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ABSTRACT 
Nonsense-mediated mRNA decay (NMD) is a eu- 
karyotic RNA deca y pathwa y with r oles in cellu- 
lar stress responses, differentiation, and viral de- 
fense. It functions in both quality control and post- 
transcriptional regulation of gene expression. NMD 
has also emerged as a modulator of cancer progres- 
sion, although a vailable e vidence supports both a 
tumor suppressor and a pro-tumorigenic role, de- 
pending on the model. To further investigate the 
role of NMD in cancer, we knocked out the NMD 
factor SMG7 in the HT1080 human fibr osar coma 
cell line, resulting in suppression of NMD function. 
We then compared the oncogenic properties of the 
parental cell line, the SMG7-knockout, and a rescue 
cell line in which we re-introduced both isoforms 
of SMG7. We also tested the effect of a drug in- 
hibiting the NMD factor SMG1 to distinguish NMD- 
dependent effects from putative NMD-independent 
functions of SMG7. Using cell-based assays and a 
mouse xenograft tumor model, we showed that sup- 
pression of NMD function se verel y compromises the 
oncogenic phenotype. Molecular pathway analysis 
revealed that NMD suppression strongly reduces ma- 
trix metalloprotease 9 (MMP9) expression and that 
MMP9 re-expression partially rescues the oncogenic 
phenotype. Since MMP9 promotes cancer cell migra- 
tion and invasion, metastasis and angiogenesis, its 
downregulation may contribute to the reduced tu- 
morigenicity of NMD-suppressed cells. Collectively, 
our results highlight the potential value of NMD inhi- 
bition as a therapeutic approach. 

GRAPHICAL ABSTRACT 

INTRODUCTION 
Fidelity of gene expression is essential for every living or- 
ganism, w hich is w hy prokary otic and eukary otic cells put 
into play a myriad of quality control pathways to ensure 
that faulty RNAs and proteins are recognized and de- 
graded. Of particular importance are RNA surveillance 
pathways, w hich not onl y degrade faulty RN As but also 
control the le v els of RNA molecules and thereby contribute 
to post-transcriptional gene regulation ( 1 ). In eukaryotes, 
the separation of transcription and translation in differ- 
ent cellular compartments allows for the compartmental- 
ization and functional distinction between decay pathways 
aimed at degrading aberrantly processed RNAs and tran- 
scriptional by-products, which are mainly nuclear, and de- 
ca y pathwa ys aimed at identifying and degrading RNAs 
with hampered functionality, most of which are cytoplas- 
mic ( 2 ). One such cytoplasmic mRNA decay pathway is 
nonsense-mediated mRNA decay (NMD), which was !rst 
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described as a translation-dependent mechanism responsi- 
ble for the rapid decay of mRNA molecules harboring pre- 
ma ture termina tion codons (PT C) ( 3–5 ). PT C-bearing mR- 
NAs arise in eukaryotic cells as results of DN A m utations 
and errors occurring during transcription or splicing. In this 
conte xt, NMD serv es as a safeguard mechanism to prevent 
the production of truncated proteins that can have dele- 
terious effects on cells. More recently, genome-wide stud- 
ies re v ealed a much larger in"uence of NMD on the tran- 
scriptome of eukaryotic cells ( 6–11 ), with the latest esti- 
mates suggesting that NMD activity can modulate – directly 
and indirectly – the abundance of up to ∼40% of the tran- 
scriptome in human cells ( 12 ). These studies showed that 
NMD can also target for degradation mRNAs encoding 
functional full-length proteins and expanded the perception 
of NMD as a quality control pa thway tha t can, additionally, 
exert !ne post-transcriptional control of gene expression. 

The mechanism of mammalian NMD has been stud- 
ied in detail (re vie wed in ( 13 )). It relies on se v eral pro- 
teins that work sequentially, and jointly, to decide the fate 
of the mRNA molecules. The core NMD factor is UPF1 
(Up-frameshift 1), an ATP-dependent helicase that binds all 
mRNAs without sequence speci!city ( 14 ). Selection of sub- 
strate mRNAs relies on the completion of two steps: !rst, 
activation of UPF1 by phosphoryla tion, media ted by the 
kinase SMG1 (Suppressor with morphogenetic effects on 
genitalia 1) and facilitated by the UPF1 interaction partners 
UPF2 and UPF3B, and second, recruitment of the decay 
effector proteins SMG5, SMG6 and SMG7 that trigger the 
degradation of the mRNA ( 13 ). SMG6 is an endonuclease 
that cleaves the mRNA in the vicinity of the stop codon ( 15 ), 
while SMG5 and SMG7 form a heterodimer that triggers 
the exonucleolytic decay of the transcript by recruiting the 
CCR4-NOT complex ( 16 ). There is a big overlap in the mR- 
NAs that are targeted by the three effector proteins, suggest- 
ing that they operate with some le v el of redundancy ( 10– 
12 , 17 ). In addition, it has been recently reported that the 
SMG5 and SMG7 proteins play a role in enabling SMG6- 
mediated endonucleolytic cleavage ( 12 ), indicating that the 
three NMD effector proteins work together, rather than in 
parallel, to trigger mRNA decay. A full understanding of 
the mechanistic aspects of mammalian NMD is further ob- 
structed by its autoregulation, i.e. most of the mRNAs en- 
coding NMD factors are substrates of the NMD pathway, 
and are therefore upregulated when NMD activity is com- 
promised, attempting to r estor e NMD ( 9 , 18 ). Additionally, 
it has recently been reported that NMD inhibition also re- 
sults in a feedback loop, mediated by the accumulation of 
the NMD sensiti v e EIF4A2 mRNA, tha t boosts transla tion 
initiation. Since NMD is a translation-dependent mecha- 
nism, this feedback loop is also interpreted as trying to re- 
cov er NMD acti vity ( 17 ). The e xistence of such regulatory 
feedback loops suggests that NMD is indispensable for cel- 
lular !tness, a notion further supported by the fact that 
depletion of NMD factors results in reduced viability (re- 
viewed in ( 19 )). 

Since nonsense and frameshifting mutations account for 
a pproximatel y 30% of all disease-associated genetic vari- 
ants, NMD’s capacity of detecting and degrading PTC- 
containing mRNAs makes it an important modulator of 
the outcome of genetic diseases ( 20 ). NMD can have oppos- 

ing roles in modulating disease se v erity; it can be bene!cial 
in cases where the expression of truncated proteins would 
hav e dominant negati v e effects, or it can worsen the dis- 
ease phenotype in cases where the truncated protein would 
still retain some activity ( 20 ). One disease that is highly de- 
pendent on the accumulation of genetic mutations is cancer, 
and the link between NMD activity and cancer progression 
is a topic of intensi v e r esear ch (r e vie wed in ( 21 )). There is 
abundant evidence supporting a pro-tumorigenic role for 
NMD. For instance, it has been shown that depletion of the 
NMD factors UPF2, UPF1 or SMG1 results in reduced in 
vivo tumor growth in a variety of cancer types, due to the 
strong anti-tumor immune response elicited by the NMD- 
de!cient tumors ( 22–25 ). mRNAs containing frameshifting 
mutations can be translated into novel peptides, that can 
be recognized as foreign by the immune system and trig- 
ger an immune response. By degrading these mutant tran- 
scripts, NMD r educes the expr ession of neoantigens and 
ther efor e helps the tumor evade the immune attack ( 22– 
28 ). Further evidence that tumors bene!t from high NMD 
activity comes from pan-cancer genome-wide mutational 
studies that discovered that tumor suppressor genes pref- 
erentiall y accum ulate NMD-eliciting nonsense m utations, 
w hile onco genes are depleted of NMD-inducing m utations 
( 29 , 30 ). Additionally, it has been reported that the genes en- 
coding core NMD factors are ampli!ed in multiple types of 
cancers and that this is associated with higher NMD ef!- 
ciency and lower cytolytic activity ( 31 ). Moreover, it was 
recently shown that in tumors undergoing immunother- 
a py, the imm unosuppressi v e IL-6 / STAT3 signaling path- 
way induces SMG1 le v els, and NMD acti vity, to suppress 
the expression of potent frameshift-deri v ed neoantigens 
( 24 ). Another way in which NMD can promote cancer 
is by degrading mRNAs encoding for truncated, though 
still functional, tumor suppressor proteins ( 32–35 ). On the 
other hand, there is also evidence supporting a role for 
NMD as a tumor suppressor pathway. For example, it has 
been reported that UPF1 le v els ar e decr eased in tumor tis- 
sue, relati v e to normal adjacent tissue, in different cancer 
types ( 36–40 ). Also, a functional interplay between the tu- 
mor micr oenvir onment and NMD has been suggested, by 
which cellular stressors like starvation and hypoxia reduce 
NMD activity and this, in turn, promotes tumorigenesis 
( 38 , 41 ). 

To gain more insight into the molecular underpinnings of 
the links between NMD activity and cancer progression in a 
w ell-established tumor model, w e decided to study the role 
of the NMD factor SMG7 in the tumorigenicity of the hu- 
man !brosarcoma cell line HT1080. We generated SMG7 
knockout (KO) HT1080 cells and con!rmed that they have 
impaired NMD. Using in vitro cell-based assays as well as 
mouse xenografts, we found that NMD-inhibited HT1080 
cells display impaired tumorigenicity. Gene expression anal- 
ysis re v ealed that NMD inhibition r esulted in a gr eatly r e- 
duced expression of the pro-tumorigenic gene MMP9, and 
that the impaired tumorigenicity of the SMG7KO cells can 
be partially rescued by MMP9 ov ere xpression. Our results 
show that in this !brosarcoma model, NMD activity is ben- 
e!cial for tumor progression and suggest that NMD inhibi- 
tion would r epr esent a promising thera peutic a pproach for 
this type of tumors. 
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MATERIALS AND METHODS 
Cell lines and cell culture 
HT1080 cells (CCL-121 ™, ATCC ®), and all cell lines de- 
ri v ed from them, were cultured in Dulbecco’s modi!ed Ea- 
gle’s medium (DMEM) supplemented with 10% fetal calf 
serum (FCS), 100 U / ml penicillin and 100 !g / ml strep- 
tomycin (P / S) at 37 ◦C under 5% CO 2 . TNF " treatment 
(25 ng / ml rh TNF-alpha, STEMCELL Technologies) was 
performed in DMEM without FCS for 20 h, unless oth- 
erwise stated. NMD inhibition (NMDi) was achie v ed by 
supplementing the medium with 0.3 !M of a SMG1 in- 
hibitor (hSMG1-inhibitor 11e, PC-35788 ProbeChem ®). 
When NMDi and TNF " tr eatments wer e combined, cells 
wer e !rst tr eated for 24 h with NMDi and then TNF " was 
added for 20 h before harvesting. For the mRNA stabil- 
ity measurements, HT1080 cells in 6-well plates were !rst 
treated with TNF " (25 ng / ml) for 24 h, in the presence of 
DMSO or NMDi 0.3 !M. Next day, Actinomycin D (ActD 
1 !g / ml) was added to all wells, without exchanging the 
growth medium. Cells were harvested 0, 5, 8, 15 and 24 h af- 
ter ActD addition and RNA extraction and RT-qPCR were 
performed as described below. 

SMG7KO cells were generated by introducing a gene trap 
into the !rst intron of the SMG7 gene, via CRISPR-Cas9 
genome editing, as described in ( 42 ). Single cell-deri v ed 
clones were picked after Zeocin selection and two of them, 
SMG7KO 11 and SMG7KO 12, were used here. 

The RESCUE cell line was generated by re-introducing 
both isoforms of SMG7 in the SMG7KO 12 clone, using 
the AAVS1 Safe Harbor Targeting System (GE622A-1-SBI, 
System Biosciences). In the !rst round of genome editing, 
a construct encoding the N-terminally 3xFla g-ta gged short 
isoform of SMG7 (3xFlag-SMG7short) and a puromycin 
resistance gene was used. After transfection, cells were se- 
lected for 10 days with puromycin (2 !g / ml) and single 
cell-deri v ed clones were picked. The clones were analyzed 
by screening for SMG7 mRNA expression using qPCR, 
and expression of 3xFlag-SMG7short was con!rmed by 
western blotting (WB). Next, a clone expressing 3xFlag- 
SMG7short was subjected to a new round of genome edit- 
ing, in which we introduced a N-terminally HA-tagged 
SMG7long expression cassette along with a blasticidin re- 
sistance gene. After selection for 10 days with 6 !g / ml blas- 
ticidin, single cell-deri v ed clones were picked and analyzed 
by WB to con!rm the expression of both SMG7 isoforms. 

To generate the MMP9 ov ere xpressing (MMP9OE) cell 
line, the MMP9 coding sequence was ampli!ed from cDNA 
of one of the tumors formed by HT1080 cells (Tumor 
WT 674) and subcloned into a pcDNA5-deri v ed e xpres- 
sion vector, in which the hygromycin resistance gene was 
replaced by a PGK promoter followed by a puromycin se- 
lection cassette. Subcloning into this vector also introduced 
a 3xFlag tag in the C-terminus of MMP9. This plasmid 
was then used to generate a cell line that constituti v ely e x- 
presses MMP9-3xFlag. For this, SMG7KO 12 cells were 
transfected with the expression plasmid and selected for 
10 days with 1 !g / ml puromy cin. Stab ly transfected cells 
were kept as a pool, and MMP9 expression and gelati- 
nolytic activity was con!rmed by performing WB with anti- 

MMP9 and anti-Flag antibodies and gelatin zymo gra phy, 
respecti v ely. 
Cellular transfection 
Plasmid transfections to generate stable cell lines were per- 
formed with TransIT ®-LT1 transfection reagent (Mirus). 
2 × 10 5 cells per well were seeded in 6-well plates the day be- 
fore tr ansfection, tr ansfection complexes containing 3 !l of 
the transfection reagent per !g of transfected DNA were 
pr epar ed in Opti-MEM ™ (Gibco) medium, incubated 20 
min at room temperature and then added onto the cells. The 
medium was exchanged on the following day and antibiotic 
selection started on the third day after transfection. 

For siRNA transfections, 2 × 10 5 cells per well were 
seeded into a 6-well plate and transfections were per- 
formed using the Lullaby transfection reagent (OZ Bio- 
sciences). Transfection complexes were prepared in Opti- 
MEM ™ (Gibco) medium and consisted of 5.6 !l of the 
transfection reagent and 22 nM siRNA in a !nal volume 
2 ml / well. Cells were transfected twice with the siRNAs, on 
the !rst and third days after seeding, and harvested one day 
after the second transfection. 
Protein analysis by western blotting 
Cellular protein le v els were analyzed by lysing cells in RIPA 
buffer (10 !l per 1 × 10 5 cells; 10 mM Tris–HCl pH 8.0, 1 
mM EDTA, 1% Triton X-100, 0.5% sodium deoxycholate, 
0.1% SDS, 150 mM NaCl, supplemented with protease and 
phosphatase inhibitors), followed by WB. Typicall y, l ysate 
corresponding to 2 × 10 5 cell equivalents was mixed with 
loading buffer (NuPAGE ™ LDS Sample Buffer, Thermo 
Fisher Scienti!c) containing 50 mM DTT, heated for 10 min 
a t 70 ◦C , and loaded onto NuPAGE ™ 4–12% Bis–Tris gels 
(Thermo Fisher Scienti!c). Transfer to nitrocellulose mem- 
branes (iBlot ™2 Transfer Stacks, Thermo Fisher Scienti!c) 
was done with the iBlot2 Dry Blotting System (Thermo 
Fisher Scienti!c), using the P0 standard program. After 
blocking for 1 h at room temperature with 5% BSA (in 20 
mM Tris, 150 mM NaCl, 0.1% (v / v) Tween 20, pH 7.4), 
membranes were probed with the speci!ed primary anti- 
bodies (diluted in blocking solution), either for 2 h at room 
temperature or overnight at 4 ◦C. We used "uorophore- 
coupled secondary antibodies and "uorescent signals were 
detected using the Odyssey Infrared Imaging System (LI- 
COR Biosciences). The antibodies used in this study are 
listed in Supplementary table S4. 

For studying the le v els of secreted proteins, 2 ml of 
conditioned media were collected from nearly con"u- 
ent 6-well plates, centrifuged for 10 min at 16 000 g 
and the cleared supernatant was transferred to a new 
tube. Half of the collected material was stored at –80 ◦C, 
while the other half was subjected to protein precipitation 
with acetone. Precipitated proteins were resuspended di- 
rectly in loading buffer (NuPAGE ™ LDS Sample Buffer, 
Thermo Fisher Scienti!c) and loaded onto NuPAGE ™ 4– 
12% Bis–Tris gels (Thermo Fisher Scienti!c). After pro- 
teins wer e transferr ed to nitrocellulose membranes, they 
were stained with Re v ert700 total protein stain (LI-COR 
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Biosciences) and imaged using the Odyssey Infrared Imag- 
ing System (LI-COR Biosciences), for normalization. After 
the total protein stain was removed, the WB protocol was 
followed as described above. Densitometric quanti!cation 
of the western blots was done using ImageJ software. 
RN A e xtraction and mRN A e xpression analysis by 
RT-qPCR 
Total RNA from cultured cells was isolated using the 
guanidium thiocyanate–phenol–chloroform extraction pro- 
tocol followed by isopropanol precipitation as described in 
( 43 ). Residual DNA was removed with the TURBO DNA- 
free ™ kit (Thermo Fisher Scienti!c) and RNA concentra- 
tion was measured by NanoDrop 2000 spectrophotometer 
(Thermo Fisher Scienti!c). Next, 1 !g of RNA was reverse 
tr anscribed using r andom hexamers and the Af!nityScript 
Multi-Temp re v erse transcriptase (Agilent) following the 
manufacturer’s instructions. cDNA le v els wer e measur ed by 
quantitati v e real-time PCR using Brilliant III Ultra-Fast 
SYBR Green qPCR mix (Agilent) and 24 ng of cDNA, in 
15 !l reactions. For detection of pre-mRNAs by RT-qPCR 
75 ng of cDNA were used in 15 !l reactions. Cycling and 
"uorescence acquisition were done with the Rotor-Gene Q 
(Qiagen). RT minus reactions were run in e v ery e xperiment 
to control for DN A contamination, w hen measuring pre- 
mRNA le v els, RT minus r eactions wer e run for e v ery sam- 
ple, in e v ery e xperiment. All the assays used in this study 
have an ampli!cation ef!ciency of 1, allowing the use of 
the !! Ct method for relati v e quantitation. The primer se- 
quences used for qPCR can be found in Supplementary 
Table S4. 

To extract total RNA from the tumor samples, the tissue 
was !rst lysed and homogenized by dual centrifugation at 
2500 rpm, –5 ◦C for 4 min using the ZentriMix 380R (Het- 
tich) and RNA was puri!ed using the GeneElute ™ Mam- 
malian Total RNA Midiprep Kit (Sigma Aldrich) following 
the manufacturer’s instructions, including the in-column 
DNAse digestion step. The extracted RNA was then re v erse 
transcribed and cDNAs were quanti!ed by qPCR as de- 
scribed above. For measuring SMG7 expression levels in the 
tumor samples, a SMG7 TaqMan qPCR assay was used, be- 
cause it is speci!c for detecting SMG7 of human origin. For 
this, the Brilliant III Ultra-Fast qPCR mix (Agilent) was 
used. 
RNAseq analysis 
The RNAseq analysis of the HT1080, SMG7KO 11 and 
SMG7KO 12 cell lines were !rst described in ( 42 ). Li- 
braries were prepared with the Illumina TruSeq Stranded 
Total RNA Library Prep Kit (chemistry v3), including a 
ribo-zero depletion step. The reads (100 base pairs and in 
single-end mode) were produced by means of a HiSeq3000 
machine, reaching a sequencing depth of around 85 mil- 
lion per sample. Every condition was analyzed in tripli- 
cate. Read mapping was performed with STAR 2.7.8a to the 
full human genome, version GRCh38.10.9, without provid- 
ing a r efer ence annotation. Read counting was carried out 
with featureCounts (Subread package) version 2.0.1 on En- 
sembl GRCh38 release 109. The chosen options were: re- 
verse strand (-s 2), m ulti-ma pping allowed (-M), fractional 

assignment (–fraction). The differential analysis was per- 
formed with DESeq2, version 1.40.0. Technical replicates 
sequenced on different lanes were merged, w hile biolo gi- 
cal replicates showed very high consistency. The two clones 
were analyzed separately and compared to the parental line. 
A meta-analysis of the two analyses was computed with the 
sum of P -value method. 

For the transcriptomic analysis of the tumor samples, li- 
braries were prepared with the Illumina TruSeq Stranded 
Total RNA library kit, including rRNA depletion. The No- 
vaSeq6000 instrument was used to produce 50 bp paired- 
end reads, obtaining on average 25 million reads per sample. 
Three independently grown tumors from HT1080 cells and 
two independently grown tumors from SMG7KO and RES- 
CUE cells were analyzed. Reads were mapped to a com- 
bined version of GRCh38.p12 (GenBank assembly acces- 
sion: GCA 000001405.15) and mm10 (ENCODE dataset: 
ENCSR425FOI) using STAR version 2.7.2b with options 
‘runThreadN 40’ and ‘twopassMode Basic’. Read counts 
were generated with featureCounts version 1.6.4 with op- 
tion ‘-p -T 50 -t exon -g gene id’, using a merged anno- 
tation of Ensembl GRCh38 version 97 and mm10 GEN- 
CODE VM21 (ENCODE dataset: ENCSR425FOI). DE- 
Seq2 version 1.24.0 was used to identify differentially ex- 
pressed genes. 

All differential gene expression analyses reported in this 
manuscript are gene-le v el analyses. 
Proteomic analysis by SILAC and MS / MS 
HT1080, SMG7KO 11 and SMG7KO 12 cells were grown 
for 8-cell doublings in SILA C la belling medium ( 44 ). Each 
cell line was labelled once with light- and once with heavy- 
amino acids. After harvesting, cells were lysed in lysis buffer 
(8 M urea in 100 mM Tris–HCl pH 8.0) supplemented with 
protease inhibitors. Next, the light- and heavy-labelled pro- 
tein lysates of the cell lines to be compared were mixed in 
a 1:1 ratio, reduced, alkyla ted and precipita ted with cold 
acetone. Finally, the puri!ed protein mixtures were resus- 
pended in loading buffer (NuPAGE ™ LDS Sample Buffer, 
Thermo Fisher Scienti!c) and 40 !g of protein mix per lane 
were loaded on a NuPAGE ™ 4–12% Bis–Tris gel (Thermo 
Fisher Scienti!c). After electrophoresis, the gel was stained 
with Coomassie Brilliant Blue and the gel lanes were cut 
into 22 slices. The gel pieces were reduced, alkylated and di- 
gested with trypsin ( 45 ). The digests were analyzed by liquid 
chromato gra ph y (LC)–MS / MS (PRO XEON coupled to a 
QExacti v e HF mass spectrometer, ThermoFisher Scienti!c) 
with one injection of 5 !l digests. Peptides were trapped 
on a !Precolumn C18 PepMap100 (5 !m, 100 Å , 300 
!m × 5 mm, ThermoFisher Scienti!c, Reinach, Switzer- 
land) and separated by back"ush on a C18 column (5 !m, 
100 Å , 75 !m × 15 cm, C18) by a ppl ying a 40-min gradi- 
ent of 5% acetonitrile to 40% in water, 0.1% formic acid, at 
a "ow rate of 350 nl / min. The Full Scan method was set 
with resolution at 60 000 with an automatic gain control 
(AGC) target of 1E06 and maximum ion injection time of 
50 ms. The data-dependent method for precursor ion frag- 
mentation was applied with the following settings: resolu- 
tion 15 000, AGC of 1E05, maximum ion time of 110 ms, 
mass window 1.6 m / z , collision energy 27, under !ll ratio 
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1%, charge exclusion of unassigned and 1+ ions, and pep- 
tide match pr eferr ed, r especti v ely. 

The mass spectrometry data was searched with 
MaxQuant ( 46 ) software version 1.5.4.1 against the 
Human Swiss-Prot ( 47 ) database (release 2016 04). Heavy 
labels were gi v en as arg (R10) and lys (K8) with a maximum 
of three labeled amino acid in a peptide; digestion mode 
was set to Trypsin / P, allowing for a maximum of 2 missed 
cleavages; !rst search peptide tolerance was set to 10 ppm, 
and MS / MS match tolerance to 20 ppm; allowed variable 
modi!ca tions were Oxida tion (M) and Acetyl (Protein 
N-term), with a maximum of 3 modi!cations allowed 
per peptide; Carbamidomethyl (C) was set as a !xed 
modi!ca tion. Ma tch between runs was enabled between 
identical gel bands and their direct neighbors with default 
parameters. Each pair of ratio and re v ersed ratio samples 
were analyzed to identify protein groups behaving incon- 
sistently. This was done by plotting the log2 ratio versus the 
log2 inverse ratio and identi!cation of r egr ession outliers 
from absolute Studentized residuals (R MASS package 
( 48 )) > 5.209 (0.9999999th quantile of the corresponding 
Student distribution). Protein groups "agged as outliers 
were not further considered. The strength of the pair corre- 
lation was then estimated using the R duplicateCorrelation 
package ( 49 ), and as suggested, used as parameter in the 
empirical Bayes approach (moderated t -statistics ( 50 )) used 
to evalua te dif fer ential expr ession between the two groups. 
Resulting P -values were adjusted for multiple testing by the 
Benjamini and Hochberg false discovery rate-controlled 
approach ( 51 ). 
Soft agar colony formation assay 
Six-well plates were !rst coated with 1.5 ml of 0.5% agar 
dissolved in complete growing medium, and then allowed to 
harden for 1 h at room temperature. After the !rst layer was 
set, the top layer containing 1 × 10 4 cells in 1.5 ml of 0.3% 
agar dissolved in complete growing medium was added on 
top and allowed to harden for 30 min at room temperature. 
Plates were kept under standard cell culturing conditions 
for 2–3 weeks, with the regular addition of 300 !l of com- 
plete growth medium on top, to avoid drying of the plates. 
W hen trea tment with NMDi was performed, the compound 
was added to both agar layers and to the growth medium 
added on top, at a !nal concentration of 0.3 !M. Colonies 
were stained for 1 hour at room temperature with crystal 
violet 0.01% (Sigma Aldrich) dissolved in 20% methanol 
and de-stained by performing se v eral washes with water, be- 
fore taking pictures with a gel documentation system. Au- 
tomatic counting of the number of colonies was done using 
ImageJ software. 
T r answ ell migr ation assay 
Tr answell migr ation assays were performed using 12-well 
8 !m PET transwell inserts (Sarstedt). 1 × 10 4 cells were 
resuspended in 500 !l of FCS-free growing medium and 
dispensed into the upper chamber of the insert, in dupli- 
cates. The bottom well was then !lled with either complete 
growing medium containing 10% FCS or FCS-free grow- 

ing medium, which served as a control. When NMDi treat- 
ment was r equir ed, the inhibitor was added to the medium 
in both compartments, at a !nal concentration of 0.3 !M. 
Plates were incubated at 37 ◦C for 20 h. Next day, non- 
migrating cells were removed from the upper chamber with 
a cotton swab and the migrated cells in the bottom side of 
the membrane were stained for 20 min at room tempera- 
ture with crystal violet 1% in 20% methanol. After se v eral 
washes with water, the membranes were cut and mounted 
on glass slides. Pictures of !v e random !elds were taken, at 
10x magni!cation, and the total number of migrated cells 
was counted. 
Gr owth curv es 
For measuring growth rates, 6 × 10 4 cells / well were seeded 
in 12 wells of a 24-well plate in complete growth medium. 
Starting on the !rst day after seeding, the number of 
cells / ml present in three wells was measured e v ery day, dur- 
ing 4 consecuti v e da ys. This protocol was perf ormed in bi- 
ological triplicates. 
Mouse Xenograft experiments 
Mouse xenograft protocols EGP 8846 and EGP 9460 were 
approv ed and e xecuted by the MCCA Interv ention Unit 
of the Netherlands Cancer Institute. These protocols are 
speci!call y a pplicab le to the e xperiments described in this 
manuscript. In brief, 2 × 10 6 cells resuspended in Matrigel 
(Corning) were injected subcutaneously in the "ank of NSG 
mice. In total, 17 mice were injected per cell line. Tumor 
growth was followed over time by measuring its volume with 
a caliper, three times per week. When the tumors reached a 
volume of 1500 mm 3 , or when animals had to be sacri!ced 
because of their health condition, half of the tumor tissue 
was harvested in RNAlater (Sigma Aldrich) and stored at 
–80 ◦C (for RNA extraction), and the other half was col- 
lected, !xed with formalin, and embedded in paraf!n for 
histological examination. For the Kaplan-Meier plot, the 
time r equir ed for the tumors r eaching 750 mm 3 was taken. 
Histopathological analysis of tumors 
Primary tumors tissue blocks were routinely processed and 
stained with hematoxylin and eosin (HE) for histological ex- 
amination. The primary tumors were assessed morpholog- 
ically for mitotic activity and for tumor necrosis. Quantita- 
ti v e measurements were done digitally using QuPath 0.2.3 
software. For measuring the mitotic activity, 10 high power 
!elds of 0.237 mm 2 each were selected for counting mitosis. 
The assessment was done in the area (!eld of view, FOV) 
with estimated highest mitotic activity, selecting 10 consec- 
uti v e !elds. FOV with necrosis were excluded from the as- 
sessment. For the quanti!cation of tumor necrosis, the areas 
of tissue with and without necrosis wer e measur ed and the 
percentage of necrosis was calculated. 
Gelatin zymograms 
Twenty !l of conditioned media collected from nearly con- 
"uent plates were mixed with 20 !l of 2 × Tris-glycine SDS 
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sample buffer (NOVEX LC2676), in the absence of reduc- 
ing agents, and incubated at room temperature for 10 min. 
Next, the samples were loaded onto the Nov e x ™ 10% Zy- 
mogram Plus (Gelatin) Protein Gels (ZY00100BOX, Invit- 
rogen) and the gel was run at 125 V using Tris-Glycine SDS 
running buffer. After the run was complete, the gel was in- 
cubated in Nov e x Zymogram Rena turing Buf fer (LC2670, 
In vitrogen) f or 30 min at room temperature, followed by a 
30 min incubation in Nov e x Zymogram De v eloping Buffer 
(LC2671, Invitrogen). The buffer was then exchanged with 
fresh de v eloping buffer and the gel was de v eloped ov ernight 
a t 37 ◦C . Next day, the gel was stained with Imperial ™ Pro- 
tein Stain (Thermo Fisher Scienti!c) for 2 h at room tem- 
perature and then de-stained by se v eral washes with water. 
Finally, gels were imaged with a gel documentation system. 
Ingenuity pathway analysis 
The list of differ entially expr essed genes between tumor 
samples, together with their fold changes, was uploaded to 
the Ingenuity Pathway Analysis (IPA) software and a core 
analysis was performed. Only differentially expressed genes 
with a fold change smaller than –2 and bigger than 2 in 
the comparison SMG7KO versus HT1080 were considered 
for this analysis. The core analysis provided the functional 
characterization of our dataset, from which affected dis- 
eases or biological functions wer e inferr ed. The softwar e 
was used to create ‘Regulators effects networks’, which are 
functional networks that connect differentially expressed 
genes (DEGs) with both downstream effects and upstream 
r egulators. The IPA softwar e was also used to compare the 
DEGs and the predicted downstream effects of the RNAseq 
data from the tumor samples and the one of the cells in 
culture. 
Graphs and statistical analysis 
All graphs and statistical analysis were done with GraphPad 
Prism 9 software. The gr aphical abstr act was created with 
Biorender.com. 
RESULTS 
Lack of SMG7 results in strong NMD inhibition 
The reported pro- and anti-carcinogenic roles of NMD 
prompted us to investigate the impact of the NMD fac- 
tor SMG7 in the tumorigenicity of a human !brosar- 
coma model. To this end, we generated SMG7 knockout 
cells in the human !brosarcoma-deri v ed cell line HT1080 
(SMG7KO) by a ppl ying CRISPR-Cas9 genome editing to 
introduce a gene trap (consisting of a splicing acceptor 
(SA), a Zeocin resistance cassette (Zeo R ) and a strong 
polyadenylation signal (PA)) into the !rst intron of the 
SMG7 gene (Figure 1 A) ( 42 ). In cell clones bearing the 
correct integration of the gene trap in both alleles, tran- 
scription of the SMG7 locus confers Zeocin resistance but 
no SMG7 expression, as transcription should stop at the 
integra ted SV40 polyadenyla tion motif. We used western 
blotting (WB) to con!rm the absence of both the short 
and the long protein isoforms of SMG7 in two indepen- 
dently generated SMG7KO clones (clones 11 and 12, Fig- 
ure 1 B) and RNA sequencing (RNAseq) to verify that there 

are no reads mapping to the SMG7 locus downstream of 
the integrated gene trap ( 42 ). To assess if SMG7KO cells 
have impaired NMD, we performed differential gene ex- 
pression analysis on the RNAseq data previously generated 
for the SMG7KO clones 11 and 12 and for the parental 
cell line HT1080 (Figure 1 C and Supplementary Table S1) 
( 42 ). The changes in the transcriptome observed in both 
SMG7KO clones correlate with each other (Pearson cor- 
relation R = 0.9248), suggesting that they are not speci!c 
to either clone but rather common to the loss of SMG7. 
In total, 3400 genes were found to be differentially ex- 
pressed (DEG, meta adjusted P -value < 0.01), of which 
1763 wer e upr egulated and 1637 wer e downr egulated in 
SMG7KO cells. Gi v en the role of SMG7 in RNA decay, 
it was surprising to !nd such a big fraction of downregu- 
lated genes. We reasoned that the changes in gene expres- 
sion observed in SMG7KO cells are the sum of both direct 
and indirect (or secondary) effects of the lack of SMG7. 
If in addition we a ppl y a fold change cutoff of ± 1.5, 
we !nd that 2867 genes ar e differ entially expr essed, with 
1524 of them being upregulated and 1343 downregulated in 
SMG7KO cells compared to parental HT1080 cells. Among 
the upregulated genes, we !nd well validated NMD sub- 
strates like GADD45B, GAS5 (Supplementary Table S1) 
and genes encoding NMD factors (Supplementary Table S1 
and Figure 1 C), as part of the NMD autoregulatory mecha- 
nism ( 9 , 10 , 18 ), further con!rming that NMD is impaired in 
SMG7KO cells. In addition, we wondered if the NMD in- 
hibition observed in SMG7KO cells could also impact their 
proteome. To answer this, we did a quantitati v e proteomic 
analysis on both SMG7KO clones and on parental HT1080 
cells using stable isotope labeling by amino acids in cell cul- 
ture (SILAC) and mass spectrometry (Supplementary Fig- 
ure S1A and Supplementary Table S2). The protein expres- 
sion changes observed in both SMG7KO clones relati v e to 
HT1080 cells also correlate with each other (Pearson corre- 
lation R = 0.6770), and among the top upregulated proteins 
we f ound man y NMD factors, like UPF1, UPF2, SMG1 
and SMG9 (Supplementary Figure S1A). In summary, our 
transcriptomic and proteomic analyses document a strong 
NMD impairment in the SMG7KO cells. 

Next, we generated a RESCUE cell line in which we 
re-introduced both isoforms of SMG7 into the SMG7KO 
clone 12 (from now on termed SMG7KO, for simplicity). 
Compared to isoform 1, isoform 2 lacks amino acids 569– 
614 due to alternati v e pre-mRNA splicing but thus far no 
functional differences between the two isoforms have been 
reported. We used RT-qPCR to evaluate SMG7 expression 
and NMD activity in SMG7KO clones 11 and 12, the RES- 
CUE cell line and in the parental cells HT1080. Analy- 
sis of SMG7 le v els (Figure 1 D) con!rmed that SMG7KO 
clones do not express any detectable amounts of SMG7 
mRNA and that this has been r estor ed in the RES- 
CUE cells, r esults that agr ee with our RNAseq data and 
with the SMG7 protein le v els detected by WB (Figure 
1 B). Our RT-qPCR analysis further con!rmed the speci!c 
accumulation of endogenous NMD-sensiti v e mRNAs in 
SMG7KO cells and re v ealed that their le v els are brought 
back to that of the HT1080 cells in the RESCUE condi- 
tion, suggesting that NMD activity has been fully r estor ed 
in the RESCUE cells (Figure 1 E, F and Supplementary 
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Figure 1. SMG7KO cells have impaired NMD. ( A ) Scheme of the genome editing approach used to generate the SMG7KO cell lines. A gene trap consisting 
of a splicing acceptor (SA), a Zeocin resistance cassette (Zeo R ) and a strong polyadenylation signal (PA) was inserted into the !rst intron of the SMG7 
gene. The !rst two exons of the SMG7 gene are shown in green. ( B ) Western blot showing the le v els of SMG7 protein in HT1080, SMG7KO clones 11 and 
12, and the RESCUE cell lines. Both isoforms of SMG7 are distinguishable, CPSF3 serves as a loading control. MW: molecular weight marker. ( C ) Scatter 
plot showing the correlation between the differential gene expression analyses performed on RNAseq data from SMG7KO clones 11 and 12 compared to 
the parental cell line HT1080. The Pearson correlation coef!cient ( R ) calculated for the differentially expressed genes (DEG, in blue) with meta adjusted 
P -values (meta P adj ) < 0.01 is shown. The DEGs encoding NMD factors are shown in b lack. ( D–F ) Relati v e mRNA le v els were determined by RT-qPCR 
and normalized to the average of the relative levels of ActB mRNA and 28S rRNA. Shown are the means and data points represent biological replicates. 
Statistical signi!cance was determined by One-way ANOVA and Dunnett’s multiple comparisons test. ns P > 0.05; * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001; 
**** P ≤ 0.0001. ( G ) Relati v e mRNA le v els, determined by RT-qPCR as in (D), in HT1080, SMG7KO 12 and the RESCUE cell lines treated with the 
indicated siRNAs. Shown are the means and data points r epr esent biological replicates. 
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Figure S1B-C). The model proposing that SMG5 and 
SMG7 proteins are required to form a heterodimer to trig- 
ger mRNA decay ( 16 ) was recently challenged by two publi- 
cations providing evidence that SMG5 and SMG7 can have 
heterodimer-independent functions in NMD ( 12 , 17 ). We 
reasoned that our cell lines provide a good frame wor k to ex- 
amine these new !ndings. We performed siRNA-mediated 
knock downs (KD) of SMG5 and SMG6 in HT1080, 
SMG7KO and RESCUE cells and we evaluated NMD ac- 
tivity by RT-qPCR. Indeed, we found that in cells lacking 
SMG7, depletion of SMG5 led to an e v en stronger NMD 
inhibition (Figure 1 G and Supplementary Figure S1D–F), 
further supporting the idea that SMG5 can sustain NMD 
activity in the absence of SMG7. A similar picture was ob- 
served when SMG6 was depleted from SMG7KO cells, re- 
sults that can be explained by the concomitant inhibition 
of both mRNA decay branches, as it has been reported 
previously ( 10 , 12 ). We were reassured to see that the ac- 
cumulation of NMD substrates upon depletion of SMG5 
or SMG6 in the RESCUE cells was similar to that of the 
parental HT1080 cells, showing that the expressed recom- 
binant SMG7 proteins are fully functional. 
NMD inhibition affects the anchorage-independent growth 
and migration properties of HT1080 cells 
Due to their highly aggressi v e and invasi v e nature, the 
HT1080 cells have been used e xtensi v ely as a model for 
studying cell invasion and migration ( 52–55 ). Gi v en the 
wealth of con"icting data relating NMD and tumorigen- 
esis ( 21 ), we decided to study if the tumorigenic potential 
of the HT1080 cells is affected by the loss of SMG7. First, 
we compared the anchorage-independent growth abilities 
of parental, SMG7KO and RESCUE HT1080 cells by per- 
forming soft agar colony formation assays and found that 
the SMG7KO cells show a f our-f old reduction in the num- 
ber of colonies they form, when compared to HT1080 and 
RESCUE cells (Figure 2 A). We did not, howe v er, !nd dif- 
ferences in the growth rates of the cell lines under standard 
adherent cell culturing (Supplementary Figure S2A). Sim- 
ilar r esults wer e obtained with another SMG7KO clone, 
number 11 (Supplementary Figure S2B), suggesting that 
this is not a clone-speci!c trait. Additionally, we wanted to 
assess if the impaired ability to grow in the absence of a solid 
surface is a fea ture a ttributable to the lack of SMG7, or 
more generally to NMD inhibition. For this, we performed 
soft agar colony formation assays on HT1080 cells treated 
with a small molecule drug (NMDi) that blocks NMD by 
inhibiting the kinase activity of SMG1 ( 56 , 57 ), and ob- 
served that the NMDi treatment also signi!cantly reduces 
the capacity of HT1080 cells to form colonies in soft agar 
(Figure 2 A). 

Next, w e performed transw ell migration assays to com- 
pare the migratory properties of the cell lines, using fe- 
tal calf serum (FCS) as a chemoattractant. We found that 
the number of migrating cells was signi!cantly reduced for 
the SMG7KO cell line, compared to HT1080 and RES- 
CUE cells (Figure 2 B). Comparable results were obtained 
when HT1080 cells were treated with the NMDi, suggest- 
ing that NMD inhibition causes the impaired migratory ca- 
pacity of the SMG7KO cells. In summary, our results show 

that the anchorage-independent growth and migratory abil- 
ities of HT1080 cells are impaired when NMD activity is 
compromised. 
SMG7KO cells show impaired tumorigenicity in vivo 
The results obtained in our cell-based assays led us to hy- 
pothesize that SMG7KO cells might have dif!culties in 
forming tumors in vivo . To test this, we performed mouse 
xenograft experiments in which parental, SMG7KO and 
RESCUE HT1080 cells were injected subcutaneously into 
immunocompromised mice and tumor growth was mea- 
sured over time with a caliper. The results are summarized 
in !gures 3 A and B. Tumor growth was detected in all mice 
injected with the parental HT1080 cells, and most of these 
tumors reached a volume of 750 mm 3 within about 50 days 
after injection (15 / 17, ∼88% of total) (Figure 3 A, B). On 
the contrary, tumors formed by the SMG7KO cells grew 
mor e slowly (Figur e 3 A). In ∼35% (6 / 17) of the injected an- 
imals we couldn’t !nd evidence of tumor growth, and from 
the ∼65% (11 / 17) of the cases in which tumor growth was 
detectable, only 4 of them ( ∼24% of total) reached a volume 
of 750 mm 3 within the timeframe of the experiment (Fig- 
ure 3 B). RESCUE cells were also able to form tumors in 
vivo , albeit at a slower speed than that of parental HT1080 
cells (Figure 3 A). There was also a fraction of RESCUE- 
injected mice for which tumor growth wasn’t detectable 
(4 / 17, ∼24%), howe v er, in contrast to the SMG7KO cells, 
a large proportion of the tumors formed by RESCUE 
cells reached a volume of 750 mm 3 (10 / 17, ∼59% of total) 
(Figure 3 B). 

To further characterize the tumors formed by the three 
cell lines, we performed a histopathological analysis of the 
primary tumors, which were assessed morphologically, for 
mitotic activity and for tumor necrosis. Based on the pre- 
dominant tumor shape and the extent as well as the dis- 
tribution of necrosis, the tumors demonstrated one of the 
following main morphologies: (a) highly and densely cel- 
lular , multinodular , space-occup ying mass, with fr equent 
focally-e xtensi v e epidermal and dermal necrosis on the 
surface (infarct), and variable intr atumor al necrosis; (b) 
highly and densely cellular , multinodular , plaque-like more 
than space-occupying mass with massi v e central focally- 
e xtensi v e necrosis; (c) plaque-like mass with > 80% necrotic 
tumor tissue with evident dissociated neoplastic cells (Fig- 
ure 3 C). Some cases presented with an intermediate mor- 
phology of (a) and (b), characterized by a combination of 
histomorphological features from both groups. Morphol- 
ogy (a) was clearly predominating in the HT1080 (75%) 
and RESCUE (70%) groups. For the SMG7KO group, 
howe v er, none of the morphologies predominated clearly 
over the others, with morphology (c) being the most fre- 
quently found (Figure 3 D). The more plaque-like and 
smaller appearing tumors may correspond to slower grow- 
ing neoplasias compared to the larger , multinodular , and 
more e xpansi v e tumors. Additionally, the e xtent of tumor 
necrosis may also potentially correspond to reduced tumor 
growth as the extent of necrotic lesions would be expected 
to increase with prolonged presence and de v elopment of 
the tumors. The quanti!cation of the mitotic activity, as 
well as the percentage of necrosis in the primary tumors 
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Figure 2. SMG7KO cells show impaired migration and anchorage-independent growth. ( A ) Soft agar colon y f ormation assa ys were used to determine the 
anchorage-independent gr owth pr operties of HT1080, SMG7KO and RESCUE cell lines, and of HT1080 cells treated with an NMD inhibitor (NMDi, 
0.3 !M) as an alternati v e way of inhibiting NMD. Top panel, r epr esentati v e images of colonies stained with crystal violet. Bottom panel, quanti!cation 
of the colony formation assays, showing the number of colonies per well and the means ± SD of three biological replicates for the indicated cell lines 
and trea tments. Sta tistical signi!cance between HT1080, SMG7KO 12 and RESCUE cells was determined by One-way ANOVA and Dunnett’s multiple 
comparisons test, * P ≤ 0.05; **** P ≤ 0.0001. Statistical comparison of HT1080 and HT1080 + NMDi cells was performed by unpaired two-tailed 
t -test, ** P ≤ 0.01. ( B ) Results of tr answell migr ation assa ys perf ormed with HT1080, SMG7KO and RESCUE cell lines, and with NMDi-treated (0.3 
!M) HT1080 cells. Data points r epr esent the number of migrated cells from !v e randomly chosen !elds of the membranes in each biological replicate. 
Additionally, the means ± SD are shown. Statistical signi!cance was determined by Mixed-effects analysis and Tukey’s multiple comparisons test. ns 
P > 0.05; * P ≤ 0.05; ** P ≤ 0.01. 
support this idea: the mitotic activity of the primary tumors 
was highest in the HT1080 group, lowest in the SMG7KO 
group and intermediate for the RESCUE group (Supple- 
mentary Figure S3A). The opposite trend was observed for 
the quanti!cation of tumor necrosis, which was highest in 
the SMG7KO group and lowest for the HT1080 group, with 
intermediate values for the RESCUE group (Supplemen- 
tary Figure S3B). Even though these differences in mitotic 
activity and necrosis did not reach statistical signi!cance, 
they suggest that the tumors formed by SMG7KO cells grew 
more slowly than those formed by parental HT1080 cells, 
and that this phenotype was partially re v erted in the RES- 
CUE cells. Finally, we recon!rmed the identity of the cells 
present in the primary tumors by measuring SMG7 mRNA 
le v els by qPCR (Supplementary Figure S3C). Altogether, 
our results show that the high tumorigenicity characteris- 
tic of HT1080 cells was reduced in the SMG7KO cells, and 
tha t this a ttribute was partially r estor ed in the RESCUE 
cells. 

NMD inhibition results in reduced MMP9 gene expression in 
HT1080 cells 
To get more insight into the molecular mechanisms respon- 
sible for the impaired tumorigenicity of the SMG7KO cells, 
we performed RNAseq and differential gene expression 
analysis on primary tumors formed by parental, SMG7KO 
and RESCUE HT1080 cells (Figure 4 A and Supplementary 
Table S3). The anti-correlation observed when plotting the 
DEGs (de!ned by having an adjusted P -value < 0.01 in ei- 
ther of the two pairwise comparisons) between SMG7KO 
and HT1080 cells ( x axis) versus the DEGs between RES- 
CUE and SMG7KO cells ( y axis) suggests that many of the 
transcriptomic changes induced by the removal of SMG7 
have been r estor ed in the RESCUE cells (Pearson corr e- 
lation R = –0.6176; Figure 4 A). Again, as a paradigm 
of NMD inhibition, we veri!ed the accumulation of the 
NMD sensiti v e mRNAs encoding for the NMD factors 
UPF1, SMG1, SMG5 and SMG9 in the tumors formed by 
SMG7KO cells, and we also con!rmed that their le v els are 

D
ow

nloaded from
 https://academ

ic.oup.com
/narcancer/article/5/3/zcad048/7260975 by European M

olecular Biology Laboratory user on 08 Septem
ber 2023



10 NAR Cancer, 2023, Vol. 5, No. 3 

Figure 3. SMG7KO cells show impaired tumorigenicity in vivo . ( A ) Kaplan–Meier plots showing tumor progression in mice with HT1080, SMG7KO and 
RESCUE xenografts. The endpoint (e v ent) was de!ned as tumors reaching a volume of 750 mm 3 . Black ticks represent censored animals. Each group 
consisted of 17 mice. Survival curves wer e compar ed using the Log-rank (Mantel-Cox) test (HT1080 versus SMG7KO, and HT1080 versus RESCUE 
P < 0.0001, SMG7KO versus RESCUE P = 0.0149). ( B ) For the Xenograft experiment shown in A, the fraction of animals that did not de v elop a 
detectable tumor during 150 days after injection of the cells (gray), animals with tumors smaller than 750 mm 3 (gridded) and animals for which the tumors 
reached at least 750 mm 3 (black) is sho wn. ( C ) Hemato xylin and eosin (H&E) staining was used for histological examination of the primary tumors. Shown 
ar e r epr esentati v e images of the three distincti v e morphological groups termed a, b and c. The ov ervie w images (top) were taken at 0.6 × and the scale bar 
corresponds to 5 mm. ‘T’ denotes viable tumor tissue, ‘N’ shows necrotic tissue and the asterisks show the skin. ‘I’ indicates the dermal necrosis (infarct), 
characteristic of tumors belonging to group a. The close-up images (bottom) were taken at 25 × and the scale bar corresponds to 100 !m. The dissociation 
of the neoplastic cells is evident in tumors from group c. ( D ) Pie charts showing the proportion of the tumors formed by HT1080, SMG7KO and RESCUE 
cells that were classi!ed into one of the three main morphological groups (a, b or c). The fourth category labeled a / b corresponds to tumors containing 
features of both categories. The total number of primary tumors analyzed per cell line is indicated between parentheses. 
again downregulated in the tumors established from RES- 
CUE cells (Figure 4 A). 

We then used the Ingenuity Pathway Analysis (IPA) soft- 
ware to perform a functional analysis on the RNAseq data 
of the primary tumors. Using the ‘Downstream effects’ 
anal ysis tool, w hich uses the gene expression changes in 
the dataset to predict which biological processes or func- 
tions might be activated or inhibited, we found categories 
like ‘Invasion of cells’, ‘Advanced malignant tumor’, ‘Inva- 
si v e tumor’, and ‘Metastasis’ to be inhibited in the tumors 

formed by SMG7KO cells ( z -scores < –2) (Supplementary 
Figure S4A), a result that is consistent with the observed 
phenotype. In addition, we implemented a ‘Regulator ef- 
fects’ analysis to get insight into the upstream regulators 
and the DEGs that might be driving the predicted down- 
stream effects. This analysis resulted in only one causal net- 
work with a positive consistency score (a measure of how 
causally consistent and densely connected the network is) 
that connects 13 DEGs that are predicted to contribute 
to the inhibition of the categories ‘Migration of cells’, 
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Figure 4. NMD inhibition leads to decreased MMP9 expression. ( A ) Scatter plot showing the pairwise differential gene expression analyses performed 
on RNAseq data from primary tumors. DEGs between SMG7KO and HT1080 cells are plotted along the x axis, and those between RESCUE and 
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‘Invasion of cells’ and ‘Metastasis’ (Supplementary Figure 
S4B). We also used the ‘Comparison’ tool from the IPA 
software to study which DEGs and downstream affected 
diseases or functions are shared between the RNAseq data 
from the primary tumors and that of the cells in culture. 
We found that the gene expression changes observed in the 
cultured cells also suggested the inhibition of categories 
like ‘Invasion of cells’, ‘Metastasis’ and ‘Advanced malig- 
nant tumor’ in the absence of SMG7 (Supplementary Fig- 
ure S4C). 

Among the DEGs reported to affect these downstream 
categories, we found Matrix Metallopeptidase 9 (MMP9; 
also known as 92 kDa Gelatinase) to be a very interesting 
candidate for further study. MMP9 9 is a proteinase that de- 
grades type IV and V collagens and its activity has been sug- 
gested to play a role in extracellular matrix remodeling dur- 
ing tumorigenesis ( 58–60 ). MMP9 is among the most down- 
regulated genes in the tumors formed by SMG7KO cells 
and its expression is reestablished in the RESCUE tumors 
(Figure 4 A), results that were further v alidated b y analyzing 
MMP9 mRNA le v els in the primary tumors by RT-qPCR 
(Figure 4 B). The transcriptomic analysis from the cells in 
culture also showed that MMP9 gene expression is down- 
regulated in the SMG7KO cells (SMG7KO 12 log2FC: - 
3.85; SMG7KO 11 log2FC: -2.51). The expression level of 
MMP9 in the cultured cells is, howe v er, quite low, and we 
ther efor e used TNF " stim ulation, w hich induces MMP9 
expression by about 25-fold (Figure 4 C). We compared 
the le v els of MMP9 mRNA in HT1080, SMG7KO and 
RESCUE cells by RT-qPCR and found that, either un- 
treated or after TNF " stimulation, SMG7KO cells con- 
sistently expressed less MMP9 mRNA than HT1080 and 
RESCUE cells (Figure 4 D). We con!rmed that the down- 
regulation in MMP9 mRNA le v els also results in less se- 
creted MMP9 protein and, consequently, less gelatinolytic 
activity detected in conditioned media from SMG7KO cells 
(Figure 4 E, F). To understand if the observed downregula- 
tion of MMP9 le v els can be attributed to NMD inhibition, 

we analyzed the expression levels and activity of MMP9 in 
HT1080 cells treated with the NMDi and found that this 
alternati v e way of inhibiting NMD also resulted in down- 
regulation of MMP9 expression (Figure 4 G– I and Supple- 
mentary Figure S4D). Furthermore, we also observed di- 
minished MMP9 expression in HT1080 cells depleted of the 
core NMD factor UPF1 (Supplementary Figure S4E–G). 
In summary, our results show that NMD inhibition results 
in reduced expression of the MMP9 gene in HT1080 cells. 
MMP9 o ver expr ession impro ves the anchorage-independent 
growth and migration capacities of SMG7KO cells 
MMP9 expression has been suggested to directly impact 
cell invasion, migration, and metastasis in a variety of cell 
lines and model organisms ( 59 , 61–64 ). Gi v en the direct im- 
plication of MMP9 in these essential processes for tumori- 
genicity, we wanted to test if increasing MMP9 expres- 
sion in SMG7KO cells could rescue some of the pheno- 
types we described above. We genome-edited the SMG7KO 
cells to ov ere xpress a C-terminally FLAG-tagged version of 
MMP9, a cell line we refer to as MMP9OE. We con!rmed 
that the recombinant protein is expressed in high quantities, 
it is secreted into the conditioned medium and it is acti v e 
in degrading gelatin (Figure 5 A, B). We next compared the 
migration properties of SMG7KO and MMP9OE cells by 
doing tr answell migr ation assa ys and f ound that MMP9OE 
cells show increased migration compared to SMG7KO cells 
(Figure 5 C). We also performed colony formation assays 
and found that MMP9 ov ere xpression partially rescues the 
soft-agar growth impairment of the SMG7KO cells (Fig- 
ure 5 D). Overall, we found that the defects in anchorage- 
independent growth and migration capacities caused by 
NMD inhibition in the HT1080 cells can be partially res- 
cued by ov ere xpression of MMP9. 

Next, we decided to investigate if the decrease in MMP9 
expression upon NMD inhibition results from transcrip- 
tional changes, or rather from changes in the stability of the 

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
SMG7KO cells along the y axis. Only differentially expressed genes with an adjusted P -value ( P adj < 0.01) in either of the two comparisons are plotted 
(in blue), and the Pearson correlation coef!cient ( R ) for them is shown. The genes encoding NMD factors are shown in black and the MMP9 gene is 
shown in red. ( B ) MMP9 gene expression in primary tumors. Relati v e MMP9 mRNA le v els were determined by RT-qPCR, normalized to ActB mRNA, 
and expr essed r elative to the tumor sample HT1080 674, marked with a ‘x’. Each data point r epr esents the r esult of a differ ent primary tumor and the 
mean values are indica ted. Sta tistical signi!cance was determined by unpaired two-tailed t-test. ns p > 0.05; **** P ≤ 0.0001. ( C ) Relati v e MMP9 mRNA 
le v els in HT1080 cells untreated or treated with TNF " (25 ng / ml). MMP9 expression was determined by RT-qPCR, normalized to ActB mRNA and 
28S rRNA. Shown are the means ± SD and data points r epr esent biological r eplica tes. Sta tistical signi!cance was determined by unpaired two-tailed 
t-test. **** P ≤ 0.0001. ( D ) Relati v e MMP9 mRNA le v els in HT1080, SMG7KO and RESCUE cells untreated or treated with TNF " (25 ng / ml). MMP9 
expression was determined by RT-qPCR, normalized to ActB mRNA and 28S rRNA. Shown are the means ± SD and data points r epr esent biological 
replica tes. Sta tistical signi!cance was determined by One-way ANOVA and Dunnett’s multiple comparisons test. ns p > 0.05; ** P ≤ 0.01. ( E ) Analysis 
of MMP9 protein expression and activity. Western Blot was used to analyze the le v els of MMP9 protein present in conditioned medium collected from 
HT1080, SMG7KO and RESCUE cells untreated or treated with TNF " (25 ng / ml). Total protein staining serves as a loading control. Lower panel: gelatin 
zymo gra phy was used to detect the gelatinolytic activity of secreted MMP9. ( F ) Densitometric quanti!cation of secreted MMP9 protein le v els detected 
by western blot from HT1080, SMG7KO and RESCUE cells, untreated or treated with TNF " (25 ng / ml). MMP9 le v els were normalized to total protein 
amounts, r esults of thr ee biological r eplicates and the means ± SD ther eof ar e shown. Statistical signi!cance was determined by One-way ANOVA and 
Dunnett’s multiple comparisons test. ns P > 0.05; ** P ≤ 0.01. ( G ) Relati v e MMP9 mRNA le v els in HT1080 cells treated with DMSO or with the NMD 
inhibitor (0.3 !M) in the absence or presence of TNF " (25 ng / ml). MMP9 expression was determined by RT-qPCR, normalized to ActB mRNA and 28S 
rRNA. Shown are the means ± SD and data points r epr esent biological replica tes. Sta tistical signi!cance was determined by unpaired two-tailed t -test. 
*** P ≤ 0.001; **** P ≤ 0.0001. ( H ) Analysis of MMP9 protein expression and activity. Western Blot was used to analyze the le v els of MMP9 protein 
present in conditioned medium collected from HT1080 cells treated with DMSO or with the NMD inhibitor (0.3 !M) in the absence or presence of TNF "
(25 ng / ml). Total protein staining serves as a loading control. Lower panel: gelatin zymo gra phy was used to detect the gelatinolytic activity of secreted 
MMP9. ( I ) Densitometric quanti!cation of secreted MMP9 protein le v els detected by western blot from HT1080 cells treated with DMSO or with 0.3 !M 
NMDi in the absence or presence of TNF " (25 ng / ml). MMP9 le v els of two biological r eplicates wer e quanti!ed and are displayed as in (F). Statistical 
signi!cance was determined by unpaired t -test. * P ≤ 0.05; ** P ≤ 0.01. 

D
ow

nloaded from
 https://academ

ic.oup.com
/narcancer/article/5/3/zcad048/7260975 by European M

olecular Biology Laboratory user on 08 Septem
ber 2023



NAR Cancer, 2023, Vol. 5, No. 3 13 

Figure 5. MMP9 ov ere xpression improv es the anchorage-independent growth and migratory properties of SMG7KO cells. ( A ) Analysis of MMP9 protein 
e xpression and acti vity. Western Blot was used to analyze the le v els of MMP9 protein present in conditioned medium collected from SMG7KO and 
MMP9OE cells untreated or treated with TNF " (25 ng / ml). Anti-FLAG antibody detects only the recombinant MMP9. Total protein staining serves 
as a loading control. Lower panel: gelatin zymo gra phy was used to detect the gelatinolytic activity of secreted MMP9. ( B ) Densitometric quanti!cation 
of secreted MMP9 protein le v els detected by western blot from conditions shown in (A). MMP9 le v els of three biological replicates were quanti!ed the 
means ± SD thereof are shown. ( C ) Results of transwell migration assays performed with the SMG7KO and MMP9OE cell lines. Data points r epr esent 
the number of migrated cells from !v e randomly chosen !elds of the membranes in each of the !v e biological replicates. Shown are the means ± SD and 
statistical signi!cance was determined by paired two-tailed t -tests. ns P > 0.05; * P ≤ 0.05. ( D ) Soft agar colony formation assays were used to compare 
the anchorage-independent gr owth pr operties of SMG7KO and MMP9OE cell lines. The number of colonies formed by each cell line was quanti!ed and 
the right panel shows the results of each of the !v e biological replicates and the means ± SD thereof. Statistical signi!cance was determined by paired 
two-tailed t -test. * P ≤ 0.05. 
transcript. To answer these questions, we quanti!ed MMP9 
mRN A and pre-mRN A le v els by RT-qPCR, in HT1080 
cells treated with DMSO or NMDi in the absence or pres- 
ence of TNF ". We observed that the levels of both MMP9 
mRN A and pre-mRN A ar e decr eased to similar extents 
in NMD inhibited cells, compared to DMSO-treated cells 
(Supplementary Figure S5A). We also studied the kinet- 
ics of the accumulation of the MMP9 mRNA and pre- 
mRNA in HT1080 cells depleted of UPF1, after TNF "
stimulation of MMP9 transcription. In cells undergoing a 
CTRL KD, we found that MMP9 pre-mRNA le v els are in- 
cr eased alr ead y after 1 hour of TNF " stimula tion, whereas 
MMP9 mRN A accum ulation is onl y detected at least two 
h later (Supplementary Figure S5B), suggesting that com- 

plete transcription of the MMP9 locus and / or process- 
ing of the MMP9 mRNA is a lengthy process. Compared 
to CTRL KD cells, UPF1-depleted cells consistently ex- 
press less MMP9 mRN A and pre-mRN A throughout the 
TNF " time-course (Supplementary Figure S5B). Collec- 
ti v ely, these results suggest that NMD inhibition leads to 
decreased transcription of the MMP9 gene. We also ex- 
plored the possibility that the stability of the MMP9 mRNA 
might be affected by NMD inhibition. We induced MMP9 
expression by TNF " treatment for 24 h and then treated 
the cells with Actinomycin D (ActD), to stop transcrip- 
tion. At different time points after ActD addition, the lev- 
els of MMP9 mRNA were determined by RT-qPCR. We 
observed that the stability of the MMP9 mRNA is very 
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similar in HT1080 cells treated with DMSO or NMDi (Sup- 
plementary Figure S5C). As controls, we con!rmed that the 
NMD-sensiti v e TRA2B NMD transcript was completely 
stabilized upon NMDi tr eatment, wher eas the stability of 
the NMD-insensiti v e protein coding TRA2B isoform was 
not affected by NMDi (Supplementary Figure S5C). 

Finally, we wondered if the reduced expression of MMP9 
under NMD inhibition stems from a failure of these cells 
to respond to TNF ". To answer this question, we ana- 
lyzed the expression of the two TNF " early-response genes 
A20 and NFKBIA ( 65 ) after 1 h of TNF " stimulation. 
We did not !nd differences in the induction of these genes 
in UPF1-depleted cells, compared to a control knockdown 
in HT1080 cells (Supplementary Figure S5D), or between 
HT1080, SMG7KO, and RESCUE cells (Supplementary 
Figure S5E). We therefore conclude that the failure to up- 
regulate MMP9 cannot be explained by a general insensi- 
tivity to TNF " in NMD-inhibited cells. Collecti v ely, our re- 
sults suggest that NMD inhibition results in decreased tran- 
scription of the MMP9 gene and that MMP9 ov ere xpres- 
sion partially rescues the oncogenic phenotype in SMG7KO 
cells. 
DISCUSSION 
In mammalian cells, NMD is an essential RNA degrada- 
tion pathway, with a continuously growing list of reported 
roles in cellular physiology ( 19 ). Among these, evidence 
for different impacts of NMD on tumor de v elopment has 
emerged over the past years, with examples ranging from 
NMD bene!tting tumor growth to NMD inactivation be- 
ing speci!cally associated with tumor tissue ( 21 ). Here, we 
used the human !brosarcoma cell line HT1080 to investi- 
gate the roles of the NMD factor SMG7 in tumorigene- 
sis. Using CRISPR-Cas9-based approaches, we generated 
SMG7KO cells and its RESCUE counterpart, and we con- 
!rmed that NMD activity is strongly inhibited in the for- 
mer and r estor ed in the latter (Figure 1 and Supplementary 
Figure S1). We found that the NMD-inhibited SMG7KO 
cells show impaired cell migration and clonogenic abilities 
(Figure 2 and Supplementary Figure S2), and that they dis- 
play se v ere dela ys when challenged to f orm tumors in vivo 
(Figure 3 and Supplementary Figure S3). Gene expression 
analysis showed that NMD-inhibited cells fail to upregulate 
the expression of the pro-tumorigenic gene MMP9 both in 
vivo and in cell cultur e (Figur e 4 and Supplementary Fig- 
ure S4). Finally, we showed that restoring MMP9 expres- 
sion in SMG7KO cells partially rescues their clonogenicity 
and migration properties (Figure 5 and Supplementary Fig- 
ure S5). Collecti v ely, our wor k shows in this !brosarcoma 
model, that the tumor cells depend on NMD to exert their 
tumorigenic properties. 

Since the realization that NMD targets for degradation 
not only faulty mRNAs but also mRNAs with full cod- 
ing potential (for a comprehensi v e list see ( 66 , 67 )), there 
has been a longstanding quest to identify cellular functions 
and pa thways tha t are susceptible to changes in NMD ac- 
tivity ( 19 , 68 ). Efforts to answer these questions in mam- 
malian cells included RNAi-mediated transient KD experi- 
ments ( 10 , 69 , 70 ) and, more recently, generation of complete 
KOs of NMD factors ( 12 , 17 , 71 , 72 ). The commonly used 

str ategy for gener ating KOs by introducing Cas9-dri v en in- 
dels in the coding region of a gene, which will in most 
cases lead to a frameshift and a pr ematur e termination 
codon, relies on the NMD pathway to destroy the mutant 
mRNA. This editing strategy ther efor e might not be well 
suited when the target gene encodes an NMD factor, be- 
cause NMD inhibition would result in stabilization of the 
m utant mRN A, allowing for translation of truncated ver- 
sions of the protein that could have deleterious or unfore- 
seen effects on cells. By contr ast, the CRISPR-Tr a p a p- 
proach ( 42 ) overcomes this caveat and proved to be very ef- 
!cient in allowing the stable and complete removal of the 
SMG7 mRNA and protein. This KO of SMG7, in turn, un- 
covered the profound effect that SMG7 depletion has on 
the transcriptome of human cells, which contrasts with the 
mild phenotypes obtained previously for SMG7 KD ex- 
periments ( 9 , 10 , 12 ). This discrepancy can have two non- 
m utuall y e xclusi v e e xplanations: on the one hand, the tem- 
poral distinction between transient KDs and stable KOs 
may account for the differences in the magnitude and the 
number of deregulated genes; on the other hand, it is con- 
cei vab le that low residual le v els of SMG7 can still sus- 
tain NMD activity in transient KD experiments and that 
this can only be surpassed when SMG7 is completely ab- 
lated from the cells. Our work r einfor ces the recent !ndings 
that SMG5 and SMG7 can have heterodimer-independent 
roles in NMD ( 12 , 17 ). Speci!cally, we showed that in the 
absence of SMG7, SMG5 is still engaged in sustaining 
NMD acti vity, as e videnced by the strong upregulation of 
NMD substrates when SMG5 was depleted from SMG7KO 
cells. The extent to which NMD substrates accumulated 
in SMG7KO / SMG5KD and SMG7KO / SMG6KD condi- 
tions was remar kab ly similar, suggesting that both com- 
binations lead to a comparable level of NMD inhibition. 
These r esults agr ee with the notion that the concomitant de- 
pletion of SMG5 and SMG7 also affects the activity of the 
endonucleol ytic SMG6-mediated mRN A decay, as recentl y 
reported ( 12 ), and with the fact that the le v el of NMD in- 
hibition achie v ed by the co-depletion of SMG5 and SMG7 
is not further increased by the depletion of all three NMD 
effectors sim ultaneousl y ( 12 , 17 ). 

It is well established that the accumulation of somatic 
genetic alterations dri v es the de v elopment of cancer ( 73 ). 
Consequently, cancer cells express more PTC-bearing mR- 
NAs compared to non-cancerous cells because of such 
frameshifting or nonsense mutations. The impact of these 
mutations on cancer !tness depends not only on whether 
they are dri v er m utations occurring in onco genes or tumor 
suppressor genes, or passenger muta tions tha t do not confer 
a growth advantage to the tumor cells, but also on whether 
they are targeted by NMD and, if they are, to which ex- 
tent. Tumor evolution is a Darwinian process, and genome- 
wide studies have highlighted how the selecti v e pr essur e has 
sha ped the m utational landsca pe and NMD activities of tu- 
mor cells to bene!t cancer de v elopment. Pan-cancer stud- 
ies have shown that tumor suppressor genes pr efer entially 
accum ulate NMD-eliciting m utations, w hereas onco genes 
are under purifying selection against mutations that trig- 
ger NMD ( 29 , 30 ). Furthermore, it has been reported that 
the core NMD factor genes are ampli!ed in di v erse tu- 
mor types, and that this correlates with increased NMD 
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ef!ciency and lower cytolytic activity ( 31 ), suggesting that 
enhanced NMD activity might be bene!cial for tumor 
growth. In addition, NMD activity can be instrumental for 
cancers to evade the immune response. mRNAs containing 
fr ameshift mutations, if tr anslated, can gi v e rise to nov el 
peptides that can be recognized as neoantigens by the im- 
mune system and trigger an anti-tumor response. Howe v er, 
NMD can limit the expression of neoantigens by degrad- 
ing the mutant mRNAs ( 24 , 26 , 74 ). It has been reported 
that cancers with a high frequency of NMD-insensiti v e 
frameshift mutations show increased immune in!ltration 
and are associated with a better outcome after treatment 
with immune checkpoint inhibitors ( 27 , 28 ). Consistent with 
this, NMD inhibition results in strong immune responses 
and reduced tumor growth in vivo ( 22–25 ). Our !ndings that 
NMD inhibition results in decreased tumorigenicity in the 
HT1080 !brosarcoma model is fully in line with these re- 
ports and with a very recent publication showing the criti- 
cal role of SMG7 in the tumorigenicity of a murine rhab- 
domyosarcoma model ( 75 ). We experimentally validated 
the in vivo tumorigenic impairment for HT1080 cells lacking 
SMG7, and our cell-based in vitro assays showed that the re- 
duced migration and clonogenic capacities characteristic of 
the SMG7KO cells could be reproduced in the parental cells 
by inhibiting the SMG1 kinase, strongly suggesting that the 
impaired tumorigenicity might be attributed to NMD in- 
hibition rather than to NMD-independent functions of the 
SMG7 protein ( 76 ). The necessity to perform our xenograft 
experiments in NOD scid gamma (NSG) mice, which is one 
of the most immunocompromised mouse strains, precludes 
us from assessing if the implanted SMG7KO cells can trig- 
ger a stronger immune response than that of parental or 
RESCUE cells. Howe v er, the IPA analysis conducted on 
the RNAseq dataset of the tumors re v ealed that the tumors 
formed by SMG7KO cells showed changes in gene expres- 
sion that are consistent with increased in"ammatory pro- 
cesses, results that agree with previous !ndings ( 77 , 78 ). 

Our work uncovered a direct correlation between NMD 
activity and MMP9 expression levels, both in vivo and 
in vitro , and MMP9 expression has been associated with 
the malignant phenotype of many different cancer types 
( 58 , 59 , 61–63 , 79–81 ). Consistently, we could show that the 
migr ation and anchor age-independent growth de!cits in 
SMG7KO cells could be partially rescued by ov ere xpress- 
ing recombinant MMP9. Considering the reported roles for 
MMP9 in the spreading of tumor cells, we hypothesize that 
NMD inhibited cells could show impaired metastatic ca- 
pacity, and the use of experimental metastasis models ( 82 ) 
will be fundamental to understand if NMD inhibition could 
be used to limit the spreading of cancer cells to other or- 
gans. MMP9 expression has been shown to be modulated by 
epigenetic, tr anscriptional, and post-tr anscriptional mech- 
anisms ( 83–88 ), and our preliminary experiments suggest 
that NMD inhibition results in diminished transcription of 
the MMP9 gene. Howe v er, the e xact molecular mechanism 
remains to be elucidated. In addition, the forced ov ere xpres- 
sion of MMP9 in SMG7KO cells resulted only in a partial 
rescue of the anchorage-independent growth phenotype. We 
ther efor e envision that other de-regulated genes might also 
contribute to the observed phenotype. Our IPA analysis 
on tumor samples re v ealed many genes that could poten- 

tially impact the tumorigenicity of HT1080 cells, including 
ICAM1 ( 89 , 90 ), ANGPTL2 ( 91 ) or LTF ( 92 ), and follow 
up studies are required to explore the potential contribu- 
tions of these de-regulated genes. 

Collecti v ely, our results provide insights into the molec- 
ular mechanisms by which NMD activity bene!ts tumori- 
genicity of a classical cancer model system. Together with 
r ecent r eports providing evidence for NMD’s bene!cial role 
in the de v elopment of a variety of different cancer types ( 22– 
25 ), our !ndings suggest that in many cases, inhibition of 
NMD might r epr esent a promising strategy to reduce tu- 
mor growth and pre v ent metastasis. 
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