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ABSTRACT 13 
Nonsense-mediated mRNA decay (NMD) is governed by the three conserved factors - 14 
UPF1, UPF2 and UPF3. While all three are required for NMD in yeast, UPF3B is 15 
dispensable for NMD in mammals, with its paralog UPF3A suggested to only weakly activate 16 
or even repress NMD due to its weaker binding to the exon junction complex (EJC). Here we 17 
characterize the UPF3B-dependent and -independent NMD in human cell lines knocked-out 18 
of one or both UPF3 paralogs. We show that in human colorectal cancer HCT116 cells, EJC-19 
mediated NMD can operate in UPF3B-dependent and -independent manner. While UPF3A 20 
is almost completely dispensable for NMD in wild-type cells, it strongly activates EJC-21 
mediated NMD in cells lacking UPF3B. Surprisingly, this major NMD branch can operate in 22 
UPF3-independent manner questioning the idea that UPF3 is needed to bridge UPF proteins 23 
to the EJC during NMD. Complementation studies in UPF3 knockout cells further show that 24 
EJC-binding domain of UPF3 paralogs is not essential for NMD. Instead, the conserved mid 25 
domain of UPF3B, previously shown to engage with ribosome release factors, is required for 26 
its full NMD activity. Altogether, UPF3 plays a more active role in NMD than simply being a 27 
bridge between the EJC and the UPF complex. 28 
 29 
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INTRODUCTION 32 
Nonsense mutations present a challenging obstacle for organisms as they result in 33 
premature termination of protein translation to produce truncated proteins that can be toxic 34 
for the cell. All eukaryotes deploy a conserved mechanism called nonsense-mediated mRNA 35 
decay (NMD) to rapidly degrade mRNAs containing premature termination codons (PTCs) to 36 
limit the production of potential toxic polypeptides. NMD has gained additional importance in 37 
more complex organisms as normal mutation-free mRNAs take advantage of the NMD 38 
machinery to regulate their expression (reviewed in (He & Jacobson, 2015; Karousis & 39 
Mühlemann, 2019; Kishor et al., 2019; Kurosaki et al., 2019)). For example, in mammalian 40 
cells, ~10% of transcriptomes can be regulated by NMD (Mendell et al., 2004; Wittmann et 41 
al., 2006). The key task for the NMD machinery is to differentiate premature translation 42 
termination from normal translation termination on both pathogenic as well as natural 43 
mRNAs that are degraded by this pathway. How the NMD machinery makes such a 44 
discrimination remains to be completely understood. 45 

NMD depends on a set of core factors - UPF1, UPF2 and UPF3 that are conserved 46 
throughout eukaryotes. When translation terminates prematurely and much upstream of 47 
normal 3′-untranslated region (3′UTR) and polyA-tail, UPF factors can recognize such 48 
termination events as premature via mechanisms that have been conceptualized into two 49 
possible (non-mutually exclusive) models. One model suggests that termination in an altered 50 
3′UTR context can compromise normal termination promoting interaction between release 51 
factors eRF3/eRF1 and the polyA-tail binding protein (PABP) (Amrani et al., 2004; Behm-52 
Ansmant et al., 2007; Eberle et al., 2008; Ivanov et al., 2008; Peixeiro et al., 2012; Singh et 53 
al., 2008). Instead, UPF1 can engage with eRFs and initiate NMD (Kashima et al., 2006). 54 
According to the other model, longer 3′UTRs of NMD-targeted mRNAs may serve as a 55 
distinction between normal and premature termination. By recruiting more UPF1, the central 56 
NMD activator that can non-specifically bind RNA in a length-dependent manner, longer 57 
3′UTRs increase the likelihood of UPF1 engagement with terminating ribosome (Hogg & 58 
Goff, 2010). While the majority of available evidence points to a more direct role for UPF1 in 59 
engaging with release factors and terminating ribosome (Ivanov et al., 2008; Kashima et al., 60 
2006; Singh et al., 2008), a recent study shows that UPF3B (a UPF3 paralog) has a direct 61 
involvement in termination reaction in human cell extracts (Neu-Yilik et al., 2017). 62 
Nevertheless, the precise order of events and the mechanistic details of UPF functions at 63 
individual steps during premature termination remain poorly understood. 64 

In mammalian cells, the NMD pathway has become more complex as it is tightly 65 
linked to pre-mRNA splicing via the exon junction complex (EJC), which has gained 66 
significant importance for NMD activation. The EJC is deposited on the mRNA exon-exon 67 
junctions during splicing and is exported along with the mRNAs to the cytoplasm where they 68 
are stripped-off mRNAs by translating ribosomes (reviewed in (Boehm & Gehring, 2016; Hir 69 
et al., 2016; Woodward et al., 2017)). However, when PTCs lead to early translation 70 
termination, one or more EJCs that remain bound downstream of a terminated ribosome can 71 
stimulate NMD. As UPF3 has evolved to directly interact with the EJC, the presence of EJC-72 
UPF3-UPF2 complex in 3′UTRs can promote UPF1 activation and premature termination via 73 
either of the two NMD models. Notably, in these models UPF3 is mainly viewed as a bridge 74 
between the UPF and EJC proteins (Chamieh et al., 2008). However, the functional 75 
relevance of such a bridging function, or if UPF3-EJC interaction serves another role, 76 
remains to be seen.  77 

While all three UPF proteins are essential for NMD in yeast (Celik et al., 2017; He et 78 
al., 1997), UPF3 appears to have become less important for NMD in more complex 79 
organisms and some NMD can proceed even in its absence (reviewed in (Yi et al., 2021)). 80 
Unlike UPF1 or UPF2, a complete loss of UPF3 in Drosophila does not affect viability and 81 
has only a modest effect on NMD (Avery et al., 2011). In mammals, there exist two UPF3 82 
paralogs, UPF3A and UPF3B, and available evidence suggest that UPF3B provides the 83 
main UPF3 activity due to its better EJC binding ability (Kunz et al., 2006). UPF3A can 84 
function as a weak NMD activator and can help compensate for UPF3B function (Chan et 85 
al., 2009). However, a recent study has suggested that UPF3A may primarily function as an 86 
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NMD repressor, potentially by sequestering UPF2 away from NMD complexes via its strong 87 
UPF2 binding but weaker EJC binding (Shum et al., 2016). Surprisingly, despite being the 88 
dominant NMD activating UPF3 paralog, UPF3B knockout mice are largely normal albeit 89 
with some neurological defects (Huang et al., 2011, 2018). Similarly, UPF3B inactivating 90 
mutations in humans are non-lethal although they cause intellectual disability (Laumonnier et 91 
al., 2010; Tarpey et al., 2007) and are associated with  neurodevelopmental disorders such 92 
as autism spectrum disorders and schizophrenia (Addington et al., 2011; Lynch et al., 2012; 93 
Xu et al., 2013). These observations suggest that while UPF3B is important for key biological 94 
processes, its effects on NMD are likely to be peripheral since a total loss of NMD is lethal in 95 
vertebrates (Medghalchi et al., 2001; Weischenfeldt et al., 2008). Previous studies in human 96 
cell lines and mice models have shown that UPF3B is not required for NMD of several 97 
mRNAs, indicating that there exists a UPF3B-independent NMD pathway (Chan et al., 2007; 98 
Gehring et al., 2005; Huang et al., 2011). How NMD can function in the absence of UPF3 99 
and how prevalent is such UPF3-independent NMD remains largely unknown. 100 

UPF3B function in NMD might be further affected by specific EJC compositions. Our 101 
previous work has demonstrated that EJC composition is heterogenous and, during different 102 
phases of mRNA lifecycle, EJC associates with a distinct set of peripheral factors (Mabin et 103 
al., 2018).  EJC co-factor RNPS1 does not co-exist in the same complex with another key 104 
EJC factor CASC3. Mass spectrometry of RNPS1 and CASC3 containing EJCs showed that 105 
CASC3 but not RNPS1 preferentially associates with UPF3B (Mabin et al., 2018). Consistent 106 
with this observation, a recent report found a much-reduced EJC-UPF3B association in 107 
CASC3 knockout HEK293 cells (Gerbracht et al., 2020). Together, these observations 108 
suggest a link between EJC composition and UPF3B-mediated NMD. The contribution of 109 
such a link to NMD and its underlying molecular basis remains to be fully understood. 110 

Here, we created UPF3B knockout human cell lines with CRISPR-Cas9 to study 111 
NMD in the presence and absence of UPF3B and to understand the relative flux through the 112 
UPF3B-dependent and UPF3B-independent branches of NMD. We find that most transcripts 113 
with 3′UTR EJCs can undergo NMD in both UPF3B dependent and independent manner. In 114 
the absence of UPF3B, and only under such conditions, UPF3A becomes responsible for a 115 
significant portion of UPF3B-independent NMD. We find that while CASC3-containing EJC 116 
can moderately affect UPF3-mediated NMD, it does not appear to be the major determinant 117 
for efficient UPF3-dependent NMD. Surprisingly, our comparative analysis of UPF3A and 118 
UPF3B functions in NMD suggest that UPF3 proteins remain potent NMD activators even 119 
without their ability to bind EJC, hinting that another UPF3 function, such as its modulation of 120 
translation termination reaction, may be its primary and a more conserved mode of activating 121 
NMD.  122 
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RESULTS 123 
UPF3B is required but not necessary for EJC-mediated NMD 124 
To study UPF3B-independent NMD, we used CRISPR-Cas9 based gene editing to generate 125 
two independent UPF3B knockout (3BKO) alleles in human colorectal carcinoma HCT116 126 
cells, a near diploid cell line with only one copy of UPF3B. In the first approach, we deleted 127 
~8 kilobase genomic region of UPF3B locus that spans exons 1-4 and encodes the UPF2-128 
binding domain of UPF3B (3BKO#1; Figure 1A). We reason that the loss of this key functional 129 
domain will lead to a complete loss of UPF3B function during NMD. As expected, in 3BKO#1 130 
cells, a smaller protein deleted of amino acids 20-155 is expressed and that too only at 131 
~12% of the full-length protein in wild-type cells (Figure 1B). For the 3BKO#2 allele, we used 132 
homology-directed repair to insert immediately downstream of the UPF3B start codon a 133 
puromycin resistance marker followed by a polyadenylation signal that would terminate 134 
transcription and prevent expression of the downstream sequence (Figure 1A). The resulting 135 
puromycin resistant 3BKO#2 cells completely lack UPF3B (Figure 1B). A qPCR survey in the 136 
two knockout cell lines revealed that mRNA levels of several previously characterized NMD-137 
regulated genes are similarly upregulated whereas a subset of these genes remain largely 138 
unchanged in the two cell lines (Figure S1A). Thus, the HCT116 UPF3B knockout cells 139 
represent an appropriate model to study UPF3B-dependent and -independent NMD.  140 

To identify transcriptome-wide targets of UPF3B-dependent and -independent NMD 141 
branches, we performed RNA-Seq from wild-type (WT) and 3BKO#1 HCT116 cells transfected 142 
with either control siRNA (siNC) or UPF1 targeting siRNA (siUPF1) (Figure S1B). The 143 
mRNAs upregulated in UPF3B knockout cells as compared to WT cells can be considered 144 
UPF3B-dependent NMD targets. Since UPF1 should be required for all NMD, mRNAs 145 
upregulated after UPF1 knockdown (KD) in UPF3B knockout cells can be considered as 146 
UPF3B-independent NMD targets. We quantified gene expression at mRNA isoform level in 147 
these RNA-seq samples and carried out differential expression analyses. As expected after 148 
loss of an mRNA repressive factor such as UPF3B, the number of upregulated transcripts in 149 
3BKO#1 cells as compared to WT cells is much higher as compared to those downregulated 150 
(Figure S1C). However, the effects on the transcriptome after UPF3B loss are smaller as 151 
compared to the UPF1 knockdown (Figures S1D, E), suggesting a more restricted role of 152 
UPF3B than UPF1 in gene regulation.  153 

Short- or long-term depletion of gene regulatory proteins such as UPF factors can 154 
cause indirect changes in gene expression (Tani et al., 2012). Indeed, we observe a similar 155 
number of up- and down- regulated transcripts after 48-hour UPF1 knockdown in HCT116 156 
cells (Figure S1E). To minimize the impact of such indirect effects on transcriptome-wide 157 
quantification of NMD factor contributions to the pathway, we focused on a specific class of 158 
genes that produce two types of transcript isoforms, one with an exon-exon junction ≥50 159 
nucleotides downstream of a stop codon (PTC+ transcripts) and one that lacks this well-160 
known NMD-inducing feature (PTC- transcripts). Any change in NMD is expected to alter 161 
only the PTC+ isoforms whereas any indirect effects on gene expression are expected to 162 
similarly impact both the PTC+ and PTC- isoforms. A comparison of transcript isoform levels 163 
in 3BKO#1 versus control cells show a significant upregulation of PTC+ isoforms over PTC- 164 
isoforms (Figure 1C), similar to the trend observed in UPF1-KD versus control cells (Figure 165 
1D). We confirmed the specific and significant (in most cases) upregulation of PTC+ 166 
isoforms as compared to the PTC- isoforms of several genes in UPF3B-KO cells via a qPCR 167 
assay (Figure 1E and Figure S1F). These results suggest that UPF3B is required for the 168 
efficient downregulation of EJC-dependent NMD targets in HCT116 cells. 169 

We next examined the extent to which the EJC-mediated NMD pathway remains 170 
functional in our UPF3B knockout cells. If EJC-mediated NMD can still occur in the absence 171 
of UPF3B, we expect further upregulation of PTC+ isoforms as compared to PTC- isoforms 172 
when the NMD pathway is further compromised by UPF1 depletion in UPF3B knockout cells. 173 
In line with this prediction, we observe a significant global upregulation of PTC+ transcripts 174 
as compared to their PTC- counterparts after UPF1 knockdown in 3BKO#1 cells (Figure 1F), 175 
suggesting that EJC-mediated NMD can still occur in the absence of UPF3B.  176 
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In addition to EJC downstream of a stop codon, NMD can also be induced by long 177 
3′UTRs (Eberle et al., 2008; Hogg & Goff, 2010; Singh et al., 2008). To test if UPF3B is also 178 
required for NMD of mRNAs with extended 3′UTRs, we divided transcripts based on their 179 
3′UTR length into three groups each with a similar number of transcripts. As expected, UPF1 180 
knockdown causes a significant upregulation of the group of transcripts with the longest 181 
3′UTRs as compared to those with medium or short 3′UTRs (Figure S1G). Surprisingly, 182 
UPF3B knockout shows a negligible effect on the relative abundance of long 3′UTR-183 
containing transcripts (Figure S1H). Therefore, while UPF3B is important but not essential 184 
for the EJC-induced NMD in HCT116 cells, it likely plays an insignificant role in long 3′UTR-185 
mediated NMD in these cells. 186 

 187 
UPF3A replaces UPF3B in EJC-UPF complexes in UPF3B knockout cells  188 
We next sought to address how can EJC-dependent NMD operate in human cells in the 189 
absence of UPF3B, which is widely believed to act as a bridge between the UPF proteins 190 
and the downstream EJC. To investigate the NMD complexes that assemble in the presence 191 
or absence of UPF3B, we used CRISPR-Cas9 gene editing to insert a FLAG affinity tag-192 
encoding sequence immediately downstream of the start codon at the endogenous UPF1 193 
locus in both WT and UPF3B knockout cells. This facilitates FLAG immunoprecipitation (IP) 194 
of the UPF1-containing complexes from the two cell lines. We find that while in wild-type 195 
cells, UPF1 mainly associates with UPF3B and only minimally with its paralog UPF3A, in 196 
UPF3B knockout cells, UPF1-UPF3A association is dramatically enhanced (Figure 2A). 197 
Importantly, the enhanced UPF1-UPF3A association is independent of RNA. As expected 198 
based on the previous observations (Chan et al., 2009; Tarpey et al., 2007), UPF3A is 199 
upregulated 3.5-fold in UPF3B knockout cells (Figure 2B). Notably, in RNA-Seq data from 200 
3BKO#1 cells, UPF3A mRNA shows 1.8-fold increase. Thus, overall increase in UPF3A in 201 
UPF3B knockout cells likely occurs both at the mRNA and protein level. Similar to its 202 
enhanced association with the UPF complex in the absence of UPF3B, UPF3A also shows 203 
increased co-IP with core EJC factor EIF4A3 (Figure 2C) and peripheral protein CASC3 204 
(Figure S2A) in UPF3B knockout cells. 205 

To validate that UPF3A is indeed incorporated into EJC-UPF complex, we inserted a 206 
FLAG affinity tag into the MAGOH locus and a MYC affinity tag into the UPF2 locus. We 207 
then knocked out either UPF3A or UPF3B in this dual-tagged cell line by inserting an 208 
antibiotic resistance gene followed by polyadenylation signal. From these cells, a tandem IP 209 
of FLAG-MAGOH followed by MYC-UPF2 can isolate the EJC-UPF complex from WT, 210 
UPF3A knockout or UPF3B knockout cells. In the WT and UPF3A knockout cells, UPF3B is 211 
the major paralog incorporated into the EJC-UPF complex as indicated by co-IP of UPF3B 212 
and CASC3 (Figure S2B). In comparison, in the UPF3B knockout cells, UPF3A is 213 
incorporated into the complex at a much higher level (Figure S2B). We also notice that there 214 
is an overall decrease in the abundance of the UPF2-EJC complex in UPF3B knockout cells 215 
as compared to WT or UPF3A knockout cells (Figure S2B). Together, these data suggest 216 
that UPF3A is capable of simultaneously engaging with the UPF and EJC proteins 217 
particularly in the absence of UPF3B. 218 

 219 
UPF3A compensates for UPF3B function in NMD 220 
Previous evidence from human cells suggests that UPF3A can act as a weak NMD activator 221 
particularly in cells with reduced UPF3B levels (Chan et al., 2009; Kunz et al., 2006). 222 
Interestingly, when overexpressed in wild-type cells, UPF3A can inhibit NMD (Chan et al., 223 
2009; Shum et al., 2016). Our results above suggest that UPF3A may provide UPF3 function 224 
during NMD in the absence of UPF3B. To evaluate contribution of UPF3A to NMD in wild-225 
type and UPF3B knockout cells, we knocked-down UPF3A in WT and 3BKO#1 cells (Figure 226 
S2C) and performed RNA-Seq to quantify global transcript levels as above. We observe that 227 
while UPF3A knockdown in WT HCT116 cells leads to widespread changes in the 228 
transcriptome (Figure S2D), changes between PTC+ and PTC- isoforms are negligible 229 
(Figure 2D). These data suggest that in wild-type HCT116 cells, UPF3A is largely 230 
inconsequential for NMD and neither acts as an NMD enhancer or repressor. In contrast to 231 
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the wild-type cells, when abundance of PTC+ and PTC- transcripts is compared in UPF3B 232 
knockout cells after UPF3A or control knockdown, we observe a specific and significant 233 
upregulation of the PTC+ transcript group in cells depleted of both UPF3A and UPF3B as 234 
compared to cells lacking only UPF3B (Figure 2E). These data suggest that UPF3A 235 
possesses the ability to activate NMD that becomes prominent only in the absence of 236 
UPF3B while in wild-type cells UPF3A potentially has a function outside NMD. 237 

We next tested if UPF3A and UPF3B affect similar or distinct set of NMD targets. We 238 
defined UPF3B-dependent targets as PTC+ transcripts that show significant and ≥1.5-fold 239 
upregulation in 3BKO#1 cells as compared to WT cells, and compared their change upon 240 
additional UPF3A knockdown versus control knockdown in 3BKO#1 cells. As control, we 241 
compared change in the corresponding PTC- group under the same conditions. We find that 242 
UPF3B-dependent PTC+ group shows a strong upregulation after UPF3A knockdown in 243 
3BKO#1 cells (Figure 2F). At the same time, the UPF3B-independent transcripts, which 244 
change ≤1.2-fold in 3BKO#1 cells as compared to WT cells, are also similarly affected by 245 
UPF3A knockdown in 3BKO#1 cells, albeit to a lesser extent (Figure 2G). Thus, in the 246 
absence of UPF3B, UPF3A acts on a similar set of mRNAs as UPF3B, and NMD targets that 247 
are insensitive to UPF3B are only weakly affected by UPF3A. 248 

To further validate the UPF3A function in NMD, we created UPF3A knockout cells 249 
(3AKO) either by deleting the genomic region encompassing exons 1 and 2 and part of intron 250 
2 or by inserting a blasticidin resistance marker followed by a polyadenylation signal (Figure 251 
S2E,F). We also created a UPF3A+3B double knockout (3DKO) cells by combining the two 252 
antibiotic resistance markers for each gene (Figure S2F). qPCR based quantification of 253 
PTC+ transcripts that are upregulated upon UPF3B loss (Figure 1E and Figure S1F) and 254 
their corresponding PTC- isoforms shows that the loss of UPF3A has minimal or no effect on 255 
the abundance of any of the PTC+ isoforms (Figure 2G and S2F) confirming that UPF3A is 256 
dispensable for NMD of this subset of transcripts. In comparison, all the PTC+ transcripts 257 
show the highest upregulation in the UPF3 double knockout cell lines (Figure 2G and Figure 258 
S2F) reflecting the additive effects of loss of UPF3A and UPF3B on NMD of these transcripts 259 
(except for NFKBIB, which shows a minor additive effect). Together, these results show that 260 
UPF3A works in the EJC-dependent NMD but only in the absence of UPF3B. Hereafter, we 261 
will use UPF3 to refer to both the paralogs. 262 

We next tested if the minimal effect of the loss of UPF3B on long 3′UTR-containing 263 
mRNAs (Figure S1G,H) was due to the compensation of UPF3 function by UPF3A in UPF3B 264 
knockout cells. We observe that UPF3A knockdown in UPF3B knockout cells or in WT cells 265 
does not lead to an upregulation of long 3′UTR transcripts (Figure S2H). In turn, UPF3A 266 
might even mildly inhibit long 3′UTR-mediated NMD as UPF3A knockdown leads to a 267 
modest but significant downregulation of the transcript group with the longest 3′UTRs in both 268 
WT and UPF3B knockout HCT116 cells (Figure S2I). Due to the minimal impact of UPF3 269 
proteins on long 3′UTR-mediated NMD in HCT116 cells, from hereon we focus only on 270 
UPF3 function in EJC-mediated NMD. 271 

 272 
CASC3-containing EJC potentiates UPF3-dependent NMD 273 
We next tested the contribution of other factors from the EJC-mediated NMD pathway to 274 
UPF3 function in this branch of NMD. We first focused on CASC3-containing EJC as 275 
previous observations from human embryonic kidney (HEK293) cells suggest that there 276 
exists a functional synergy between the CASC3-containing EJC and UPF3B (Gerbracht et 277 
al., 2020; Mabin et al., 2018). To test if CASC3-UPF3B preferential association is also 278 
present in other cell types, we overexpressed in HeLa cells either wild-type CASC3 or a 279 
mutant CASC3 (HDAA) that is unable to associate with the EJC core (Ballut et al., 2005). 280 
We observe an enhanced EJC-UPF3B association in HeLa cells when wild-type CASC3 but 281 
not the CASC3 HDAA mutant is overexpressed (Figure 3A, compare lanes 9-10 with lanes 282 
11-12). To test if CASC3 overexpression can similarly enhance EJC-UPF3A association, we 283 
created a UPF3B knockout in HeLa cells by deleting a ~1.4 kb region of the UPF3B locus 284 
encompassing part of its promoter region, first exon and part of the first intron (Figure S3A 285 
and S3B). UPF3B knockout in HeLa cells results in a similar enhancement of EJC-UPF3A 286 
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association (Figure S3C) as observed in HCT116 cells (Figure 2C). Furthermore, 287 
overexpressing wild-type CASC3 but not the CASC3 HDAA mutant in UPF3B knockout 288 
HeLa cells enhances UPF3A co-IP with EIF4A3 (Figure 3B, compare lanes 9-10 with lanes 289 
11-12). Additionally, CASC3 knockdown reduces both EJC-UPF3B and EJC-UPF3A 290 
association in wild-type and UPF3B knockout HeLa cells (Figure S3D). Together, these 291 
results suggest that CASC3 promotes the EJC-UPF3 association. 292 

To investigate CASC3-UPF3B association in HCT116 cells, we inserted FLAG 293 
sequence into endogenous UPF3B, CASC3 and MAGOH loci to express FLAG-tagged 294 
translational fusions of these factors. From these cells, we performed FLAG IPs followed by 295 
a second IP of the EJC core factor EIF4A3 to isolate compositionally different EJCs. We find 296 
that CASC3 is strongly enriched in UPF3B-containing EJC as compared to EJCs purified via 297 
its core factors, which likely are a mixture of EJCs of distinct compositions (Figure 3C, 298 
compare lanes 4 and 5). We hypothesized that preferential association between CASC3 and 299 
UPF3B will enrich the EJCs containing the two proteins on a similar set of transcripts. To test 300 
this possibility, we carried out RIPiT-Seq (RNA IP in tandem followed by high-throughput 301 
sequencing (Singh et al., 2012)) to identify the RNA footprints of FLAG-MAGOH:EIF4A3, 302 
FLAG-UPF3B:EIF4A3 and FLAG-CASC3:EIF4A3 complexes. As expected, the RNA 303 
footprints of the three complexes show a strong enrichment at the exon 3′ ends at the 304 
expected EJC binding site (Figure 3D and Figure S3E). To test if UPF3B and CASC3 exhibit 305 
synergistic binding to transcripts, we first individually compared CASC3:EIF4A3 and 306 
UPF3B:EIF4A3 occupancy to the EJC core (MAGOH:EIF4A3) occupancy. Genes that are 307 
enriched in either UPF3B-EJC or CASC3-EJC as compared to the EJC core show a large 308 
and significant overlap (Figure 3E). In contrast, little overlap is detected between genes that 309 
are UPF3B-depleted and CASC3-enriched, or vice versa (Figure S3F,G). Strikingly, we 310 
observe a strong positive correlation between transcriptome wide UPF3B and CASC3 311 
binding relative to the EJC core (Figure 3F) suggesting that UPF3B and CASC3 312 
preferentially bind to a similar set of transcripts.  313 

We next asked if UPF3B-EJC occupancy influences NMD efficiency, i.e., does 314 
increased UPF3B-EJC binding to an mRNA lead to more efficient NMD? For this analysis, 315 
we selected genes that express at least one PTC+ isoform, and for NMD efficiency of each 316 
gene, we used the highest fold change observed for its PTC+ isoform in UPF3 depleted cells 317 
(UPF3A knockdown in 3BKO#1 cells) as compared to control (WT cells with negative control 318 
knockdown). Upon comparison of NMD efficiency estimates for these genes to their EJC 319 
core-normalized UPF3B-EJC occupancy, we do not observe any appreciable correlation 320 
between the two metrics (Figure 3G). Similar relationship is seen between NMD efficiency 321 
and mRNA expression-normalized UPF3B (Figure S3H) or EJC core (Figure S3I) 322 
occupancy. Together, these data suggest that in wild-type HCT116 cells UPF3B or EJC 323 
occupancy are unlikely to be limiting factors for NMD.  324 

To directly investigate the dependence of UPF3-dependent NMD on CASC3, we 325 
measured the levels of UPF3B-dependent PTC+ transcripts in a HCT116 cell line where 326 
CASC3 expression is completely knocked out by frameshifting indels around its start codon 327 
(Figure S3J). We observe a moderate increase in abundance of ILK, RPS9 and SRSF3 328 
PTC+ transcripts while no such change is observed in the case of NFKBIB PTC+ isoform, an 329 
NMD target that is the least affected by the loss of UPF3 (Figure 2G). Thus, normal CASC3 330 
levels are important for efficient UPF3-dependent NMD. 331 

 332 
UPF2 and UPF3 function in EJC-mediated NMD is interdependent 333 
To test if the UPF3 paralogs are required by UPF2 for its function in EJC-mediated NMD, we 334 
knocked down UPF2 in wild-type and in UPF3A and UPF3B double knockout HCT116 cells 335 
(Figure S4A).  While UPF2 knockdown in wild-type cells alters expression of more than two 336 
thousand transcripts (Figure S4B), only less than a quarter are changed after UPF2 337 
knockdown in UPF3 double knockout cells (Figure S4C), suggesting that UPF2 depletion in 338 
cells lacking UPF3 causes fewer additional changes in gene expression. Such an effect is 339 
more obvious for EJC-mediated NMD substrates. While a significant upregulation of PTC+ 340 
isoforms is seen upon UPF2 knockdown in wild-type cells (Figure 4A), no such change is 341 
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observed between PTC+ and PTC- isoforms upon depleting UPF2 in UPF3 double knockout 342 
cells (Figure 4B). These data suggest that UPF2 function in EJC-mediated NMD depends on 343 
UPF3, and that these factors act on a shared set of transcripts in the EJC-mediated NMD 344 
branch. 345 

 346 
EJC-mediated NMD can completely bypass the need for UPF3 347 
It has been previously reported that NMD of a TCR-β reporter mRNA and a handful of 348 
endogenous NMD substrates can occur independently of UPF3 in human cells (Chan et al., 349 
2007). However, in these experiments UPF3 paralogs were depleted using RNA interference 350 
thus leaving open a possibility that some residual UPF3 proteins may still be able to sustain 351 
NMD. We therefore tested the existence and extent of any EJC-mediated NMD that can still 352 
occur in UPF3 double knockout cells. We observe that, like in wild-type cells (Figure 4C), 353 
UPF1 knockdown in UPF3 double knockdown cells leads to further upregulation of PTC+ 354 
isoforms compared to PTC- isoforms (Figure 4D), suggesting that some EJC-mediated NMD 355 
can still function in the complete absence of both UPF3 proteins. Our data provides a strong 356 
support for the existence of a UPF3-independent NMD branch, which also is unlikely to 357 
require UPF2. 358 

It remains unknown if UPF3-dependent and -independent NMD branches target 359 
different mRNAs or if the two branches target same set of mRNAs that show variable NMD 360 
commitment in the presence/absence/variable levels of UPF3 proteins. To test this idea, we 361 
separated PTC+ mRNAs into two groups (i) a UPF3-dependent group that is significantly 362 
upregulated ≥1.5-fold in 3DKO cells, and (ii) a UPF3-independent group that changes ≤1.2-363 
fold in 3DKO cells. If UPF3-independent NMD branch targets distinct mRNAs that are still 364 
degraded by NMD in 3DKO cells, then these PTC+ mRNAs are expected to be upregulated 365 
upon UPF1 knockdown in 3DKO cells. However, we observe that the UPF3-independent 366 
PTC+ mRNAs show only a very minor upregulation as compared to their PTC- counterparts 367 
when 3DKO cells are depleted of UPF1 (Figure 4E). In contrast, the UPF3-dependent group of 368 
PTC+ mRNAs shows a more prominent upregulation under these conditions (Figure 4F). 369 
These data indicate that PTC+ mRNAs that undergo UPF3-dependent NMD can still be 370 
targeted by the NMD pathway in UPF3-independent manner, perhaps at a reduced rate. 371 

 372 
UPF3A and UPF3B differ in their NMD activity that is dictated by their mid domains 373 
Although previous work suggests that in human cells UPF3A can suppress NMD of certain 374 
endogenous genes (Shum et al., 2016), we did not observe such an activity of UPF3A in our 375 
analysis of EJC-mediated NMD targets in HCT116 cells (Figures 2 and S2). Notably, among 376 
previous reports of UPF3A’s NMD suppressing activity in human cells, most robust NMD 377 
inhibition was observed in the case of a β-globin NMD reporter mRNA under UPF3A 378 
overexpression conditions (Chan et al., 2009; Shum et al., 2016). Indeed, we confirmed that 379 
β-globin mRNA reporter with a PTC at codon 39 (β39) is stabilized when UPF3A is 380 
overexpressed in wild-type HeLa cells. In comparison, UPF3B overexpression shows little 381 
effect on the reporter mRNA half-life as compared to the control (Figure 5A). Additionally, 382 
these results also highlight that despite UPF3A’s ability to compensate for UPF3B function in 383 
NMD, the two paralogs have notable differences in their NMD activity. To further investigate 384 
these differences, we compared the ability of UPF3A and UPF3B to rescue the strong defect 385 
in β39 reporter mRNA NMD in UPF3B knockout HeLa cells as compared to the wild-type 386 
cells (Figure 5B). While overexpressing exogenous UPF3B in UPF3B knockout cells fully 387 
rescues β39 reporter mRNA decay, overexpressing UPF3A in these cells only mildly 388 
rescues the decay of the reporter (Figure 5B). Together, these data suggest that, while 389 
UPF3A can functionally compensate for UPF3B, the two paralogs exhibit different NMD 390 
activities. 391 

We next sought to identify the molecular basis of the differences in the NMD activity 392 
of the two human UPF3 paralogs. We created a series of domain swap mutants where each 393 
UPF3A domain is replaced by the corresponding sequence from UPF3B (Figure 5C) with the 394 
goal to identify the UPF3B domain that will confer UPF3A with a full UPF3B-like NMD 395 
activity. An expectation based on the previous work is that the lower UPF3A NMD activity 396 
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results from its weaker EJC binding compared to UPF3B due to an arginine-to-alanine 397 
change at position 423 in the EJC binding motif (EBM) within the carboxy (C)-terminal 398 
domain (Kunz et al., 2006). However, we find that in the UPF3B knockout cells 399 
overexpressing a UPF3A mutant with the UPF3B C-terminal domain, the steady-state β39 400 
mRNA levels are similar to those in the cells transfected with wild-type UPF3A and ~3-fold 401 
higher than the cells expressing UPF3B (Figure 5D). Surprisingly, the UPF3A mutant that 402 
carries the UPF3B mid-domain (region between the UPF2 binding domain and the C-403 
terminal domain) lowers the β39 mRNA steady-state levels to a similar extent as UPF3B 404 
(Figure 5D). Thus, we conclude that the UPF3B mid-domain, and not its EBM-containing C-405 
terminal domain, might underlie the difference between UPF3A and UPF3B NMD activity.  406 

To compare the EJC and UPF binding ability of the UPF3A swap mutants to the wild-407 
type UPF3 paralogs, we created stable cell lines in the UPF3 double knockout background 408 
using the PiggyBac transposon system to express FLAG-tagged UPF3 proteins and the 409 
UPF3A swap mutants. EIF4A3 IP from these cells shows that, as previously reported, 410 
UPF3A shows weaker binding to the EJC as compared to UPF3B (Figure 5E, compare lanes 411 
7 and 8). Interestingly, both UPF3A-3BMid and UPF3A-3BC mutants show an increased 412 
association with the EJC (Figure 5E and Figure S5A) even though only UPF3A-3BMid 413 
mutant can rescue the decay of NMD reporter mRNA (Figure 5D). We conclude that while 414 
the UPF3B mid and C-terminal domains can independently enhance EJC association, 415 
possibly via distinct mechanisms, the difference in NMD activity of UPF3A and UPF3B 416 
primarily stems from their mid-domains. A previous report has suggested that UPF3B mid-417 
domain (smaller than as defined here) can associate directly with eRF3 (GSPT1) protein in 418 
vitro (Neu-Yilik et al., 2017). However, FLAG-IP of UPF3A or UPF3B fails to co-IP detectable 419 
eRF3 (Figure S5B), possibly due to the transient nature of such association in HCT116 cells. 420 

 421 
EJC binding is largely dispensable for UPF3 NMD activity 422 
While we do observe stabilization of NMD mRNA after UPF3A overexpression, our data 423 
cannot conclude if such “NMD repressor” activity is physiologically present. Interestingly, 424 
sequence alignment of human, mouse and rat UPF3 C-terminal domains reveals that while 425 
the domain is conserved among the three species, mouse and rat UPF3A lack most or all 426 
residues required for EJC-binding whereas human UPF3A retains most of the EJC-binding 427 
residues (Figure 6A). Consistently, IP of FLAG-tagged mouse UPF3A (mUPF3A) from 3DKO 428 
cells shows a near complete absence of EJC factors in the immunoprecipitates, while human 429 
UPF3A (hUPF3A) can still associate with EJC proteins albeit more weakly as compared to 430 
human UPF3B (Figure 6B). Importantly, all three proteins show a comparable association 431 
with UPF2. Furthermore, mUPF3A transiently expressed in HeLa cells also fails to co-IP any 432 
detectable levels of EJC proteins (Figure S6). We conclude that over the course of evolution, 433 
the UPF3A proteins in mouse, and most likely in rat as well, have lost their EJC binding 434 
ability.  435 

We hypothesized that due to its loss of EJC binding activity, mouse UPF3A may not 436 
be able to compensate for UPF3B loss in human cells, which might reconcile the difference 437 
between our observation and the previous study (Shum et al., 2016). Surprisingly, however, 438 
when we expressed mouse or human UPF3A proteins, or human UPF3B as a control, in 439 
3DKO cell lines, all three UPF3 proteins fully rescue the NMD of all but one PTC+ isoforms we 440 
examined (Figure 6C). Mouse UPF3A expression in 3DKO cells leads to partial rescue only in 441 
the case of the ILK PTC+ isoform, which shows the strongest UPF3B dependence (Figures 442 
1E, 2G and 6C) and full rescue by either human UPF3A or UPF3B (Figure 6C). These data 443 
provide the first evidence that EJC-binding is not required for the NMD activity of UPF3 in 444 
human cells and may play a more secondary role in EJC-mediated NMD.  445 
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DISCUSSION 446 
Of the three core NMD factors, UPF3 has evolved most rapidly in eukaryotes. In multicellular 447 
organisms, on the one hand it appears to have lost its essentiality for NMD activity, and on 448 
the other, it has gained an ability to interact with the NMD-stimulating EJC. Furthermore, in 449 
vertebrates, UPF3 gene has duplicated into paralogous UPF3A and UPF3B, which have 450 
diverged in their EJC binding ability. The emergence of these variations in UPF3 raises 451 
several questions: What is UPF3’s primary function in NMD? If NMD can occur without EJC 452 
in yeast, what is the role of EJC interaction in UPF3 function? How do the two paralogs 453 
contribute to UPF3 activity in the pathway? How can NMD function in the absence of 454 
UPF3B, or UPF3 altogether, and how prevalent is such an NMD activity? Our work here 455 
using complete UPF3A and UPF3B loss-of-function human cell lines adds to the 456 
experimental evidence that is leading toward answers to these important questions. Based 457 
on the existing data and our results reported here, we present an updated model of UPF3A 458 
and UPF3B function in mammalian NMD (Figure 7), which is further elaborated below. 459 
 460 
UPF3A is an NMD activator  461 
The early studies on UPF3A suggested that it acts as a weak NMD activator in human cells 462 
(Chan et al., 2009; Kunz et al., 2006). However, the recent work by Shum et al using mouse 463 
models and cell lines has instead suggested that the UPF3 gene duplication fueled neo-464 
functionalization of UPF3A into an NMD repressor (Shum et al., 2016). In the model 465 
proposed by Shum et al, weak EJC binding by UPF3A sequesters UPF2 away from the 466 
NMD complex thereby leading to NMD inhibition (Shum et al., 2016). In our work here in 467 
human (HCT116) cells, we do not observe any negative (or positive) effects on the levels of 468 
PTC-containing mRNAs when UPF3A is depleted via RNA interference (Figure 2D) or when 469 
it is completely knocked out (Figure 2G) in wild-type cells. These data suggest that UPF3A 470 
does not interfere with UPF3B function in EJC-mediated NMD, and hence does not act as 471 
NMD repressor in these cells. On the contrary, several lines of evidence from our work 472 
suggests that UPF3A acts as an NMD activator, particularly in the absence of UPF3B. In 473 
cells lacking UPF3B, UPF3A is upregulated (Figure 2B) (Chan et al., 2009; Nguyen et al., 474 
2012; Tarpey et al., 2007), and its incorporation in EJC-UPF complexes is dramatically 475 
enhanced (Figures 2A,2C, S2A-B) (Chan et al., 2009). Further, a partial or complete UPF3A 476 
depletion in UPF3B lacking cells leads to robust upregulation of EJC-mediated NMD targets, 477 
both at a global level (Figure 2E) and at an individual transcript level (Figures 2G, S2F). This 478 
evidence suggests that in the absence of UPF3B, UPF3A engages with the NMD machinery 479 
to sustain the EJC-mediated NMD pathway. Moreover, we find that UPF3A is comparable to 480 
UPF3B in its ability to rescue EJC-mediated NMD of various endogenous PTC-containing 481 
mRNAs (Figure 6C) although some notable differences between the two paralogs are 482 
observed (see below). Additionally, UPF3A’s impact on NMD overlaps with that of UPF3B 483 
(Figure 2F) (Figure 2G). Importantly, a parallel study by Wallmeroth et al. also shows that 484 
UPF3A functions as a NMD activator in HEK293 cells that lack UPF3B. The redundancy 485 
between UPF3A and UPF3B is more exacerbated in these cells as only depletion of both the 486 
proteins leads to transcriptome-wide NMD inhibition (Wallmeroth et al., 2021). This evidence 487 
also suggests that in human patients with UPF3B inactivating mutations, UPF3A can likely 488 
fill in for UPF3B in most of the EJC-dependent NMD, which is critical for several 489 
physiological processes (e.g., hematopoiesis (Weischenfeldt et al., 2008)). However, UPF3A 490 
cannot compensate for UPF3B functions in select contexts such as brain development 491 
possibly due to differences in function or gene expression patterns of the paralogs. 492 

While our findings point to an NMD activating role for UPF3A, in certain specific 493 
contexts, UPF3A can inhibit NMD. For example, under artificial conditions, UPF3A 494 
overexpression in wild-type HeLa cells slows down NMD of the β-globin reporter mRNA 495 
(Figure 5A) (Chan et al., 2009). Such conditions do arise in specific cell types (e.g. mouse 496 
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germ cells) and/or developmental stages (e.g. early mouse embryogenesis, 497 
spermatogenesis) where UPF3A expression is dramatically increased. An important context 498 
is male germ cells where UPF3A is likely the main source of UPF3 activity due to the 499 
presumed silencing of UPF3B due to meiotic X-chromosome inactivation (Turner, 2007). 500 
Shum et al showed that high UPF3A to UPF3B ratio in these cells inhibits NMD of selected 501 
NMD targets. (Shum et al., 2016). It will be important to assess UPF3A function in NMD in 502 
germ cells at a fuller global scale to determine if NMD repression is its dominant function in 503 
these cells or if it acts both as NMD activator and repressor, perhaps in transcript specific 504 
manner. Notably, Shum et al. did find that UPF3A can activate NMD of a small subset of 505 
transcripts in a mouse stem cell line. Our findings here also shed light on the mechanistic 506 
basis of potential NMD inhibitory action of UPF3A. We show that mouse UPF3A, which 507 
completely lacks EJC binding activity (Figure 6B), can still rescue NMD of most endogenous 508 
mRNA targets in UPF3 double knockout cells to the same level as the human UPF3A or 509 
UPF3B proteins. This ability of mouse UPF3A to activate NMD without EJC binding suggests 510 
that it is unlikely that weak or no EJC binding by UPF3A proteins can cause NMD 511 
repression. Instead, UPF3A may inhibit NMD potentially by outcompeting the stronger NMD 512 
factor UPF3B (Figure 5A).  513 

The basis of conservation of two similar UPF3 paralogs remains to be fully 514 
appreciated. It is possible that in addition to UPF3A’s NMD repressive activity, its ability to 515 
activate NMD, or even its NMD-independent functions (Figure S2D; (Ma et al., 2019)) may 516 
have contributed to its conservation through vertebrate evolution. 517 
 518 
Dispensability of UPF3-EJC interaction warrants a revised model for UPF3 function in 519 
NMD 520 
Current NMD models suggest that in the EJC-mediated NMD, UPF3B acts as a bridging 521 
molecule between the UPF proteins and the downstream EJC. This view is based on 522 
UPF3B’s ability to directly bind to UPF2 via its N-terminal RRM domain (Kadlec et al., 2004) 523 
and to a composite surface on the EJC core via the EJC binding motif in its C-terminus 524 
(Chamieh et al., 2008). Surprisingly, we find that mouse UPF3A, which is missing most of 525 
the EJC binding motif (Figure 6A) and hence lacks any detectable EJC binding (Figure 6B), 526 
is still capable of rescuing NMD of several PTC-containing mRNAs (Figure 6C). Additionally, 527 
replacing the weaker EJC binding C-terminal region of human UPF3A with the stronger EJC 528 
binding C-terminal domain of human UPF3B does not improve the NMD function of the 529 
chimeric UPF3A protein (Figures 5C-E). Thus, our findings suggest that UPF3 proteins 530 
(UPF3A or UPF3B) can activate NMD without EJC binding, thereby challenging the 531 
decades-old bridging model for UPF3 function in the pathway.   532 

We propose that EJC binding by UPF3 proteins is not a primary activity of these 533 
proteins in the NMD pathway. It is more likely that EJC binding is important to recruit UPF3 534 
(and perhaps UPF2) to mRNA exon-exon junctions (Figure 3, Figure 7) to increase the 535 
likelihood of NMD activation by yet another UPF3 function when translation terminates at 536 
PTC (Figure 7). The recruitment of both human UPF3 paralogs to mRNA via the EJC can be 537 
enhanced by CASC3 (Figures 3, S3 and 7), which is a defining component of a 538 
compositionally distinct EJC (Mabin et al., 2018). How CASC3 enhances EJC interaction 539 
with UPF3 remains to be seen. The current understanding of CASC3 and UPF3B interaction 540 
with the EJC core is limited to the small regions of the two proteins that directly contact the 541 
EJC (Buchwald et al., 2010; Melero et al., 2012). It is possible that additional interactions 542 
between other regions of CASC3 (e.g. N- or C-terminal domains on either side of the EJC 543 
binding SELOR domain) and UPF3 (e.g. mid-domain, which enhances EJC interaction 544 
(Figure 5D)) contribute to EJC association of UPF3. Although the effect of CASC3 loss on 545 
UPF3-mediated NMD targets appear to be modest (Figure 3H), modulation of CASC3 levels, 546 
for example by miR128 in neuronal cells (Bruno et al., 2011), can regulate UPF3-dependent 547 
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NMD. How can the need for UPF3 recruitment to mRNAs via EJC be bypassed? It is 548 
possible that at higher UPF3 expression levels, such as those achieved in the rescue 549 
experiments in Figure 6, this prior mRNA recruitment of UPF3 becomes dispensable, and 550 
the primary function of UPF3 is sufficient to drive NMD. Interestingly, compromised EJC 551 
recruitment of UPF3B in cells depleted of ICE1, which also aids in UPF3B-EJC interaction, 552 
can be similarly overcome by UPF3B overexpression (Baird et al., 2018). 553 

What is the primary role of UPF3 proteins in NMD activation? Early studies from 554 
yeast revealed that these proteins, including UPF3, can physically engage with termination 555 
factor eRF3 (Wang et al., 2001). These data suggested a role for UPF proteins in 556 
discrimination between normal and premature termination events, but the detail of such 557 
mechanisms has remained elusive. A recent investigation using an in vitro assay to monitor 558 
translation termination found that UPF3B, but not UPF1 or UPF2, can slow down the 559 
termination reaction and promote disassembly of the terminated ribosome (Neu-Yilik et al., 560 
2017). Interestingly, this report shows that UPF3B can directly interact with eRF3 and eRF1. 561 
In fact, the direct in vitro UPF3B-eRF3 interaction is mediated by a UPF3B region that falls 562 
within the segment that we define here as the mid-domain (Figure 5C). How these 563 
translation termination-linked UPF3 activities and interactions contribute to NMD was 564 
however unknown. Our work here shows the importance of the mid-domain for efficient NMD 565 
(Figure 5D), even though we do not detect an association between UPF3B and eRF3 in 566 
HCT116 cells (Figure S5B). It is possible that this interaction is transient in nature and is 567 
reliably detectable only when the two proteins are exogenously expressed at much higher 568 
levels as in the previous work  (Neu-Yilik et al., 2017). It also remains to be seen if 569 
differences in NMD activity of UPF3A and UPF3B is governed by the differences in their mid-570 
domains to engage with termination factors. Nonetheless, our data and the findings of 571 
Wallmeroth et al. in the accompanying paper along with the published work (Neu-Yilik et al., 572 
2017) indicate that the UPF3 mid-domain plays an important role in NMD activation 573 
(Wallmeroth et al., 2021). The functional relevance of this poorly characterized region of the 574 
UPF3 proteins is further underscored by several missense UPF3B mutations that fall within 575 
this domain in individuals with neurodevelopmental disorders (Alrahbeni et al., 2015).  576 

Once translation terminates in a context where signals promoting normal termination 577 
are diminished (e.g. weakened PABPC1-eRF interaction, (Ivanov et al., 2008; Peixeiro et al., 578 
2012; Singh et al., 2008)) or where signals promoting premature termination are increased 579 
(e.g. more frequent 3′UTR binding of UPF1 and/or increased local concentration of 580 
UPF3/UPF2 by the downstream EJC), early steps in the NMD pathway ensue. Perhaps, 581 
these include recruitment of UPF3B to the termination complex via its interactions with eRFs, 582 
which leads to slowing down of the termination reaction. It is notable that premature 583 
termination has been proposed to be more inefficient than normal termination (He & 584 
Jacobson, 2015) even though the direct observation and mechanistic basis of such 585 
phenomenon remains elusive (Karousis et al., 2020). UPF1 and UPF2 have also been 586 
shown to interact with termination factors and may play a role in this process (Ivanov et al., 587 
2008; Kashima et al., 2006; López-Perrote et al., 2016; Singh et al., 2012; Wang et al., 588 
2001). Once termination reaction is deemed to be premature, yet another function of UPF3B 589 
can be to promote ribosome dissociation and/or recycling (Neu-Yilik et al., 2017). While it 590 
remains to be seen when in relation to termination reaction do critical NMD events such as 591 
UPF1 phosphorylation and UPF1 ATPase activation occur, it is likely that UPF3B continues 592 
to function at these downstream steps in the NMD pathway. It will be an important goal for 593 
future studies to precisely define the order and mechanism of steps that lead to NMD 594 
activation, and the contribution of UPF3 proteins to these steps. It will be also important to 595 
determine UPF3-independent mechanisms whereby the 3′UTR bound EJCs enhance 596 
premature termination and NMD (Figure 7). 597 
 598 
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UPF3-dependent and -independent NMD branches 599 
Even though UPF3 (UPF3B) plays a critical role in activating efficient NMD, multiple lines of 600 
evidence suggests that NMD in many organisms can proceed independently of UPF3. For 601 
example, unlike UPF1 and UPF2, UPF3 is not essential for viability in flies and its loss has 602 
only modest effect on many NMD targets (Avery et al., 2011). Similarly, some mRNAs can 603 
undergo NMD in human cells with dramatically reduced UPF3B levels or no UPF3B at all 604 
(Chan et al., 2007; Nguyen et al., 2012; Tarpey et al., 2007). Moreover, few mRNAs were 605 
only mildly affected upon severe depletion of both UPF3A and UPF3B from human cells 606 
(Chan et al., 2007, 2009). Our work now provides most definitive evidence for existence for 607 
UPF3-independent NMD as the PTC-containing mRNAs can be further upregulated upon 608 
UPF1 knockdown in cells completely lacking both UPF3A and UPF3B (Figure 4D). This 609 
UPF3-independent NMD is likely to be also UPF2-independent as the same set of 610 
transcripts are not affected by UPF2 depletion in UPF3 double knockout cells (Figure 4B). 611 
How could NMD proceed in the absence of UPF3 (and UPF2) remains to be investigated.  612 

Intriguingly, we observe that the same set of NMD-targeted transcripts that are UPF3 613 
sensitive can be further upregulated upon UPF1 depletion in UPF3 lacking cells (Figure 4F). 614 
Thus, these mRNAs can still undergo EJC-mediated NMD in the absence of UPF3. 615 
However, the NMD targets that are unaffected in UPF3 knockout cells remain largely 616 
unperturbed as a group under UPF1 limiting conditions (Figure 4E). This suggests that 617 
rather than targeting different sets of mRNAs, UPF3-dependent and UPF3-independent 618 
NMD branches are more likely to reflect fractions of same mRNAs that commit to NMD in 619 
UPF3-dependent or -independent manner. Further, in the parallel study, Wallmeroth et al. 620 
show that even UPF3B activities like UPF2 or EJC binding can function in a redundant 621 
manner to induce NMD (Wallmeroth et al., 2021). The mechanistic basis and functional 622 
significance of such a stochastic/conditional function of NMD factors in the pathway 623 
represents yet another exciting frontier for future work.  624 
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MATERIALS AND METHODS 625 
Plasmids 626 
For CRISPR-Cas9-mediated antibiotic resistance marker and polyadenylation signal knock-627 
in experiments (for gene knockouts), PX330 plasmid was used for introducing Cas9-628 
mediated cuts. PX330 was a gift from Feng Zhang (Addgene plasmid # 42230; 629 
http://n2t.net/addgene:42230; RRID:Addgene_42230). Guide RNA sequence was cloned as 630 
previously described (Ran et al., 2013). For donor plasmids, 300-500 bp left and right 631 
homology region from gene-of-interest, and puromycin resistance marker-Bovine Growth 632 
Harmone polyA-signal (amplified from pMK232 (Natsume et al., 2016)) or blasticidin 633 
resistance marker-Simian Virus 40 polyA-signal (amplified from pcDNA6/TR (Thermo 634 
Fisher)) were cloned into pTwist-Amp (Twist Bioscience) using Golden Gate Assembly 635 
(NEB). pMK232 was a gift from Masato Kanemaki (Addgene plasmid # 72834; 636 
http://n2t.net/addgene:72834; RRID:Addgene_72834) 637 

For the UPF3 WT and chimeric protein plasmids, human UPF3A (CCDS9543.1) 638 
domains, N-terminus (2-62), UPF2-binding domain (63-160), Mid (163-385), and C-terminus 639 
(386-476), are replaced by corresponding human UPF3B (CCDS14587.1) domains, N-640 
terminus (2-45), UPF2-binding domain (46-143), Mid (146-370), and C-terminus (371-470). 641 
UPF3 and chimeric proteins DNA are cloned into pcDNA3ez-FLAG plasmid using BamHI 642 
and XbaI as previously described (Mabin et al., 2018; Singh et al., 2007). For CASC3 643 
expression plasmid, full length CASC3 and CASC3-HDAA mutant are cloned into pcDNA3ez 644 
with EcoRI and XbaI. 645 

For PiggyBac transposase expression plasmid, hyPBase sequence (Yusa et al., 646 
2011) was codon optimized for human cell expression and a synthetic DNA was cloned into 647 
mammalian expression vector pTwist-CMV-Beta-Globin by Twist Bioscience. PiggyBac 648 
transposon plasmids with Tet-ON system are made from PB-TRE-EGFP-EF1a-rtTA plasmid 649 
in Addgene #104454, which was a gift from Volker Busskamp (Addgene plasmid # 104454; 650 
http://n2t.net/addgene:104454; RRID:Addgene_104454). EGFP inserts in this plasmid were 651 
replaced by restriction sites NheI and NotI, and the puromycin resistance marker was 652 
replaced by neomycin resistance marker using Gibson Assembly (NEB). FLAG-tagged gene 653 
of interests are moved to the PiggyBac plasmid from pcDNA3 using NheI and NotI site. 654 

Plasmids expressing tet-inducible and control β-globin NMD reporters were 655 
previously described (Lykke-Andersen et al., 2000; Singh et al., 2007). 656 
 657 
Cell Culture 658 
HCT116 (ATCC) and HeLa Tet-Off (Takara) cell lines were cultured at 37°C and 5% carbon 659 
dioxide in a humidified chamber. McCoy's 5A (Modified) Medium (Gibco) for HCT116 cells 660 
and Dulbecco's Modified Eagle Medium with High Glucose (Gibco) for HeLa Tet-Off cells 661 
were supplemented with 10% Fetal Bovine Serum (Sigma) and 1% Penicillin-Streptomycin 662 
(Fisher). 663 
 664 
Cell transfection for transient or stable expression 665 
For protein knockdown using siRNA, 1.6 μl of RNAiMAX, 60 pmol of siRNA and 200 μl 666 
OMEM was incubated for 20 mins following manufacturer protocol. 3 × 105 cells were then 667 
added to the transfection mixture in a 6-well plate. 48 hours after initial transfection, total 668 
RNA was harvested. 669 

For transient expression of proteins in HeLa cells, plasmids were transfected using 670 
JetPrime (PolyPlus) transfection reagent following manufacturer protocol with one fifth of 671 
recommended DNA (e.g. 200 ng DNA was used per well of a 12-well plate if the user 672 
manual recommend 1000ng DNA). 24-48 hours later, cells were harvested for 673 
immunoprecipitation or northern blot. 674 
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To make stable PiggyBac cell lines, 286 ng of pTwist-CMV-BetaGlobin-hyPBase 675 
plasmid was co-transfected with 714 ng of transposon plasmid (neomycin resistant) that 676 
carries the gene of interest into a 6 well plate with 3 × 105 cells seeded a day before. 48 677 
hours post transfection, cells were trypsinized and expanded under 600 μg/ml G418 678 
selection for 2 weeks. Polyclonal cells resistant to G418 were then expanded and frozen for 679 
further experiments. To induce the protein expression from polyclonal PiggyBac stable cells, 680 
100 ng/ml of final doxycycline was added to the medium and cells were harvested after 24 681 
hours for immunoprecipitation or RNA extraction. 682 
 683 
Electroporation 684 
For electroporating CRISPR-Cas9 complexes into HeLa or HCT116 cells, ~2.5 × 105 cells 685 
were washed in PBS and resuspended in Ingenio Electroporation Solution (Mirus) with 1-2 686 
μM RNP complex to a final volume of 50 μl. The electroporation mix was then transferred to 687 
a Gene Pulser Electroporation Cuvette (0.2-cm gap). Electroporation was performed with 688 
Gene Pulser Xcell Electroporation Systems (Bio-Rad) under the following conditions: HCT 689 
116 cells: 120 V, 13 msec/per pulse, 2 pulses with 1 sec interval; HeLa cells: 130V, 950 µF 690 
capacitance, exponential decay pulse. 691 
 692 
CRISPR-Cas9 mediated knockout and knockin 693 
For UPF3BKO#1, two pX330 plasmids carrying two guide RNA sequences were co-694 
transfected into HCT116 cells using JetOptimus (PolyPlus) as described above. After 2-3 695 
weeks, single clones were isolated and screened for genomic deletion. 696 

For UPF3AKO#1, UPF3BKO#3 and UPF3BKO#4, two guide RNAs per gene were 697 
synthesized (IDT or Synthego). 50 pmol of Cas9 recombinant protein (Berkeley Q3) and 60 698 
pmol of each guide RNA were incubated for ~20 mins in 10 µl reaction supplemented with 699 
Ingenio Electroporation Solution. 2.5 × 105 cells were then mixed with CRISPR-Cas9 RNP 700 
complex and a final volume of 50 μl was used for the final electroporation reaction as 701 
described above. After 2-3 weeks, single clones were isolated and screened for genomic 702 
deletion. 703 

For resistance marker-based knockouts, donor plasmids carrying antibiotic 704 
resistance genes and homology arms along with pX330 plasmid expressing guide RNAs that 705 
targeted Cas9 close to the insert site were co-transfected using JetOptimus (PolyPlus).  706 

For knock-in of small affinity tags, HCT116 cells were synchronized using 2 μg/mL 707 
aphidicolin overnight and the synchronization was released 4 hours before the 708 
electroporation of CRISPR RNP complex. CRISPR RNP complex was prepared as 709 
described above and supplemented with 150 pmol of ssODN (50nt homology arms each 710 
side of the affinity tag). Electroporation was performed using Gene Pulser Xcell 711 
Electroporation System as described above. 712 

For MYC-UPF2, we were unable to achieve efficient knock-in without selection. We 713 
used a resistance marker-based knock-in approach where a donor plasmid carrying 714 
hygromycin resistance marker-P2A-MYC tag in frame with UPF2 ORF was co-transfected 715 
with pX330 expressing guide RNA targeting a site close to the UPF2 start codon. 716 
Hygromycin resistant clones were isolated and screened for correct insert. All DNA 717 
sequences edited via CRISPR-Cas9 were confirmed by Sanger sequencing. 718 
 719 
RNA extraction 720 
Cells were homogenized in TRI-reagent and RNA was extracted using one of three different 721 
methods. (1) RNA extraction was done following the manufacturer’s protocol, and then the 722 
extracted RNA was treated with 2 units of DNase I (NEB) and further cleaned up via phenol-723 
chloroform (pH 4.3) extraction and standard ethanol precipitation. (2) One volume of ethanol 724 
was added to the TRI-reagent homogenized sample and the mixture was loaded onto a 725 
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silica column (Epoch). The flowthrough was discarded and the column was washed once 726 
with high salt wash buffer (1.2 M Guanidine Thiocyanate; 10 mM Tris-HCl pH 7.0; 66% 727 
Ethanol) and twice with low salt wash buffer (10 mM Tris-HCl pH 7.0; 80% Ethanol). RNAs 728 
were eluted with water and subject to DNase I treatment as above. To the DNase I digested 729 
RNA, three volumes of RNA binding buffer (5.5 M Guanidine Thiocyanate; 0.55 M Sodium 730 
Acetate; 10 mM EDTA) and 4 volumes of ethanol were added. The mixture was then loaded 731 
into a silica column as above and washed twice with low salt wash buffer. RNA was then 732 
eluted in water. (3) All steps followed the second method with two exceptions: the silica 733 
columns were replaced with magnetic carboxylate modified beads (Cytiva) and the DNase I 734 
digestion was performed in the presence of beads (RNA gets eluted from beads upon 735 
addition of DNase I digestion mix). RNA was then re-bound to the magnetic beads by adding 736 
5 volumes of ethanol. RNAs are then washed with low salt wash buffer twice before eluting 737 
in water. 738 
 739 
RT-qPCR 740 
1.5 µg total RNA was reverse transcribed using Maxima RNaseH Minus Reverse 741 
Transcriptase following manufacturer’s protocol except that only 0.4 µl of the reverse 742 
transcriptase was added instead of 1 µl. cDNAs were then diluted to 5 ng/µl, and 3 µl of 743 
diluted cDNA was used per reaction. qPCR reactions were set up using iTaq Universal 744 
SYBR Green Supermix (Bio-Rad) with triplicates of 10 µl per reaction. qPCR was performed 745 
on a CFX-connect (Bio-Rad) equipment. 746 
 747 
β-globin reporter assays and Northern blots 748 
For pulse-chase assays, 75,000 HeLa Tet-off cells were plated in each well of a 12-well 749 
plate. After 24h, reporter mRNA and protein expression plasmids were transfected using 750 
JetPrime, following manufacturer’s protocol (using 3:1 ratio of reagent to µg DNA). Cells 751 
were transfected with 200 ng pTet2 β39 plasmid, 20 ng β-GAP internal control, 10 ng 752 
pcDNA3ez-YFP, and 20 ng pcDNA3ez-FLAG-UPF3A/B. 100 ng/ml Tetracycline was used to 753 
suppress β39 expression. After 24h, tetracycline was removed to induce β39 expression 754 
overnight (~16h). Tetracycline (1 µg/ml) was added, and cells were harvested in 0.5 ml 755 
TRIzol at indicated time points. For steady state assays, cells were transfected and induced 756 
in the same way as the reporter decay assay. At the day of harvesting, 1 µg/ml of 757 
tetracycline was added to all cells and cells are harvested 4-6 hours post transcription shut-758 
off. RNA was extracted as above and Northern blotting was performed as described 759 
previously (Mabin et al., 2018). 760 
 761 
Protein Immunoprecipitation 762 
Cells were washed with PBS and lysed with Gentle Hypotonic Lysis Buffer (20 mM Tris-HCl 763 
pH 7.5; 15 mM NaCl; 10 mM EDTA; 0.1% Triton X-100; 1× protease inhibitor cocktail; EDTA 764 
was replaced with 0.6 mM MgCl2 for magnesium-dependent IP (Fig. S6B)). A short 4-6 secs 765 
sonication pulse (10% amplitude) was applied to solubilize the chromatin fraction. 2-5 µl of 766 
the FLAG magnetic beads (Sigma) for FLAG-IP, and ~1 µg primary antibody conjugated with 767 
protein-A dynabeads (Thermo Fisher) for EIF4A3-IP or CASC3-IP, were added to cell 768 
lysates and nutated at 4°C for 30-60 mins. Magnetic beads were then washed 8 times with 769 
Isotonic Wash Buffer (20 mM Tris-HCl pH 7.5; 150 mM NaCl; 0.1% IGEPAL CA-630). FLAG 770 
proteins were eluted for 10-20 mins with 250 ug/ml 3× FLAG peptide (APExBIO) in Isotonic 771 
Wash Buffer at 37°C. Primary antibody conjugated with protein-A beads were eluted for 5 772 
mins in Clear Sample Buffer (100 mM Tris-HCl pH 6.8; 4% SDS; 10 mM EDTA) at 37°C. 773 
 774 
Total RNA-Seq library construction 775 
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800 ng of total RNA was rRNA-depleted using RiboCop rRNA Depletion Kit V1.3 (Lexogen) 776 
following manufacturer’s protocol. Libraries were then constructed using CORALL Total 777 
RNA-Seq Library Prep Kit (Lexogen). Libraries were quantified on RNA TapeStation and 778 
mixed at equimolar ratio for paired-end (2 × 150bp) sequencing using HiSeq4000 779 
(Novogene) platform. Due to the relative short length of our libraries, we used only read 1 780 
sequence for downstream analysis. We had three batches of experiments performed at 781 
different times, and only RNA-Seq samples sequenced at the same time were compared 782 
during the downstream analysis. 783 
 784 
Total RNA-Seq analysis 785 
A reference script for mapping RNA-Seq libraries to the reference genome was kindly 786 
provided by Lexogen. For every fastq file, the first 10bp of each read (UMI) were extracted 787 
and appended to the header line using a custom Awk script and saved to a new file together 788 
with the remainder of the reads starting at position 13. Adapter trimming was then performed 789 
with cutadapt (Martin, 2011) for the sequence 790 
“AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC”. Trimmed reads were aligned to the 791 
reference genome (GRCh38.p13) using STAR aligner (Dobin et al., 2013). Each output bam 792 
file was then indexed with samtools (Danecek et al., 2021) and deduplicated with UMI-tools 793 
(Smith et al., 2017) using the umi_tools dedup command with the [--method=unique --794 
multimapping-detection-method=NH] options. The fastq file with deduplicated reads was 795 
then extracted from the deduplicated bam file using samtools. Next, deduplicated fastq files 796 
served as input into pseudoalignment tool Kallisto (Bray et al., 2016) to quantify transcript 797 
abundance based on the Ensembl release 100 transcript reference. Tximport (Soneson et 798 
al., 2015) was used to extract transcript abundance from Kallisto results and generate count 799 
matrices for DESeq2. TPMs calculated from Kallisto results for each transcript were 800 
averaged for each experimental condition. We filtered out all the transcripts that have TPM 801 
less than 1 in all experimental conditions. After filtering out the transcripts, we use the 802 
RUVSeq (Risso et al., 2014) package [RUVs-method] to remove unwanted variation 803 
following the instruction manual. DESeq2 (Love et al., 2014) was then used to identify 804 
differentially expressed transcripts and calculate their fold changes. 805 
 806 
PTC+ and PTC- transcript lists 807 
To generate a list of PTC+ transcripts and their PTC- counterparts, we used a custom 808 
Python script that takes all human transcripts in Ensembl annotation (version 100) along with 809 
their exon and 3′UTR coordinates to annotate each transcript as PTC+ if the 3′UTR begins 810 
more than 50 nt upstream of the exon junction or if there are more than one exon junctions 811 
downstream of the stop codon. 812 
 813 
RIPiT-Seq 814 
RIPiT-Seq was performed as described (Yi & Singh, 2021). Four biological replicates each 815 
were performed for FLAG-MAGOH:EIF4A3, FLAG-UPF3B:EIF4A3, and FLAG-816 
CASC3:EIF4A3 and sequenced on the HiSeq4000 (Novogene) platform. 817 
 818 
RIPiT-Seq quantification and differential occupancy analysis 819 
Four replicates each of MAGOH-EJC, CASC3-EJC, and UPF3B-EJC RIPiT-Seq were 820 
obtained, for a total of 12 samples. RIPiT-Seq data analysis was performed similarly to our 821 
previous studies (Mabin et al., 2018; Patton et al., 2020). In short, the first 8 bp of each read 822 
(UMI) were extracted and appended to the header line using a custom Awk script and saved 823 
to a new file together with the remainder of the reads starting at position 9. Cutadapt (Martin, 824 
2011) [--discard-untrimmed -g ^CC --no-indels | --discard-untrimmed -O 12 -a 825 
TGGAATTCTCGGGTGCCAAGG -] is used to retain any reads start with “CC” and ends with 826 
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mirCat-33 adapter. Fastq files are further cleaned up by only retaining reads unable to align 827 
to a custom reference of abundant RNA sequences using STAR aligner [--828 
outReadsUnmapped Fastx]. Trimmed reads were aligned to the reference genome 829 
(GRCh38.p13) using STAR aligner (Dobin et al., 2013). EJC signal for each gene was 830 
quantified using reads that overlap with the canonical EJC site (-39 to -9bp of 3′ end of non-831 
last exon) and was averaged over all canonical EJC sites of a transcript (i.e., intron count). 832 
Any gene with EJC counts RPKM ≦ 5 was removed. Gene-level EJC signal was then input 833 
into DESeq2 for differential gene expression analysis (Love et al., 2014).  834 
 835 
Meta-exon analysis 836 
RIPiT replicates and the exon annotation were used to compute total read depth as a 837 
function of distance from the 5′ start and 3′ end of each exon. Genes with less than 10 reads 838 
were discarded. Each remaining gene’s coverage distribution was normalized by the total 839 
number of reads of that gene and such normalized distributions were averaged across all 840 
genes. The average read distribution was then plotted with respect to the distance to the 841 
start or the end of the exon. 842 
 843 
Expression Normalized RIPiT Comparisons 844 
Reads mapping to the canonical EJC region for each RIPiT-Seq sample were normalized by 845 
the total length of canonical region for each gene, and this length normalized EJC signal for 846 
each gene was divided by the RPKM of that gene from total RNA-seq. The resulting 847 
expression normalized signal for the CASC3, UPF3B, and MAGOH RIPiT-Seq were then 848 
correlated to the NMD efficiency of each gene that contains at least one PTC+ and one 849 
PTC- isoform. NMD efficiency of each gene is marked by the highest fold change of the 850 
PTC+ isoform in 3BKO#1:siUPF3A compared to WT:siNC.  851 
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FIGURE LEGENDS 1137 
 1138 
Figure 1. Loss of UPF3B in human cells affects EJC-mediated NMD.  1139 
A. Schematic of UPF3B knockout (UPF3B-KO) strategies using CRISPR-Cas9. UPF3B 1140 
locus is in black where rectangles represent exons and horizontal line denotes introns; 1141 
coding region is shown as wider rectangles. Red arrowheads represent guide RNA targeting 1142 
sites. In 3BKO#1 (top), two guide RNAs delete the UPF2 binding domain (UPF2-BD) of 1143 
UPF3B protein coding region as shown. In 3BKO#2 (bottom), a donor template is used to 1144 
insert puromycin resistant gene (PuroR) and bovine growth hormone (BGH) polyadenylation 1145 
signal at the cut site. 1146 
B. Immunoblot of wild-type (WT) and UPF3B-KO cell lines showing levels of proteins on the 1147 
right. In 3BKO#1, a smaller UPF3B protein with deletion of amino acids 20-155 (UPF3BΔ20-1148 
155) is expressed. Relative Expression (Rel Exp) of this deletion protein as compared to the 1149 
full-length WT protein along with standard error of mean (SEM) are indicated below lane 2. 1150 
UPF3B antibody recognizes antigen outside the deleted region in 3BKO#1. HNRNPA1 is used 1151 
as a loading control.  1152 
C-D. Cumulative Distribution Function (CDF) plots of PTC+ isoforms and PTC- isoforms 1153 
from same set of genes. X-axis represents fold change in, (C) 3BKO#1 versus WT cells each 1154 
with control knockdown (siNC), (D) UPF1 knockdown (siUPF1) versus negative control 1155 
knockdown (siNC) in WT cells. Number of transcripts in each set (n) and p-value from 1156 
Kolmogorov-Smirnov (KS) test comparing the two distributions are shown.  1157 
E. Bar plots from isoform specific RT-qPCR analysis showing average fold change (y-axis) 1158 
of PTC+ and PTC- isoforms from genes indicated on the bottom in WT and the two 3BKO 1159 
cells identified in the legend on the top right. For each isoform, levels in knockout cells are 1160 
compared to the levels in WT cells (set to 1). Relative levels from each replicate are shown 1161 
by white circles. Error bars indicate standard error of means. The asterisk (*) represents 1162 
p<0.05 in t-test with null hypothesis of true mean being 1 (n=3). 1163 
F. Cumulative Distribution Function (CDF) plots of PTC+ isoforms and PTC- isoforms from 1164 
same set of genes. X-axis represents fold change in UPF1 knockdown (siUPF1) versus 1165 
control knockdown (siNC) in 3BKO#1 cells. Number of transcripts in each set (n) and p-value 1166 
from Kolmogorov-Smirnov (KS) test comparing the two distributions are shown. 1167 
 1168 
Figure S1. Changes in gene expression and NMD upon UPF3B loss in HCT116 cells. 1169 
A. Alteration in expression levels of known NMD genes in the two 3BKO cell lines. RT-qPCR-1170 
based quantification of expression levels of previously characterized NMD-sensitive genes 1171 
(x-axis) in the two 3BKO HCT116 cell lines as compared to their levels in WT cells (set to 1). 1172 
Relative levels from each replicate are shown by white circles. Error bars indicate standard 1173 
error of means. The asterisk (*) represents p<0.05 in t-test with null hypothesis of true mean 1174 
being 1 (n=3). 1175 
B. Immunoblot showing levels of UPF1 and UPF3B proteins in WT and 3BKO#1 cells 1176 
(indicated on top) that were transfected with negative control (siNC) or UPF1-targeting 1177 
(siUPF1) siRNAs. HNRNPA1 is a loading control. 1178 
C-E. MA plots showing differential transcript expression in RNA-Seq samples from (C) 1179 
3BKO#1 (siNC) versus WT (siNC), (D) UPF1-KD (siUPF1) versus control knockdown (siNC) in 1180 
3BKO#1, and (E) UPF1-KD (siUPF1) versus control knockdown (siNC) in WT cells. Each dot 1181 
represents one transcript isoform with average read counts on the x axis and log2 fold 1182 
change on the y axis. Transcripts that are significantly (adjusted p-value < 0.05) up (red)- or 1183 
down (blue)- regulated >1.5-fold and their counts are indicated. 1184 
F. Isoform specific RT-qPCR measuring changes in levels of PTC+ and PTC- isoforms 1185 
expressed from the indicated genes in WT and 3BKO cells. Fold changes are with respect to 1186 
the levels of PTC- isoforms in WT cells. Relative levels from each replicate are shown by 1187 
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white circles. Error bars indicate standard error of means. The asterisk (*) represents p<0.05 1188 
in t-test with null hypothesis of true mean being 1 (n=3). 1189 
G, H. CDF plots showing fold change in levels of transcripts with long, medium and short 3′ 1190 
UTRs in (F) UPF1 (siUPF1) versus control (siNC) knockdown in WT cells, and (G) 3BKO#1 1191 
versus WT cells each transfected with control siRNA (siNC). p-values shown are from KS 1192 
test comparing distribution of log2 fold changes in medium and long 3′UTR transcript groups 1193 
as compared to the short 3′UTR transcript group. Number of transcripts in each group are 1194 
also shown. 1195 
 1196 
Figure 2. UPF3A activates NMD in the absence of UPF3B. 1197 
A. Immunoblots showing levels of proteins on the right in input or FLAG immunoprecipitates 1198 
(FLAG-IP) from WT and UPF3B-KO cells expressing endogenously FLAG-tagged UPF1 1199 
protein as indicated above each lane. The presence of RNase A during FLAG-IP is indicated 1200 
above each lane. 1201 
B. Immunoblots showing levels of proteins on the right in cells indicated above each lane. At 1202 
the bottom are relative UPF3A levels after normalization to HNRNPA1 levels (n=4).  1203 
C. Immunoblots showing levels of proteins (right) in input and immonoprecipitates from IP 1204 
with normal rabbit IgG (IgG-IP) or antibody targeting EIF4A3 (EIF4A3-IP) from WT and 1205 
UPF3B-KO cells.  1206 
D, E. CDF plots of PTC+ isoforms and PTC- isoforms from same set of genes. X-axis 1207 
represents fold change upon UPF3A knockdown (siUPF3A) versus negative control 1208 
knockdown (siNC) in, (D) WT cells, and (E) 3BKO#1 cells. Number of transcripts in each set 1209 
(n) and p-value from KS test comparing the two distributions are shown on each plot. 1210 
F, G. CDF plots of UPF3B-dependent (F) and -independent (G) PTC+ isoforms and PTC- 1211 
isoforms from same set of genes. X-axis represents fold change upon UPF3A knockdown 1212 
(siUPF3A) versus negative control knockdown (siNC) in 3BKO#1 cells. Number of transcripts 1213 
in each set (n) and p-value from KS test comparing the two distributions are shown on each 1214 
plot. 1215 
H. Bar plot showing average fold change as measured by isoform specific RT-qPCR of 1216 
PTC+ and PTC- isoform from genes indicated on the bottom in WT and two independent 1217 
clones of 3AKO, 3BKO, and 3DKO cells. Relative levels from each replicate are shown by white 1218 
circles. Error bars indicate standard error of means. The asterisk (*) represents p<0.05 in t-1219 
test with null hypothesis of true mean being 1 (n=3). 1220 
 1221 
Figure S2. UPF3A activates NMD in the absence of UPF3B. 1222 
A. Western blots showing levels of EJC/UPF proteins or HNRNPA1 in input, normal rabbit 1223 
IgG-IP or CASC3-IP fractions from WT and 3BKO#1 cells. 1224 
B. Western blots showing levels of EJC/UPF proteins or HNRNPA1 in input or FLAG-1225 
MAGOH followed by MYC-UPF2 tandem-IP fractions from WT, 3AKO#2, and 3BKO#2 cells. 1226 
Samples were RNase A treated during the FLAG IP. The asterisk (*) represents the mouse 1227 
heavy chain of the MYC-tag antibody. 1228 
C. Immunoblot showing levels of UPF3A and UPF3B proteins in WT and 3BKO#1 cells 1229 
(indicated on top) that were transfected with negative control (siNC) or UPF3A-targeting 1230 
(siUPF3A) siRNAs. HNRNPA1 is a loading control. 1231 
D. MA plots showing differential transcript expression in RNA-Seq samples from UPF3A-KD 1232 
(siUPF3A) versus control knockdown (siNC) in WT HCT116 cells. Each dot represents one 1233 
transcript isoform with average read counts on the x-axis and log2 fold change on the y-axis. 1234 
Red and blue dots represent >1.5-fold up- or down- regulated transcripts, respectively, that 1235 
are significantly changed (adjusted p-value < 0.05). 1236 
E. Schematic of UPF3A knockout (UPF3B-KO) strategies using CRISPR-Cas9. UPF3A 1237 
locus is in black where rectangles represent exons and horizontal line denotes introns; 1238 
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coding region is shown as wider rectangles. Red arrowheads represent guide RNA targeting 1239 
sites. In 3AKO#1 (top), two guide RNAs delete first and the second exons of UPF3A protein 1240 
coding region. In 3AKO#2 (bottom), a donor template is used to insert blasticidin resistant 1241 
gene (BlasticidinR) and Simian Virus 40 (SV40) polyadenylation signal at the cut site. 1242 
F. Immunoblot of UPF3A and UPF3B proteins in WT, 3AKO, 3BKO, and 3DKO cells. EIF4A3 is 1243 
used as a loading control. 1244 
G. Isoform specific RT-qPCR of PTC+ and PTC- isoforms from the indicated genes in WT, 1245 
3AKO, 3BKO, and 3DKO cells. Relative levels from each replicate are shown by white circles 1246 
Error bars indicate standard error of means. The asterisk (*) represents p<0.05 in t-test with 1247 
null hypothesis of true mean being 1 (n=3). 1248 
H, I. CDF plots showing fold change in levels of transcripts with short, medium and long 1249 
3′UTRs in UPF3A (siUPF3A) versus control (siNC) knockdown in (F) WT cells, and (G) 1250 
3BKO#1 cells. 1251 
 1252 
Figure 3. CASC3 contributes to UPF3-dependent NMD. 1253 
A, B. Western blots showing levels of EJC proteins or HNRNPA1 (control) in input, IgG IP or 1254 
EIF4A3 IP following overexpression (OE) of CASC3 wild-type (WT) and EJC binding 1255 
deficient (HDAA) mutant proteins in (A) HeLa Tet-off cells, and (B) 3BKO HeLa Tet-off cells.  1256 
Ramps above lanes indicate expression levels of the CASC3 proteins. 1257 
C. Western blots showing levels of EJC/UPF proteins and HNRNPA1 in input and FLAG 1258 
followed by EIF4A3 tandem IP from HCT116 cells expressing the FLAG-tagged protein 1259 
indicated above each lane. Quantifications of UPF3B and CASC3 protein enrichment from 1260 
two replicates are shown at the bottom. 1261 
D. Meta-exon plot showing read distributions within the 100 nucleotide (nt) window from the 1262 
exon 3′ end in RIPiT-Seq replicates of MAGOH:EIF4A3, UPF3B:EIF4A3, and 1263 
CASC3:EIF4A3. The black vertical line indicates the -24 nt position. 1264 
E. Venn diagram showing the degree of overlap between genes significantly enriched in 1265 
CASC3:EIF4A3 EJC and UPF3B:EIF4A3 EJC occupancy as compared to MAGOH:EIF4A3 1266 
EJC occupancy. 1267 
F. Scatter plot comparing log2-transformed fold change in occupancy of CASC3:EIF4A3 1268 
EJC as compared to MAGOH:EIF4A3 EJC (x-axis) and UPF3B:EIF4A3 EJC compared to 1269 
MAGOH:EIF4A3 EJC. Each dot represents a gene where gene-level occupancy of each 1270 
EJC composition was quantified at the canonical position for EJC footprints. Pearson 1271 
correlation coefficient is shown on the top left. 1272 
G. Scatter plot showing a comparison between relative UPF3B occupancy on gene 1273 
(UPF3B:EIF4A3 RIPiT-Seq normalized to MAGOH:EIF4A3 RIPiT-Seq) on x-axis and NMD 1274 
efficiency of each gene on the y-axis. For each gene in this analysis, NMD efficiency is the 1275 
highest fold change (in 3BKO#1 siUPF3A to WT siNC) observed for its PTC+ isoform. R2 from 1276 
the linear regression fit is shown on the top left.   1277 
H. Bar plots showing fold changes measured by isoform specific RT-qPCR of PTC+ and 1278 
PTC- isoform from genes indicated on the bottom in WT and CASC3-KO HCT116 cells. 1279 
Relative levels from each replicate are shown by white circles. Error bars indicate standard 1280 
error of means. The asterisk (*) represents p<0.05 in t-test with null hypothesis of true mean 1281 
being 1 (n=3). 1282 
 1283 
Figure S3. CASC3 regulates UPF3-dependent NMD. 1284 
A. Schematic of UPF3B knockout in HeLa Tet-off cells using CRISPR-Cas9. Red arrows 1285 
represent two guide RNA targeting sites which will lead to the deletion of the first exon. 1286 
B. Protein immunoblot of UPF3B protein in WT and 3BKO HeLa cells. HNRNPA1 is a loading 1287 
control. 1288 
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C. Western blots showing proteins on the right in input and EIF4A3-IP from WT and 3BKO 1289 
HeLa cells. Normal rabbit IgG is used for control IP. 1290 
D. Western blots as in C from HeLa WT and 3BKO cells transfected with either siNC or 1291 
siCASC3. 1292 
E. Meta-exon plot of MAGOH:EIF4A3, UPF3B:EIF4A3, and CASC3:EIF4A3 RIPiT-Seq read-1293 
distribution in the 100 nt region from the exon 5′ end. 1294 
F, G. Venn diagram of significantly enriched/depleted genes in CASC3:EIF4A3 or 1295 
UPF3B:EIF4A3 RIPiT-Seq samples as compared to MAGOH:EIF4A3 RIPiT-Seq. 1296 
H, I. Scatter plots showing a comparison between gene-level EJC occupancy and NMD 1297 
efficiency. UPF3B:EIF3A3 (H), or MAGOH:EIF4A3 (I) RIPiT-Seq signal normalized to 1298 
expression level of individual genes is on the x-axis and NMD efficiency of each gene on the 1299 
y-axis. For each gene in this analysis, NMD efficiency is the highest fold change (in 3BKO#1 1300 
siUPF3A to WT siNC) observed for its PTC+ isoform. R2 from the linear regression fit is 1301 
shown on the top left.   1302 
J. Protein immunoblot of CASC3 protein in WT and CASC-KO HeLa cells. HNRNPA1 is  a 1303 
loading control. 1304 
 1305 
Figure 4. NMD activity in human cells in the absence of both UPF3 paralogs. 1306 
A, B. CDF plots of PTC+ and PTC- isoforms from same set of genes. X-axis represents log2 1307 
fold change upon UPF2 knockdown as compared to control knockdown in, (A) WT cells, and 1308 
(B) 3DKO#2 cells. 1309 
C, D. CDF plots of PTC+ and PTC- isoforms from same set of genes. X-axis represents fold 1310 
change upon UPF1 knockdown as compared to control knockdown in, (A) WT cells, and (B) 1311 
3DKO#2 cells. (Figure 4A is the same as Figure 1D.) 1312 
E, F. CDF plots of UPF3B-independent (E) and -dependent (F) PTC+ and PTC- isoforms 1313 
from same set of genes. X-axis represents fold change upon UPF1 knockdown (siUPF1) 1314 
versus negative control knockdown (siNC) in 3DKO#2 cells. Number of transcripts in each set 1315 
(n) and p-value from KS test comparing the two distributions are shown on each plot. 1316 
 1317 
Figure S4. NMD in the absence of both UPF3 paralogs. 1318 
A. Immunoblots showing levels of UPF1 and UPF2 proteins in 3DKO#2 cells that were 1319 
transfected with negative control (siNC), UPF1-targeting (siUPF1), or UPF2-targeting 1320 
(siUPF2) siRNAs. HNRNPA1 is a loading control. 1321 
B, C. MA plots showing transcript-level changes upon UPF2 (siUPF2) knockdown as 1322 
compared to control knockdown (siNC) in, (B) WT cells, and (C) 3DKO#2 cells. Each dot 1323 
represents one transcript with average read counts on the x-axis and log2 fold change on the 1324 
y-axis. Red and blue dots represent transcripts up- or down- regulated more than 1.5-fold 1325 
with an adjusted p-value < 0.05; these counts are shown on each plot. 1326 
 1327 
Figure 5. Human UPF3 paralogs differ in NMD activity. 1328 
A, B. Northern blots showing levels of β-globin reporter mRNAs in, (A) wild-type HeLa Tet-off 1329 
cells, and (B) UPF3B knockout HeLa Tet-off cells. β39 is a tetracycline (Tet)-inducible 1330 
reporter with a PTC at codon 39 whose levels are shown at different timepoints after 1331 
transcriptional shut-off (chase) as indicated above each lane. β-GAP is a stable, 1332 
constitutively-expressed, longer β-globin mRNA used as transfection control. Proteins 1333 
overexpressed (OE) in each condition are indicated on top and reporter mRNA half-lives 1334 
(t1/2) along with standard error of means are on the bottom. 1335 
C. Schematic of human UPF3A, UPF3B and the UPF3A chimeric proteins where UPF3A 1336 
domains are replaced by the corresponding domains from UPF3B (see material and 1337 
methods for detailed domain definition). Previously characterized UPF2 binding domain 1338 
(UPF2-BD) and EJC-binding motif (EBM) are shown. 1339 
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D.  Northern blot showing steady-state levels of β39 NMD reporter and β-GAP control in 1340 
HeLa Tet-off UPF3B knockout cells upon overexpression of wild-type UPF3 proteins or 1341 
different UPF3A chimeric proteins indicated above each lane.  Below each lane, relative fold-1342 
change (Rel. F.C.) indicates β39 reporter levels (normalized to β-GAP control) as compared 1343 
to the normalized β39 reporter levels in UPF3B expressing cells. 1344 
E. Immunoblot showing levels of EJC proteins or HNRNPA1 in input or EIF4A3-IP from 1345 
3DKO#2 cells expressing different UPF3 proteins or EGFP as a control as indicated above 1346 
each lane. Relative IP of FLAG-tagged proteins are quantified against EIF4A3. 1347 
 1348 
Figure S5. UPF3 paralogs differ in NMD activity. 1349 
A, B. Protein immunoblots of FLAG-IP from 3DKO#2 cells expressing different FLAG-tagged 1350 
human UPF3 proteins or their chimeras using Tet-on 3G system. HNRNPA1 is used as 1351 
loading control and RNase A digestion control. FLAG-EGFP is used as an IP control. 1352 
 1353 
Figure 6. EJC binding is dispensable for NMD activity of UPF3. 1354 
A. Protein sequence alignment of UPF3 C-terminal regions from different mammalian 1355 
species. 1356 
B. Immunoblot showing levels of EJC and UPF proteins (on the right) in input or FLAG-IP 1357 
samples from 3DKO#2 cells expressing different FLAG-tagged proteins indicated above each 1358 
lane.  1359 
C. Bar plots showing isoform specific RT-qPCR-based measurement of relative levels of 1360 
PTC+ and PTC- isoforms of genes indicated below from wild-type (WT) or 3DKO#2 cells 1361 
expressing the specified proteins. Relative levels from each replicate are shown by white 1362 
circles. Error bars indicate standard error of means. The asterisk (*) represents p<0.05 in t-1363 
test with null hypothesis of true mean being 1 (n=3). 1364 
 1365 
Figure S6. EJC interaction ability of human and mouse UPF3A proteins. 1366 
Protein immunoblots of input and FLAG-IP from WT and 3DKO#2 cells FLAG-tagged human or 1367 
mouse UPF3A as indicated above the lanes. HNRNPA1 is a loading and RNase A digestion 1368 
control. 1369 
 1370 
Figure 7. A model for UPF3 function in EJC-enhanced NMD. 1371 
A. Top: In UPF3-dependent NMD, prior to UPF1 activation, CASC3-EJC enhances the 1372 
presence of UPF3B and UPF2 on exon-exon junctions. UPF3A can replace UPF3B when 1373 
UPF3B levels are insufficient. Such enhanced concentration of UPF3 and UPF2 in 3′UTR 1374 
can later facilitate the formation of NMD complex with UPF1 (dashed arrow at the top). 1375 
Bottom: During NMD activation, UPF3-eRF3 association is likely to play an important role in 1376 
sensing aberrant translation termination. While EJC might still play a role during NMD 1377 
activation, its association with UPF3 is dispensable for NMD. Red double-headed arrow 1378 
signifies possible UPF complex-EJC communication independently of UPF3. 1379 
B. NMD can occur in UPF3-independent manner. It remains possible that EJC can still 1380 
communicate with premature termination complex in a UPF3-, and UPF2-independent 1381 
manner to elicit mRNA decay (red dashed double-headed arrow). 1382 
 1383 
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Figure 1
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Figure 1. Loss of UPF3B in human cells affects EJC-mediated NMD. 
A. Schematic of UPF3B knockout (UPF3B-KO) strategies using CRISPR-Cas9. UPF3B locus is in black where rectangles 
represent exons and horizontal line denotes introns; coding region is shown as wider rectangles. Red arrowheads represent guide 
RNA targeting sites. In 3BKO#1 (top), two guide RNAs delete the UPF2 binding domain (UPF2-BD) of UPF3B protein coding region 
as shown. In 3BKO#2 (bottom), a donor template is used to insert puromycin resistant gene (PuroR) and bovine growth hormone 
(BGH) polyadenylation signal at the cut site.
B. Immunoblot of wild-type (WT) and 3BKO cell lines showing levels of proteins on the right. In 3BKO#1, a smaller UPF3B protein with 
deletion of amino acids 20-155 (UPF3BΔ20-155) is expressed. Relative Expression (Rel Exp) of this deletion protein as compared 
to the full-length WT protein along with standard error of mean (SEM) are indicated below lane 2. UPF3B antibody recognizes 
antigen outside the deleted region in 3BKO#1. HNRNPA1 is used as a loading control. 
C-D. Cumulative Distribution Function (CDF) plots of PTC+ isoforms and PTC- isoforms from same set of genes. X-axis represents 
fold change in, (C) 3BKO#1 versus WT cells each with control knockdown (siNC), (D) UPF1 knockdown (siUPF1) versus negative 
control knockdown (siNC) in WT cells. Number of transcripts in each set (n) and p-value from Kolmogorov-Smirnov (KS) test 
comparing the two distributions are shown. 
E. Bar plots from isoform specific RT-qPCR analysis showing average fold change (y-axis) of PTC+ and PTC- isoforms from genes 
indicated on the bottom in WT and the two 3BKO cells identified in the legend on the top right. For each isoform, levels in knockout 
cells are compared to the levels in WT cells (set to 1). Relative levels from each replicate are shown by white circles. Error bars 
indicate standard error of means. The asterisk (*) represents p<0.05 in t-test with null hypothesis of true mean being 1 (n=3).
F. Cumulative Distribution Function (CDF) plots of PTC+ isoforms and PTC- isoforms from same set of genes. X-axis represents 
fold change in UPF1 knockdown (siUPF1) versus control knockdown (siNC) in 3BKO#1 cells. Number of transcripts in each set (n) 
and p-value from Kolmogorov-Smirnov (KS) test comparing the two distributions are shown.
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Figure 2. UPF3A activates NMD in the absence of UPF3B.
A. Immunoblots showing levels of proteins on the right in input or FLAG immunoprecipitates (FLAG-IP) from WT and 3BKO cells 
expressing endogenously FLAG-tagged UPF1 protein as indicated above each lane. The presence of RNase A during FLAG-IP is 
indicated above each lane.
B. Immunoblots showing levels of proteins on the right in cells indicated above each lane. At the bottom are relative UPF3A levels after 
normalization to HNRNPA1 levels (n=4). 
C. Immunoblots showing levels of proteins (right) in input and immonoprecipitates from IP with normal rabbit IgG (IgG-IP) or antibody 
targeting EIF4A3 (EIF4A3-IP) from WT and 3BKO cells. 
D, E. CDF plots of PTC+ isoforms and PTC- isoforms from same set of genes. X-axis represents fold change upon UPF3A knockdown 
(siUPF3A) versus negative control knockdown (siNC) in, (D) WT cells, and (E) 3BKO#1 cells. Number of transcripts in each set (n) and 
p-value from KS test comparing the two distributions are shown on each plot.
F, G. CDF plots of UPF3B-dependent (F) and -independent (G) PTC+ isoforms and PTC- isoforms from same set of genes. X-axis 
represents fold change upon UPF3A knockdown (siUPF3A) versus negative control knockdown (siNC) in 3BKO#1 cells. Number of 
transcripts in each set (n) and p-value from KS test comparing the two distributions are shown on each plot.
H. Bar plot showing average fold change as measured by isoform specific RT-qPCR of PTC+ and PTC- isoform from genes indicated 
on the bottom in WT and two independent clones of 3AKO, 3BKO, and 3DKO cells. Relative levels from each replicate are shown by white 
circles. Error bars indicate standard error of means. The asterisk (*) represents p<0.05 in t-test with null hypothesis of true mean being 
1 (n=3).
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Figure 3. CASC3 contributes to UPF3-dependent NMD.
A, B. Western blots showing levels of EJC proteins or HNRNPA1 (control) in input, IgG IP or EIF4A3 IP following overexpression (OE) 
of CASC3 wild-type (WT) and EJC binding deficient (HDAA) mutant proteins in (A) HeLa Tet-off cells, and (B) 3BKO HeLa Tet-off cells.  
Ramps above lanes indicate expression levels of the CASC3 proteins.
C. Western blots showing levels of EJC/UPF proteins and HNRNPA1 in input and FLAG followed by EIF4A3 tandem IP from HCT116 
cells expressing the FLAG-tagged protein indicated above each lane. Quantifications of UPF3B and CASC3 protein enrichment from 
two replicates are shown at the bottom.
D. Meta-exon plot showing read distributions within the 100 nucleotide (nt) window from the exon 3′ end in RIPiT-Seq replicates of 
MAGOH:EIF4A3, UPF3B:EIF4A3, and CASC3:EIF4A3. The black vertical line indicates the -24 nt position.
E. Venn diagram showing the degree of overlap between genes significantly enriched in CASC3:EIF4A3 EJC and UPF3B:EIF4A3 EJC 
occupancy as compared to MAGOH:EIF4A3 EJC occupancy.
F. Scatter plot comparing log2-transformed fold change in occupancy of CASC3:EIF4A3 EJC as compared to MAGOH:EIF4A3 EJC 
(x-axis) and UPF3B:EIF4A3 EJC compared to MAGOH:EIF4A3 EJC. Each dot represents a gene where gene-level occupancy of each 
EJC composition was quantified at the canonical position for EJC footprints. Pearson correlation coefficient is shown on the top left.
G. Scatter plot showing a comparison between relative UPF3B occupancy on gene (UPF3B:EIF4A3 RIPiT-Seq normalized to 
MAGOH:EIF4A3 RIPiT-Seq) on x-axis and NMD efficiency of each gene on the y-axis. For each gene in this analysis, NMD efficiency 
is the highest fold change (in 3BKO#1 siUPF3A to WT siNC) observed for its PTC+ isoform. R2 from the linear regression fit is shown 
on the top left.  
H. Bar plots showing fold changes measured by isoform specific RT-qPCR of PTC+ and PTC- isoform from genes indicated on the 
bottom in WT and CASC3-KO HCT116 cells. Relative levels from each replicate are shown by white circles. Error bars indicate 
standard error of means. The asterisk (*) represents p<0.05 in t-test with null hypothesis of true mean being 1 (n=3).
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Figure 4. NMD activity in human cells in the absence of both UPF3 paralogs.
A, B. CDF plots of PTC+ and PTC- isoforms from same set of genes. X-axis represents log2 fold change upon UPF2 
knockdown as compared to control knockdown in, (A) WT cells, and (B) 3DKO#2 cells.
C, D. CDF plots of PTC+ and PTC- isoforms from same set of genes. X-axis represents fold change upon UPF1 knockdown 
as compared to control knockdown in, (A) WT cells, and (B) 3DKO#2 cells. (Figure 4A is the same as Figure 1D.)
E, F. CDF plots of UPF3B-independent (E) and -dependent (F) PTC+ and PTC- isoforms from same set of genes. X-axis 
represents fold change upon UPF1 knockdown (siUPF1) versus negative control knockdown (siNC) in 3DKO#2 cells. Number 
of transcripts in each set (n) and p-value from KS test comparing the two distributions are shown on each plot.
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Figure 5. Human UPF3 paralogs differ in NMD activity.
A, B. Northern blots showing levels of β-globin reporter mRNAs in, (A) wild-type HeLa Tet-off cells, and (B) UPF3B knockout HeLa 
Tet-off cells. β39 is a tetracycline (Tet)-inducible reporter with a PTC at codon 39 whose levels are shown at different timepoints after 
transcriptional shut-off (chase) as indicated above each lane. β-GAP is a stable, constitutively-expressed, longer β-globin mRNA 
used as transfection control. Proteins overexpressed (OE) in each condition are indicated on top and reporter mRNA half-lives (t1/2) 
along with standard error of means are on the bottom.
C. Schematic of human UPF3A, UPF3B and the UPF3A chimeric proteins where UPF3A domains are replaced by the corresponding 
domains from UPF3B (see material and methods for detailed domain definition). Previously characterized UPF2 binding domain 
(UPF2-BD) and EJC-binding motif (EBM) are shown.
D.  Northern blot showing steady-state levels of β39 NMD reporter and β-GAP control in HeLa Tet-off UPF3B knockout cells upon 
overexpression of wild-type UPF3 proteins or different UPF3A chimeric proteins indicated above each lane.  Below each lane, 
relative fold-change (Rel. F.C.) indicates β39 reporter levels (normalized to β-GAP control) as compared to the normalized β39 
reporter levels in UPF3B expressing cells.
E. Immunoblot showing levels of EJC proteins or HNRNPA1 in input or EIF4A3-IP from 3DKO#2 cells expressing different UPF3 
proteins or EGFP as a control as indicated above each lane. Relative IP of FLAG-tagged proteins are quantified against EIF4A3.
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Figure 6. EJC binding is dispensable for NMD activity of UPF3.
A. Protein sequence alignment of UPF3 C-terminal regions from different mammalian species.
B. Immunoblot showing levels of EJC and UPF proteins (on the right) in input or FLAG-IP samples from 3DKO#2 cells expressing 
different FLAG-tagged proteins indicated above each lane. 
C. Bar plots showing isoform specific RT-qPCR-based measurement of relative levels of PTC+ and PTC- isoforms of genes 
indicated below from wild-type (WT) or 3DKO#2 cells expressing the specified proteins. Relative levels from each replicate are shown 
by white circles. Error bars indicate standard error of means. The asterisk (*) represents p<0.05 in t-test with null hypothesis of true 
mean being 1 (n=3).
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Figure 7. A model for UPF3 function in EJC-enhanced NMD.
A. Top: In UPF3-dependent NMD, prior to UPF1 activation, CASC3-EJC enhances the presence of UPF3B and UPF2 on exon-exon 
junctions. UPF3A can replace UPF3B when UPF3B levels are insufficient. Such enhanced concentration of UPF3 and UPF2 in 
3′UTR can later facilitate the formation of NMD complex with UPF1 (dashed arrow at the top). Bottom: During NMD activation, 
UPF3-eRF3 association is likely to play an important role in sensing aberrant translation termination. While EJC might still play a role 
during NMD activation, its association with UPF3 is dispensable for NMD. Red double-headed arrow signifies possible UPF com-
plex-EJC communication independently of UPF3.
B. NMD can occur in UPF3-independent manner. It remains possible that EJC can still communicate with premature termination 
complex in a UPF3-, and UPF2-independent manner to elicit mRNA decay (red dashed double-headed arrow).
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