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CANCER

Nonstop mutations cause loss of renal tumor
suppressor proteins VHL and BAP1 and affect multiple

stages of protein translation

Jagriti Pal’, Marisa Riester’, Athina Ganner?, Avantika Ghosh'3, Sonam Dhamija ,
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Nonstop extension or stop-loss mutations lead to the extension of a protein at its carboxyl terminus. Recently,
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nonstop mutations in the tumor suppressor SMAD Family Member 4 (SMAD4) have been discovered to lead to pro-
teasomal SMAD4 degradation. However, this mutation type has not been studied in other cancer genes. Here, we
explore somatic nonstop mutations in the tumor suppressor genes BRCA1 Associated Protein 1 (BAP1) and Von
Hippel-Lindau (VHL) enriched in renal cell carcinoma. For BAP1, nonstop mutations generate an extremely long
extension. Instead of proteasomal degradation, the extension decreases translation and depletes BAPT messen-
ger RNA from heavy polysomes. For VHL, the short extension leads to proteasomal degradation. Unexpectedly,
the mutation alters the selection of the translational start site shifting VHL isoforms. We identify germline VHL
nonstop mutations in patients leading to the early onset of severe disease manifestations. In summary, nonstop
extension mutations inhibit the expression of renal tumor suppressor genes with pleiotropic effects on transla-

tion and protein stability.

INTRODUCTION

Nonstop mutations, also known as stop-loss, stop-lost mutations,
readthrough, or nonstop extension (NSExt) mutations, cause con-
version of a stop codon into a sense codon. This alteration directs
translation into the 3’ untranslated region (3’UTR) of the messenger
RNA (mRNA) until the next in-frame stop codon, resulting in the
extension of the protein at its C terminus (Fig. 1A). When the trans-
lation machinery does not encounter a second stop codon, it reaches
the poly-A sequence of the mRNA, a phenomenon called translation
readthrough, leading to the degradation of the mRNA via the no-
stop-decay (1, 2).

Across species, from worms to humans, translation past the nor-
mal stop codon has been shown to often be detrimental to protein
expression (3-5). Bioinformatic analyses have shown that 99% of
human mRNAs have in-frame stop codons in the 3’UTR (5). This
implies that mutations in the stop codon of the human proteome
could give rise to newly created C termini with potentially patho-
logical consequences. Nonstop mutations have been studied in vari-
ous hereditary disorders (6), e.g., affecting the Integral Membrane
Protein 2B (ITM2B, a.k.a. BRI) gene in British familial dementia (7,
8), Melanocyte Inducing Transcription Factor (MITF) in Waardenburg
syndrome (9), Receptor Accessory Protein 1 (REEPI) in peripheral
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neuropathy (10), and Thymidine Phosphorylase (TYMP) in mito-
chondrial neurogastrointestinal encephalomyopathy (11). These ex-
tended mutant proteins are dysregulated through degradation (5),
mislocalization (9), misfolding and aggregation (10), or aberrant
modifications (12).

In the field of cancer genetics, the functional implications of non-
stop mutations have largely been overlooked with substantial focus
given to understanding missense and nonsense point mutations (13).
Some studies have merely mentioned the presence of nonstop muta-
tions in cancer samples without investigating their functional conse-
quences (14-17). Dhamija et al. (18) undertook the first endeavor to
unravel the functional consequences of nonstop mutations in the tu-
mor suppressor gene SMAD Family Member 4 (SMAD4). The NSExt
mutations in SMAD4 occurred specifically in pancreatic, colon, and
bile duct cancers, which are known to be driven by other types of
SMAD4 protein loss (19-21). The mutations induced a loss-of-
function phenotype through the translation of a hydrophobic degron
sequence at the C terminus, resulting in robust and rapid proteasom-
al degradation of the extended protein. Thus, this work demonstrated
the profound functional significance of nonstop mutations in cancer,
highlighting the importance of studying their mechanisms under-
lying tumorigenesis. Moreover, NSExt mutations in the tumor sup-
pressor gene Phosphatase and Tensin Homolog (PTEN) also gave
rise to proteasomal degradation due to a C-terminal hydrophobic
extension (22).

Previously, we have also generated a comprehensive database for
somatic nonstop mutations in cancer called NonStopDB (18, 23),
which provides pan-cancer data of thousands of nonstop mutations
from the Catalog of Somatic Mutations in Cancer (COSMIC v89)
across 96 distinct tumor types (as annotated by COSMIC). In the
present study, we explored further tumor entities and cancer-associated
genes recurrently altered by nonstop mutations. The analysis revealed
nonstop mutations in the tumor suppressor genes Von Hippel-Lindau
(VHL) and BRCA1-Associated Protein 1 (BAPI) to be enriched in
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Fig. 1. Recurrent nonstop mutations in tumor suppressor genes BAP1 and VHL in kidney cancer. (A) Schematic view of nonstop (NSExt) or stop-loss mutations. Cre-
ated in BioRender. Pal (2024); https://BioRender.com/z760007. (B) Overlap of genes harboring nonstop mutations (COSMIC v98) with genes frequently mutated across all
tumor entities (PANcancer) from The Cancer Genome Atlas (TCGA). (C) Number of nonstop mutations (blue) versus frequency of mutation in TCGA PANcancer data (or-
ange) for the genes selected from (B). The blue line represents the threshold of five nonstop mutations and the orange line represents the threshold of 2% mutation fre-
quency in TCGA PANcancer data. (D) Frequency distribution according to the primary site of the tumor for all point mutations in all Cancer Gene Census coding
sequences in COSMIC v98, in VHL or in BAP1 in comparison to the entities with nonstop extension mutations in these two genes. (E) Representation of the four different
nonstop mutations in the VHL gene occurring eight times in COSMIC. (F) Representation of the four different nonstop mutations in the BAP1 gene occurring five times in
COSMIC. Created in BioRender. Pal (2024); https://BioRender.com/034m945 (E and F).
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kidney cancer. We show that nonstop mutations in both genes led to
loss of protein expression, but importantly, via different mechanisms
affecting not only protein stability but also multiple steps of translation.

RESULTS

Tumor suppressor genes VHL and BAP1 harbor nonstop
mutations in kidney cancer

To identify nonstop mutations of potential functional relevance in
cancer, we searched for all nonstop mutations in a pan-cancer analy-
sis. In COSMIC v98 (24, 25), a total of 3349 genes harbored nonstop
mutations in cancer; 260 of these genes were concurrently frequently
affected by point mutations (e.g., missense) according to The Cancer
Genome Atlas (TCGA) pan-cancer mutation data (26-29) (Fig. 1B).
Of these 260 genes, 5 genes—phosphatidylinositol-4,5-bisphosphate
3-kinase catalytic subunit alpha (PIK3CA), PTEN, SMAD4, VHL, and
BAPI1—had recurrent nonstop mutations in five or more patients
(NonStopDB) and concomitantly were mutated in more than 2% of
cancers in the TCGA pan-cancer point mutation data (Fig. 1C), in-
dicating their potential importance in tumorigenesis. Notably, four
of these five genes (VHL, BAPI, SMAD4, and PTEN) were tumor
suppressor genes according to the Cancer Gene Census v98 (24, 25),
while only PIK3CA was categorized as an oncogene reflecting again
the enrichment of nonstop mutations in tumor suppressor genes
(18). Next, we aimed to identify nonstop mutations specifically en-
riched in tumor entities that were frequently also affected by other
types of mutations in the same respective genes. Previously, we had
found the functionally important SMAD4 nonstop mutations spe-
cifically in tumors of the digestive system like pancreatic and colon
cancer, which were known to be driven by loss of SMAD4 (18).
Here, we identified nonstop mutations in two of the genes to be spe-
cifically enriched in kidney cancer, VHL and BAPI, in which also
other point mutations were tissue-specifically enriched (Fig. 1D).
Hence, we focused on these tumor-specific nonstop mutations in
VHL and BAPI, because these are also known key tumor suppressor
genes in kidney cancer (30). Furthermore, VHL nonstop mutations
were found in pheochromocytoma of the adrenal gland, which is a
known VHL-driven disease. For BAP1, many point mutations were
also found in uveal melanoma of the eye, where also one of the non-
stop mutations was found (Fig. 1D).

The tumor suppressor protein VHL is a part of an E3-ubiquitin
ligase complex and is involved in hypoxia-related cellular signaling
pathways (31). Inactivating point mutations, indels, and gene dele-
tions of the gene have been implicated in the VHL syndrome where
patients present with tumors in kidneys, adrenal glands, central ner-
vous system (CNS), pancreas, and reproductive organs (32). From
NonStopDB, we identified three different nonstop mutations in
VHL in eight patients, of whom four had a malignant kidney cancer,
while the other four had pheochromocytoma (Fig. 1E and table S1).
The mutations gave rise to a 14-amino acid extension sequence
(Fig. 1E).

The tumor suppressor protein BAP1, a.k.a., ubiquitin carboxyl-
terminal hydrolase, is a member of the deubiquitinase family of pro-
teins and inactivating somatic mutations and deletions in the gene
have been linked to clear cell renal cell carcinoma (ccRCC), uveal
melanoma, and mesothelioma (33, 34). We found four different
nonstop mutations in five patients, three of whom were ccRCC, one
was uveal melanoma, and another was bladder carcinoma (Fig. 1F
and table S1). The nonstop mutation in BAPI resulted in a 205-amino
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acid-long extension sequence, the longest in a cancer gene census
gene in the NonStopDB.

To study the biological consequence of nonstop mutations in
VHL and BAPI, we generated endogenously mutated human em-
bryonic kidney (HEK) 293 cell lines via precision genome editing
using two CRISPR-Cas systems (fig. S1A), Streptococcus pyogenes
(Sp) Cas9 for BAPI and Acidaminococcus sp. (As) Casl2 for VHL
based on protospacer adjacent motif (PAM) sequence availability
and differential homology-directed repair (HDR) efficiency. To ex-
clude clone-specific effects, multiple clones of each mutation were
cultivated and analyzed. The wild-type (WT) and homozygous non-
stop mutant cell lines were confirmed using Sanger sequencing (fig.
S1, Band C).

Nonstop mutations in BAP1 lead to protein loss due to
decreased translation

We generated three WT clones and three clones each harboring one
of the four nonstop mutations (Stop>Glycine or *>G, Stop>Leucine
or *>L, Stop>Arginine or *>R, and Stop>Serine or *>S) in HEK293
cells (fig. S1, A and B). Analysis of the mRNA levels revealed no
significant difference between the nonstop mutant BAPI mRNA and
the WT clones (Fig. 2A). However, the nonstop mutant proteins were
almost undetectable (Fig. 2B and fig. S2A). The BAP1 protein is the
hydrolase component of the Polycomb repressive complex and cata-
lyzes the removal of the ubiquitin moiety from histone H2A at
lysine-119 (K119) (35). Loss of BAP1 in the mutant cell lines led
to a significant increase in the ubiquitination levels of H2A-K119
(Fig. 2B).

To evaluate whether, similar to SMAD4, the loss of the BAP1
protein was due to its degradation, we inhibited either the ubiquitin
proteasome pathway using bortezomib (Bort.) or MG132 or the
endo-lysosomal pathway using chloroquine (Chlor.) or bafilomycin
A1 (BafAl) and tested for protein rescue. The inhibition of neither
pathway rescued the loss of the mutant (NSExt) BAP1 protein (Fig.
2C). In addition, treatments with a panel of protease inhibitors, such
as a protease inhibitor cocktail, phenylmethylsulfonyl fluoride, cal-
peptin, PD15606, bestatin, batimastat, the E3 ligase complex inhibi-
tor GS143, or the ubiquitination inhibitor TAK243 as well as the
combination of ubiquitin-proteasome and endo-lysosomal pathway
inhibitors (bortezomib + bafilomycin A1) could not rescue NSExt BAP1
protein expression (fig. S2B), suggesting a degradation-independent
mechanism of protein loss.

Because loss of the NSExt-mutant BAP1 protein was apparently
not due to its degradation, we hypothesized that a translational reg-
ulation could cause the decrease in protein expression. The BAPI
gene has an in-frame second open reading frame (ORF) down-
stream in its 3’UTR coding for a predicted 162-amino acid HUCEP13
protein (UniProt ID: Q96TC6), which corresponds to the latter part
of the 205-amino acid extension sequence (fig. S3A). Translation of
downstream ORFs in the 3’UTR could potentially affect translation
of the canonical ORF (36). Thus, the presence of an NSExt mutation
in BAPI could lead to an interaction or interference between the
translation machinery on the BAP1 extension and the overlapping
translation initiation site of the downstream ORF of HUCEP13.
Hence, we created an expression construct containing the BAPI
cDNA along with its extension sequence, and either mutated the
start codon or deleted the KOZAK sequence of the HUCEP13
ORE. The mutation of the translational start sequence of HUCEP13
did not alter the expression of the BAP1 ORF from this exogenous
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Fig. 2. Nonstop mutations in BAP1 lead to loss of the protein via reduced translation. (A) BAPT mRNA levels (N = 3) in HEK293 cells with endogenously either wild-
type (WT, gray) or nonstop mutant (MUT, blue) BAP1 created by precision genome editing. G, L, R, and S refer to the change from stop codon to Gly, Leu, Arg, and Ser, re-
spectively. WT clone refers to HEK293 clones generated from CRISPR-Cas experiments. The numbers identify the different homozygous clones for each genotype to
exclude clone-specific differences. (B) BAP1 protein levels were reduced in MUT versus WT clones, while the ubiquitination of its downstream target histone H2A at K119
was increased (N = 3). (C) Treatment of WT and NSExt (MUT G1) HEK293 cells showed no rescue of the mutant protein with neither ubiquitin-proteasomal [MG132 and
bortezomib (Bort.)] nor endo-lysosomal [chloroquine (Chlor.) and bafilomycin A1 (BafA1)] inhibitors (N = 3). MCL1 served as positive control for proteasomal inhibition.
Untr. refers to untreated cells, i.e., 0.8% DMSO, which is the highest DMSO concentration used for the drugs. (D) Schematic workflow of polysome fractionation and RT-
qPCR for BAP1. Created in BioRender. Pal (2024); https://BioRender.com/a301718. (E) RT-qPCR quantification of the mRNA expression of BAPT and PPIA as control mRNA in
WT and mutant cells after polysome fractionation. The fold changes were calculated relative to the free RNA fractions. Here, error bars for individual values are not shown
for ease of visualization (N = 3). (F) Comparison of the RNA abundance in the heavy polysome fractions for BAPT and PPIA mRNAs normalized to their abundance in free
RNA. For (A), (B), and (F), an F test followed by an unpaired t test was performed where ns and *** refer to P values of >0.05 and <0.001, respectively.
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expression construct (fig. S3B). To exclude the idea that the exogenous
overexpression might conceal any possible impact of the HUCEP13
translational start region, we endogenously mutated the start
codon of the HUCEPI3 gene in the BAPI gene locus via precision
genome editing. The endogenous start site mutation of HUCEPI13
also did not alter the expression of either the WT or the NSExt BAP1
protein (fig. S3C). Thus, the presence of the second ORF HUCEP13
in the 3UTR of BAPI did not influence the translation of the BAP1
protein. Furthermore, we tested whether the knockdown of proteins
involved in the ribosome-associated quality control like endo-
thelial differentiation-related factor 1 (EDF1, a stabilizer of Grb10-
Interacting GYF Protein 2 or GIGYF2), eukaryotic translation
initiation factor 4E family member 2 (EIF4E2, a.k.a. 4EHP), E3 ubiq-
uitin ligase zinc finger protein 598 (ZNF598), nuclear export media-
tor factor (NEMF), or E3 ubiquitin protein ligase listerin 1 (LTN1)
could rescue the loss of the extended BAP1 protein (37-39). How-
ever, these did not show any effect on the protein expression level of
the NSExt BAP1 protein (fig. S3, D and E). In addition, we performed
semiquantitative reverse transcription polymerase chain reaction (RT-
PCR) on RNA isolated from WT and NSExt BAPI cells and analyzed
the resulting amplicons around the mutated stop codon or up-
stream or downstream of it by gel electrophoresis but did not find
any evidence for RNAs of aberrant sizes or amounts that could have
indicated a potential effect on cryptic splice sites around the stop
codon (fig. S3F).

Next, we evaluated the effect of BAPI1 mutations on its transla-
tion using the rabbit reticulocyte in vitro transcription-translation
system. We observed a partial but significant reduction in the trans-
lation capacity of all four NSExt BAP1 ORFs compared to the WT
OREF containing the extension sequence with a normal stop codon
(fig. S3, G and H). To further corroborate the translational impact of
the NSExt mutations, we analyzed the distribution of BAPI mRNA
in the different translational complexes to compare their capacities
to undergo translation. Using a sucrose gradient for polysome pro-
filing, we isolated free RNA, 408, 60S, 808, light polysome, and heavy
polysome fractions from WT and NSExt HEK293 cells. We then
quantified the distribution of BAPI mRNA and a control mRNA,
Cyclophilin A (PPIA), in the different fractions (Fig. 2D). BAPI
mRNA was significantly depleted in the heavy polysome fraction in
all four nonstop mutant cell lines compared to both WT clones (Fig.
2, E and F). This pattern was not observed for the control PPIA
mRNA. Thus, the loss of BAP1 protein in the nonstop mutant cell
lines was associated with a substantial reduction in the effective
translation of the mutant mRNAs.

Nonstop mutations in VHL cause proteasomal degradation
of the tumor suppressor protein

The VHL locus in HEK293 cells was altered with precision genome
editing using the CRISPR-Cas12 system to endogenously introduce
the nonstop mutations (fig. S1, A and C). One parental WT and one
clonal WT from the mutagenesis experiment served as controls, and
two clones for each of the three nonstop or NSExt mutations (Stop>
Cysteine or *>C, Stop>Tryptophan or *>W, and Stop>Leucine or
*>L) were used for further analysis. Similar to what we have ob-
served for BAPI above, the introduction of the nonstop mutation
showed no significant alteration in the VHL mRNA levels (Fig. 3A),
but led to a significant and almost complete loss of the NSExt VHL
protein (Fig. 3B and fig. S4A). VHL functions in the ubiquitination
and degradation of hypoxia-inducible factor a subunits (HIF-as), a
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class of transcription factors that play a central role in gene regula-
tion in response to oxygen levels (40). In the NSExt cell lines, the
loss of VHL protein caused an increase in transcription factor HIF-
la protein abundance (Fig. 3, B and C). Concurrently, many target
genes of HIF-1a including Vascular Endothelial Growth Factor A
(VEGFA), Vascular Endothelial Growth Factor C (VEGFC), Fms
Related Receptor Tyrosine Kinase 1 (FLT-1), Heme Oxygenase 1
(HMOX1), Phosphoglycerate Kinase 1 (PGK1), Cadherin 2 (CDH2),
Snail Family Transcriptional Repressor 2 (SNAI2), Zinc Finger E-Box
Binding Homeobox 1 (ZEBI), and Vimentin (VIM) increased at the
mRNA level (Fig. 3D and fig. $4, B to G), verifying the loss of VHL
activity in the NSExt mutant cells. At the cellular level, the NSExt
mutant cell lines displayed an increased capacity of migration com-
pared to the WT cell lines (Fig. 3E) while both long-term colony
formation and short-term proliferation remained unaffected (fig.
S5, A to C), matching previous observations of the cellular pheno-
type of VHL loss (41). Last, the loss of the protein was not due to
aggregation (42), as neither the WT nor the NSExt protein was de-
tected in the insoluble fraction of the cell lysate (fig. S5D).

We next tested for protein degradation. The VHL WT and NSExt
cells were treated with inhibitors of either the ubiquitin-proteasome
pathway bortezomib (Bort.) or MG132 or of the endo-lysosomal
pathway chloroquine (Chlor.) or bafilomycin Al (BafAl). Western
blot analysis revealed that the abundance of the NSExt VHL protein
was strongly rescued upon inhibition of the ubiquitin-proteasome
pathway (Fig. 3, F and G). To further evaluate the impact of protein
stability on the protein loss caused by VHL NSExt mutations, we
determined the stability of the WT and mutant proteins through the
cycloheximide (CHX) chase method. Although the NSExt VHL
protein was briefly stabilized by treatment with bortezomib at the
beginning of the chase, the protein was quickly degraded with a
half-life of only ~4.5 hours as compared to WT VHL, which dis-
played a much longer half-life of ~20 hours (Fig. 3, H to J). Thus,
nonstop mutations in VHL lead to decreased protein stability and a
rapid degradation of the protein via the ubiquitin-proteasome path-
way, resulting in increased HIF-1a signaling and increased migra-
tion capacity.

Previously, a hydrophobic degron was identified in the SMAD4
C-terminal extension (18), and more generally, C-terminal exten-
sions degraded by the proteasomal machinery were observed to be
enriched in hydrophobic residues (43). This prompted us to evaluate
the hydrophobicity of the C-terminal amino acids of the nonstop
mutant VHL, which revealed that compared to the C terminus of
the WT protein, the NSExt protein had an increased hydrophobicity
based on both the Kyte-Doolittle and the Miyazawa hydrophobicity
scales. The cumulative median hydrophobicity scores of the last 14
amino acids of the VHL protein switched from hydrophilic in WT
to hydrophobic in the mutant (fig. S6, A and B). Conversely, neither
this strong increase in hydrophobicity nor the switch to overall hy-
drophobicity was observed for the C terminus of the BAP1 nonstop
protein, for which the protein loss occurred through translation in-
hibition (fig. S6, C and D).

Mutations in the stop codon of VHL cause alternative start
site selection

In the presence of proteasome inhibitors, we observed that the in-
troduction of NSExt mutations differentially affected the abundance
of different protein isoforms of VHL (Fig. 3F). The VHL gene codes
for two major protein isoforms, VHL*> and VHL'®. The VHL*"’

50f 15



SCIENCE ADVANCES | RESEARCH ARTICLE

Q - N
A 550085y c
c e = = = = =
S 20 N EEEEE)
2 22555555 <
(<3 i)
S °
3 - VHL 2
< 1.0 —m—
<
Z -
& s e
£ ACTIN I
~
§o.o
gggg%ggg 130 P ———————— ] ] % I gggg;; EE
SR 223333 = E 555522
5 s s £Es5522¢85
D VEGFA VEGFC FLT-1 E 100 -
3.0 Axk 5.0- o 4.0 %
H S a0 S 80 1 wr *
G 4.0 S 304
g 20 ﬁ ﬁ 3.0 s —— NSExt *
g 9 3.0 o S 60 1
: 5
2.0 S 40 -
(] 1.0+ [ [
o) = : 2. == <
© O 1.0 U} 20 |
0.0 T T 0.0 T T 0.0 T T
s i s s i 0 -
z 2 4 02 46 8101214161820
Time (h) >
WT NSExt
F
NI 6 .
EC525 EC52 3 "
kDa S 2000 52 a0 o
34 [ < .
26| bodad 8 10- . .
] B .
VHL =
18 - .‘h- — — o
-
I 51
55 [we - - MCL1 > .
a3 [
55 (s
sl ACTIN o ON S - - N S
ERESE ERLEE
= G- = © D 0 o = ©
S C o S O o
WT NSExt
H 1.5+ J
cec 5SS 35 S 30 *
kDa cwo S8Ry A £ -~ WT — NSExt
— o -
" - 2 107 =
2 [ © = @
-— e -~ o =
anapeD e o ™ VHL o os =
18| ™ — T g 10
>
55 |%% 0.0 T T T T T T 0 A -
~—— 0 6 12 18 24 30 36
o 4 ~ |ACTIN 12 1 5 g
| Time (h) z

Fig. 3. Nonstop mutations in VHL lead to loss of the protein via the ubiquitin-proteasome pathway. (A) VHL mRNA levels in HEK293 cells with wild-type (WT, gray)
or nonstop mutant (MUT, blue) VHL created by precision genome editing (N = 3). WT par refers to parental HEK293 cells, while WT clone refers to a WT HEK293 clone ob-
tained during the CRISPR-Cas-mediated mutagenesis of the VHL locus. C, W, and L refer to the stop codon change to Cys, Trp, and Leu, respectively. The numbers identify
the different homozygous clones for each genotype to exclude clone-specific differences. (B and €) Reduced VHL and increased downstream target HIF-1a protein levels
in MUT versus WT cells [quantification in (C), N = 3]. (D) Mutant cells (NSExt and MUT C2) displayed an increase in mRNA levels of HIF-1a downstream targets VEGFA,
VEGFC, and FLT-1 (N = 3). (E) Mutant cell lines (NSExt) showed increased migration capacity in an IncuCyte Wound Healing assay (N = 4). h, hours. (F and G) Treatment of
WT versus NSExt (MUT C2) HEK293 cells with ubiquitin-proteasomal pathway inhibitors [MG132 and bortezomib (Bort.)] led to a rescue of the mutant VHL protein, but not
with endo-lysosomal pathway inhibitors [chloroquine (Chlor.) and bafilomycin A1 (BafA1)] [quantification in (G), N = 3] with MCL1 serving as a positive control for protea-
somal inhibition. Untr. refers to untreated cells, i.e., 0.8% DMSO, which is the highest DMSO concentration used for the drugs. (H to J) Cycloheximide chase experiments
unraveled reduced half-life of mutant VHL (NSExt and MUT C2). Both WT and NSExt cells were treated with 0.1 pM bortezomib for 8 hours followed by cycloheximide
treatment. After adding the cycloheximide, cells were collected at 0, 6, 12, 24, and 36 hours (N = 3). For (A), (C), (D), (E), (G), and (J), an F test followed by an unpaired t test
was performed. Here, ns, *, **, and **#* refer to P values of >0.05, <0.05, <0.01, and <0.001, respectively.
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isoform is composed of 213 amino acids. The smaller isoform,
VHL'®, results from an alternative translation initiation site at co-
don 54 in the ORE, resulting in a protein of 160 amino acids, thus
lacking the first 53 residues (44). Both start site isoforms could be
important for tumor suppressor effects of the VHL gene (44).

A third isoform, VHL'72, arises from a transcript variant result-
ing from alternative splicing lacking the second exon (fig. S7TA—
only depicting the longer VHL*" and shorter VHL'? transcript
isoforms resulting from alternative splicing). This isoform does not
function as a tumor suppressor gene (45). The VHL*"? isoform re-
mained unchanged (fig. S7B). The VHL'"? splicing isoform was re-
duced at the RNA level, but this effect was not seen consistently in
all of the nonstop mutant clones (fig. S7C).

For the isoforms based on translational start site selection, VHL*"?
and VHL'®, we observed a strong shift in the amount of the two
protein isoforms compared to the WTs when we rescued the non-
stop mutant VHL protein using bortezomib; i.e., the amount of
VHL?" was significantly higher in the mutants than in the WTs
(Fig. 4, A and B). Because this change in translation start site selec-
tion by a mutation in the stop codon was a surprising observation,
we further investigated this phenomenon. The recognition of a
start codon and the start of translation are determined by cis-
acting translation initiation signals and trans-acting RNA-binding
protein factors (46). We hypothesized that the stop codon mutation
in VHL could affect the composition of these factors on the mRNA
resulting in the altered start codon selection from primarily VHL'®
in WT cells to almost equal levels of VHL*?> and VHL'® in NSExt
mutant cells (Fig. 4A). We performed an RNA affinity purification
to pull down VHL mRNA with its bound protein complexes from
WT and NSExt mutant cell lines and identified the bound proteins
by mass spectrometry (RAP-MS) (Fig. 4C). We identified 63 anno-
tated, noncontaminant proteins that were detected by at least five
peptides, occurred in two or three replicates of one genotype (WT
or NSExt), and were absent in the respective other genotype and
showed higher levels in the experimental conditions than in the
negative control (Fig. 4D and table S2).

To further filter these interacting proteins, we employed the
RBP2GO score of the RBP2GO database (47) as a measure to identify
strong RNA-binding proteins among these hits (Fig. 4E). We selected
five of the top 10 proteins differentially bound to WT or NSExt VHL
mRNA for validation of their effects on start site selection. The se-
lected proteins that were preferentially bound to WT VHL mRNA
included serine and arginine rich splicing factor 6 (SRSF6), eukary-
otic translation initiation factor 4A1 (EIF4A1), ribosomal protein
S3 (RPS3), poly-A binding protein cytoplasmic 1 (PABPC1), and
ribosomal protein SA (RPSA). The selected genes that preferentially
bound to the NSExt VHL mRNA were serine and arginine rich
splicing factor 7 (SRSF7), ribosomal protein L23A (RPL23A), nucle-
olar protein 2 (NOP2), U3 small nucleolar ribonucleoprotein (IMP3),
and far upstream element binding protein 1 (FUBP1). We addition-
ally selected two eukaryotic translation initiation factors, EIF3D and
EIF4G2, that had previously been linked to near-cognate start site
selection (48). We screened these 12 genes using siPOOLs for their
efficient and specific knockdown and evaluated their effects on
VHL isoform distributions (fig. S8, A to E). The amount of VHL?Y/
VHL'® showed a significant increase, i.e., an increased selection of
the first start site on NSExt VHL mRNA, upon knockdown of EIF4A1,
EIF3D, and RPS3, while a nonsignificant increase was also seen
with EIF4G2, SRSF6, PABPC1 and RPL23A (fig. S8F). A STRING
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(Protein-Protein Interaction Networks Functional Enrichment
Analysis) network analysis of the aforementioned 12 proteins un-
covered that they mainly belong to three different complexes and
functions—translation initiation, ribosome, and splicing (fig. S9A).
Thus, we further validated the top regulatory genes from these com-
plexes in VHL NSExt cells and confirmed that the translation initia-
tion factors EIF4A1, EIF3D, and EIF4G2 and the poly-A binding
protein PABPCI played an important role in regulating the start site
selection in VHL NSExt cells (Fig. 4, F and G). It was reaffirming to
see the involvement of initiation complex factors in the start site
selection process. To confirm that the impact of these factors on
VHL start site selection was specific, we tested a broad panel of 13
additional translation factors by siPOOL-mediated knockdown.
The knockdown of none of these known translation start codon se-
lection factors, ribosome recycling factors, translation termination
factors, and stop codon-binding initiation factors (49-54) showed
any significant increase in earlier start site selection (fig. S9, B to E).
In conclusion, specifically the translation initiation factors EIF4A1,
EIF3D, EIF4G2, and poly-A binding protein PABPC1 differentially
regulated the start site selection in the VHL NSExt genotype.

Germline VHL nonstop mutations associate with severe
disease phenotypes in a patient cohort

Patients with VHL syndrome develop various types of tumors in
their lifetime, particularly ccRCCs, pheochromocytomas, or CNS
tumors. Usually, these patients inherit a germline mutation of the
VHL gene from an affected parent and a WT gene from the unaf-
fected parent. In affected individuals, the germline mutation is pres-
ent in all cell types (first hit); however, tumor formation occurs only
in cell types with somatic inactivation of the normal allele (second
hit) (55). So far, mostly deletions, missense, and nonsense mutations
have been studied as loss-of-function aberrations in the VHL gene.
However, in the Freiburg VHL registry, we found four patients with
germline nonstop mutations in VHL (Fig. 5A).

According to observational data, individuals with VHL syn-
drome develop tumors more frequently and at a younger age (56).
For the VHL nonstop mutations, all patients developed a severe dis-
ease manifestation by the age of 40 years with a disease penetrance
of 100%, with one patient developing disease as early as with 15 years
of age (Fig. 5B). The disease penetrance and the early onset of
disease of the VHL nonstop Ter214Gly (*>G) mutation was compa-
rable with that of the known pathogenic Argl67Trp mutation carri-
ers (Fig. 5B). Magnetic resonance imaging revealed the VHL disease
penetrance of patients with the nonstop mutant VHL by the diagno-
sis of ccRCC (Fig. 5C) or pheochromocytoma (Fig. 5D) as well as
retinal angioma, CNS hemangioblastoma, or pancreatic neuroendo-
crine tumor, conclusively documenting the clinical relevance of
VHL nonstop mutations.

The importance of germline VHL nonstop mutation was further
validated by additional case reports of patients developing VHL
syndrome-linked tumors (57, 58) including a case of the *>L non-
stop mutation and another stop codon change, *>R, that was re-
cently reported in a Korean population (58). To further validate the
importance of these VHL nonstop germline mutations found in pa-
tients, we introduced the *>G and *>R mutations into the endoge-
nous genomic VHL locus in HEK293 cells via precision genome
editing and generated three independent homozygous clones per
genotype (fig. S10, A to C). A strong loss of VHL protein expression
with a concomitant increase in HIF-1a protein levels was observed
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(€) Schematic workflow of RNA affinity purification followed by mass spectrometry (RAP-MS). Cells were UV-cross-linked to fix the RNA-bound proteins directly on the
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altered the VHL protein isoform ratio with an increase in VHL?"? abundance [quantification in (G) N = 3]. siN.C. refers to the non-targeting siPOOL control. For (B) and (G),
F tests followed by unpaired t tests were performed. Here, ns, *, and *** refer to P values of >0.05, <0.05, and <0.001, respectively.
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VHL nonstop variant c.640T>G (p.Ter214Gly) in comparison to the disease penetrance of carriers of the pathogenic variant c.499C>T (p.Arg167Trp), which revealed no
significant difference (log-rank test). (C and D) Magnetic resonance images displaying clear cell renal cell carcinoma (C, right panel: 5x magnification) and pheochromo-
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test was performed where *** refers to a P value of <0.001.
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in the NSExt mutant cells (Fig. 5, E and F). In addition, the NSExt
VHL protein was rescued by the treatment of the cells with bortezo-
mib, suggesting its degradation via the ubiquitin-proteasome path-
way. A selective increase in VHL*' levels in the mutants also showed
altered start site selection in nonstop mutant VHL cell lines (Fig. 5,
G and H) comparable to the results obtained for the somatic *>C,
*>W, and *>L VHL nonstop mutations.

In conclusion, we reported additional germline nonstop mutations
in VHL that caused substantial protein loss and disease phenotypes
with early onset and high penetrance in patients with VHL syndrome
highlighting the importance of nonstop mutations in VHL in disease
development and progression.

Taken together, this study uncovered that nonstop mutations
caused a strong reduction of the kidney tumor suppressor proteins
VHL and BAPI. This protein loss was mediated via different mecha-
nisms, i.e., translation inhibition for BAP1 and proteasomal degra-
dation for VHL plus alternative translational start site selection for
VHL, thus affecting translation at multiple levels.

DISCUSSION

The functional effect of nonstop extensions mutations in cancer re-
mains largely unexplored. The NonStopDB brought to light 3412
nonstop mutations in a pan-cancer analysis based on the COSMIC
database (18). Nonstop mutations in the SMAD4 tumor suppressor
gene led to loss of the protein and increased tumorigenic pheno-
types predominantly and specifically in pancreatic and colon cancer
(18). Further nonstop mutations in SMAD4 were recently reported
in four patients (two pancreatic adenocarcinomas, one colonic ade-
nocarcinoma, and one non-small cell lung carcinoma) with a loss of
the protein as confirmed by immunohistochemistry (59). A meta-
analysis of the Human Gene Mutation Database (HGMD) revealed
119 nonstop mutations in 87 different genes known to cause human
inherited diseases (6) further highlighting the potential impact of
nonstop mutations in disease progression. In conclusion, these non-
canonical mutations in cancer need to be studied further for their
impact on tumorigenesis, progression, and therapy response—as
they can have similarly strong effects as the better-studied missense
or nonsense mutations. This will aid in tailoring personalized thera-
pies, revealing mechanisms of gene regulation and informing strate-
gies for hereditary cancer syndromes.

In the present study, we hypothesized that additional cancer
genes that were both recurrently affected by nonstop mutations and
were frequently altered by other forms of point mutations could have
pathogenic consequences in tumors. Rare mutations that were driver
mutations were often tissue specific (60). Our analyses revealed VHL
and BAPI tumor suppressor genes to be recurrently altered by non-
stop mutations in a tumor-specific manner, i.e., enriched in patients
with kidney cancer. Comprehensive characterization of the mutation
spectrum from TCGA revealed that VHL (first) and BAPI (fifth)
were among the top driver genes involved in kidney cancer patho-
genesis (30). In addition, mutations altering the stop codon of BAPI
or VHL in cancer were also found in other databases (61).

Stop-loss or nonstop mutations in BAPI led to a 205-amino
acid-long extension in the C terminus, resulting in the loss of the
BAPI protein and an increase in histone H2A-K119 ubiquitination
levels, a direct substrate of the deubiquitinase BAP1 (62). The loss in
BAP1 protein was linked to neither decreased mRNA levels nor protein
degradation. In addition, translation of a second downstream ORF
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in the BAPI 3’UTR (predicted protein HUCEP13), which could
have had an influence on the expression of the upstream BAP1 ORF
(36), did not affect NSExt BAP1 protein expression. However, in vitro
transcription-translation assays showed a reduction in the trans-
lation of the NSExt mRNAs. Adding to this observation, polysome
fractionation coupled with reverse transcription quantitative poly-
merase chain reaction (RT-qPCR) quantification revealed a signifi-
cant reduction of the BAP1 NSExt mRNAs in the heavy polysome
fraction. A similar observation of reduced translation had been made
for a synthetic gene with green fluorescent protein lacking any stop
codon in a “readthrough” scenario (63). The depletion of the NSExt
BAPI mRNA from the heavy polysome fraction could be due to
lower efficiency of either translation initiation or elongation and ri-
bosome stalling as observed for readthrough mRNAs (63).

NSExt mutations in VHL created a 14-amino acid extension with
increased hydrophobicity at its C terminus leading to rapid degrada-
tion by the ubiquitin-proteasome pathway. This is in accordance
with previous findings in the SMAD4 tumor suppressor gene that
harbors a hydrophobic degron in its C-terminal extension (18), as
well as with the more general finding that translation into the 3’UTR
could often result in decreased protein expression (3), and exten-
sions enriched in hydrophobic residues are consequently degraded
by the proteasomal machinery (43).

Inactivation of VHL by missense mutations, deletions, or epigen-
etic silencing leads to different cancer types, particularly ccRCCs
(64, 65) where >90% of ccRCCs show somatic or germline VHL
inactivation (66, 67). VHL, an E3 ubiquitin ligase, targets and de-
grades the HIF1A transcription factor in hypoxic conditions (31).
Our study showed that NSExt-mediated loss of the VHL protein led
to increased HIF1A levels and its downstream transcriptional tar-
gets. In addition, the mutations increased the migration capacity
(68). These findings thus also showed the loss of VHL function at
the molecular and cellular level.

Patients with germline VHL inactivating mutations have VHL
syndrome, which is characterized by increased chances of inactiva-
tion of the second VHL allele and subsequent development of mul-
tiple tumors (32). In addition to the somatic mutations found in
cancer listed in the NonStopDB (18), the repercussions of VHL
NSExt mutations were corroborated by the additional four patients
with germline *>G from the Freiburg VHL registry and two pa-
tients with germline *>L (57) and germline *>R (58) mutations all
suffering from VHL syndrome with early onset and high penetrance
of tumor development.

Nonstop readthrough mutations, i.e., nonstop mutations without
a second in-frame stop codon, can cause mRNA degradation via the
no-stop-decay (1, 2) or inhibit translation of the protein (63). For
BAPI, we also found an inhibition of translation caused by an NSExt
mutation. For VHL, we discovered another impact of its NSExt mu-
tations at the translational level: the alteration of translational start
site selection and thus changes in the amounts of protein isoforms.
Upon stabilization of the NSExt VHL protein by ubiquitin protea-
some inhibitors, we observed a shift in the amount of the VHL*"
versus the VHL'® isoforms; i.e., the longer VHL isoform derived
from the first translational start site was increased in NSExt com-
pared to WT cells. Several factors are known to determine start co-
don selection, such as RNA structure, relative accessibility of the
AUG codon, length and nucleotide composition of the 5UTR, and
RNA-binding protein factors (69). RNA affinity purification fol-
lowed by mass spectrometry (RAP-MS) determined differential
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RNA-binding proteins on WT versus NSExt VHL mRNA. Validation
experiments showed that the translation initiation factors EIF4Al,
EIF3D, and EIF4G2 and the poly-A binding protein PABPCI played
a role in regulating the NSExt VHL start site selection. Knockdown
of these proteins increased the amount of VHL*"?, which implied
that these factors promoted VHL'® translation. The RNA helicase
EIF4A1 is important for pre-initiation complex (PIC) fidelity and
preferential selection of 5" start codons (70). EIFAG forms the scaf-
fold of the PIC and interacts with PABPC1 and EIF4A1 to recruit the
PIC to the start codon (71), while PABPCI1 itself also controls trans-
lation initiation by interacting with the 5UTR (72). From RAP-MS,
EIF4A1 and PABPC1 were preferentially bound to the WT VHL
mRNA. Their weaker interaction with the NSExt VHL mRNA may
thus lead to the preferential production of VHL*"? from NSExt VHL
mRNA and additionally sensitize it to their further knockdown by
siPOOLs leading to the even higher VHL*'"? to VHL'® ratio in the
NSExt cells upon their knockdown. EIF4G2 and EIF3D interact
with one another (71I), regulate alternative or noncognate start co-
don selection (48), and bind to posttermination ribosomes (73). It is
well established that there is a communication between translation
initiation and termination through initiation factors and poly-A
binding proteins whose interaction leads to the circularization of the
mRNA during translation and bringing the termination and initia-
tion sites into proximity (74). In line with this, we propose that the
established complex of all four aforementioned proteins promotes
interaction or cross-talk between translation start and termination
and that their stoichiometry regulates VHL start codon selection,
which, in turn, would give rise to different VHL isoforms (75).

In summary, we identified the kidney tumor suppressor genes
VHL and BAPI to harbor recurrent somatic NSExt mutations. For
both genes, the nonstop mutations led to a strong loss of the protein,
but via different mechanisms: While the VHL NSExt protein was pro-
teasomally degraded, the translation of the BAP1 protein was de-
creased and its expression could not be rescued by proteasome
inhibition. Further, VHL NSExt mutations also resulted in altered
translational start codon selection (fig. S10D). Thus, these results re-
vealed additional mechanisms by which nonstop mutations can regu-
late protein expression at multiple stages of translation. The importance
of understanding nonstop mutations was further highlighted by the
discovery of germline VHL nonstop mutations leading to VHL-related
diseases with high penetrance and early onset.

MATERIALS AND METHODS

Cell culture

The WT and NSExt mutant HEK293 cell lines were cultured in
Iscove’s modified Dulbecco's medium (IMDM) (Thermo Fisher Scien-
tific Gibco, catalog number 21980065) supplemented with 10% fetal
bovine serum (Thermo Fisher Scientific #10270106) at 37°C and 5%
CO; in a humidified incubator. The parental HEK293 cells were a
gift from the laboratory of T. Cathomen, University of Freiburg. The
cells were fingerprinted using the Multiplex Cell Authentication ser-
vice (Multiplexion) to check authenticity and were regularly tested
negative for mycoplasma.

CRISPR-Cas-mediated precision genome editing and

clone selection

The guide RNAs (gRNAs) were designed as per IDT’s protocol for
the stop codon mutations for VHL and BAPI. The gRNAs and the
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single-stranded oligodeoxynucleotides (ssODNs) were obtained from
IDT and Synthego and their sequences are provided in table S3.
Freshly thawed and split HEK293 cells were nucleofected according to
IDT’s protocol. For the nucleofection mix for the CRISPR-Cas12
method (for VHL), 5 pl of ribonucleoprotein (RNP) mix was formu-
lated by mixing 1.6 pl of 100 pM Alt-R CRISPR-Cas12a crRNA (dis-
solved in IDTE Buffer; #11-01-02-02), 1.4 pl of 1X phosphate-buffered
saline (PBS), and 2 pl of Alt-R A.s. Cas12a (Cpfl) Ultra (#10001272)
in an Eppendorf tube and incubated for 20 min. Meanwhile, HEK293
cells were trypsinized, resuspended in media, and counted. A total of
100,000 cells were aliquoted in a tube, spun down at 100g, washed
with 1x PBS, and pelleted down again at 100g. The cells were then
resuspended in 20 pl of SF Cell Line buffer (SF Cell Line 4D-
NucleofectorTM X Kit S, #V4XC-2032). One microliter of 78 pM Alt-
R Cpfl Electroporation Enhancer (IDT #1076300) and 1 pl of 100 pM
ssODN (dissolved in water) were added to the cell mix and the total
22-pl cell suspension was mixed gently and added to the tube contain-
ing 5 pl of RNP mix. The resulting 27 pl of cell/RNP solution was
mixed gently, added to 1 well of the 16-well Nucleocuvette Strip and
immediately electroporated with the DS-150 protocol in the 4D-
Nucleofector System (Lonza #AAF-1002B with AAF-1002X).

For the nucleofection mix for the CRISPR-Cas9 method (for
BAPI), 2.8 pl of RNP mix was formulated by mixing 1.8 pl of 100 pM
Synthego Synthetic sgRNA (dissolved in 10 mM tris and 1 mM
EDTA, pH 8.0) and 1 pl of Staphylococcus pyogenes Cas9 enzyme
(NEB #M0386M) in an Eppendorf tube and incubated for 20 min.
Meanwhile, HEK293 cells were trypsinized, resuspended in media,
and counted. A total of 100,000 cells were aliquoted in a tube, spun
down at 100g, washed with 1x PBS, and pelleted down again at
100g. The cells were then resuspended in 20 pl of SF Cell Line buffer
(SF Cell Line 4D-NucleofectorTM X Kit S, #V4XC-2032). One mi-
croliter of 100 pM ssODN (dissolved in water) was added to the cell
mix and the total 21 pl of cell suspension was mixed gently and
added to the tube containing 2.8 pl of RNP mix. The resulting 23.8 pl
of cell/RNP solution was mixed gently, added to 1 well of the 16-well
Nucleocuvette Strip and immediately electroporated with the CM-
130 protocol in the 4D-Nucleofector System (Lonza #AAF-1002B
with AAF-1002X).

For both methods, after the nucleofection, the cells were incu-
bated at room temperature for 10 min and subsequently transferred
to a 12-well dish containing 1 ml of media containing 1 pM Alt-R
HDR Enhancer V2 (#10007910) and incubated at 37°C with 5% CO,.

The cells were harvested after approximately 1 week when they
were ~80% confluent. The cells were counted and plated in a dilu-
tion of 0.5 cells per well in six 96-well plates for the isolation of
clones. The remaining cells were pelleted down and used for genom-
ic DNA isolation to test the percentage of mutation at the locus of
interest using Sanger sequencing. The single cell clones were se-
quenced subsequently to pick the positive clones (fig. S1, B and C).
The number of clones sequenced was dependent on the percentage
of mutated peak in the bulk cell sequencing.

Western blotting

Cells were harvested by trypsinization and pelleted at 100g. The cells
were then lysed using RIPA lysis buffer (50 mM tris, pH 8.0, 150 mM
NaCl, 0.5% sodium deoxycholate, 0.1% SDS, and 1% NP-40) con-
taining 1X phosphatase inhibitor (PhosSTOP, Roche #4906837001)
and 1x protease inhibitor cocktails (cOmplete EDTA-free, Roche
#4693132001) on ice for 1 hour. The lysates were centrifuged at
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17,000¢ for 30 min at 4°C. The protein concentration was quantified
using Bradford reagent and a standard bovine serum albumin (BSA)
curve. Protein (5 to 15 pg) was mixed with 6x Laemmli buffer (0.25 M
tris, pH 6.8, 20% glycerol, 10% 2-mercaptoethanol, 0.002% bromo-
phenol blue, and 4% SDS). In some instances, cells were also lysed
directly by adding the 2x SDS loading/sample buffer [100 mM tris-
Cl, pH 6.8, 4% SDS, 0.2% bromophenol blue, 20% glycerol, and
200 mM dithiothreitol (DTT)]. All samples were heated at 95°C for
10 min and separated on 10 to 12.5% SDS-polyacrylamide gel elec-
trophoresis (SDS-PAGE) gels. The proteins were transferred using
semidry transfer buffer (48 mM tris, 39 mM glycine, and 20% meth-
anol) onto polyvinylidene fluoride (PVDF) membrane at 10 V for
60 min. Next, the membrane was blocked in 5% milk in 1x TBST
(20 mM tris-Cl, pH 7.6, 158 mM NaCl, and 0.1% Tween-20) for 1 hour.
The primary antibodies were diluted in 5% BSA or milk in 1x TBST
and used for overnight incubation at 4°C. The blots were washed 3x
in TBST and incubated in horseradish peroxidase—conjugated anti-
rabbit or anti-mouse secondary antibody for 1 hour at room tem-
perature. Last, the membranes were washed 3x with TBST for 10 min
and developed using SuperSignal West Pico Chemiluminescent
Substrate (Thermo Fisher Scientific #43078) or ECL Prime Western
Detection Reagent (VWR/Amersham #RPN2232). Images were ac-
quired on a ChemoCam Imager, bands were quantified using Image]J
software (76), and positive background was subtracted from the signal
density. The molecular weight in kilodaltons according to the marker
is given next to each blot. All uncropped blots are provided as source
data files. The list of antibodies is provided in table S3.

Polysome fractionation

The cells were grown in 60-mm dishes to 90% confluency. CHX
(100 pg/ml final concentration; Sigma-Aldrich #66-81-9) was added
to the same media just 3 min before harvesting. After CHX treatment
for 3 min, all the media was removed and the cells were washed two
times with 3 ml of PBS containing CHX (100 pg/ml). Depending on
the cell density, 300 to 500 pl of lysis buffer [20 mM tris, pH 7.4,
1.5 mM KCl, 5 mM MgCl,, 1 mM DTT, CHX (100 pg/ml), 0.1 mM
sodium deoxycholate, 0.5% Triton X-100, protease inhibitor (VWR
#PAG6521), and RNase inhibitor (Promega #N2511)] was added to
each dish and cells were scraped and collected into tubes. The tubes
were rotated in lysis buffer for 15 min at 4°C. The KClI concentration
in the buffer was adjusted to 150 mM by adding 3 M KCI. The cell
debris were pelleted at 10,000g for 10 min and the clear lysate was
transferred into fresh RNA-free tubes.

Sucrose solutions (5 and 50%) were prepared in polysome buffer
[20 mM tris, pH 7.4, 150 mM KCl, 5 mM MgCl,, 1 mM DTT, and
CHX (100 pg/ml)]. Approximately 10 ml of each solution was loaded
onto TH641 tubes and the gradient was created using a gradient mas-
ter. The Optical Density (O.D.) of the lysates was measured and 200 pg
of RNA-containing lysate was loaded on top of the gradient. The tubes
were then centrifuged at 36,000 rpm for 2 hours using a TH641 rotor
(Sorvall). After centrifugation, the gradients were analyzed at an ab-
sorbance of 260 nm using a BIOCOMP fraction analyzer and the frac-
tions were collected. RNA was isolated from the fractions using the
Quick-RNA Microprep Kit (Zymo Research #R1051), subjected to
cDNA conversion, and the genes were measured by RT-qPCR.

Protein stability assay
To assess the stability of WT versus NSExt mutant VHL, CHX (Sigma-
Aldrich #66-81-9) chase experiments were performed. First, the WT
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and NSExt mutant cell lines were treated with 0.1 pM bortezomib to
stabilize and detect the mutant protein by Western blot for the chase.
After 8 hours, the bortezomib-containing media was removed, cells
were washed 3X with fresh media, and then CHX (100 pg/ml) was
added. The cells were harvested at 0-, 6-, 12-, 24-, and 36-hour time
points, resuspended in 2Xx SDS sample buffer, boiled at 95°C for
10 min, snap chilled on ice, and loaded for Western blot analysis.

RNA affinity purification

The RNA affinity pool (raPOOL) probes targeting the coding se-
quence of VHL (20 bp away from the stop codon) were designed and
ordered from siTOOLs Biotech, Martinsried (sequences provided in
table S3). These raPOOLs consist of 30 single-stranded 3'-biotinylated
DNA oligonucleotides (20 bases length) and hybridize to the entire
length of the target RNA sequence. raPOOLs that hybridize to the
bacterial LacZ RNA were used as negative control.

Cells were grown to a density of ~90% in 15-cm dishes. The cells
were washed one time with 1x PBS. Five milliliters of ice-cold 1x
PBS was added to each plate and the cells were then subjected to UV-
cross-linking on ice using a Stratagene Stratalinker 2400 UV Cross-
linker. The cells were then scraped and resuspended in 1x PBS. Cells
were counted and 20 million cells were aliquoted into 50-ml falcons.
The cells were pelleted at 2000g for 5 min at 4°C, resuspended in 1 ml
of ice-cold 1x PBS, transferred into fresh 2-ml Eppendorf tubes,
and again centrifuged at 2000g for 3 min at 4°C. All of the PBS was
carefully removed, and the pellets were snap frozen in liquid nitro-
gen and stored at —80°C. The next day, the pellets were resuspended
in 500 pl of ice-cold lysis buffer (50 mM tris-Cl, pH 7.0, 10 mM
EDTA, and 1% SDS, with protease and nuclease inhibitors added
fresh before use). The samples were loaded in 1-ml Covaris tubes
(Covaris milliTUBE 1 ml AFA Fiber, #520135) and sonicated in a Co-
varis M220 focused sonicator to get 200- to 500-bp fragments making
sure that the tubes remained below 10°C. Dynabeads MyOne Strepta-
vidin C1 (600 pl; Thermo Fisher Scientific #65001) was washed 3%
with lysis buffer and lastly resuspended in 600 pl of lysis buffer. To
the fragmented samples in lysis buffer, 1 ml of hybridization buffer
(750 mM NaCl, 1% SDS, 50 mM tris-Cl, pH 7.0, 1 mM EDTA, and
15% formamide, with protease and nuclease inhibitors added fresh
before use) was added and gently mixed. The lysates were precleared
by adding 30 pl of the beads, incubating at 37°C for 30 min with
gentle rocking and removing the beads by using a magnetic stand.
The raPOOLs were then added to each sample at a final concentra-
tion of 100 pmol per 20 million cells. Hybridization was carried out
for 4 hours at 37°C with agitation. Next, 100 pl of the washed beads
was added to each sample and incubated at 37°C for 30 min with
agitation. The beads were collected using a magnetic stand. Next, the
beads containing the RNA-protein complexes were washed five times
in 1 ml of 37°C prewarmed wash buffer (2x sodium chloride, sodium
citrate, and 0.5% SDS, with protease and nuclease inhibitors added
fresh before use). During each wash, the tubes were agitated for 5 min
at 37°C and then the beads were collected with a magnetic stand.

At the final step, the beads were magnetically separated from the
wash buffer and resuspended in 1 ml of benzonase elution buffer
[20 mM tris, pH 8.0, 0.05% N-lauroylsarcosine, 2 mM MgCl,, and
0.5 mM tris (2-carboxyethyl)phosphine]. Benzonase nonspecific
nuclease (125 U; Sigma-Aldrich #E1014) was added and incubated for
2 hours at 37°C, agitating at 1100 rpm, 1 min on and 10 min off. The
beads were magnetically separated from the eluate, and this was re-
peated 5x until all beads were eliminated. The proteins were then

120f 15



SCIENCE ADVANCES | RESEARCH ARTICLE

precipitated with trichloroacetic acid at a final concentration of
10%. The samples were incubated with gentle rocking at 4°C over-
night and subsequently centrifuged at 16,000 rpm for 3 min. The
supernatant was discarded and replaced with 1 ml of cold acetone
and then centrifuged again at 16,000 rpm for 15 min at 4°C. The pel-
lets were then air dried, snap frozen in liquid nitrogen, and stored at
—80°C for further processing for mass spectrometry.

siPOOL transfection

For knockdown of the target genes using siPOOLs, cells were re-
verse transfected with 10 nM (final concentration) of nontargeting
control (siN.C.) or siPOOL of all targets (siTOOLs Biotech) using
Lipofectamine RNAIMAX (2 pl per well; Invitrogen, Waltham MA,
USA) in 12-well plates (0.35 X 10° cells per well). Cells were col-
lected after 48 hours for protein lysis and Western blotting. For ex-
periments requiring siPOOL transfection followed by bortezomib
treatment, bortezomib was added directly to a final concentration of
0.1 pM without changing the media after 24 hours of siPOOL re-
verse transfection. siPOOL sequences are provided in table S3.

Freiburg VHL registry, study design, and participants

The Freiburg VHL Registry includes patients who were screened at
least once at the von Hippel-Lindau Outpatient Clinic of the Uni-
versity Medical Center Freiburg until 1 March 2024. Inclusion crite-
ria for this retrospective analysis were the detection of a VHL
germline mutation by Sanger sequencing for intra-exonic variants,
by multiplex ligation-dependent probe amplification analysis for large
deletions and rearrangements, or by next-generation sequencing-
based multigene panels. Patients without clinical data were excluded.
Clinical surveillance was performed according to international guide-
lines for VHL disease (VHL Active Surveillance Guidelines) and
included ophthalmoscopy with complete peripheral retinal exami-
nation, radiologic imaging with contrast-enhanced magnetic res-
onance imaging (MRI) of the brain and spinal cord, and MRI of the
abdomen. Clinical data such as age, sex, and diagnostic findings were
recorded in a predefined database. The time of the first ophthalmo-
logic diagnosis of retinal angioma or the first radiologic description
of CNS hemangioblastoma, ccRCC, pancreatic neuroendocrine tu-
mor, or pheochromocytoma was considered the first manifestation
of VHL disease. The use of anonymized data for further analysis
was approved by the Ethics Committee of the University of Freiburg
(EK-FR 79/2).

Data representation, normalization, and statistical analyses

All experiments were performed in three independent biological rep-
licates unless otherwise mentioned. All RT-qPCR experiments (ex-
cept Fig. 2, E and E and fig. S3H) were normalized to the internal
control gene cyclophilin A mRNA (PPIA). For the polysome fraction-
ation (Fig. 2, E and F), the RNA levels were normalized to the amounts
in the free RNA fraction. For the in vitro transcription/translation
(fig. S3H), BAP1 mRNA was normalized to 28S rRNA from the rabbit
reticulocyte lysate. All Western blot quantifications were normalized
to the actin loading controls. The individual values were further nor-
malized to the average of the WTs, the latter being normalized to 1.
All graphs were generated using GraphPad Prism version 10.0.2. The
SEM was represented in the graphs. For box plots, the mean, mini-
mum, and maximum values were represented. For statistical com-
parisons, unpaired ¢ tests after F tests for heteroscedasticity were used.
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*, %% and *** refer to P values of <0.05, <0.01, and <0.001, respec-
tively. “ns” represents nonsignificant.

Supplementary Materials
The PDF file includes:

Supplementary Methods

Legends for tables S1to S3

Legends for data S1 and S2

Figs.S1to S10

Other Supplementary Material for this manuscript includes the following:
Tables S1to S3
Data S1and S2
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