similarly to our earlier gene-level an-

alyses (Figures S5C–S5E). This approach identified thousands of

transcripts in early and delayed upregulated clusters (Figures

S5C and S5D), many of which exhibited strong NMD relevance

(D) (Left) Fraction of NMDRHT-annotated transcripts per ORF status and NMD relevance bin. (Right) Fraction of upregulated, high NMD relevance NMDRHT

transcripts per NMD reason.

(E) Correlation between gene (DGE and DESeq2; GENCODE-based) and transcript (DTE, edgeR; NMDRHT-based) expression changes in 12 h UPF1-depleted

cells, stratified by 50-nt rule. The adjusted R2 from the linear fit is indicated.

(F) Heatmap of median difference in isoform fraction (dIF) of NMDRHT-annotated transcripts, stratified by UPF1 depletion time and NMD reason.

(G) Correlation between gene (DGE, DESeq2; GENCODE-based) expression changes and differential transcript usage (DTU, IsoformSwitchAnalyzeR; NMDRHT-

based) in 12 h UPF1-depleted cells, stratified by 50-nt rule. The adjusted R2 from the linear fit is indicated.

(H) Correlation between gene- and transcript-level degradation rates (kdeg).

(I) Difference between transcript- and gene-level degradation rates of stabilized transcripts in 12 h UPF1-depleted HCT116 cells, stratified by the 50-nt rule.

(J) Gene and transcript degradation rates, transcript expression levels, and NMD-sensitivity characteristics of the top 10 different (kdeg) transcripts

(indicated in I).
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Figure 6. Investigation of non-canonical UPF1-regulated transcripts

(A) (Left) Partitioning of early upregulated cluster transcripts and expression changes per ORF status. (Right) Violin boxplot of log2FC of differential degradation

(kdeg; gene or transcript level) or synthesis (ksyn; gene) rate constants of non-NMD-annotated transcripts (NMD reason = none) per gene-level bakR mechanistic

conclusion.

(B) Scheme of EJC-independent degradation of UPF1-regulated mRNAs.

(C) (Top) Correlation between DTE and 3′ UTR length across 12 h UPF1-depleted conditions from short- or long-read sequencing data. (Bottom) Correlation

between DTE and length-normalized, minimum thermodynamic free energy (− ΔG/nt) of the 3′ UTR. For long-read data, only full-length counts were used. Early

upregulated non-NMD transcripts (FDR < 0.01) are shown. The adjusted R2 from the linear fit is indicated.

(D) Violin boxplot of 3′ UTR length per NMD relevance bin for early upregulated non-NMD transcripts. Median 3′ UTR length and number of transcripts per bin are

indicated. Significance was determined using a two-sided Dunn’s test of multiple comparisons with the high NMD relevance bin as reference.

(legend continued on next page)
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(Figure S5E). Consistently, most upregulated and highly NMD-

relevant transcripts contained NMD-activating features, with

AS-NMD as the predominant mechanism (Figure 5D).

NMD activation typically triggers endonucleolytic cleavage of

target mRNAs, followed by rapid degradation of decay interme-

diates (Figure 1A).26,33,34,73,115 Using HeLa Degradome-seq

data,115 we observed 3′ fragment accumulation upon XRN1

depletion (Figure S5F), with cleavage enriched near stop codons

in highly NMD-relevant or faster upregulated clusters (DTE clus-

ter; Figure S5G), supporting the NMDRHT annotation.

When comparing transcript-level expression changes based

on NMDRHT with GENCODE gene-level expression changes,

we observed only modest correlation, particularly for NMD-sen-

sitive transcripts (50-nt rule; Figure 5E). This suggests that the

increased abundance of PTC-containing mRNAs does not

necessarily translate to proportional gene-level expression

changes, potentially due to global mRNA buffering116 or isoform

switching. Differential transcript usage (DTU) analysis revealed

increased isoform fractions for many NMD-annotated tran-

scripts (Figure S5H), particularly AS-NMD transcripts (Figure

5F). Although DTE and DTU were moderately correlated

(Figure S5I), we found no clear global dependency of gene

expression changes based on switching isoforms (Figure 5G).

When analyzing kinetic parameters, we observed good corre-

lation between gene- and transcript-level differential degrada-

tion rates in UPF1-depleted SLAM-seq data (Figure 5H). Howev-

er, some stabilized NMD-sensitive transcripts exhibited striking

differences between gene- and transcript-level analyses

(Figure 5I). Although only 24% of NMD-annotated transcripts

could be characterized (Figure S5J), selected mRNAs were

determined as stabilized, whereas the gene was not

(Figure 5J). Together, these findings emphasize the importance

of analyzing NMD at the transcript level, as many events remain

undetectable on the gene level.

A subset of UPF1-sensitive transcripts is regulated by

non-canonical or undetected features

While two-thirds of rapidly upregulated UPF1-dependent tran-

scripts followed the − 50-nt rule (Figures 6A and S5C), a subset

of transcript isoforms lacking NMD-activating features still ex-

hibited rapid upregulation upon UPF1 loss (upregulated early

cluster; Figures 6A and S5C). SLAM-seq kinetics revealed prom-

inent stabilization of coding transcripts (decreased kdeg; Figure

6A), while less data were available for lncRNAs (Figure S6A).

Functional enrichment analysis did not identify any degradation-

or synthesis-associated Gene Ontology biological processes

(Figure S6B) among these transcripts. Given the high proportion

of stabilized transcripts, we hypothesized that UPF1 degrades

these mRNAs independently of EJC-induced NMD.

We explored alternative UPF1-dependent decay mecha-

nisms, including long 3′ UTR NMD,29,30 structure-mediated

RNA decay (SRD),55 and STAU- or regnase-1-mediated mRNA

decay (SMD/RMD)54,117 (Figure 6B).

Early upregulated transcripts lacking 50-nt-rule features had

significantly shorter, not longer, 3′ UTR, independent of kinetic

mechanisms (Figure S6C). Moreover, no correlation was

observed between 3′ UTR length and transcript upregulation af-

ter 12 h UPF1 depletion across degron systems and cell lines

(Figure 6C). This trend was consistent when analyzing full-length

transcript counts using Bambu103 (Figures S6D and S6E).

Furthermore, highly NMD-relevant transcripts exhibited shorter

3′ UTRs (Figure 6D), consistent with a recent study,27 suggesting

3′ UTR length does not explain EJC-independent transcript

upregulation.

Next, we assessed whether 3′ UTR structure influences UPF1-

dependent transcript expression using a metric from the SRD

study.55 Interestingly, early upregulated non-NMD transcripts

displayed significantly more structured 3′ UTRs, resembling

NMD-annotated isoforms (Figure 6E). However, no direct corre-

lation was found between transcript upregulation and 3′ UTR

structure (Figure 6C), nor did expression levels differ between

highly and poorly structured 3′ UTRs, including those in the early

upregulated transcripts (Figures 6E and 6F).

Fischer and colleagues identified UPF1 helicase-dependent

binding in structured 3′ UTRs using CLIP-seq data involving an

ATPase-deficient helicase mutant.55,61 We hypothesized that

transcripts containing these regions would be particularly

UPF1-sensitive. In NMDRHT, 3,571 transcripts contained

UPF1 helicase-dependent 3′ UTRs and exhibited increased sec-

ondary structure (Figure S6F) but did not show significant tem-

poral expression changes upon UPF1 depletion (Figure 6F).

We also examined the involvement of STAU1 (via SMD) and

regnase-1 (REG1; via RMD) (Figure 6B) using STAU1 hiCLIP,118

REG1 RIP-seq, and REG1 HITS-CLIP data.117 After controlling

for NMD-activating features, we found no enrichment of upregu-

lated transcripts in STAU1- or REG1-bound mRNAs, indicating

the observed regulation is NMD-dependent (Figures 6G, 6H,

and S6G).

(E) Ridgeplot of the predicted 3′ UTR structure of the indicated DTE cluster transcripts, stratified by the 50-nt rule. Significance was determined using a two-sided

Dunn’s test of multiple comparisons.

(F) (Left) Heatmap of median DTE of NMDRHT-annotated transcripts, stratified by UPF1 depletion time, predicted structure bins (from E), all versus early up-

regulated DTE cluster and 50-nt rule. (Right) Same as in the left panel but stratified by UPF1 helicase-dependent 3′ UTRs.

(G) (Top) Scheme of STAU1 binding site determination. (Left) Number of NMDRHT transcripts matching published STAU1 binding sites per DTE cluster. (Right)

Heatmap of median DTE of NMDRHT-annotated transcripts, stratified by UPF1 depletion time, predicted STAU1 binding sites, and 50-nt rule.

(H) (Top) Scheme of REG1 binding site determination. (Left) Number of REG1-binding sites per NMDRHT-transcript region. (Middle) Number of NMDRHT

transcripts matching published REG1 binding sites per DTE cluster. (Right) Heatmap of median DTE of NMDRHT-annotated transcripts, stratified by UPF1

depletion time, predicted REG1 binding region, and 50-nt rule.

(I) Importance of transcript features for DTE from early upregulated transcripts per transcript set.

(J) Heatmap of median DTE of early upregulated NMDRHT-annotated transcripts, stratified by UPF1 depletion time, NMD relevance bin, and 50-nt rule.

(K) (Left) Selection of the top 10 most significant early upregulated transcripts (by FDR; 12 h IAA) with high NMD relevance, lacking the 50-nt NMD feature and

Ribo-seq supported ORFs. (Middle) Differential Degradome-seq counts in a 200-nt window around the stop codon, for XRN1 versus XRN1 + SMG6 or XRN1 +

UPF1 KD. (Right) Potential curated reason.
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Figure 7. Detection of peptides encoded by NMD-sensitive transcripts

(A) Scheme of predicted protein isoforms and protein expression levels depending on the NMDRHT-based NMD reason.

(B) Overview of peptide and protein group detection using multiple data sources and data-independent acquisition (DIA) liquid chromatography-mass spec-

trometry (LC-MS).

(C) (Top) Representation of tryptic peptides generated from protein isoforms and their classification. C-terminal peptides from AS-NMD-encoded proteins may be

used as distinct identifiers. (Bottom) Fractions and numbers of predicted and detected peptides per peptide class.

(D) Intensity of NMD-informative peptides detected by Spectronaut per replicate, treatment, and time course. Classification of peptides according to NMD

reason, and peptides with >35% valid values across conditions are indicated.

(E) (Left) Differential expression of high-quality NMD-informative peptides (detected by both Spectronaut and DIA-NN, >1 peptide per gene). (Middle left) Mean

DTE of transcripts encoding for the respective proteins/peptides. (Middle right) Gene essentiality based on DepMap 22Q2 Chronos score. (Right) Aggregated

phastCons 100 vertebrate conservation score of sequence encoding for the respective peptide, stratified by whether the peptide is splice junction-spanning.

(F) Representation of selected essential proteins whose NMD-informative peptide is highly conserved between vertebrates. Positions of the NMD-informative

peptide and protein domains/regions from the protein families (Pfam) database or external sources are indicated.

(legend continued on next page)
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Furthermore, several transcripts previously linked to long 3′

UTR-mediated NMD,119 SMD,120–123 RMD,117,124 or SRD55

remained largely unaffected by UPF1 depletion or were

upregulated due to EJC-dependent NMD (50-nt rule;

Figure S6H). For instance, ARF1, a well-established STAU1-

bound target,118,120,125 was downregulated upon UPF1 loss,

consistent with previous studies questioning functional SMD

relevance.122,126 Collectively, no EJC-independent pathway ex-

plained the expression changes of seemingly UPF1-regulated

protein-coding transcripts.

To explore other potential explanations, we performed

random forest classification-based feature selection,127 incor-

porating NMDRHT-transcript properties, published RNA meta-

bolic labeling, and UPF1-centric data sources (Figure

S6I).92,93,126 As expected, the 50-nt rule and its sub-features

were top predictors for coding and NMD-annotated transcripts

(Figures 6I and S6I), reinforcing the dominant role of EJC-depen-

dent NMD.

Surprisingly, NMD relevance was also highly ranked for tran-

scripts not fulfilling the 50-nt rule (Figures 6I, S6I, and S6J).

Accordingly, early transcripts without NMDRHT-annotated

NMD features were more strongly upregulated and stabilized

when their NMD relevance was higher (Figures 6J, S6K, and

S6L), suggesting UPF1 targets them for degradation via non-ca-

nonical or undetected features such as uORFs or 3′ UTR

elements.

To investigate this, we manually inspected the 10 most signifi-

cantly upregulated early transcripts with high NMD relevance,

Ribo-seq-supported ORFs, but no apparent NMD feature

(Figure 6K). Three transcripts contain uORFs detected by ORF-

quant (rejected in Ribo-TISH due to small size; Figure S4N), a

standardized Ribo-seq ORFs catalog,128 and/or a comprehensive

map of human small ORFs129 (Figure 6K). The TMEM222 isoform

was likely misclassified due to discrepancies in ORF annotation.

No clear degradation feature was identified for LRRC37A2, but

five of the remaining transcripts appeared to undergo NMD via

their 3′ UTR. These transcripts were stabilized, exhibited strong

SMG6- and UPF1-dependent Degradome-seq coverage near

the normal stop codon (Figures 6K and S5E), and had been pre-

viously identified as NMD targets.73,80,115,130–132 In summary, no

single NMD-independent mechanism explained the upregulation

of these transcripts. Instead, previously undetected features, like

uORFs or 3′ UTR elements, appear to drive their UPF1-dependent

regulation.

Cellular proteome changes upon UPF1 depletion

Given the extensive transcriptomic alterations following UPF1

loss, we investigated how NMD inhibition impacts the cellular

proteome. We hypothesized that distinct NMD-activating fea-

tures would result in the accumulation of specific protein iso-

forms or peptides after UPF1 depletion (Figure 7A). For example,

AS-NMD transcripts were expected to encode truncated pro-

teins due to shortened ORFs (Figure S7A), with disrupted func-

tional protein domains or altered intrinsic disordered regions

(Figure S7B).

To identify protein isoforms from NMD-annotated transcripts,

we re-analyzed our proteomics time course and additional 15-

and 18-h UPF1 depletion samples at the peptide level using

Spectronaut (Figures 7B and S7C). Detection of NMD-specific

protein isoforms by mass spectrometry is inherently challenging,

as less than 3% of all theoretically detectable tryptic peptides are

NMD-specific (Figure 7C). AS-NMD-encoded proteins, for

instance, typically contain unique sequence identifiers only

within C-terminal peptides.

Unexpectedly, Spectronaut detected only 177 NMD-informa-

tive peptides, less than 0.1% of all identified peptides

(Figure 7C). This discrepancy between detected and predicted

peptides could not be explained by known technical limitations

such as poor detection of C-terminal peptides,133,134 difficulty

in identifying junction-spanning peptides,135 or generally low

predicted peptide detectability136 (Figures S7D and S7E). Rean-

alyzing the data with alternative software (data-independent

acquisition [DIA]-NN)137 yielded similar results, showing strong

agreement with Spectronaut and high sample-wise correlation

(Figures S7F and S7G). Notably, 121 NMD-classified peptides

were found by both methods and thus considered as reliably de-

tected. Most detected NMD peptides were associated with alter-

natively spliced transcripts (AS-NMD; 75 out of 121 peptides)

and were barely detectable in control conditions but accumu-

lated upon UPF1 depletion (Figure 7D). 87 peptides with suffi-

cient valid values across all conditions (≥35%) were selected

for further in-depth analysis.

Among these, we identified highly conserved, NMD-isoform-

encoded peptides from essential genes (Figures 7E and S7H).

These include single peptides from AS-NMD targets RPL3 (large

ribosomal subunit) and U2AF2 (splicing factor) (Figure S7H)

and multiple peptides from DDX42 (helicase; U2 small nuclear

ribonucleoprotein particle [snRNP] assembly), SRSF3, and

SRSF11 (both splicing regulators) (Figure 7E). The NMD-acti-

vating AS events disrupted key functional domains, e.g., argi-

nine/serine-rich (RS) domains in SRSF3 and SRSF11,138 the heli-

case domain in DDX42,139 or RNA recognition motif (RRM)

domains in U2AF2140 (Figure 7F). The 87 NMD peptides were en-

riched for proteins involved in RNA processing and splicing

(Figure S7I). Prolonged UPF1 depletion resulted in thousands

of significantly (false discovery rate [FDR] < 0.0001) differentially

spliced intron clusters containing at least one GENCODE-unan-

notated junction (Figure S7J), suggesting that the accumulation

of truncated, dysfunctional proteins may exacerbate splicing er-

rors and disrupt gene expression homeostasis.

Surprisingly, we detected two peptides for the GENCODE-an-

notated lncRNA CROCCP2 (Figure 7E), a human-specific gene

expressed in the fetal cortex141 that promotes cortical progenitor

expansion.142 Beyond CROCCP2, several human-specific and

(G) (Left) Number of significantly differentially expressed proteins (protein group analysis), stratified by up-/downregulation, NMD reason, and UPF1 depletion

time course. (Right) Simplified Gene Ontology: biological process analysis showing the significantly enriched parent terms per up-/downregulated proteins per

time point.

(H) Overview of key findings of this study, the availability of the data as an easily explorable resource, and future directions to comprehensively identify UPF1-

regulated transcripts.
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duplicated gene family members were upregulated in UPF1-

depleted cells, including the neuroblastoma breakpoint family

(NBPF) (Figure S7K). NBPF genes encode proteins with up to

hundreds of Olduvai domains (formerly DUF1220), the largest

human-specific coding region expansion in the genome.143

The copy number of Olduvai protein domains has been linked

to primate brain size,144 as well as autistic spectrum disor-

ders.145 NBPF genes are expressed during human corticogene-

sis141 and may contribute to neural stem cell proliferation.146 Our

data suggest these recently evolved and brain-associated genes

are constitutively transcribed in non-neuronal cells but normally

degraded by UPF1 via NMD.

At the grouped protein level, UPF1-depletion primarily

affected the expression of protein encoded by non-NMD-anno-

tated mRNAs (Figure 7G). Gene Ontology analysis revealed dys-

regulation of metabolic processes, upregulation of stress

response and apoptosis factors, and downregulated cell cycle

components (Figure 7G). Together, these findings highlight the

critical role of UPF1 in maintaining cellular homeostasis and

highlight the experimental challenges associated with prolonged

UPF1 inactivation.

DISCUSSION

UPF1 is the most extensively studied NMD factor, with over 650

publications since its discovery in 1991.147 While it is non-essen-

tial in yeast and C. elegans, its role in higher eukaryotes has pri-

marily been investigated using dominant-negative mutants or

siRNA KDs,131,148 methods lacking temporal resolution. In this

study, we applied time-resolved UPF1 depletion using degrons

in two cell lines, enabling high-resolution analysis of UPF1-

dependent gene expression. Beyond providing distinct biolog-

ical insights, our datasets serve as a valuable resource.

Unlike conventional KDs, our approach enables the direct

observation of UPF1 depletion effects while minimizing second-

ary influences. Molecular changes are captured as they occur,

providing a refined view of UPF1’s role in gene regulation. How-

ever, while this approach effectively distinguishes NMD sub-

strates from indirectly affected transcripts, the biological basis

of the different response classes of UPF1-regulated mRNAs re-

mains to be fully understood.

Prolonged UPF1 depletion led to a progressive increase in

transcriptome alterations, including changes in gene and tran-

script expression as well as the activation of cryptic splice

sites. These late-occurring changes are largely driven by sec-

ondary effects rather than direct NMD regulation. As a

result, classical KOs and prolonged siRNA KDs of UPF1 likely

introduce widespread nonspecific gene expression changes,

making them less suitable for studies requiring a clear distinc-

tion between direct NMD effects and broader regulatory

consequences.

A key advantage of the degron system is its reversibility.77

Upon auxin removal, upregulated NMD substrates undergo

rapid degradation. Whether the same mRNAs are initially stabi-

lized and later retargeted remains uncertain. However, this pos-

sibility is supported by previous studies suggesting that NMD

can occur during each round of translation, even for mRNAs

that temporarily evade degradation.149–151 This feature opens

avenues for new experimental designs leveraging advanced

high-throughput technologies to study cellular and organismal

recovery following acute transcriptome perturbations.

To enable precise NMD analyses, we have established a

rigorously curated transcriptome optimized for studying

NMD-regulated isoforms. Unlike conventional reference anno-

tations such as GENCODE, which include numerous unverifi-

able transcripts, our dataset focuses on experimentally

confirmed and functionally relevant NMD-activating features.

This refined resource eliminates confounding noise, facilitating

more accurate assessments of NMD’s impact on gene

expression. We provide an interactively explorable web appli-

cation based on igv.js152 at https://nmdrht.uni-koeln.de

(Figure 7H).

Our results demonstrate that NMD substrates constitute the

most abundant and robust class of UPF1-regulated transcripts,

overlapping with substrates of other NMD factors (Figure 7H).

Although we found no clear evidence for additional UPF1-

dependent mechanisms, such pathways may exist below our

current detection threshold. Some UPF1-dependent transcripts

may harbor previously unrecognized sequence elements and/

or structural features conferring NMD sensitivity, highlighting

the need for further investigation. Future studies integrating

additional high-resolution datasets will improve NMD-target

identification and advance our understanding of the funda-

mental principles governing mRNA surveillance (Figure 7H).

Since early UPF1 KD studies,131 technological innovations

have revolutionized the field, with degron-based approaches

setting a new standard for precision in NMD research. When

combined with cutting-edge transcriptomic techniques such

as SLAM-seq and Ribo-seq, these tools now allow unprece-

dented precision in dissecting NMD across diverse biological

systems.

Limitations of the study

Our study primarily used HCT116 and HEK293 cells, well-estab-

lished NMD models, along with HUVEC and HFF cells. While

these models offer valuable insights, UPF1- and NMD-depen-

dent regulation may differ across cell types, tissues, or develop-

mental stages. Future studies in broader biological contexts

could extend the relevance of our findings, especially regarding

cell-type-specific splicing and expression.

The use of engineered degron cell lines enabled precise

temporal control of UPF1 depletion. While individual cell

lines exhibited some transcriptional clonal variation, inherent

to the degron-tagging procedure and selection process, we

employed different degron tags in two cell lines and used in-

dependent measures like SLAM-seq-based RNA turnover to

ensure reproducibility and reliability of our observations.

Our temporal profiling approach offers a framework for distin-

guishing direct NMD-target transcripts from transcriptional

changes, although the boundary between immediate and sec-

ondary effects remains inherently ambiguous. The 8–12 h win-

dow identified in our dataset appears well-suited for capturing

early, primary responses, providing a strong foundation for

future time-resolved studies.

Overall, while there are areas for continued refinement

and broader validation, our approach establishes a robust
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platform for studying NMD and sets the stage for deeper explo-

ration of its regulatory complexity across biological systems.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for reagents should be directed to and will be

fulfilled by the lead contact, Niels H. Gehring (ngehring@uni-koeln.de).

Materials availability

All cell lines and plasmids generated in this study are listed in Table S1 and are

available upon request to the lead contact.

Data and code availability

• This study analyzes publicly available data, which are listed in Table S1.

RNA-seq data generated in this study have been deposited at

BioStudies/ArrayExpress and are publicly available as of the date

of publication. Accession numbers (ArrayExpress: E-MTAB-13839, E-

MTAB-13788, E-MTAB-13789, E-MTAB-13787, E-MTAB-13829, E-

MTAB-13836, E-MTAB-14755, E-MTAB-14725, and E-MTAB-13837)

are described in detail in Table S1. The mass spectrometry proteomics

data have been deposited to the ProteomeXchange Consortium via the

PRIDE153 partner repository with the dataset identifier PRIDE:

PXD061797. All original western blot and quantitative reverse-transcrip-

tion PCR (RT-qPCR) images have been deposited at Mendeley Data:

https://doi.org/10.17632/t9vzn5vwsz.1.

• Original code has been deposited at GitHub: https://github.com/

boehmv/2025_UPF1_NMDRHT and Zenodo: https://doi.org/10.5281/

zenodo.15047819. All are publicly available as of the date of publi-

cation.

• Any additional information required to reanalyze the data reported in this

study is available from the lead contact upon request.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat polyclonal anti-UPF1 Bethyl Cat# A300-038A-M; RRID:AB_2778977

Mouse monoclonal anti-alpha-Tubulin

(clone B-5-1-2)

Sigma-Aldrich Cat# T6074; RRID:AB_477582

Mouse monoclonal anti-V5, HRP Invitrogen Cat# R961-25 (formerly 46-0708); RRID:

AB_2556565

Rabbit polyclonal anti-V5 QED Bioscience Cat# 18870-01; RRID:AB_215340

Mouse monoclonal anti-Myc (9B11) Cell Signaling Technology Cat# 2276 (also 2276S); RRID:AB_331783

Peroxidase-AffiniPure Goat Anti-Rabbit Jackson ImmunoResearch Labs Cat# 111-035-006; RRID:AB_2337936

Peroxidase-AffiniPure Goat Anti-Mouse Jackson ImmunoResearch Labs Cat# 115-035-003; RRID:AB_10015289

Peroxidase-AffiniPure Donkey Anti-Goat Jackson ImmunoResearch Labs Cat# 705-035-147; RRID:AB_2313587

Chemicals, peptides, and recombinant proteins

1-Bromo-3-chloropropane Sigma-Aldrich Cat# B9673-200ml

4-Thiouridine Abcam Cat# ab143718

Blasticidin Invivogen Cat# ant-bl

DMEM, high glucose, GlutaMAX Gibco Cat# 61965059

DPBS Gibco Cat# 14190094

EGM Endothelial Cell Growth Medium BulletKit Lonza Cat# CC-3124

Fetal Bovine Serum, Value Gibco Cat# A5256701

GlycoBlue Ambion Cat# AM9515

GoScript Reverse Transcriptase Promega Cat# A5003

Hygromycin B Gold Invivogen Cat# ant-hg

Indole-3-acetic acid (IAA) Sigma-Aldrich Cat# I5148

Iodoacetamide Sigma-Aldrich Cat# I6125

Lipofectamine 2000 Invitrogen Cat# 11668019

Lipofectamine RNAiMAX Invitrogen Cat# 13778150

McCoy’s 5A (Modified) Medium, GlutaMAX Gibco Cat# 36600088

MEM NEAA Sigma-Aldrich Cat# M7145-100ml

MyTaq Red Mix Meridian (Bioline) Cat# BIO-25044

Penicillin-Streptomycin Gibco Cat# 15140163

Phire Direct PCR Kit Thermo Fisher Scientific Cat# F140WH

PrimeTime Gene Expression Master Mix IDT Cat# 1055772

Puromycin Invivogen Cat# ant-pr

Q5 High-fidelity DNA polymerase NEB Cat# M0491L

QuickExtract DNA Extraction Solution Lucigen Cat# QE09050

RNase I Invitrogen Cat# AM2295

RNasin RNase Inhibitor Promega Cat# N2515

SUPERase⋅In Invitrogen Cat# AM2696

TRI reagent Oberacker et al.154 In-house prepared

Trizol LS Invitrogen Cat# 10296010

TRIzol Reagent Invitrogen Cat# 15596026

Turbo DNase Invitrogen Cat# AM2239

Critical commercial assays

Direct-zol RNA MiniPrep kit Zymo Research Cat# R2052

Direct RNA Sequencing Kit Oxford Nanopore Technologies Cat# SQK-RNA004

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Dynabeads mRNA Purification Kit Invitrogen Cat# 61006

ECL Select Western Blotting Detection Reagent Cytiva Cat# RPN2235

ERCC RNA Spike-In Mix Invitrogen Cat# 4456740

Iso-Seq Express 2.0 Kit PacBio Cat# 103-071-500

Kinnex Concatenation Kit PacBio Cat# 103-072-000

Microspin S-400 HR Cytiva Cat# 27-5140-01

NEBNext Poly (A) mRNA magnetic isolation

module

New England Biolabs Cat# E7490L

NEBNext Ultra II Directional RNA Library Prep Kit New England Biolabs Cat# E7760L

PacBio Revio 25M SMRT Cell PacBio Cat# 102-202-200

Pierce Detergent Compatible Bradford Assay

Reagent

Thermo Fisher Scientific Cat# 23246

PromethION RNA flow cell Oxford Nanopore Technologies Cat# FLO-PRO004RA

RNA Clean & Concentrator kit Zymo Research Cat# R1014

Western Lightning Plus-ECL Perkin Elmer (now Revvity) Cat# NEL103001EA

Deposited data

phospho-UPF1 RIP-Seq from HEK293 cells Kurosaki et al.92 GEO: GSE60045

Degradome-Seq from HeLa cells Schmidt et al.115 GEO: GSE61398

UPF1 knockdown in HEK293 cells Kishor et al.83 GEO: GSE109143

UPF1 knockdown in HeLa cells (total) Longman et al.84 GEO: GSE152435

UPF1 knockdown in HeLa cells (cytoplasmic) Longman et al.84 GEO: GSE152436

UPF1 knockdown in HEK293 cells Fritz et al.85 GEO: GSE176197

UPF1 knockdown in K562 cells Hug et al.86 GEO: GSE204987

UPF1 knockdown in Huh7 cells Lee et al.87 GEO: GSE185655

UPF1 knockdown in HepG2 cells He et al.88 GEO: GSE162199

SMG5, SMG6, SMG7 knockout/knockdown in

HEK293 cells

Boehm et al.26 ArrayExpress: E-MTAB-9330

UPF3A/B double knockout in HEK293 cells Wallmeroth et al.155 ArrayExpress: E-MTAB-10716

CASC3 knockout in HEK293 cells Gerbracht et al.156 ArrayExpress: E-MTAB-8461

SMG6+SMG7 knockdown in HEK293, HeLa,

MCF7 and U2OS cells

Britto-Borges et al.69 SRA: PRJNA105403

SMG1 inhibition in HCT116 cells Kueckelmann et al.82 ArrayExpress: E-MTAB-13949

Initial Test-RNA-Seq of +/- IAA-treated HCT116

control, N-AID-UPF1 and C-AID-UPF1 cells

This paper ArrayExpress: E-MTAB-13839

RNA-Seq of control and 0-48h IAA-treated N-AID-

UPF1 in HCT116 cells

This paper ArrayExpress: E-MTAB-13788

RNA-Seq of N-AID-UPF1 recovery for up to 48h

after 24h IAA-treatment in HCT116 cells

This paper ArrayExpress: E-MTAB-13789

RiboMinus RNA-Seq of control and 12h or 48h IAA-

treated N-AID-UPF1 in HCT116 cells

This paper ArrayExpress: E-MTAB-13787

RNA-Seq of FKBP-tagged UPF1 in Flp-In T-REx-

293 and HCT116 cells +/- dTAGV-1 treatment

for 12h

This paper ArrayExpress: E-MTAB-13829

SLAM-Seq of control and N-AID-UPF1 +/- IAA for

0, 12 and 24h

This paper ArrayExpress: E-MTAB-13836

RNA-Seq of SMG1 inhibition in HUVEC and

HFF cells

This paper ArrayExpress: E-MTAB-14755

long-read RNA-Seq of IAA-treated N-AID-UPF1 in

HCT116 cells with DirectRNA (ONT) and Kinnex

full-length RNA kit (PacBio)

This paper ArrayExpress: E-MTAB-14725

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Ribo-Seq of N-AID-UPF1 in HCT116 +/- IAA for 12h This paper ArrayExpress: E-MTAB-13837

Raw and analyzed proteomic data This paper PRIDE: PXD061797

Original western blot and RT-PCR images This paper https://doi.org/10.17632/t9vzn5vwsz.1

Experimental models: Cell lines

HCT116 ATCC Cat# CCL-247; RRID:CVCL_0291

HCT116 pSH-EFIRES-P-AtAFB2-mCherry clone 1 This paper N/A

HCT116 pSH-EFIRES-P-AtAFB2-mCherry UPF1-

nterm BSD/Hygro P2A V5 AID7 (U1A3n2)

This paper N/A

HCT116 pSH-EFIRES-P-AtAFB2-mCherry UPF1-

cterm AID7-v5 P2A BSD/Hygro (U1D9c7)

This paper N/A

HCT-116 FKBP12-UPF1, clone A2 This paper N/A

Flp-In-T-REx-293 Thermo Fisher Scientific Cat# R78007; RRID:CVCL_U427

Flp-In-T-REx-293 FKBP12-UPF1, clone 13 This paper N/A

TERT-HFF Ximbio Cat# 154459

HUVEC/TERT 2 ATCC Cat# CRL-4053; RRID:CVCL_9Q53

Oligonucleotides

Primer, siRNA, sgRNA sequences This paper See Table S1

Recombinant DNA

pSH-EFIRES-P-AtAFB2-mCherry Addgene Cat# 129716; RRID:Addgene_129716

pCas9-sgAAVS1 Addgene Cat# 129726; RRID:Addgene_129726

pUC57-Kan-UPF1-N-term-AID-V5-P2A-BSD Biocat Gene synthesis

pUC57-Kan-UPF1-N-term-AID-V5-P2A-Hygro Biocat Gene synthesis

pUC57-Kan-UPF1-C-term-AID-V5-P2A-BSD Biocat Gene synthesis

pUC57-Kan-UPF1-C-term-AID-V5-P2A-Hygro Biocat Gene synthesis

pSpCas9(BB)-2A-GFP Addgene Cat# 48138; RRID:Addgene_48138

pCRIS-PITChv2 Addgene Cat# 91796; RRID:Addgene_91796

pX330-BbsI-PITCh Addgene Cat# 127875; RRID:Addgene_127875

Software and algorithms

Apeglm 1.22.1 Zhu et al.157 https://github.com/azhu513/apeglm

bakR 1.0.0 Vock and Simon96 https://github.com/simonlabcode/bakR

bam2bakR 2.0.0 Vock and Simon96 https://github.com/simonlabcode/bam2bakR

Bambu 3.2.6 Chen et al.103 https://github.com/GoekeLab/bambu

Boruta 8.0.0 Kursa and Rudnicki127 https://gitlab.com/mbq/Boruta/

Bowtie2 2.5.0 Langmead and Salzberg158 https://github.com/BenLangmead/bowtie2

CellScape Silvestre-Ryan et al.159 https://github.com/jordisr/cellscape

ChimeraX 1.6.1 Pettersen et al.160 https://www.cgl.ucsf.edu/chimerax/

ComplexHeatmap 2.18.0 Gu et al.161 https://github.com/jokergoo/ComplexHeatmap

DESeq2 1.40.1 Love et al.162 https://github.com/thelovelab/DESeq2

DIA-NN 2.0 Demichev et al.137 https://github.com/vdemichev/DiaNN

edgeR 3.42.4 Robinson et al.163 https://bioconductor.org/packages/release/bioc/

html/edgeR.html

ezBakR 0.0.0.9000 Vock et al.164 https://github.com/isaacvock/EZbakR

factR 1.2.0 Hamid et al.165 https://github.com/fursham-h/factR

fastq2EZbakR 0.2.0 Vock et al.164 https://github.com/isaacvock/fastq2EZbakR

Gffcompare 1.12.9 Pertea and Pertea166 https://ccb.jhu.edu/software/stringtie/

gffcompare.shtml

gprofiler2 0.2.2 Kolberg et al.167 https://cran.r-project.org/web/packages/

gprofiler2/index.html

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

Flp-In T-REx-293 (human, female, embryonic kidney, epithelial; Thermo Fisher Scientific, cat. no. R78007; RRID:CVCL_U427) cells

were cultured in high glucose DMEM with GlutaMAX supplement (Gibco) and HCT116 (human, male, colorectal carcinoma, epithelial;

ATCC, cat. no. CCL-247; RRID:CVCL_0291) cells were cultured in McCoy’s 5A (Modified) Medium with GlutaMAX supplement

(Gibco) or 2 mM L-glutamine (Gibco). Media were supplemented with 9-10% fetal bovine serum (Gibco) and 1x Penicillin Strepto-

mycin (Gibco). HFF (TERT-HFF; Ximbio Cat# 154459) cell lines were cultured in DMEM + 10% FBS, + 1% MEM Sigma, Cat#

M7145-100ml) and HUVEC (HUVEC/TERT 2; ATCC Cat# CRL-4053; RRID:CVCL_9Q53) cell lines were cultured in EGM Endothelial

Cell Growth Medium BulletKit (Lonza, Cat# CC-3124) supplemented with 10% FBS and 20 μg/ml G418. All cells were cultivated at

37◦C and 5% CO2 in a humidified incubator. The generation of degron-tagged cell lines is described below and all cell lines are sum-

marized in Table S1.

METHOD DETAILS

Protein structure modeling

The AlphaFold185 structure prediction of UPF1 (AF-Q92900-F1-model_v4) was downloaded from the AlphaFold Protein

Structure Database (AlphaFold DB, https://alphafold.ebi.ac.uk)186 and overlayed in ChimeraX 1.6.1160 with a crystal structure of a

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

IGV (Integrative Genomics Viewer) 2.14.1 Robinson et al.168 https://igv.org/

Image Lab 6.0.1 Bio-Rad N/A

ImpulseDE2 0.99.10 Fischer et al.90 https://github.com/YosefLab/ImpulseDE2

InterProScan 5.72-103.0 Jones et al.169 https://www.ebi.ac.uk/interpro/

IsoformSwitchAnalyzeR 1.18.0 Vitting-Seerup and Sandelin170 https://github.com/kvittingseerup/

IsoformSwitchAnalyzeR

IsoQuant 3.4.1 Prjibelski et al.105 https://github.com/ablab/IsoQuant

LeafCutter 0.2.9 Li et al.171 https://github.com/davidaknowles/leafcutter

minimap2 2.26-r1175 Li172 https://github.com/lh3/minimap2

MultiQC 1.14 Ewels et al.173 https://github.com/MultiQC/MultiQC

nVennR 0.2.3 Pérez-Silva et al.174 https://github.com/vqf/nVennR

ORFanage 1.2.0 Varabyou et al.175 https://github.com/alevar/ORFanage

ORFik 1.20.2 Tjeldnes et al.176 https://github.com/Roleren/ORFik

ORFquant 1.02.0 Calviello et al.112 https://github.com/lcalviell/ORFquant

PeptideRanger 0.1.0 Riley et al.136 https://github.com/rr-2/PeptideRanger

PolyASite 2.0 Herrmann et al.177 https://www.polyasite.unibas.ch/

refTSS v4.1 Abugessaisa et al.178 https://reftss.riken.jp/

R 4.3.0 R-project https://www.r-project.org/

Ribo-TISH 0.2.7 Zhang et al.113 https://github.com/zhpn1024/ribotish

Ribo-seQC 0.99.0 Calviello et al.97 https://github.com/lcalviell/Ribo-seQC

RNAfold 2.6.4 Lorenz et al.179 https://github.com/ViennaRNA/ViennaRNA

Rrvgo 1.12.2 Sayols180 https://github.com/ssayols/rrvgo

Rsubread 2.14.2 Liao et al.181 https://bioconductor.org/packages/release/bioc/

html/Rsubread.html

Salmon 1.9.0 Patro et al.182 https://github.com/COMBINE-lab/salmon

Spectronaut 19 Biognosys https://biognosys.com/software/spectronaut/

Splam 1.0.12 Chao et al.108 https://github.com/Kuanhao-Chao/splam

SQANTI3 5.2 Pardo-Palacios et al.107 https://github.com/ConesaLab/SQANTI3

STAR 2.7.10b Dobin et al.183 https://github.com/alexdobin/STAR

StringTie2 2.2.3 Kovaka et al.104 https://ccb.jhu.edu/software/stringtie/

Tximport 1.28.0 Soneson et al.99 https://github.com/thelovelab/tximport

UMI-tools 1.1.2 Smith et al.184 https://github.com/CGATOxford/UMI-tools
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UPF1-RNA-ADP:AlF4− complex (PDB: https://doi.org/10.2210/pdb2XZO/pdb)187 using the Matchmaker function to estimate RNA

and ADP/ATP binding sites in the AlphaFold model. The final cartoon was generated using CellScape (https://github.com/jordisr/

cellscape).159

Essentiality and loss-of-function data

The pan-cancer CRISPR Chronos scores (DepMap Public 23Q2+ Score, Chronos) were downloaded (https://depmap.org/portal/

download/custom/)47 on 2023-11-16 and the human population data on loss-of-function tolerance from gnomAD v4 (gnomad.

v4.0.constraint_metrics.tsv) were downloaded from https://gnomad.broadinstitute.org/downloads on 2023-11-17. Both datasets

were analyzed using R version 4.3.0. For additional analyses, the R package depmap (https://doi.org/10.18129/B9.bioc.depmap)

was used with the DepMap Public 22Q2 data.

siRNA-mediated knockdowns

Cells were seeded at a density of 2.5 x 105 cells per well in a 6-well plate and reverse transfected with 2.5 μl Lipofectamine RNAiMAX

and 60 pmol of the respective siRNAs according to the manufacturer’s protocol. For the combined SMG6+SMG7 knockdown 30

pmol of both SMG6 and SMG7 siRNAs were used. All siRNAs used in this study are listed in Table S1.

Immunoblot analysis and antibodies

SDS-polyacrylamide gel electrophoresis and immunoblot analysis were performed using protein samples harvested with RIPA buffer

(50 mM Tris/HCl pH 8.0, 0.1% SDS, 150 mM NaCl, 1% IGEPAL, 0.5% deoxycholate). For protein quantification, the Pierce Detergent

Compatible Bradford Assay Reagent (Thermo Fisher Scientific) was used. All antibodies (see Table S1) were diluted in 50 mM Tris [pH

7.2], 150 mM NaCl with 0.2% Tween-20 and 5% skim milk powder. Detection was performed with Western Lightning Plus-ECL

(PerkinElmer) or ECL Select Western Blotting Detection Reagent (Cytiva) and the Vilber Fusion FX6 Edge imaging system (Vilber

Lourmat).

RNA extraction for low-throughput assays

Cells were harvested with 1 ml in-house prepared TRI reagent per 6 well154 and RNA was isolated according to standard protocols.

150 μl 1-Bromo-3-chloropropane (Sigma-Aldrich) was used to induce phase separation and the washed RNA pellet was dissolved in

20 μl RNase-free water by incubating for 10 min on a shaking 65 ◦C heat block.

(Semi-)quantitative RT-PCR

Reverse transcription was performed with 0.75-2 μg of total RNA in a 20 μl reaction volume with either 10 μM VNN-(dT)20 primer (stan-

dard approach) or 0.5 μg random hexamers (for histone mRNAs) and the GoScript Reverse Transcriptase (Promega). 40-80 ng cDNA

was used as template in end-point PCRs using the MyTaq Red Mix (Bioline) and 0.2 μM final concentration of sense and antisense

primer. After 30 PCR cycles, the samples were resolved by electrophoresis on ethidium bromide-stained, 1% agarose TBE gels, visu-

alized by trans-UV illumination using the Gel Doc XR+ (Bio-Rad) and quantified using the Image Lab software (version 6.0.1, Bio-Rad).

Probe-based multiplex quantitative RT-PCRs were performed with the PrimeTime Gene Expression Master Mix (IDT), 2% of cDNA

per reaction, and the CFX96 Touch Real-Time PCR Detection System (Bio-Rad). PrimeTime qPCR Assays containing primers and

probes were purchased from IDT (B2M = Hs.PT.58v.18759587, ZFAS1 = Hs.PT.58.25163607, GAS5 = Hs.PT.58.24767969, H3-

3A = NM_002107 Assay Set 4, H2AC18 = NM_003516 Assay Set 1, H1-2 = NM_005319 Assay Set 3) and used at 1x final concen-

tration according to the manufacturer’s instruction. Each biological replicate was repeated in technical triplicates and the average Ct

(threshold cycle) value was measured. The housekeeping gene B2M (FAM-labelled) Ct values were subtracted from the target

(ZFAS1, Cy5-labelled or GAS5, SUN-labelled) values to receive the ΔCt. For histone mRNAs, H3-3A (FAM-labelled) was used as con-

trol and H2AC18 (SUN-labelled) as well as H1-2 (Cy5-labelled) as targets. To calculate the mean log2 fold changes three biologically

independent experiments were used. The log2 fold changes are visualized as single data points and mean (depicted as bars). All

primers used in this study are listed in Table S1.

Whole proteome analysis

2.5 – 3.0 x 105 cells were seeded in 6-well plates one day before starting the depletion experiment. UPF1 depletion was induced with

500 μM indole-3-acetic acid (IAA; Sigma-Aldrich; Cat# I5148) or DMSO as control for various time points (between 0 and 24 hours

before harvesting). All cells were harvested at the same time to minimize differences in cell numbers. Cells were washed twice with

ice-cold Dulbecco’s phosphate-buffered saline (DPBS; Gibco; Cat#14190-094) and then scraped in 2 mL of ice-cold DPBS. The cells

were collected and pelleted (300 x g; 5 min; 4 ◦C), washed three times with ice-cold DPBS, transferred to a 96-well plate and frozen at

-80 ◦C until further use.

The samples underwent lysis and digestion in SDC-buffer. Briefly, a pellet of one million HCT116 cells underwent lysis in 2x SDC-

buffer comprising 2% (w/v) sodium deoxycholate (SDC; Sigma-Aldrich), 20 mM dithiothreitol (Sigma-Aldrich), 80 mM chloroaceta-

mide (Sigma-Aldrich), and 200 mM Tris-HCl (pH 8). Following heating at 95◦C for 10 minutes, the lysates underwent enzymatic
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digestion employing endopeptidase LysC (Wako) and sequence grade trypsin (Promega) at a protein:enzyme ratio of 50:1, with

digestion occurring overnight at 37◦C. The resulting peptides were desalted through automated pipetting facilitated by the

AssayMAP Bravo robotic system (Agilent Technologies).

For reversed-phase liquid chromatography coupled with mass spectrometry (LC-MS) analysis, 1 μg of peptides from each sample

replicate was injected. Samples from the 6, 12, and 24-hour time points were analyzed using the EASY-nLC 1200 system (Thermo

Fisher Scientific), while a second batch of samples, including the 15 and 18-hour time points, was processed on the Vanquish Neo

HPLC system (Thermo Fisher Scientific). Both batches used the same 98-minute active gradient for peptide separation. Mass spec-

trometric analysis was performed on an Exploris 480 instrument (Thermo Fisher Scientific) in data-independent acquisition (DIA)

mode, using staggered 12 m/z isolation windows.

Label-free quantification was performed using Spectronaut (v19, Biognosys) with the directDIA workflow, applying default settings

for Pulsar search and DIA analysis. Spectra were matched against the UniProt human database (release 2022-03), including iso-

forms, a curated set of distinct ORFs derived from the NMDRHT annotation and ORFquant prediction (see below and code sections),

and common protein contaminants. Protein data were exported with decoy filtering and a Q value filter. For the initial dataset

(Figure 1), analysis was conducted using only the UniProt human database (release 2022-03), common contaminants and first batch

of samples (6, 12, and 24-hour time points).

As alternative analysis software package, DIA-NN (v2.0)137 was used for analysis with a library-free search strategy. Search pa-

rameters allowed up to two missed cleavages and included variable modifications of oxidized methionine and acetylated

N-termini, with a maximum of five variable modifications per peptide. The peptide length range was set to 7–52 amino acids, and

charge states were restricted to 2–6 to align with the Spectronaut analysis. A precursor m/z range of 350–1650 was applied. A false

discovery rate (FDR) threshold of 0.01 was enforced at the precursor level, and spectra were searched against the same databases

used for Spectronaut. Peptidoform-level scoring was performed, and match-between-runs (MBR) was enabled. Peptide-level quan-

tification was based on the report.parquet output, with the maximum Precursor.Normalised value for each unique peptide sequence

used as its intensity in each run.

Protein-level analysis was conducted using R version 4.4.1. MaxLFQ-normalized intensities were log2 transformed and filtered to

retain proteins with at least three valid value replicates per experimental group. Any remaining missing values were imputed using a

randomized Gaussian distribution, with a down-shift (width = 0.3, shift = 1.8), based on empirically derived means and standard de-

viations from each replicate. Note that for the initial analysis (Figure 1) no imputation was applied. For differential abundance analysis,

the limma package188 was employed to compute two-sample moderated t-statistics. Nominal p-values were adjusted for multiple

testing using the Benjamini-Hochberg method to control the false discovery rate. We considered proteins to be significantly differ-

entially expressed at an adjusted p-value threshold of 0.001, with log fold change (logFC) values calculated to quantify expression

differences between conditions.

Peptide analyses

Peptide data were exported from Spectronaut version 19 (Biognosys AG), utilizing MS2Quantity as the intensity metric for distinct

peptide sequences. Peptides with intensity values less than or equal to 100 were replaced with ‘‘NA’’. No further normalization

was applied; however, one outlier replicate (12h_Depl_A) was excluded before downstream analysis. For statistical analysis, peptide

intensity values were log2-transformed. Peptides were filtered to retain those with more than 35% valid intensity measurements

across all samples (≥ 16 samples out of 43). This filtering step resulted in the retention of approximately 92% of all peptide se-

quences. To identify differentially expressed peptides, moderated analysis of variance (ANOVA) and F-tests were performed using

the empirical Bayes method implemented in the R limma package.188 Multiple testing corrections were applied using the Benjamini-

Hochberg procedure to control the false discovery rate (FDR).

Prediction of theoretically possible tryptic peptides was performed using the R package ‘‘cleaver’’ with two distinct rule sets. Pep-

tides from different ORF sources were compared and those exclusively found from NMD-annotated ORFs were designated as

‘‘NMD’’. Predicted peptide detectability was determined using PeptideRanger (version 0.1.0)136 and the ProteomicsDB-trained

random forest classifier.

Protein abundance and half-life data

The following data from published studies were used to assess protein abundance and half-lifes: HeLa cells (Supplemental

Table 134915_1_supp_65961_p3f7xq of publication)74 and 29 human tissues (Table EV5 of publication).75 All datasets were analyzed

using R version 4.3.0.

Generation of AtAFB2-expressing HCT116 cells

As parental cells for auxin-mediated degradation, HCT116 cells were generated to stably express the auxin receptor F-box protein

AtAFB2 through integration into the adeno-associated virus integration site 1 (AAVS1) safe harbor locus by Cas9/CRISPR-mediated

homologous recombination. 3.0 × 105 cells were seeded in a 24-well plate and transfected at 80–95% confluency using 4 μl Lipofect-

amine 2000 (Life Technologies) and 0.8 μg plasmids. Cells were co-transfected with pSH-EFIRES-P-AtAFB2-mCherry expressing
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the auxin receptor F-box protein and pCas9-sgAAVS1 at a ratio of 2:1. pSH-EFIRES-P-AtAFB2-mCherry (Addgene plasmid #

129716; http://n2t.net/addgene:129716; RRID:Addgene_129716) and pCas9-sgAAVS1-1 (Addgene plasmid # 129726; http://n2t.

net/addgene:129726; RRID:Addgene_129726) was a gift from Elina Ikonen. After 2 days, the cells were transferred to a 10-cm

dish and kept in medium containing 1 μg/mL puromycin (Invivogen, ant-pr) to select for successful AtAFB2 integration. After another

15 days with continuous medium change ever 3-4 days, individual colonies were picked, and transferred to a 96-well plate. Success-

ful integration was tested by genomic PCR using Phire Direct PCR Kit (Thermo Fisher Scientific). Positive clones expressing AtAFB2-

mCherry were subsequently expanded and used for subsequent generation of the UPF1-degron cell lines.

Endogenous tagging vectors

Degron tagging of endogenous loci was conducted by CRISPR–Cas9-mediated HDR. Donor vectors with two homology arms

flanking the degron tag (AID = miniIAA7 = AtIAA7 amino acids 37–104), and Cas9 vectors with specific sgRNAs were constructed

for N- and C-terminal tagging of UPF1. For the N-terminal donor vector (UPF1 N-term AID in pUC57-Kan), homology arms were

constructed by gene synthesis (Biocat) with around 500 bp upstream and downstream of the start codon. Between these homology

arms cloning sites (XmnI and BglII) were also introduced, which were later used to insert a N-terminal tagging cassette with a se-

lection marker and degron. The N-terminal tagging cassette [Blasticidin(BSD)/Hygromycin(Hygro)-P2A-V5-MiniIAA7(AID)] was

synthesized with flanking restriction sites, XmnI and BamHI (see Figure 2A) in plasmid pUC57-Kan (Biocat). The C-terminal donor

vector (UPF1 C-term AID in pUC57-Kan) was similarly synthesized as the N-terminal donor vector except that the homology arms

were flanking the stop codon, which was completely replaced by cloning sites, NheI and SspI. The C-terminal tagging cassette

(AID7-V5-P2A-BSD/Hygro) was also synthesized with these flanking restriction sites in the plasmid pUC57-Kan (see Figure 2A),

respectively. To create the final targeting vector (N- and C-terminal), the donor vectors and the tagging cassette vectors were di-

gested at their introduced restriction sites (see above). The restricted N- and C-terminal tagging cassette (BSD/Hygro-P2A-V5-AID

and AID-V5-P2A-BSD/Hyg) was ligated to the digested donor vector (UPF1 N-term AID in pUC57-Kan and UPF1 C-term AID in

pUC57-Kan), so that the tagging cassette was between the homology arms. This cloning procedure resulted in 4 targeting vectors

(UPF1-N-term-AID-V5-P2A-BSD, UPF1-N-term-AID-V5-P2A-Hygro, UPF1-C-term-AID-V5-P2A-BSD, and UPF1-C-term-AID-V5-

P2A-Hygro) which were used to tag endogenous loci of UPF1. SgRNAs were synthesized as two unphosphorylated primers, an-

nealed and inserted into BbsI-cut px458-Cas9 vector. pSpCas9(BB)-2A-GFP (PX458) was a gift from Feng Zhang (Addgene

plasmid # 48138; http://n2t.net/addgene:48138; RRID:Addgene_48138). Information about endogenous targets, HDR templates,

primers for HDR templates and sgRNAs is provided in Table S1.

Generation of homozygously tagged cell lines

HCT116 cell-lines expressing AtAFB2 were used to create the UPF1-degron cell lines. The transfection was similar to the generation

of HCT116 + AtAFB2 cell-line (see above). A cloned px458-Cas9 + sgRNA plasmid was co-transfected with two homology arm plas-

mids containing the mAID7-BSD/Hygro-resistance. Two days after transfection, the cells were transferred to a 10-cm dish containing

100 μg/mL hygromycin B Gold (Invivogen) and 5 μg/mL blasticidin (Invivogen) to select for successful AID7 (degron) integration. After

two to three weeks of selection colonies were picked and transferred to 96 well plate. For successful biallelic integration clones were

tested by genomic PCR using primers binding in the BSD/Hygro resistance sequence and the genomic region upstream of the ho-

mology arm (see ‘‘other sequences’’ in Table S1). Two single clones were selected for each target. The functionality of these cell

clones was tested by inducing the degradation of the AID-tagged UPF1 by treatment with 500 μM indole-3-acetic acid (IAA; from

500 mM stock in H2O; Sigma-Aldrich, cat. no. I5148) for 24h and subsequent Western Blot analysis with an anti-V5-HRP-antibody

(Invitrogen, 46-0708). The sgRNAs, and primers for genomic PCR are listed in Table S1.

Knock-in cells using CRIS-PITCh v2

For FKBP12F36V-tagging of UPF1, the knock-ins were performed using the CRIS-PITCh v2 system189 consisting of a pX330-BbsI-

PITCh encoding the gene specific sgRNA (5′-CCCGTACGCCTCCACGCTCA-3′) and the pCRIS-PITChv2-PurR-FKBP (UPF1 N)

donor plasmid (based on Addgene #91796). pX330-BbsI-PITCh was a gift from Peter Kaiser (Addgene plasmid # 127875; http://

n2t.net/addgene:127875; RRID:Addgene_127875) and pCRIS-PITChv2-dTAG-Puro (BRD4) was a gift from James Bradner & Beh-

nam Nabet (Addgene plasmid # 91796; http://n2t.net/addgene:91796; RRID:Addgene_91796). The latter contains two 40 bp-long

N-terminal UPF1 microhomologies flanking a puromycin resistance gene, a T2A signal, the FKBP12F36V tag, and a linker region.

One day prior transfection 2.5 x 105 Flp-In T-REx-293 or HCT116 were seeded in 6-wells. Per well 1.0 μg of pX330-BbsI-PITCh and

0.5 μg pCRIS-PITChv2 donor plasmid were transfected using a calcium phosphate-based system with BES-buffered saline (BBS).

Additionally, 0.1 μg of pCI-maxGFP was transfected as visual control for transfection efficiency. For BBS-transfection, HCT116 cells

were temporarily cultured in high glucose DMEM with GlutaMAX supplement (Gibco). Two days after transfection, the cells were

transferred to a 10-cm dish. After a total of 3-5 days post transfection the cell culture medium was supplemented with 2 μg/ml or

1.5 μg/ml puromycin (InvivoGen) for the Flp-In T-REx-293 and HCT116 cell, respectively, to select for successful knock-ins. Surviving

colonies were picked and genomic DNA was extracted using QuickExtract DNA Extraction Solution (Lucigen) according to manufac-

turer’s instruction. Correct integration was screened via genomic PCR, followed by Sanger sequencing (Eurofins Genomics). The

sgRNAs, and primers for genomic PCR are listed in Table S1.
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Public high-throughput-sequencing data

Publicly available RNA-Seq datasets were obtained from Gene Expression Omnibus (GEO)190 or BioStudies/ArrayExpress191,192 with

accession IDs as detailed in Table S1. These included phospho-UPF1 RIP-Seq from HEK293 cells92 (GEO: GSE60045); Degradome-

Seq from HeLa cells115 (GEO: GSE61398); UPF1 knockdown in HEK293 cells83 (GEO: GSE109143); UPF1 knockdown in HeLa cells84

(GEO: GSE152435); UPF1 knockdown in HEK293 cells85 (GEO: GSE176197); UPF1 knockdown in K562 cells86 (GEO: GSE204987);

UPF1 knockdown in Huh7 cells87 (GEO: GSE185655); UPF1 knockdown in HepG2 cells88 (GEO: GSE162199); SMG5, SMG6, SMG7

knockout/knockdown in HEK293 cells26 (BioStudies: E-MTAB-9330); UPF3A/B double knockout in HEK293 cells155 (BioStudies:

E-MTAB-10716); CASC3 knockout in HEK293 cells156 (BioStudies: E-MTAB-8461) and SMG6+SMG7 knockdown in HEK293,

HeLa, MCF7 and U2OS cells69 (Sequence Read Archive (SRA): PRJNA105403). Available data from the preprint on SMG1 inhibition

in HCT116 cells82 (BioStudies: E-MTAB-13949) were used as well.

Generated high-throughput-sequencing data

Different high-throughput sequencing datasets were generated in this study as listed in Table S1: #11) Initial Test-RNA-Seq of +/-

IAA-treated HCT116 control, N-AID-UPF1 and C-AID-UPF1 cells, #12) RNA-Seq of control and 0-48h IAA-treated N-AID-UPF1 in

HCT116 cells, #13) RNA-Seq of N-AID-UPF1 recovery for up to 48h after 24h IAA-treatment in HCT116 cells, #14) RiboMinus

RNA-Seq of control and 12h or 48h IAA-treated N-AID-UPF1 in HCT116 cells, #15-16) RNA-Seq of FKBP-tagged UPF1 in Flp-In

T-REx-293 and HCT116 cells +/- dTAGV-1 treatment for 12h, #17) SLAM-Seq of control and N-AID-UPF1 +/- IAA for 0, 12 and

24h, #19-20) RNA-Seq of SMG1 inhibition in HUVEC and HFF cells, #25-26) long-read RNA-Seq of IAA-treated N-AID-UPF1 in

HCT116 cells with DirectRNA (ONT) as well as Kinnex full-length RNA kit (PacBio), and #27) Ribo-Seq of N-AID-UPF1 in HCT116 +/-

IAA for 12h.

For datasets #11, #19 and #20, total RNA was extracted by lysing cells with TRIzol Reagent (Invitrogen). Libraries were constructed

using the NEBNext Ultra II Directional RNA Library Prep Kit (New England Biolabs) and sequenced on a NovaSeq6000 device (Illu-

mina). For datasets #12-16, cells were lysed using 1 ml in-house prepared TRI reagent per 6 well.154 The RNA was extracted and

purified using the Direct-zol RNA MiniPrep kit including the recommended DNase I treatment (Zymo Research; Cat# R2052) accord-

ing to manufacturer’s instructions. For datasets #12-13, libraries were prepared using the Illumina Stranded TruSeq RNA sample

preparation kit. Library preparation started with 500ng total RNA. After poly-A selection (using poly-T oligo-attached magnetic

beads), mRNA was purified and fragmented using divalent cations under elevated temperature. The RNA fragments underwent

reverse transcription using random primers, followed by second strand cDNA synthesis with DNA Polymerase I and RNase H. After

end repair and A-tailing, indexing adapters were ligated. The products were then purified and amplified (15 cycles) to create the final

cDNA libraries. After library validation and quantification (Agilent Tape Station), equimolar amounts of library were pooled. The pool

was quantified by using the Peqlab KAPA Library Quantification Kit and the Applied Biosystems 7900HT Sequence Detection Sys-

tem. The pool was sequenced on an Illumina NovaSeq6000 sequencing instrument with a PE100 protocol aiming for 75 million clus-

ters per sample. Libraries for dataset #14 were prepared from 500ng total RNA. Enzymatic depletion of ribosomal RNA with the Illu-

mina Ribo-Zero Plus rRNA Depletion Kit was followed by library preparation with the Illumina® Stranded Total RNA sample

preparation kit. The depleted RNA was fragmented and reverse transcribed with random hexamer primers, second strand synthesis

with dUTPs was followed by A-tailing, adapter ligation and library amplification (12 cycles). Next library validation and quantification

(Agilent Tape Station) was performed, followed by pooling of equimolar amounts of library. The pool itself was then quantified using

the Peqlab KAPA Library Quantification Kit and the Applied Biosystems 7900HT Sequence Detection System and sequenced on an

Illumina NovaSeq6000 sequencing instrument with an PE100 protocol aiming for 100 million clusters per sample. Libraries for data-

sets #15-16 were prepared from 500ng total RNA with the Illumina Stranded mRNA Preparation kit. After poly-A selection (using Oligo

(dT) magnetic beads), mRNA was purified, fragmented and reverse transcribed with random hexamer primers. Second strand syn-

thesis with dUTPs was followed by A-tailing, adapter ligation and library amplification (12 cycles) to create the final cDNA libraries.

After library validation and quantification (Agilent Tape Station), equimolar amounts of library were pooled. The pool was quantified by

using the Peqlab KAPA Library Quantification Kit and the Applied Biosystems 7900HT Sequence Detection System. The pool was

sequenced on an Illumina NovaSeq6000 sequencing instrument with a PE100 protocol aiming for 75 million clusters per sample.

For dataset #16, thiol modification was performed as previously described.94 Shortly, we mixed 1 μg of RNA with 10 mM Iodoa-

cetamide (Sigma-Aldrich; Cat#I6125), 50 mM NaPO4 (pH 8) and 50 % DMSO. The reaction was performed at 50◦C for 15 minutes,

protected from light. Alkylation was quenched with 20mM DTT. RNA was precipitated by adding 2.5 volumes of 100% EtOH and 1 μg

GlycoBlue (Ambion; Cat# AM9515) and incubating -80◦C for 30 minutes. After cold centrifugation at 16,000 x g for 30 minutes, the

pellet was washed with 75% EtOH, re-centrifuged for 10 minutes, air-dried for 5-10 minutes, and resuspended in 5-10 μl of H2O. Poly

(A) mRNA isolation and library preparation was carried out with 500 ng RNA as input using the NEBNext Poly (A) mRNA magnetic

isolation module (NEB; Cat#E7490L) and NEBNext Ultra II Directional RNA library preparation kit (NEB; Cat#E7760L) according to

the manufacturer’s instructions.

For dataset #25 (ONT-dRNA) total RNA was extracted using the Direct-zol RNA MiniPrep kit (Zymo Research; Cat# R2052)

including the recommended DNase I treatment according to the manufacturer’s instructions. Poly(A) mRNA was purified from total

RNA using the Dynabeads mRNA Purification Kit (Invitrogen; Cat#61006). After one round of purification according to the manufac-

turer’s instruction, the samples were incubated for a second round of binding to the same beads, repeating the protocol for a second

time after the rebinding of the RNA to the beads. Successful enrichment for poly(A) RNA was confirmed by High Sensitivity RNA
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ScreenTape Analysis. ONT direct RNA sequencing libraries were prepared from 300 ng of poly(A) RNA using the Direct

RNA Sequencing Kit (Oxford Nanopore Technologies, #SQK-RNA004) following the manufacturer’s instructions. Each ONT direct

RNA sequencing library was loaded onto a PromethION RNA flow cell (Oxford Nanopore Technologies, #FLO-PRO004RA). Run limit

was set to 72 hours, base-calling was performed with the High-accuracy model (130 bps) with the following software versions:

MinKNOW (24.02.19), Bream (7.9.8), Configuration (5.9.18), Dorado (7.3.11), MinKNOW Core (5.9.12).

For dataset #26 (PacBio) total RNA was extracted using the Direct-zol RNA MiniPrep kit (Zymo Research; Cat# R2052) including

the recommended DNase I treatment according to the manufacturer’s instructions. The PacBio Kinnex full-length RNA sequencing

library was constructed from four total RNA samples. First, each sample was processed into a PacBio barcoded Iso-Seq library,

starting with 420 ng of total RNA and using the Iso-Seq Express 2.0 Kit (PacBio, #103-071-500). Then, 14 ng of each Iso-Seq library

was additionally amplified to introduce Kinnex overhangs at the ends of the library molecules and pooled together to prepare one

Kinnex library using the Kinnex Concatenation Kit (PacBio, #103-072-000). The Kinnex full-length RNA library was loaded onto a

PacBio Revio 25M SMRT Cell (PacBio, #102-202-200). Desegmentation and demultiplexing of HiFi reads were performed using

SMRT Link Version 13.1.0.221970. Generation of dataset #27 (Ribosome profiling) is described below in more detail.

For datasets #12-15 the ERCC RNA Spike-In Mix (Invitrogen, Cat# 4456740) were added to the samples before library preparation

to provide a set of external RNA controls that enable performance assessment. The Spike-Ins were used for quality control purposes

but not used for the final analyses.

Computational analyses of RNA-Seq data

For standard short-read RNA-Seq analyses, reads were aligned against the human genome (GRCh38, GENCODE release 42 tran-

script annotations15 supplemented with SIRVomeERCCome annotations from Lexogen; obtained from https://www.lexogen.com/

sirvs/download/) using the STAR read aligner (version 2.7.10b).183 For long-read RNA-Seq data, reads were aligned against the hu-

man genome as described above using the minimap2 read aligner (version 2.26-r1175)172 and the options ‘‘ax splice:hq -C5’’ for

PacBio or ‘‘-ax splice -k14 -uf’’ for ONT-dRNA samples.

Transcript abundance estimates were computed with Salmon (version 1.9.0)182 in mapping-based mode using a decoy-aware

transcriptome (GENCODE release 42 or NMDRHT; see below) with the options --numGibbsSamples 30 --useVBOpt --gcBias

--seqBias. After the import of transcript abundances in R (version 4.3.0)193 using tximport (version 1.28.0),99 differential gene expres-

sion (DGE) analysis was performed with the DESeq2 R package (version 1.40.1).162 Genes with less than 10 counts in half the

analyzed samples were pre-filtered and discarded. The DESeq2 log2FoldChange estimates were shrunk using the apeglm R pack-

age (version 1.22.1).157 Differential transcript expression (DTE) analysis was performed using the edgeR R package (version

3.42.4),100,163 accounting for mapping ambiguity by estimating the overdispersion based on 30 inferential replicate datasets drawn

by Salmon using Gibbs sampling and subsequent count scaling. Lowly expressed transcripts were pre-filtered using the edgeR-in-

ternal functions. General significance cutoffs, as long as not indicated otherwise, were log2FoldChange > 1 & padj < 0.0001 for DE-

Seq2 DGE and log2FC > 1 & FDR < 0.0001 for edgeR DTE.

To assess technical metrics for each RNA-Seq dataset, MultiQC (version 1.14)173 was used to aggregate the output of Salmon (to-

tal reads, alignment rate, library type) and Bowtie2 (version 2.5.0)158 (rRNA alignment rate). Non-poly(A) RNA genes were chosen

based on published results194 and Swish195 was used to obtain log10-scaled expression values. Differential splicing was detected

with LeafCutter (version 0.2.9)171 with the significance threshold adjusted p-value (p.adjust) < 0.0001. Differential transcript

usage was computed with IsoformSwitchAnalyzeR (version 1.18.0)170 and the DEXSeq method.188,196 Significance thresholds

were |dIF| > 0.1 and adjusted p-value (isoform_switch_q_value) < 0.0001. Clustering of Z-scaled log2-transformed counts (obtained

by variance stabilizing transformation for gene-level and edgeR::cpm for transcript-level) was performed with ‘‘ward.D2’’ hierarchical

clustering with k = 4, as determined by elbow method.

Degradome-Seq data were subjected to adapter trimming and mapped with modified parameters (adopted from197) against the

human genome with STAR as described above. Reads in a 200-nucleotide window around the stop codon were counted with ORFik

(version 1.20.2)176 and analyzed with edgeR. RIP-Seq reads from phospho-UPF192 were adapter-trimmed, filtered for ≥ 15 nucle-

otides and aligned against rRNA, tRNA, miRNA and snoRNA. The unaligned reads were mapped with STAR as described above

and reads counted with featureCounts from the Rsubread package (version 2.14.2).181 Final analysis was performed with DESeq2.

Analysis of SLAM-seq data

Reads were mapped with STAR as described above and used as input for bam2bakR (version 2.0.0)95,96 to detect T-to-C mutations

in mapped reads. The counts binomial data frame output was used for further analysis with bakR (version 1.0.0). The ’Stan’ model

was used to estimate mutation rates, followed by using the ’Hybrid’ implementation to fit the data and perform differential kinetic

analysis. The mechanistic dissection of gene expression regulation was performed with bakR combined with DESeq2 using the ’Dis-

sectMechanism’ function. Three layers of basal conclusions were determined: a) degradation (kdeg) rates (significance cutoffs bakR_

padj < 0.01 & |L2FC_kdeg| > 1), b) RNA expression levels (significance cutoffs DE_padj < 0.01 & |L2FC_RNA| > 1) and mechanistic

conclusion (significance cutoffs mech_padj < 0.01). For final classification the following parameters were used: Stabilized (bakR_

padj < 0.01 & L2FC_kdeg < -1 & DE_padj < 0.01 & L2FC_RNA > 1 & mech_padj < 0.01 & Mech_score < 0); Destabilized (bakR_

padj < 0.01 & L2FC_kdeg > 1 & DE_padj < 0.01 & L2FC_RNA < -1 & mech_padj < 0.01 & Mech_score < 0); Increased Synthesis

ll
OPEN ACCESS Resource

e9 Molecular Cell 85, 1–23.e1–e12, September 18, 2025

Please cite this article in press as: Boehm et al., Rapid UPF1 depletion illuminates the temporal dynamics of the NMD-regulated human transcriptome,

Molecular Cell (2025), https://doi.org/10.1016/j.molcel.2025.08.015

https://www.lexogen.com/sirvs/download/
https://www.lexogen.com/sirvs/download/


(not significant kdeg changes & DE_padj < 0.01 & L2FC_RNA > 1 & mech_padj < 0.01 & Mech_score > 0) and Decreased Synthesis

(not significant kdeg changes & DE_padj < 0.01 & L2FC_RNA < -1 & mech_padj < 0.01 & Mech_score > 0).

For NMDRHT-transcript-level analyses (specifically for analyses on transcript equivalence classes; TEC), the EZbakR suite was

used.164 Reads were first processed with fastq2EZbakR (version 0.2.0) using the NMDRHT.v1.1 annotation as reference. The counts

binomial data frame output was used for further analysis with EZbakR (version 0.0.0.9000) as detailed by the authors.198 When esti-

mating isoform fractions, a minimum TPM of 0.2 (instead of default 1) was set to include more NMD-annotated isoforms which are

lowly expressed in control conditions.

Ribosome profiling

Ribo-Seq libraries were generated as previously described199 with some modifications. N-AID-UPF1 HCT116 cells were treated with

500 μM IAA for 12 hours or were untreated (control). Afterwards, the cells were washed with PBS containing 100 μg ml− 1 cyclohex-

imide (Biochemika) before cell lysis. Samples were lysed in polysome buffer (100 mM Tris-HCl pH 7.4, 750 mM NaCl, 25 mM MgCl2,

1 mM dithiothreitol (DTT), 1% Triton X-100, 100 μg ml− 1 cycloheximide and 25 U ml− 1 Turbo DNase (Thermo Fisher Scientific)) and

directly frozen in liquid nitrogen. RNA was then digested with 2400 U ml− 1 RNase I (Ambion) for 45 min in slow agitation at RT and

digestion stopped with 640 U ml− 1 SUPERase⋅In (Thermo Fisher Scientific). Monosomes were purified by size exclusion with Illustra

MicroSpin S-400 HR columns (GE Healthcare) and extracted with 3 volumes of Trizol LS (Thermo Fisher Scientific), chloroform and

the RNA Clean & Concentrator kit (Zymo Research). 5000 ng of the isolated monosomes were depleted of rRNA using a RiboPool kit

for Ribosome Profiling (siTOOLs Biotech). The RNA was separated on a 17% Urea PAA gel, 27–30 nt RNA fragments were eluted

from the gel and 5′ extremity phosphorylated with 10 U T4 polynucleotide kinase (New England Biolabs) for 1 h at 37 ◦C. For library

generation, the NextFlex small RNA sequencing kit (PerkinElmer) was used according to the manufacturer’s instructions. Each Ribo-

seq library was prepared in triplicate and sequenced on a NovaSeq6000 device (Illumina) in two batches.

Ribo-Seq reads from both sequencing batches were combined, demultiplexed, adapter-trimmed, UMIs (random 4 bases at the 5′

and 3′ ends) extracted with UMI-tools (version 1.1.2),184 length-filtered (≥ 16 & ≤ 40 nts) and mapped with Bowtie2 (version 2.5.0)158

against human rRNA, tRNA, miRNA and snoRNA. Unaligned reads were mapped with STAR as described above and mapped reads

deduplicated with UMI-tools. Gene-level counts were computed with featureCounts from the Rsubread package (version 2.14.2)181

and DESeq2 used for differential ribosome occupancy analysis. Translation efficiency was calculated with DESeq2 using the deltaTE

method as described.200 Classification was as follows: Concordant-up (padj_Ribo < 0.01 & padj_RNA < 0.0001 & L2FC_RNA*L2F-

C_Ribo > 0 & L2FC_RNA > 1); Concordant-down (padj_Ribo < 0.01 & padj_RNA < 0.0001 & L2FC_RNA*L2FC_Ribo > 0 &

L2FC_RNA < -1); Discordant_up (padj_TE < 0.01 & L2FC_TE > 1); Discordant_down (padj_TE < 0.01 & L2FC_TE < -1). Quality control

of Ribo-Seq reads was performed with Ribo-seQC (version 0.99.0)97 and ORFquant (version 1.02.0)112 used on condition-merged

files for splice-aware quantification of translation. Alternatively, Ribo-TISH (version 0.2.7) was used to predict ORFs.

Gene ontology

Functional enrichments analysis of gene lists (for SLAM-seq ordered by p.adjust(ksyn)) was performed using g:profiler via the R pack-

age gprofiler2 (version 0.2.2),167 using gene ontology biological process (GO:BP) as data source, a list of all expressed/detected

genes as custom background, domain scope set to ’custom’ and with g:SCS multiple testing correction method applying signifi-

cance threshold of 0.05. If applicable, significant GO:BP terms were simplified using rrvgo (version 1.12.2).180

Time course analysis

ImpulseDE2 (version 0.99.10)90 was used for the time course analysis of differential gene expression with default parameters. The

option to identify transient expression changes was enabled and parameters for impulse and sigmoid models were extracted.

Histone mRNA analyses

The list of histone genes was obtained from the HUGO Gene Nomenclature Committee at the European Bioinformatics Institute

(https://www.genenames.org/data/genegroup/#!/group/864), as previously defined201 and matched using Ensembl gene IDs.

NMDRHT - transcriptome assembly

Mapped long-read RNA-Seq data were subjected to GENCODE-guided or de novo transcriptome assembly using bambu (version

3.2.6),103 IsoQuant (version 3.4.1)105 and StringTie2 (version 2.2.3).104 To maximize transcript discovery, the novel discovery rate

(NDR) for bambu was set to 1. For StringTie2, the condition matching Illumina short-read RNA-Seq data were provided as well

and assembly was performed with the ‘‘—mix’’ option. Mapped short-read RNA-Seq data from nine datasets (combining all condi-

tions within) to supplement transcript annotations from other cell lines, NMD-inhibition methods, or library preparations were also

assembled guided or de novo using StringTie2. The resulting individual transcriptome assemblies were analyzed by SQANTI3

(version 5.2)107 for quality control and statistics. Common abbreviations are full-splice match (FSM): matches all reference splice

junctions perfectly; novel in catalog (NIC): novel isoform with a new combination of annotated splice sites; novel not in catalog

(NNIC): novel isoform with at least one new splice site. Gffcompare (version 1.12.9)166 was used to compare all transcriptome assem-

blies and identify unique intron chains (UIC). Transcripts found in at least two assemblies (UIC support ≥ 2) were further processed.
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A two-phase gene-wise filtering strategy was used to first select UICs from well-supported genes (high filter level; total UIC support

≥ 4), followed by otherwise missed genes with low-supported UICs (low filter level; total UIC support ≥ 2). The locus ID assigned by

gffcompare was used as gene identifier and for each gene only transcripts with UIC support higher than the gene-wise mean UIC

support were selected. This strategy resulted in removing low-support transcripts from genes for which high-support transcripts

were found. As the individual transcriptomes differed in transcript boundaries, we performed majority voting on transcript start sites

and transcript end sites, favoring de novo assembled and long-read-supported transcripts.

To recover ORF information, we used ORFanage (version 1.2.0)175 in mode ‘‘ALL’’ and provided the ensemble-canonical ORFs as

reference for ORF recovery. The recovered ORF coordinates were matched with the canonical ORF, filtered for best matching ORFs

per transcript and start/stop codons characterized. Finally, the 50-nucleotide rule as predictor for NMD-sensitivity was determined

by using factR (version 1.2.0)165 and the resulting annotation exported as NMDRHT.v1.1.

For further supplementation of Ribo-Seq-supported ORFs, ORFquant and Ribo-TISH ORF prediction was performed using the

NMDRHT.v1.1 annotation as reference. ORFquant output was expanded to include all ‘‘compatible’’ transcripts per predicted

ORF and the overlap with Ribo-TISH was determined. For NMDRHT-supplementation, only ORFs found in both tools were selected.

Based on the 50-nucleotide rule, ORF category determined by ORFquant and the relationship between predicted and canonical start/

stop codons, the NMD reason was determined. For example, if the predicted stop codon is located more than 50 nucleotides up-

stream of the last exon-exon junction, the ORF was already annotated and the start/stop codon match the ensemble-canonical

ORF, a 3′UTR splicing event occurred and NMD reason is consequently set to ‘‘AS_NMD_UTR3’’.

Since multiple ORFs can be predicted for an individual transcript, we determined the best high-quality ORF per transcript. We

considered all ORFs from untreated (0h) and UPF1-depleted conditions (12h IAA) and determined the fraction of ORF-length-normal-

ized P-site counts stratified by the 50-nucleotide rule. The rationale was to determine whether all predicted ORFs are NMD-sensitive

or -insensitive, which allowed designating this transcript with the ORF status ‘‘NMD’’ or ‘‘coding’’, respectively. When both NMD-acti-

vating and -insensitive ORFs were found, we designated the transcript ORF status ‘‘mixed’’. Finally, we determined the most

frequently used ORF per transcript based on ORF-length-normalized P-site counts, favoring NMD-activating ORFs in mixed ORF

status cases. The NMDRHT annotation was supplemented with these ORFs, replacing the previously existing ORFanage-predicted

ORFs when applicable. The resulting NMDRHT.v1.2 annotation was exported.

For quality control, splam (version 1.0.12)108 was used on the GENCODE v42 and NMDRHT.v1.2 annotation to estimate splice site

confidence. Distances between TSS/TES and references (refTSS v4.1 and PolyASite 2.0)177,178 were used to judge the accuracy of

transcript boundaries. InterProScan (version 5.72-103.0)169 was used to predict Pfam domains or intrinsically disordered regions.

RNA properties and structure prediction

Most mRNA isoform properties were extracted from the NMDRHT.v1.2 annotation and reference genome using R packages. Struc-

ture prediction was performed using RNAfold (version 2.6.4).179

Additional data sources

Data from a previous NMD factor meta-analysis was downloaded (Table S2 from publication)67 and matched via Ensembl gene IDs.

Similarly, the data from STAU1 hiCLIP were obtained (Table S2 from publication)118 and matched via Ensembl gene IDs.

UPF1 helicase-dependent targets (Table S1 from Fischer et al., 2020)55 and REG-1 RIP-Seq data (Table S1 from publication)117

were matched to ensembl transcript IDs using bioMart and manually curated to allow matching NMDRHT-transcripts. Coordinates

of REG-1 HITS-CLIP data (Table S4 from Mino et al., 2015)117 were lift over to hg38 and intersected with NMDRHT transcripts.

Feature selection

The Boruta R package (version 8.0.0)127 was used to perform feature selection. For details, see the corresponding script section.

Data Presentation

Schematic representations and figures were prepared/assembled using CorelDraw 2017. Quantifications and calculations for other

experiments were performed - if not indicated otherwise - with R (version 4.3.0) and all plots were generated using IGV (version

2.14.1),168 ggplot2 (version 3.5.1),202 nVennR (version 0.2.3)174 or ComplexHeatmap (version 2.18.0).161

QUANTIFICATION AND STATISTICAL ANALYSIS

Most performed statistical tests are already implemented in the used bioinformatic tools. For differential gene expression (DGE)

analysis, p-values were calculated by DESeq2 using a two-sided Wald test and corrected for multiple testing using the

Benjamini-Hochberg method. For differential transcript expression (DTE) analysis, p-values were either calculated by Swish using

a Mann–Whitney Wilcoxon test on inferential replicate count matrices and corrected for multiple testing using q-value approaches

or by edgeR using quasi-likelihood F-tests. P-values were calculated for differential transcript usage (DTU) analysis by

IsoformSwitchAnalyzeR using a DEXSeq-based test and corrected for multiple testing using the Benjamini-Hochberg method.

For alternative splicing, p-values were calculated by LeafCutter using an asymptotic Chi-squared distribution and corrected for mul-

tiple testing using the Benjamini-Hochberg method. For differential kinetic analysis, p-values were calculated by bakR using a z-test
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and corrected for multiple testing using the Benjamini-Hochberg method. Other statistical tests performed independently of bio-

informatic tools used either the R package rstatix or the limma package. Used cutoffs are described in the figures, figure legends

or method section.

ADDITIONAL RESOURCES

We provide an interactively explorable web application based on igv.js at https://nmdrht.uni-koeln.de.
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