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Abstract

biquitination is a reversible post-translational modification (PTM) that governs

many critical processes in eukaryotes. In turn, defects in the ubiquitin system

can lead to various diseases. Targeted strategies to correct aberrations in the
ubiquitin pathway could provide new therapeutic opportunities. The specificity of
ubiquitination is determined by the substrate preference of E3 ligases. Here we investi-
gated R505C mutation in a substrate receptor subunit FBXW?7 of E3 ligase in colon or-
ganoids. We identified ubiquitin sites and FBXW7 substrates using mass spectrometry
(MS) with ubiquitin enrichment by a commercial antibody recognizing di-Gly remnant
left after trypsin digestion. A number of experimentally-identified FBXW7 targets were
cross-validated by an established degron prediction method. By compiling evidence
from the transcriptome, proteome, phosphoproteome, ubiquitinome and cell-surface
staining, we demonstrated that impaired degradation via FBXW?7 is the mechanism
behind elevated EGFR level, MAPK signalling, and EGF-independent proliferative sur-
vival. Collectively, these illustrate the utility of our ubi-site identification workflow and
further implicate FBXW7 R505C mutation in highly-proliferative cancers.
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1. Introduction

biquitination is a dynamic post-translational modification (PTM) of proteins

with ubiquitin, a small 76 amino acid globular protein with a mass of 8.5-kDa".

Ubiquitin was named after the word ubiquitous since it is found across eu-
karyotes and plays a role in almost all processes in the cell, like cell cycle progression,
cell signalling cascades, differentiation, and growth?. As such, defects in the ubiquitin
system can lead to dysregulation of many cellular processes and the development of
pathologies and diseases, such as cancer, metabolic disorders and neurogenerative
diseases®. Therefore, understanding the mechanism of ubiquitination, sites of ubiquitin
modification, and the consequence of dysregulated ubiquitination has the potential to
general novel therapeutic strategies and help us to treat such diseases.

Fig. 1 | Ubiquitin system. A Ubiquitination requires a cascade of three consecutive adenosine 5-triphosphate-de-
pendent enzymatic reactions. The ubiquitin-activating enzyme E1 attaches ubiquitin (Ub), activating it. The activated
ubiquitin is then transferred to the ubiquitin-conjugating enzyme E2. Finally, the ubiquitin ligase E3 facilitates the
ubiquitin’s attachment to a substrate through an isopeptide bond. Ubiquitination is a reversible process. Ubiquitin

is removed from protein by deubiquitinating enzymes DUBs - ubiquitin isopeptidases, and can be used for the next
ubiquitination cycle. B In the human genome, two ubiquitin-activating enzymes E1, about 40 ubiquitin-conjugating
enzymes E2, more than 600 ligases E3 and about 100 deubiquitinases are encoded. C Ubiquitin binds to proteins
either as a monomer or as a polyubiquitin chain, formed through any of seven internal lysine residues or N-terminal
methionine. This collectively referred to as ‘ubiquitin code’. Some of the possible ubiquitin modifications are illustrat-
ed. Modified from Fig. 1 in Ref.?
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Ubiquitination requires a cascade of three consecutive adenosine 5-triphosphate-de-
pendent enzymatic reactions. First, the ubiquitin binds to the ubiquitin-activating en-
zyme E1, and then ubiquitin is transferred from E1 to the ubiquitin-conjugating enzyme
E2. Finally, the ubiquitin ligase E3 facilitates the ubiquitin’s attachment to the e-amino
group of a lysine residue of a substrate through an isopeptide bond. Ubiquitination is a
reversible process where deubiquitinating enzymes (DUBs) have the opposite function
of E3 ligase, namely removing the attached ubiquitin from the substrate? (Fig. 1A).

Ubiquitin can be attached as polyubiquitin chains of various structures in diverse ar-
rangements by attaching subsequent ubiquitin molecules to one of seven lysine resi-
dues (Lysé, Lys11, Lys27, Lys29, Lys33, Lys48, and Lys63)3# or the N-terminal methi-
onine of the previous ubiquitin®. Different polyubiquitin chains can then send distinct
signals®, and the variety of all possible ubiquitin combinations is called a “ubiquitin
code”?¢7 (Fig. 1C). The protein lifespan is determined by proteasomal degradation,
which is usually encoded by polyubiquitin chains of at least four ubiquitin molecules
linked through isopeptide bond at Lys48 or Lys11>7-?. However, monoubiquitination as
a degradation signal is also known for small protein substrates®.

In the human genome, there are only two ubiquitin-activating enzymes E1, about 40
ubiquitin-conjugating enzymes E2, more than 600 ligases E3 and about 100 deubiquiti-
nases (DUBs)?? (Fig. 1B). Such a large amount of E3 ligases provides specificity for ubiqg-
uitination. Furthermore, to form a complex with E3 ligase substrates themselves under-
go PTM changes in the binding motif, for example, degron phosphorylation by kinases?'?.
All this ensures precise regulation of ubiquitination.

E3 ligases are divided into two main classes: HECT (homologous to E6-AP C terminus) and
RING (really interesting new gene)*2. RING E3 ligase superfamily comprises about 95% of the
known E3 ligases and is represented by various multisubunit ligase complexes, one of which

is CRL1 or SCF from cullin-RING ligase (CRL) family*®. As illustrated in Fig. 2A Cullin-RING

E3 ligase complex (CRL1 or SCF) consist of four components: RING domain-containing E3
ligase (RBX1), Cullin domain-containing scaffold protein (Cullin1), substrate adaptor subunit
(SKP1) and substrate receptor subunit (F-box protein)*3. Cullin1 serves as a scaffold to which
RBX1 and SKP1 are attached. RBX1 further engage E2 with attached ubiquitin, while SKP1
engage F-box protein. Substrate receptor subunit F-box protein recognises the substrate by
its distinct degron motif. 69 specific F-box protein subunits are known in the human genome?2.
Binding occurs between the substrate’s degron and WD40 domain of the F-box protein sub-
unit, allowing ubiquitin transfer from the ubiquitin-conjugating enzyme (E2) to the substrate!2.
As aresult, a ubiquitin chain is formed on the substrate, signalling its proteasomal degradation.
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Fig.2 | A Cullin-RING E3 ligase (CRL1 or SCF) complex consist of four components: RING domain-containing E3
ligase (RBX1), Cullin domain-containing scaffold protein (CUL1), substrate adaptor subunit (SKP1) and substrate re-
ceptor subunit (F-box and WD repeat domain containing 7 (FBXW?7)*%. Substrate receptor subunit FBXW?7 recognis-
es the substrate by its specific degron motif, phosphorylated by a kinase (phosphodegron). Binding occurs between
the substrate’s degron and WD40 domain of the FBXW?7 subunit, allowing ubiquitin (Ub) transfer from the ubig-
uitin-conjugating enzyme (E2) to the substrate (in orange). As a result, a ubiquitin chain (in black) is formed on the
substrate, signalling its proteasomal degradation. B R505C mutation in the WD40 binding domain of FBXW7 ham-
pers binding of the substrate to the ubiquitin ligase complex. As a result, ubiquitin is not transferred to the substrate,
and the substrate does not degrade. Modified from Fig. 2 in Ref. ** C After trypsin digestion of ubiquitinated protein,
diGly stab remains at the site of ubiquitin attachment to a lysine residue of the modified peptide. On this site, lysine
is not cleaved by trypsin. This diGly remnant (black arrow) adds a 114.043-Da mass shift. Based on ions after MS/MS
fragmentation, the localisation of the diGly remnant is determined. The black arrows indicate the C-terminal to argi-
nine and lysine residues where trypsin trims protein.

Ge et al. analysed genes involved in the ubiquitin pathway across 9,125 patients from
33 cancer types from The Cancer Genome Atlas (TCGA). R505C mutation in the bind-
ing domain of E3 substrate receptor subunit F-box and WD repeat domain containing

7 (FBXW?7) (Fig. 2B) was enriched among many cancers (in particular endometrial and
colorectal) and in both the hotspot (recurrently mutated DNA positions in cancer®) and
loss-of-function criteria®.
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Although a large number of ubiquitination sites have been identified over the years, as
demonstrated by 110,124 sites reported in the PhosphositePlus knowledgebase?¢ (as
of December 2021), it should be noted that this vast number remains a compendium
from many different experiments. At the same time, little is known about the func-
tion and consequences of these modifications and the E3 ligase-substrate complexes
formed.

To advance the goal of relating ubiquitination to phenotype, we focused on FBXW7 E3
ligase targets. In this project, we simplified the variety of ubiquitin configurations by
performing tryptic digestion. This would cleave all forms and arrangements of ubiquitin
after two glycine residues that remain on the lysine (Fig. 2C). With a specific antibody
targeting this di-glycine stub, we could experimentally retrieve all peptides altered by
the digly-modification. By comparing the peptide retrieved in wild type and FBXW7
mutant material, bona fide FBXW?7 substrates can be identified. The final goal of this
project is to understand how faulty ubiquitination due to FBXW?7 mutation at R505C
can lead to aggressive tumour phenotypes.



2. Results

2.1 Robust immunoenrichment of ubiquitinated peptides.

To assess the extent of ubiquitination in the cellular proteome, we used an anti-
body-based method to identify intracellular ubiquitinated peptides (Fig. 3). This ap-
proach relies on antibody recognition of a di-glycine stub remaining after trypsin di-
gestion of ubiquitin chains (Fig. 2C). Enriched di-glycine peptides have the addition of
114.043-Da to their mass>?, resulting in the distinct mass shift at the MS2 spectrum
(Fig. 4A, B). This antibody-enrichment step is necessary as ubiquitin modifications are
generally low abundant?” and found on diverse substrates with low sequence con-
sensus. We performed the enrichment on the peptide level, since approaches for the
enrichment of endogenously ubiquitylated proteins were reported as less efficient than
anti-diGly antibody strategy?®’.

Fig. 3 | Schematic workflow to identify ubiquitinated proteins. JY cells were lysed. Protein disulfide bridges were
reduced and alkylated, followed by digest. K-e-GG stab was left from ubiquitin chains after trypsin digestion. Ubiqg-
uitinated peptides were enriched by immunoprecipitation with K-e-GG antibody, which recognises K-e-GG remnant.
Pulled down peptides were analysed by LC-MS/MS. Protein identification and quantification was performed using
MaxQuant software?.



(0]3

Fig.4 | A Ubiquitinated peptide sequence with b and y ions. Amino acids are shown in one-letter code. B A sample annotated diGly peptide MS/MS spectrum
obtained in this study. It illustrates ubiquitin with Lys-63 site identified in WT organoid line.

S1TNS3y



RESULTS

Considering the low stoichiometry of ubiquitinated peptides, we tested a commercial
enrichment kit?* on a JY cell lysate of 10 mg input. From 10 mg of trypsin-digested ly-
sate, we identified a total of 6,713 peptides, of which 1,035 were modified by ubiquitin
(Fig. 5A). These ubiquitinated peptides originated from 766 distinct protein groups
(Fig. 5B), averaging out to be about 1.35 ubiquitinated peptides per protein. Although a
considerable number of ubiquitinated peptides and ubiquitination sites were detected,
only 15.4% of the peptides analysed by LC-MS/MS carried ubiquitin modification. This
was not yet ideal since the mass spectrometer primarily measured non-ubiquitinated
peptides during the 3h analysis time.

Fig.5 | ANumber of all and ubiquitinated peptides identified in 10 mg of total protein in JY cell line. B Number of
all and ubiquitinated unique protein groups identified in 10 mg of total protein in JY cell line. C Number of all and
ubiquitinated peptides identified in 60 mg of total protein in JY cell line. D Number of all and ubiquitinated unique
protein groups identified in 60 mg of total protein in JY cell line.

To improve the specificity of ubiquitin-pulldown, we considered the factors that could
cause low enrichment specificity. Since ubiquitination is a rare post-translational mod-
ification, we reasoned that there might be only a relatively limited amount of ubiquiti-
nated peptides, such that it was not sufficient to saturate the antibody-coated beads
fully. On the other hand, increasing the input material might provide more ubiquitinat-
ed peptides for resin binding. This may out-compete unmodified peptides with lower
affinity, thereby increasing the proportion of ubiquitinated peptides in our preparation.

To test this hypothesis, we repeated the ubiquitin-pulldown with a larger input load of

60 mg digested peptides. We identified a total of 25,904 peptides, of which 3,759 were
modified by ubiquitin (Fig. 5C). These ubiquitinated peptides originated from 2,260 dis-
tinct protein groups (Fig. 5D), averaging about 1.66 ubiquitinated peptides per protein.
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Although the number of ubiquitinated peptides increased with the larger input load,
the proportion of ubiquitinated peptides remained almost unchanged (14.5%). Thus, we
reasoned saturation was not the cause of low specificity of antibody retrieval of ubig-
uitinated peptides. It is possible that other parameters such as duration of pulldown
and wash procedures may further improve specificity, but due to time constraints and
limitation in cell lysate material, we could not optimize this further, and instead chose
to apply the same worklow to our FBXW7 R505C biological system.

2.2 FBXW7 R505C mutation severely impairs intracellular
ubiquitination

To evaluate changes in the ubiquitinated proteome elicited by FBXW7 R505C, we ap-
plied the workflow optimized above (Fig. 6A) to three colon organoid lines (WT paren-
tal ling, single mutant CRISPR-edited FBXW7 harbouring mutation R505C, and double
mutant FBXW7 R505C/TP53KO0). In the WT line, we identified 7,222 diGly peptides
guantified in at least one technical replicate and 5,484 diGly peptides quantified in at
least two out of three technical replicates in 2,028 unique ubiquitinated proteins (Fig.
6B). It is evident that the numbers of identified ubiquitination dropped in both mutant
organoid lines, in line with the function of FBXW?7 in protein ubiquitination, as FBXW7
is F-box substrate receptor subunit of E3 ligase complex, and R505C mutation is locat-
ed inits WD40 domain at the substrate-binding interface, disrupting the interaction
with a substrate. Therefore, the effect of FBXW7 R505C mutation on ubiquitination
was dramatic. In addition, the phenotype (loss of ubiquitination) is fully recapitulated
in a second double-mutant organoid line generated separately, further confirming that
the biological phenotype of hampered protein ubiquitination is reproducible.

12
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Fig. 6 | A Schematic workflow to identify ubiquitinated proteins. Colon organoids were lysed. Protein disulfide
bridges were reduced and alkylated, followed by digest. K-e-GG stab was left from ubiquitin chains after trypsin
digestion. Ubiquitinated peptides were enriched by immunoprecipitation with K-e-GG antibody, which recognis-
es K-e-GG remnant. Pulled down peptides were analysed by LC-MS/MS. Protein identification and quantification
were performed using MaxQuant software?. B Bar plot of the total number of diGly-modified peptides quantified
in at least 1 out of 3 replicates (black), diGly-modified peptides quantified in at least 2 out of 3 replicates (blue) and
diGly-modified proteins quantified in at least 2 out of 3 replicates (white) in 25 mg of total protein in each organoid
line. We did not use a stringent cut of 3 out of 3 replicates because of possible gaps in identification using data-de-
pendent acquisition (DDA) method due to variation in top N precursor selection by MS instrument.
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2.2.1 FBXW7 mutant shows dysregulated signalling mediated through
impaired protein degradation

Since precursor peptide selection in the mass spectrometer is data-dependent and can
be sporadic even when measuring the same samples thrice. It is therefore challenging
to ascertain beyond doubt if a peptide is truly absent. Nonetheless, the likelihood of a
peptide actually present but is repeatedly missed during precursor selection in all three
injection replicates is much lower. For this reason, we applied stringent filtering to iden-
tify which proteins were likely to be no longer ubiquitinated in FBXW?7 R505C organ-
oids. Out of 2,028 protein detected with ubiquitin modification in WT organoids, 1,644
proteins were quantified in all three replicates in WT and none of the replicates in both
mutants: single mutant FBXW7 R505C and double mutant FBXW7 R505C/TP53 KO
(Supplementary Table 1). We expect hampered ubiquitination to be a phenotype that

is also conserved in FBXW7 R505C/TP53 KO double mutant, since the ability to ubig-
uitinate proteins depends on FBXW7 and not directly on TP53. Indeed the drastic loss
of protein ubiquitination was also recapitulated strongly in the double-mutant, giving
further confidence that these proteins are certainly ubiquitination targets of FBXW?7.
Based on this observation, it is likely that the 1,644 proteins uniquely ubiquitinated in
WT organoids are bona fide targets of FBXW7 ubiquitination.

Fig. 7 | Gene ontology biological process resulting from DAVID??>? analysis of 1,644 proteins ubiquitinated in WT and not
ubiquitinated in both FBXW7 R505C single mutant and FBXW?7 R505C /TP53 KO double mutant organoid lines. 15 the most
significantly (p<4.07x10%) enriched biological processes are given. *Count - gene counts belonging to annotation term.
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To dissect biological processes significantly affected by FBXW7 R505C mutation, these
1,644 proteins (Supplementary Table 1) were categorized by Gene Ontology to obtain a
hint of cellular processes that may be changed as a result of failure to ubiquitinate (Fig.
7). 92 significantly enriched biological processes (p<0.05 and FDR<0.05) were identi-
fied (Supplementary Table 2). GO analysis revealed that proteins with ubiquitination
loss in mutants participate in cell-cell adhesion, Wnt signalling pathway, planar cell
polarity pathway. As anticipated, many ubiquitin-involved processes, such as ubiqui-
tin-dependent protein catabolic process, protein polyubiquitination, regulation of ubig-
uitin-protein ligase activity(Fig. 7), were also extensively altered. This suggests possible
auto-regulation of the ubiquitination pathway by controlling the steady-state provision
of enzymes and factors needed for ubiquitination. We reasoned that inability to ubig-
uitinate induces cells to preserve components of the ubiquitination machinery longer,
and hence loss in degradation. This could likely expand and potentiate the impact of
FBXW7 R505C mutation on proteostasis within the cell.

Visualising proteins distinctly ubiquitinated in WT compared to both mutants on Kyoto
Encyclopedia of Genes and Genomes (KEGG)?+-2¢ pathway maps, it became clear that
terms ‘Ubiquitin mediated proteolysis’ (hsa04120), ‘Protein processing in endoplasmic
reticulum’ (hsa04141) and ‘Cell cycle’ (hsa04110) were impacted by the loss of degra-
dation (Fig. 8). Overall, 24 significantly enriched pathway terms (p<0.05 and FDR<0.05)
were identified (Supplementary Table 3). These results demonstrate that FBXW?7
R505C mutation account for the retention of proteins involved in every step of ubiqui-
tin mediated proteolysis (Fig. 8A). Moreover, FBXW?7 R505C mutation contributes to
the accumulation of many proteins of ‘MAPK signaling pathway’ (has04010), especially
the receptor, from which the entire pathway is subsequently activated (Fig. 8B).
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Fig. 8 | Mapping of proteins to the KEGG pathways. A ‘Ubiquitin mediated proteolysis’ (hsa04120) where blue
rectangles contain proteins uniquely ubiquitinated in WT compared to both mutants: FBXW?7 R505C single mutant
and FBXW7 R505C /TP53 KO double mutant. B A portion of ‘MAPK signaling pathway’ (has04010) where proteins
uniquely ubiquitinated in WT compared to both mutants: FBXW7 R505C single mutant and FBXW?7 R505C /TP53
KO double mutant, flagged with red stars.
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2.2.2 Cross-validation by degron prediction

Using our sensitive approach to map ubiquitination sites, we found 1,644 proteins
where ubiquitination is FBXW7-dependent and abolished in the FBXW7 R505C mu-
tants. To assess the confidence in these identifications, we cross-validated our target
list against degron prediction that had been created for FBXW?7 previously!’. This pre-
diction method was designed by a random forest classifier trained on known degrons
and was needed because experimental detection of E3-substrate complexes has been
challenging and problematic!®'3%’, We used this publicly available approach, in consul-
tation with Francisco Martinez-Jiménez, the first author leading the publication??, to
check for FBXW?7 internal degrons.

Search across 1,644 proteins (Supplementary Table 1) estimated 125 proteins (a

total of 413 protein isoforms) match any of the two known FBXW?7 degron motifs
(Supplementary Table 4). Furthermore, 79 of these 125 proteins match the motif and a
set of 11 favourable biochemical features that resemble those of annotated degron in-
stances. Finally, 16 of these proteins are known to be involved in cancer (known cancer
drivers). It is surprising to note that amongst the 1,644 putative FBXW7 ubiquitination
targets we identified in this study, less than 10% can be verified by this prediction algo-
rithm. This may be rationalized by the fact that this prediction algorithm can only han-
dle linear phospho-degrons (of continuous primary degron sequence), whereas degron
recognition in cells works based on a three-dimensional groove. In this respect, the nov-
el FBXW7 putative targets identified in this study can be used to refine the prediction
algorithm further.

17
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2.2.3 Epidermal Growth Factor Receptor (EGFR) is a FBXW?7 substrate

An observable phenotype of FBXW7 R505C colon organoids is mitogen independent
growth. It has been shown that the R505C mutation eliminates the requirement for
EGF to proliferate (personal communication via Matteo Boretto, Hubrecht Institute).
To link the FBXW7 R505C degradation phenotype to aggressive growth, we focused on
the degradation of EGFR in our model system. EGFR is a receptor tyrosine kinase and
known oncogene®3?, It is a transmembrane protein that responds to various mitogen
growth factors, particularly EGF*32?, making it easy for experimental phenotyping, and
may be directly responsible for the aggressive growth phenotype of FBXW7 R505C
organoids.

Using our established workflow, we observed that EGFR ubiquitination was hampered
when FBXW7 was mutated (Fig. 9A). This observation implies that the FBXW7 R505C
mutant organoids may have a higher EGFR protein level since it is less degraded.
Indeed, from Fig. 9B, it can be seen that EGFR abundances in proteome increased >2-
fold change (FC) in FBXW7 R505C mutant compared to WT, whereas ubiquitinated
EGFR peptides were not detected in FBXW7 R505C mutant (Fig. 2A). EGFR function
is determined by receptor abundance, but also by phosphorylation, since intracel-
lular cross-phosphorylation ultimately governs activity of the EGFR dimer. Using
phosphoproteomics (assisted by Ziliang Ma), we found that the increase in total EGFR
phosphorylation was four-fold in the FBXW7 R505C mutant compared to WT (Fig. 9C),
and 3.9-fold at Thr693, a key activating site (Fig. 9D). This increase in phosphorylation
remains upon normalization to a two-fold stabilisation of the total EGFR protein level.
Collectively, this indicates that EGFR signaling is likely increased in FBXW7 R505C or-
ganoids, and that the threshold requirement for EGF ligand stimulation may be lower
or even not necessary. This is coherent with the EGF-independent growth of FBXW7
R505C organoids over months in culture, whereas WT organoids cannot survive be-
yond a week without EGF supplementation in culture.

In addition, via degron prediction, we confirmed the presence of the FBXW?7 degron
motif in EGFR, surrounding the phosphorylation site Thr693 (Supplementary Table

4). The degron prediction was performed according to established methods!t. Next to
EGFR, 124 additional FBXW7 substrates identified by ubiquitin pulldown were also in-
dependently predicted to be under the ubiquitin modification of FBXW?7.
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Fig. 9 | A Intensity of EGFR ubiquitinated peptides in WT, and FBXW?7 R505C mutated organoid lines. *N.D. - not
detected. B Intensity of EGFR protein in WT and FBXW7 R505C mutated organoid lines. C Intensity of EGFR phos-
phorylated peptides in WT, and FBXW7 R505C mutated organoid lines. D Intensity of EGFR phosphorylated peptide
with Thr693 phosphorylation site in WT, and FBXW7 R505C mutated organoid lines. E Normalised read count in WT
and FBXW7 R505C mutated organoid lines. F Immunofluorescence of EGFR and DAPI staining in WT and FBXW?7
R505C organoids. Green, EGFR; white, DAPI. The white bar is the scale bar, 100 um. N=10 organoids imaged per
clone. Immunofluorescence signal intensity of EGFR in WT and FBXW?7 R505C mutated organoid lines.

The remaining question is whether the EGFR transcript level is already elevated in
FBXW7 R505C cells, or if EGFR protein accumulation is primarily driven by the lack of
FBXW?7-dependent ubiquitination and degradation. To elucidate this, we compiled mul-
tiple levels of evidence, from EGFR RNA level to EGFR protein, ubiquitinated peptide,
phosphopeptide to cell surface staining of EGFR protein on organoids, for combined
analysis. As shown in Fig. 9E, the EGFR RNA level was actually reduced in FBXW7
R505C organoids, making it unlikely that elevated EGFR (Fig. 9B) can result from tran-
scriptional regulation. On the other hand, all the readouts on EGFR protein levels were
increased (Fig. 9B, F), and ubiquitination (Fig. 9A) was not observed. Collectively, these
more confidently establish EGF-independent growth in FBXW7 R505C organoids, as a
phenotype resulting from loss of EGFR degradation.

Predicted degron at EGFR spans 691 to 697 amino acids, including the phosphorylation
site T693 with several flanking lysines (708, 713, 714, 716)*'. Phosphorylation adds an

additional level of regulation to the existing primary degron motif sequence and con-
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trols target recognition by E3 ubiquitin ligase. As illustrated by Fig. 9D, the abundance
of threonine 693 phosphorylation site in EGFR increased 3.9 fold in FBXW7 R505R
mutant compared to WT, suggesting that EGFR is an FBXW?7 substrate that possesses
the necessary degron. The ubiquitination sites, phospho-peptide and predicted degron
surrounding T693 are annotated in Fig. 10.

Fig. 10 | EGFR (P00533) sequence. Predicted degron motif coloured in red. Peptides identified during ubiquitin
pulldown in WT organoid line coloured in blue. Identified modifications annotated below corresponding amino acid:
diGly - ubiquitination site (in blue), P - phosphorylation site (in red). Phosphorylated peptide marked with a yellow
line on top. Amino acids are shown by single-letter code. No diGly sites were identified in 1-659 amino acids resi-
dues.

Furthermore, these trends are in line with the previously described KEGG analysis
showed the MAPK pathway is highly affected by FBXW7 R505C mutation, since many
proteins involved were not degraded in FBXW7-mutated organoids, which enhanc-

es MAPK signalling (Fig. 8B). Collectively, these may further support the aggressive
growth phenotype of FBXW7 R505C organoids.
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2.2.4 Ubiquitination inversely correlates with protein abundance

Failure to degrade a protein may lead to intracellular accumulation. By this rationale,
actual degradation substrates of FBXW7 could accumulate to higher protein levels in
FBXW7 R505C. By overlapping experimentally-detected FBXW?7 substrates (peptide
pulldown, MS) and proteins with predicted FBXW7 degrons, we retained 125 proteins
to further correlate the steady-state proteome abundance with the FBXW7 defect.

As shownin Fig. 11A, a total of 12 proteins were identified as putative FBXW?7 sub-
strates that accumulate in organoids by at least 50% in R505C mutants. Amongst these,
GPA333%031 VPS13C3233 TGOLN23%* and IMMT?®>3 genes are cancer-related, and shown
to accumulate to higher levels in both mutants, providing additional biological reliabili-

ty.

A cell-surface glycoprotein A33, encoded by GPA33 gene, has shown to be present

in >95% of primary and metastatic tumours in colorectal cancers!. A therapeutic
strategy targeting GPA33 cell-surface expression has been in phase | Clinical trial
(NCT02248805)%. An anti-glycoprotein A33 (gpA33)/anti-CD3 bispecific humanized
monoclonal antibody MGDO0O7 has been developed to recruit CD3-expressing T cells
to target gpA33-expressing tumour cells°. Antitumor activity is provided through
cancer cell lysis by cytotoxic T-lymphocytes. If FBXW7 is mutated in a tumour, it may
then be possible to treat such tumours with anti-GPA33 antibodies. Another protein
accumulated in FBXW7 mutants is inner membrane mitochondrial protein encoded by
IMMT gene. IMMT has shown to be highly expressed in lung adenocarcinomas and cor-
related with a more advanced stage, larger tumor size and a poorer prognosis®. IMMT
as mitochondrial marker could also be applied to predict poor clinical outcome in gas-
tric cancer patients®.

Conversely, the abundance of proteins not regulated by FBXW7-dependent degrada-
tion should not change significantly in the FBXW7 mutant models. The ubiquitination
of 23 proteins could still be detected in FBXW7 mutants as well in WT. The steady-

state abundance of these proteins remains largely unchanged as shown in Fig. 11B, C.
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RESULTS

Fig. 11 | AVenndiagram of proteins significantly (g-value<0.05) upregulated +1.5 FC in FBXW?7-mutated or-
ganoids compared to WT organoids. Proteins listed fit the following filtering criteria: not ubiquitinated in both
FBXW?7-mutated organoids (single and double mutant in every replicate) while ubiquitinated in WT organoids (every
replicate); have predicted FBXW?7 degron motif. B, C Proteome level fold change analyses of proteins quantified
across all three organoid lines in ubiquitinomics (at least 2 out of 3 replicates). Fold changes are statistically signifi-
cant by paired t-test (g-value<0.05).
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3. Discussion and future outlook

he ubiquitin machinery can determine a protein’s lifespan inside the cell; the

ability to ubiquitinate proteins can regulate many critical pathways inside a cell,

like cell cycle progression, signalling, differentiation, growth and antigen presen-
tation>®. As such, dysregulation of ubiquitin pathways can contribute to the develop-
ment of many diseases, including cancer3?:3%4°,

Despite the importance of the ubiquitin system, it remains to be completely decod-
ed**°, The ubiquitin pathway consists of a cascade of three consecutive enzymatic
reactions?33, We decided to focus on a more detailed study of the last step - recogni-
tion of the substrate by the E3 ligase and the attachment of the ubiquitin molecule to
substrate, for several reasons. The E3 family is the least studied and most extensive
(around 600 E3 ubiquitin ligases)*?4242, and each E3 ligase is more target-specific'® than
the ubiquitin-activating enzyme E1 or the ubiquitin-conjugating enzyme E2, with only 2
and 30-50 genes in humans respectively?#243, This E3 specificity can be used in the fu-
ture to find potential biomarkers or develop targeted drugs with fewer side effects and
understand the resistance mechanism of already approved treatments?>?44, In addition,
in theory, defects at an earlier stage, such as ubiquitin itself or a ubiquitin-activating
enzyme E1, should lead to lethal consequences since these would affect not only the
entire ubiquitin cascade, but also ubiquitin signaling. As expected, E1 and E2 mutations
in the human genome are not tolerated®s.

In this work, we focused on the FBXW?7 E3 ligase since it is known to be a frequent-

ly mutated tumour suppressor!. In the literature, several oncoproteins are already
known FBXW7 substrates, for instance, JUN, cyclin E, c-Myc, Mcl-1, mTOR, Notch
and AURKA?134 To focus only on the enzymatic activity of FBXW7, we introduced

an R505C point mutation instead of a full FBXW7 knockout. Amongst the known mu-
tations in FBXW7, R505C was found in many cancers and in both hotspot and loss of
function criteria®. Using a ubiquitinated peptide pulldown strategy that was optimized
in this project, we detected a drastic loss of protein ubiquitination in FBXW?7 R505C
organoids, as well as FBXW7 R505C/TP53 KO organoids. Collectively these establish
FBXW?7 as an important and dominant E3 ligase in the colorectal system.

Although E3 enzymes are generally considered major determinants of substrate spec-
ificity, we hypothesised that in our case, FBXW7 was a highly dominant E3 enzyme in
the colon organoids, which could explain the striking loss of most ubiquitinations. This
is in general agreement with previous studies where the number of proteins that inter-
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act with a particular type of E3 ligase differs depending on the tissue type!®. Amongst
1,644 experimentally detected FBXW7 substrates, 125 were cross-verified by degron
motif prediction using established methods. Although important substrates like EGFR
emerged from this double data-filter, only 8% of FBXW?7 experimental substrates were
predicted with FBXW7 degron sequence. This may be due to the limitation of predic-
tionin a linear sequence, i.e. 3D docking between the substrate and E3 subunit is not
taken into account?®®. Moreover, the random forest classifier on which degron predic-
tionis based, was trained only on ~200*! the previously reported degron instances.
Collectively, these limit the utility of degron prediction as the only basis for FBXW7
substrate identification. On the contrary, the extensive experimental FBXW?7 substrate
dataset obtained in this project may be extremely useful to refine degron prediction
further.

Ubiquitin modifications depend on phosphorylation in degron motifs*3. Ubiquitination
also decreases the protein abundance at the proteome level through substrate deg-
radation in the proteasome?’?. Therefore, joint and combined analyses of these inter-
twined protein states makes it possible to reveal intricate patterns and interactions
within the cell. As we demonstrate here with the EGFR example, it would be beneficial
to acquire and analyse all these datasets together from the same sample to get a com-
plete picture.

A distinctive feature of cancer is rapid and uncontrolled cell growth, and dysregulation
of homeostasis in proteins that govern proliferation is a clear link to the clinical phe-
notype of FBXW?7 loss of function. The MAPK pathway is one of the main mechanisms
regulating cell proliferation, that is also often disrupted in many types of cancer#4¢,
We demonstrated the value of our multi-omics method using EGFR. Hampered ability
to ubiquitinate EGFR in the FBXW7 R505C mutant leads to an increase in EGFR recep-
tors on the membrane surface. This, in turn, creates conditions for the activation of the
MAPK pathway even when a small amount of EGF ligand is present, and in turn, pro-
liferative signals are relayed for uncontrolled cell growth. In this regard, EGFR inhibi-
tors?? may help to functionally counteract the accumulation of cell-surface receptors
resulting from hindered degradation, and aid in normalizing the growth signals down-
stream of lower EGFR activation threshold.

Despite the successful implementation of this ubiquitinated peptide pulldown, and the
identification of essential mechanisms that support FBXW7 R505C driven cancer, the
strategy described here cannot yet distinguish the myriad of ubiquitin modifications.
Enzymatic digestion with trypsin could almost entirely trim away the ubiquitin tree
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except for a di-glycine stub on the modified lysine. In practice, this significantly reduces
the sample complexity to map only ubiquitination sites, but inevitably collapses bio-
logical variation in ubiquitin branching. In addition, ubiquitin-like modifiers ISG15 and
NEDDS8 have the same diGly tag at the junction lysine on the substrate*'?#’, this makes
the strategy here also unsuitable to distinguish sites of ubiquitin modifications from
sites of NEDDS8 or ISG15. Nonetheless, the percentage of such modifications is docu-
mented to be much lower (<6%) compared to ubiquitin&1947:48,

Since ubiquitinated peptides are retrieved by antibody pulldown in our strategy, the
specificity depends heavily on antibody quality and characteristics. The attempt to op-
timize ubiquitinated peptide retrieval was made, but specificity remained low (at ~15%)
presumably due to antibody characteristics, which could not be overcome by experi-
mental handling. It might, however, be possible to raise an antibody in-house with bet-
ter specificity. Although slight peptide sequence biases have been previously described
in commercially available di-Gly antibodies*’, a motif logo of antibody PTMScan®
showed no distinct selectivity for specific amino acids in the proximity of lysine resi-
dues with attached ubiquitin?!, which makes identification of all existent ubiquitination
sites feasible.

Although the dataset presented here is already extensive compared to most existing
high throughput studies of protein ubiquitination, it remains possible to expand this
further with prefractionation and other forms of MS acquisition. For instance, Data
Independent Acquisition (DIA) methods have been applied successfully to phosphopro-
teomics*’ and lately to ubiquitinomics*. This could ameliorate the problem of sporadic
precursor selection in Data Dependent Acquisition (DDA)2.

In conclusion, understanding the causes and consequences of defects that can arise

in the ubiquitin system could lead to new therapeutic opportunities®®3, Although the
small surface area between E3 ubiquitin ligase and degron binding domain of substrate
is considered a difficult target for drugs due to low-affinity interaction, progress is still
being made?®®. Medicines that modulate or re-target E3 ubiquitin ligase activity, such as
Lenalidomide (Revlimid®), Thalidomide (Thalomid®), Pomalidomide (Pomalyst®) are al-
ready on the market>.

With a complete understanding of the interaction mechanism of the E3 ubiquitin en-
zymes and their targets, it might be feasible to create molecules that could connect
these two interacting agents, acting as an additional linker®3. Ultimately the attachment
of the ubiquitin molecule to the substrate will be restored. In addition, defining the
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ubiquitination substrates impacted by E3 ubiquitin ligase mutations could also aid in

understanding how diseases if impaired ubiquitination can arise, as we demonstrate
with EGFR in this work.
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4. Materials and methods

4.1. Cell culture and organoid lines

The B-lymphoblastoid cell line JY and three human colon organoid lines were used in
this study. Normal (WT) colon organoids were derived and maintained as described
previously*°. From the WT organoid line, FBXW7 R505C mutation was introduced by
the CRISPR-Cas9 system in collaboration with Matteo Boretto (Hubrecht Institute,
Utrecht). Another double mutant organoid harbouring both FBXW7 R505C mutation
and TP53 knockout was also included to evaluate if the absence of P53 has an influence
over protein degradation phenotype.

4.2. Sample preparation

Organoid lysis and digestion. Organoid material was lysed in 8 M urea, 50 mM ammo-
nium bicarbonate, supplemented with EDTA-free protease inhibitor (cOmplete Mini,
Roche Diagnostics) and phosphatase inhibitor (PhosSTOP, Roche Diagnostics), then
was vortexed several times and ultra-sonicated for 5 min with 50% duty of 5 cycles.
Lysates were cleared by centrifugation at 20,000 g for 1 hour at 15 °C. Protein content
of the supernatant was determined using the Bradford protein assay (Bio-Rad, USA).
Proteins of each sample were reduced in 10 mM dithiothreitol (DTT) at 20 °C for 1
hour and then alkylated in 20 mM iodoacetamide (IAA) at 20 °C for 30 min in the dark.
Samples were diluted with 50 mM ammonium bicarbonate to a final concentration of
urea <2 M. Lys-C (Wako, Japan) was added for digestion at an enzyme/protein ratio of
1/75 and incubated for 4 hours at 37 °C, followed by trypsin (Sigma) at an enzyme/pro-
tein ratio of 1/75 and incubated overnight at 37 °C.

Digested peptides were purified using reverse-phase Sep-Pak 3cc (200mg) tC18 car-
tridges (Waters, Ireland). Columns were activated with 100% acetonitrile (ACN), and
equilibrated with 0.1% formic acid in water (loading buffer). Samples were diluted

to pH<3 with loading buffer and applied to the column with one additional reload of
the column flowthrough. tC18 cartridges were washed once with loading buffer, and
peptides were eluted twice with 500 pl 60% ACN in 0.1% formic acid. The eluates
were subsequently combined and dried by vacuum centrifugation using refrigerated
CentriVap Concentrator (Labconco, USA).

Immuno-affinity purification (IAP) of ubiquitinated peptides. To isolate ubiquitinated
peptides, 25 mg of digested peptides were dissolved in 10 ml of phosphate-buffered
saline (PBS) for immunoprecipitation (IP) with ubiquitin branch motif (K-e-GG) antibody
bead conjugate (Cell Signaling, kit #5562). After 7 hours of IP at 4 °C with end-to-end

27



MATERIALS AND METHODS

rotation, agarose beads were separated from the supernatant by gentle centrifugation
at 50 g for 1 min. The resin was washed twice with 12 ml cold PBS, and immunoprecip-
itated peptides were eluted for 2 min using 500 pl of 0.15% trifluoroacetic acid (TFA)
in water. The beads were then equilibrated with PBS once, and re-incubated with the
IAP flowthrough, for two additional rounds of ubiquitinated peptide pulldown. The
three elutions were pooled and desalted using Sep-Pak Vac 1cc (50mg) tC18 cartridg-
es (Waters) as described before. All samples were dried by vacuum centrifugation and
stored at -80 °C for mass spectrometry analyses.

Western Blotting for p53 protein validation. 10 ug of protein from each sample ly-
sate were denatured by boiling in XT Sample buffer (Bio-Rad) with 100 mM DTT.
Proteins were resolved on 12% Bis-Tris Criterion XT precast SDS-PAGE gel (Bio-Rad)
at a constant voltage of 80V for 20 min, followed by 150 V for 80 min. Proteins were
transferred to a PVDF membrane (Bio-Rad) by wet-tank transfer at 100 V for 1 hour
at 4 °C in Towbin buffer (25 mM Tris, 192 mM glycine, 20% (v/v) methanol (pH 8.3),
Bio-Rad). The membrane was then blocked for 1 hour at room temperature with 5%
milk in tris-buffered saline containing 0.1% Tween 20 (TBS-T), rinsed in TBS-T and

then incubated overnight at 4 °C with an anti-p53 antibody (SC Biotech, DO-1) diluted
1:1,000 with 1% milk in TBS-T. After overnight incubation, the membrane was washed
3x 5 minutes in TBS-T on the Orbital VWR digital shaker and then incubated 1 hour

at room temperature with HRP-conjugated anti-mouse secondary antibody (Agilent
Technologies, Denmark) diluted 1:2,500 1% milk in TBS-T. SuperSignal West Dura
(Thermo Scientific, USA) chemiluminescent substrate was added to membrane and sig-
nal was detected using an Amersham Imager 600 (GE healthcare, USA). To assess load-
ing, the blot was further incubated in a-Actin antibody (Sigma, A2066; 1:1,000 dilution)
for 2 hours at room temperature. The secondary antibody was goat anti-rabbit (Dako,
Denmark; 1:2,500 dilution) with 1 hour incubation at room temperature.

4.3. LC-MS/MS analyses

Peptides were reconstituted in 2% formic acid and triplicate injections were analysed
on an Orbitrap Exploris 480 mass spectrometer (Thermo Scientific), coupled to an
UltiMate 3000 UHPLC system (Thermo Scientific). Solvent A was 0.1% formic acid

in water, Solvent B was 0.1% formic acid in 80% acetonitrile, 20% water. Peptides
were first trapped on an p-precolumn (C18 PepMap100, 5 pm, 100 A, 5 mm x 300 pm;
Thermo Scientific) in 9% Solvent B, and then separated on an analytical column (120
EC-C18,2.7 um, 50 cm x 75 pym; Agilent Poroshell). The flow rate was kept at 300 nl/
min. Peptides from K-¢-GG pulldown were separated by 155 min gradient from 10 to
38% solvent B, followed by washout with a 3-min increase to 99%, kept at 99% for 4
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min and finally equilibration back to 9% solvent B for 1 min, remaining the same for the
last 10 minutes. For the proteome analysis, the gradient was as follows: 9-13% in 1 min,
13-44% in 155 min, 44-99% in 3 min, 99% for 4 min, and finally 99-9% in 1 min.

Eluting peptides were online-injected into the mass spectrometer for data-dependent
acquisition. The temperature of the ion transfer tube was set to 275 °C and a RF lens
voltage of 40%. MS scans were acquired at a resolution of 60,000 within the m/z range
of 375-1600, accumulating to ‘Standard’ pre-set automated gain control (AGC) target.
Multiply charged precursor ions starting from m/z 120 were selected for further frag-
mentation. Higher energy collisional dissociation (HCD) was performed with 28% nor-
malised collision energy (NCE), at a resolution of 30,000, with 1.4 m/z isolation window
and dynamic exclusion of 24 s.

4.4. Raw data processing

MS data were acquired with Thermo Scientific Xcalibur (version 4.4.16.14), and raw
files were processed using MaxQuant software?° (version 1.6.17.0) with the integrated
Andromeda search engine°'. Data were searched against the human UniProt data-
base including common contaminants (downloaded in April 2021, containing 196,111
entries - for PTM analysis; in August 2018, containing 173,324 entries - for the pro-
teome analysis). For all files, standard parameter settings were used with enabled the
label-free quantification (LFQ) algorithm. Trypsin/P was set as the digestion enzyme
(cleaves after lysine and arginine also if a proline follows), and up to two missed cleav-
ages were tolerated. The match-between-run feature was enabled for identification,
with a match time window of 0.7 min and an alignment time window of 20 min. A false
discovery rate (FDR)>2%3 of 1% was used for peptide and protein identification. Cysteine
carbamidomethylation was included as a fixed modification. Protein N-terminal acetyl-
ation and methionine oxidation were allowed as variable modifications for proteome
searches, with added GlyGly (K) for the ubiquitinated proteome analysis.

4.5. Data analysis and availability

The provided data was analysed using Microsoft Excel and Perseus software>*>> (ver-
sion 1.6.15.0). LFQ intensities®**’ of proteins were log, transformed. Proteins quanti-
fied in two out of three replicates in one organoid line were retained for further analy-
sis, after imputation based on the normal distribution. To filter for significant changes
between experimental conditions two-sided unpaired Student’s t test was performed.
FDR-corrected p-values (g-values) were calculated from 250 randomisations and con-
sidered significant if they were 0.05 or less. Gene ontology analysis was performed
with Database for Annotation, Visualization, and Integrated Discovery (version 6.8/
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DAVID)??23, Data visualisation was produced with GraphPad Prism software (version
9.2.0).

Data availability. The mass spectrometry proteomics data about FBXW7 have been de-
posited to the ProteomeXchange Consortium via the PRIDE®® partner repository with
the dataset identifier PXD028905.
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