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Summary

Cullin-RING ligases (CRLS) play fundamental functions in key physiological and
pathological processes. To identify novel roles of CRLsin cell signalling and their
implication in health and diseases, we performed two separate studies:

In study 1, we analysed genomic databases to identify CRL s that are hypermutated
in cancer. We found that the CRL substrate receptors FBX 024 and DCAF12L2 are
hypermutated at critical domainsthat are necessary for the proper structure/function
of the CRL 178X924and CRL4PAF12-2 complexes, respectively. We showed that the
FBXO24(T65P) mutation within the F-box domain as found in cancer disrupts the
CRL1BX024 complex by blocking the binding of FBX024 to SKP1. Similarly, we
found that DCAF12L2 is hypermutated in cancer at the amino acids sequence
positions 334, 335, and 337 within the WD40 repeats that mediate substrate
binding. Our affinity purification coupled with mass spectrometry analysis
identified MEKK4 and the WDR11 complex as two independent substrates of
CRL4PCAF2L2 - Moreover, the DCAF12L2(P334L), (R335C), and (R335H)
mutations block DCAF12L 2 binding to MEKK4 and the WDR11 complex. We also
showed that FAM91A1, a component of the WDR11 complex, is ubiquitylated by
CRL4PCAFI2L2 gnd proposed that the ubiquitylation of FAM91A1 might be critical
in regulating the stability and function of the WDR11 complex.

In study 2, we employed a proteomic approach to identify CRL3 complexes
activated at the cellular membrane. Our mass spectrometry analysis identified
CRL3KMHL12 55 a ubiquitin ligase that mediates the ubiquitylation of Lunapark, an
endoplasmic reticulum (ER) shaping protein. We show that L unapark interacts with
mechanistic target of rapamycin complex1 (mTORC1) and that the ubiquitylation
of Lunapark regulates mTORCL activation. In addition, we show that the inhibition
of Lunapark ubiquitylation leads to neurodevel opmental defects.
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2.Background
2.1 Ubiquitylation in cell signalling

Ubiquitylation is a post-translational modification essential in virtualy all cells
signalling networks. A vast variety of stimuli and upstream signalling networks
induce ubiquitylation of cell surface receptors, cytoplasmic and nuclear proteins
thereby controlling the signal transduction steps leading to specific cellular
responses (Haglund & Dikic, 2005). The E3 ubiquitin ligases are core functional
components of ubiquitylation process. Cullin-RING ligases (CRLS) represent the
largest family of E3 ubiquitin ligases with abroad array of characterised functions,
some of which include regulation of cell cycle progression, signal transduction, and
transcription (Cui et al., 2016).

Although CRLs have been extensively studied, the function and regulation
mechanisms of many members of the CRLs family are still unknown. Genetic
studies have predicted that some human diseases such as cancer could be linked to
the aberrant function or mutation of unknown CRLs (Kim et al., 2018) (Fujita et
al., 2013), thisisin addition to computational, and genomic screening studies that
have also predicted that severa components of CRLSs, particularly, the substrate
receptors, are often mutated in cancers (Bailey et al., 2020; Koboldt et a., 2012).

Interestingly, recent studies by Meyer-Schaller et al. have shown that CRL3
complexesareformed at cellular membraneswhere CUL 3isrecruited and activated
at the membrane (Meyer-Schaller et a., 2009), yet these CRL3 ligases have not
been identified and the substrates and functions of these CRL3 complexes as well

astheir implication in health and diseases remain unclear.

Thisthesis describes novel roles of CRLsin cell signalling and their implication in
human diseases. The thesis consists of two sections: studies 1 and 2.

Study 1

This section identifies CRLs that are hypermutated in human cancer, assess their

rolesin cell signalling pathways and their implication in the pathogenesis of cancer.



Study 2

This section identifies new CRL3 complexes formed at cellular membranes,
characterize the specific substrates, and investigates the implication of these
membrane-bound CRLSs in human health and diseases. This part of the thesis is
based on the following paper:

Laurensia Yuniati, Angela Lauriola, Manouk Gerritsen, Susana Abreu, Eric Ni,
Chiara Tesoriero, Jacob O. Onireti, Teck Yew Low, Albert JR. Heck, Andrea
Vettori, Timothy Cardozo, and Daniele Guardavaccaro. Ubiquitylation of the ER-
Shaping Protein Lunapark via the CRL3X-H12 Ubiquitin Ligase Complex. Cell
Reports. 31, 107664 (2020)
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3. Aimsof thethesis

In this thesis, we explore novel roles of Cullin-RING ligases (CRLS) in cell

signalling and their implication in health and diseases.

Study 1 explores the effect of CRLs mutations in cell signalling and their
implication in the pathogenesis of cancer by:
1. Performing comprehensive genomic screening of all the approximately 700
E3 ligases encoded by the human genome to identify CRLs that are
hypermutated in human cancer.
2. ldentifying the substrates of CRLs found to be hypermutated in human
cancer.
3. Characterising the molecular mechanisms regulating substrate
ubiquitylation and assessing its biological significance.
4. Investigating the implication and how the CRL mutations found in cancer

contribute to the pathogenesis of the disease in human.

Study 2 focuses on identifying the set of CRL3 complexes formed at cellular
membranes and exploring their rolesin cell signalling as well as their implication
to human disease, this was done by:
1. Using affinity purification and mass spectrometry to identify the CRL3
complexes that are recruited and activated at cellular membranes.
2. Characterising the molecular mechanisms of substrate ubiquitylation
mediated by membrane-bound CRL 3s.
3. Investigating the regulatory mechanisms of substrate recruitment and
ubiquitylation.
4. Investigating the biological significance of substrate ubiquitylation
mediated by membrane-linked CRL 3.
5. Assessing the implication of deregulated ubiquitylation by membrane-
linked CRL3s in diseases.

11
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4. Abstract
To investigate the novel roles of CRLs in cell signalling and their implication in

pathogenesis of cancer, we screened CRLSs to identified those that are mutated in
cancer as well as identified the substrates of these CRLs. We assessed how the
mutations found in cancer affect the function of the CRL complex and the possible

contribution to cancer development.

By genomic database analysis we found that the CRL substrate receptors FBX 024
and DCAF12L2 are hypermutated in cancer at critical domains necessary for the
proper structure/function of the CRL1™X9?% and CRL4PCAF2L2 complexes,
respectively. We demonstrated by mass spectrometry screening and
immunoblotting that the most frequent mutation of FBX 024 on the F-box domain
disrupts the CRL 178X924 complex by blocking the binding to SKP1.

In addition, our genomic screening analysis showsthat DCAF12L 2 ishypermutated
on the WDA40 repeats and the hotspots of these mutations in cancer are the amino
acid residues at sequence position 334, 335, and 337. By proteomic screening and
western blot analysis, we identified MEKK4 and a trans Golgi network complex
known as the WDR11 complex as two independent substrates of the CRL4PCAF2L2
complex. The WDR11 complex facilitate vesicular trafficking in cells.
Immunoprecipitation and western blot analysis showed that DCAF12L 2 mutations
[(P334L), (R335C), and (R335H)] block its interaction with the WDR11 complex
and MEKK4. In addition, we show that CRL4P¢AF12L2 hinds the WDR11 complex
to mediate the ubiquitylation of FAM91A1, a component of the WDR11 complex
and propose that CRL4PCAF12L2 mediated ubiquitylation of FAM91A1 might be
critical to regulate the stability and function of the WDR11 complex.

13



5. Introduction

5.1 The ubiquitin-proteasome system

Protein homeostasis is one of the dynamic cellular processes critical for cell
function and health. The master regulator of protein homeostasis is the ubiquitin-
proteasome system (UPS), which is an interconnected network of two dependent
systems, i.e., the ubiquitin system and the proteasome system. The ubiquitin system
involvesthe activity of specific enzymesthat ubiquitylate or deubiquitylate targeted
proteins (Zheng et al., 2016), the ubiquitylated proteins are recognised and
degraded by the core multicomponent proteolytic complex of the UPS, the
proteasome (Meyer-Schwesinger, 2019) (Ciechanover & Schwartz, 1998).

Ubiquitylation is an enzymatic process that involves the covalent conjugation of
ubiquitinto lysineresidues of aprotein (Meyer-Schwesinger, 2019), Itisaversatile
post-translational modification that controls protein levels in cells and modul ates
virtually all cellular processes (Fouad et a., 2019). Cellular processes regulated via
ubiquitin-dependent  degradation include gene transcription, trandation,
endocytosis, cell cycle, DNA repair, gene expression, receptor activity as well as
the subcellular localization of proteins (Sun & Chen, 2004). In addition,
ubiquitylation plays a role in regulating membrane trafficking as well as the
development, activation, and differentiation of T cells to effect efficient adaptive
immune responses to pathogens (Hu & Sun, 2016).

5.1.1 Theubiquitylation cascade

Ubiquitylation is a sequential enzymatic process that involves the covalent linkage
of ubiquitin to a protein through a process mediated by the E1 ubiquitin-activating
enzymes, the E2 ubiquitin-conjugating enzymes and the E3 ubiquitin ligases,these
enzymes, respectively activate, conjugate and ligate ubiquitin to a substrate protein
(Figure 1A) (Hershko & Ciechanover, 1998, 2003). The human genome encodes 2
distinct E1 ubiquitin-activating enzymes, approximately 40 E2 ubiquitin-
conjugating enzymes and over 700 E3 ubiquitin ligases (Weller et a., 2014). E1
ubiquitin-activating enzymes activate ubiquitin forming a covalent thioester bond
between their catalytic cysteine and the di-glycine motif at the ubiquitin C-terminal.

14



During the activation, ubiquitin first forms a ubiquitin-adenylate intermediate
complex then, following a nucleophilic attack by an active site cysteine thial, it
forms a C-terminal thioester complex with the E1 activating enzyme and remains
attached to the enzyme (Buetow & Huang, 2016). Subsequently, the E1 activating
enzyme transfers the activated ubiquitin through its di-glycine motif to the catalytic
cysteine of an E2 conjugating enzyme thereby forming an E2-ubiquitin thioester
complex (Figure 1B). The E3 ligase then catalyses the condensation of the
ubiquitin thioester with lysine side-chain g-amines in the substrate, promoting the
formation of an isopeptide bond between the C-terminal of ubiquitin and the e-
amino group of alysine side chain or free N-terminal amino group of the substrate
(Metzger et a., 2012) (Buetow & Huang, 2016). However, in the case of HECT
family E3 ubiquitin ligases, they have an active site cysteine, which forms an
intermediate thioester bond with ubiquitin before it is finally link to the substrate
(Qian et d., 2020).

Additional ubiquitin monomers can be added to the ubiquitin moiety conjugated to
the substrate protein through successive rounds of E3-catalysed reactionsto
produce substrates with polyubiquitin chains linked through one of the seven lysine
residues (K6, K11, K27, K29, K33, K48, and K63) or N-terminal methionine of
ubiquitin (Komander & Rape, 2012) (Ohtake et al., 2018). Besides, diverse forms
of polyubiquitin chainswith different linkages can be formed through the regulatory
process of specific E29/E3s and deubiquitinase enzymes. Linkage-specific
ubiquitin-binding proteins recognise diverse polyubiquitin chain linkages and
specify their distinct function in cells, the diverse functiona specificity of different

polyubiquitin chains is known as the ubiquitin code (Komander & Rape, 2012).
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Figure 1. Schematic representation of the ubiquitin-proteasome system

Generally, ubiquitin can form eight different linkage types, using one of seven
internal lysine residues which are K6, K11, K27, K29, K33, K48, K63, or
methionine at position 1 (M1). In mammalian cells, the K48 and K63 linkages
account for approximately 80% of the total ubiquitin linkages (Ohtake et al., 2018)
(Yau & Rape, 2016). The K48-linked polyubiquitin chain specifically targets the
protein substrate to the 26S proteasome for degradation. But on few occasions,
other ubiquitin linkages such as K11 or K29 linked chains, as well as multiple
monoubiquitylations, could also function in proteasomal targeting signals (Yau &
Rape, 2016). The K63-linked chains regulate processes such asinflammatory signal
transduction, DNA repair, endocytosis, and selective autophagy (Pontrelli et al.,
2019).

The polyubiquitin chains can be homogeneous, consisting of one type of linkage,
or heterogeneous, consisting of more than one type of linkage. Ubiquitylation
patterns can also follow a branched-chain linkage, consisting of different linkages
such as two degradative linkages, K11/K48 or K29/K 48, that promote proteasomal
degradation (Meyer & Rape, 2014) (Liu et a., 2017)(Ohtake et al., 2018).

16
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5.2 E3 ubiquitin ligases

E3 ubiquitin ligases specifically catalyse the covalent attachment of ubiquitin to
protein substrates in the cell. The human genome encodes approximately 700 E3
ubiquitin ligases. Generally, al E3 ligases have an E2-ubiquitin-binding domain
hence, they are classified into three classes based on the structure of this domain
and their ubiquitin transfer mechanism. Based on this classification, we have the
RING (Redlly Interesting New Gene) E3 ligases, the HECT (Homologous to EGAP
C-terminal) E3 ligases and the RBR (RING-between-RING) E3 ligases (Buetow &
Huang, 2016).

The RING E3 ligases represent the largest class of the E3 ligases, they contain the
RING domain that binds directly to the E2 conjugating enzyme to facilitate the
transfer of ubiquitin from the E2-ubiquitin thioester complex to the substrate
(Deshaies RJ et ., 2009). The HECT and the RBR E3 ligases contain a catalytic
cysteine that accepts ubiquitin from the E2 ubiquitin thioester complex to form an
E3-ubiquitin thioester intermediate and then directly transfers the ubiquitin to the
substrate (Pickart & Eddins, 2004).

The Cullin-RING ligases (CRLS) are the largest family within the RING E3 ligase
class, they are multi-subunit complexes comprising of a RING finger protein, a
Cullin (CUL) protein, an adaptor protein, and a substrate receptor protein
(Schematic representation on the last page of thisintroduction section). The
human genome encodes six classical and two atypical Cullin proteins. Theclassica
Cullin is characterized by a Cullin homology (CH) domain in the carboxyl (C)-
terminal, and they include CUL 1, CUL2, CUL3, CUL4A, CUL4B, and CULS5. The
two atypical cullinsare CUL7 and CUL9 which bear additional homology domains
such as the DOC1 (destruction of cyclin B) (Z. Chen et al., 2015).

The cullin proteins have arigid, N-terminal stalk that is comprised of three repeats
of afive-helix bundle (cullin repeat (CR)1-3) and a C-terminal globular domain
(Petroski & Deshaies, 2005). The cullins serve as the central scaffold on which the
multi-subunit CRL ubiquitin ligase complexes are assembled. The CUL links the
RING box protein Rbx1 or Rbx2, (also known asthe Regulator of cullins1 (ROC1)

17
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or ROC2, respectively) to the adaptor protein (Fouad et al., 2019). The adaptor
protein binds to the N-terminal CR1 region while the RING box protein binds to
the C-terminal globular domain. The RING component is active in recruiting
ubiquitin-loaded E2 ubiquitin-conjugating enzymes to the CRL complex to
facilitate substrate ubiquitylation (Sarikas et al., 2011). The adaptor proteinscontain
a domain that interacts with a range of variable substrate recruitment subunits
(substrate receptors) specific to aparticular cullin class (Fouad et al., 2019; Petroski
& Deshaies, 2005). The substrate receptors determine the specificity of a CRL for
targeted protein degradation (Zhou et al., 2020). The human genome encodes
approximately 400 different substrate receptors hence the CRLs are very flexible at
ubiquitylating numerous substrates (Petroski & Deshaies, 2005).

Cullin-RING ligases (CRLSs) have been implicated in the pathogenesis of many
developmental and neurodevelopmental diseases as well as in tumorigenesis. For
instance, dysregulation of Cullins, especially the classical Cullins, have been linked
to tumorigenesis through multiple cellular processes that include the obstruction of
cell cycle progression, disrupted DNA damage repair, alteration in the
ubiquitylation of oncoproteins, as well as increase in the ubiquitin-dependent
degradation of tumor suppressors (Z. Chen et al., 2015).

5.2.1 Cullin 1-RING E3ligases (CRL1)

Cullin-RING ubiquitin ligase 1 complexes (CRL1s), also known as the Skpl-
CUL 1-F-box protein complex (SCF), isamulti-subunit RING finger-type ubiquitin
ligase (Nakagawa et a., 2020). These group of E3 ligases consist of the S-phase
kinase-associated protein 1 (Skpl), cullin 1 (CUL1), the RING finger protein RBX1
(RING box protein 1; also known asregulator of Cullins 1(ROC1)), and thevariable
F-box proteins (Frescas & Pagano, 2008). The CUL1 protein serves as a scaffold
and connects Skpl with RBX1. Skpl binds to CUL1 and plays a crucia role in
identifying and binding the F-box protein. RBX1 is characterised by the presence
of aZinc-binding domain known as the RING Finger domain, which binds the E2-
ubiquitin conjugated complex to facilitates the transfer of ubiquitin to the lysine

residues of the target protein (Zheng et a., 2002). The F-box protein determinesthe
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specificity of the SCF complex as it recognises and recruits the specific substrate
(Zheng et al., 2002).

5.2.1.1 The F-box proteins

F-box proteins are the substrate receptors of CRL1 E3 ligase complexes. This
family of proteins was named after the presence of the F-box motif in mammalian
cyclin F protein and they are evolutionally conserved in eukaryotes with at |east
about 38 F-box proteins encoded in the human genome (Kipreos & Pagano, 2000).
F-box proteins contain two main functional domains: the N-terminal F-box motif
and various C-terminal domains that recognise and bind to specific substrates. The
F-box motif isa40-amino acid residues domain at the N-terminal of F-box proteins,
this domain links the F-box proteins to the SCF complex by binding directly with
the adaptor protein Skpl (Chang et al., 1996). Depending on the motifs at the C-
terminal, F-box proteins are classified into three major subfamilies which are: (1)
FBXWs containing WD repeats, (2) FBXLs containing leucine-rich repeats (LRR),
and (3) FBXOs containing other various domains (Ho et al., 2006). The F-box
proteins Skp2, B-Trcp, and FBW?7 target substrates that control cell proliferationin
the mammalian system (Ho et a., 2006). FBW?7 controls cell cycle progression by
mediating the degradation of cyclin E during the G1 phase of the cell cycle (Koepp
et a., 2001; Strohmaier et a., 2001), Skp2 on the other hand regul ates the S phase
entry and other phases of the cell cycle by targeting p27 for ubiquitylation and
degradation (Nakayama et al., 2004).

Severa studies including patient-based data from The Cancer Genome Atlas
(TCGA) have shown that aberrant expression and/or function of F-box proteins
have pathogenic roles in cancer (Hoadley et al., 2018). According to Wang et al.,
the dysregulation of F-box protein-mediated proteolysis leads to malignancies in
human (Z. Wang et al., 2014). Skp2 has been reported to be overexpressed in
severa human tumor samples including lymphoma, prostate cancer, colorectal
cancer, melanoma, nasopharyngeal carcinoma, pancreatic cancer, and breast
carcinoma (Z. Wang et al., 2014). In addition, severa studies have identified
FBXW7 as a tumor-suppressor that promotes the degradation of various

oncoproteins (Welcker & Clurman, 2008). Besides, the overexpression of FBXO11

19



in diffuse large B cell lymphoma (DLBCL) has been found to inhibit cell growth
and induce cell death by target BCL-6 for ubiquitylation and degradation (Duan et
a., 2012)(Welcker & Clurman, 2008). It has been shown that FBXO3l is
downregulated in human breast cancer and hepatocellular carcinoma cell line
(Huang et a., 2010)(Kumar et al., 2005).

5.2.1.1.1 F-box only protein 24 (FBX0O24)

FBX0O24 is a poorly characterised F-box protein within the FBXO subfamily.
Studies have shown that FBX0O24 binds to PRMT6 precisely at the 270 to 275
amino acid residues sequence position to cause polyubiquitination of lysine at the
369-sequence position of PRMT6 (Chen et al., 2020). Besides the overexpression
of FBX 024 has been reported to inhibit cell proliferation, migration, and invasion
in H1299 cells (Chen et a., 2020). Exome sequencing studies have revealed
FBX 024 as a new candidate of diffuse gastric cancer susceptibility genes (Donner
et a., 2015) and preliminary studies by Chen et a., have also shown that FBX024
might have role in tumorigenesis (Chen et al., 2015).

5.2.2 Cullin 3-RING E3 ligases (CRL3)

Cullin-RING ubiquitin ligase 3 complexes (CRL3s) are members of the Cullin-
RING superfamily type of E3 ligases. They are composed of a Cullin 3 (CUL3)
scaffold protein, a RING-finger protein (RBX1) and a substrate adaptor protein
with Bric-a-brac/Tramtrack/Broad (BTB) domain. The substrate adaptor protein
recognises and recruits the substrate to the CRL 3 complex, the CUL 3 protein serves
as a scaffold to connect the substrate adaptors and RBX1 (Xiang et al., 2021).
Members of the large family of BTB-domain proteins have been identified as
substrate-specific adaptors of CUL 3-based E3 complexes (Krek, 2003).

5.2.2.1 TheBTB proteins

Thisfamily of proteins contains the BTB domain (also known as the POZ domain)
and a variety of functional roles have been linked to this domain, this includes
transcription repression, cytoskeleton regulation, dimerization, and protein
ubiquitination (Furukawa & Xiong, 2005; Kobayashi et al., 2004). The BTB

domain is a versatile protein-protein interaction motif and is typically found as a
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single copy in proteinsthat contain only one or two other types of domains, and this
defines the BTB-zinc finger (BTB-ZF), BTB-BACK-kelch (BBK), voltage-gated
potassium channel T1 (T1-Kv), MATH-BTB, BTB-NPH3 and BTB-BACK-PHR
(BBP) families of proteins, among others (Stogios et a., 2005). The BTB domain
Is present near the N-terminus of a fraction of zinc finger proteins and in proteins
that contain the Kelch motif and afamily of pox virus proteins. In CRL3, the BTB
proteins associate directly with CUL3 through their BTB domain. A typical BTB
protein is the Kelch-like proteins (KLHLs) family proteins, this family of proteins
is known to serve as substrate adaptor proteins of the CRL3 complexes, they exert
biological function dependent of the CRL3 complex in many cellular processes
(Xiang et ., 2021).

5.2.2.2 TheKelch-like proteins (KLHL)

These are BTB proteins encoded by 42 Kelch-like gene family members (KLHLS),
they formed a prominent class of substrate adaptors of the CRL3 complexes.
Structurally, they are composed of a BTB/POZ domain, a BACK domain, and a
five to six kelch repeats domain (Kelch motifs). The BTB/POZ domain facilitates
protein binding, while the Kelch motifs form B-propellers (Dhanoa et al., 2013).
The Kelch gene superfamily of proteins are subdivided into five groups: (1) N-
propeller, C-dimer proteins, (2) N-propeller proteins, (3) propeller proteins, (4) N-
dimer, C-propeller proteins, and (5) C-propeller proteins. KLHL family members
belong to the N-dimer, C-propeller subclass of Kelch gene proteins (Adams et al.,
2000). The Kelch motif of the KLHLs differ from each other and it is the main part
of the protein for substrate specificity and binding in CUL3-based E3 ubiquitin
ligases (Dhanoa et al., 2013). For instance, KLHLG6 specifically targets cyclin-
dependent kinase 2 (CDK?2) for degradation and contributes to the differentiation
process of acute myeloid leukemia (AML) (Ying et a., 2018). KLHL24 targets
Keratin 14 for degradation, an essential process for maintaining the integrity of
human skin (Lin et al., 2016).
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5.2.2.2.1 TheKelch-like protein 14 (KLHL 14)

KLHL14 belongs to the Kelch gene family. It is aso known as printor (protein
interactor of torsinA) asit selectively binds to the ATP-free form of torsinA (Giles
et a., 2009). TorsinA is amember of the AAA-ATPase family of chaperones with
multiple functions in the cell (Granata & Warner, 2010). KLHL 14 promotes the
development of ovarian cancer by regulating signalling pathways such as mTOR,
WNT, and TGF-beta and it may be a target for ovarian cancer detection and
treatment (Z. Chen et al., 2020). KLHL14 has been reported as a novel tumor
suppressor that associates with the endoplasmic reticulum-associated protein
degradation (ERAD) machinery. It mediates the ubiquitylation of B cell receptor
(BCR) subunits and decreases the stability of immature BCR glycoforms in the
endoplasmic reticulum, thereby reducing BCR levels (Choi et a., 2020).
KLHL 14 gene acquires frequent inactivating mutations in DLBCL, often in ABC
tumors of the MCD genetic subtype and in PCNSL (Schmitz et al., 2018; Y oung et
al., 2019). KLHL 14 is highly expressed in immune tissues, especially in B cells (Li
et al., 2018).

5.2.3 Cullin 4-RING E3 ligases (CRL 4)

Cullin 4-RING ES3 ligases (CRL4s) are composed of one of the two homologous
scaffolds: Cullin 4A (CUL4A) or Cullin 4B (CUL4B). CUL4A and CUL4B bind
to the damaged DNA binding protein 1 (DDB1) adaptor protein through their N-
terminal and through their C-terminal, they bind to the catalytic subunit RING-
finger protein RBX1 (Jackson & Xiong, 2009). CUL4A and CUL4B share about
82% amino acid sequence identity yet each scaffold targets a unique set of
substrates. The mgjor difference between the two scaffolds is the extended N-
terminal of CUL4B with an additional nuclear localization signal (NLS) (149 amino
acids longer) that controls its nucleus localization and has an essentia role in
nuclear protein ubiquitylation and degradation while CUL4A is predominantly
cytoplasmic and control s the ubiquitylation and degradation of cytoplasmic proteins
(Zhuan Zhou et al., 2020). The DDB1 adaptor protein contains three WD40 repeats
(BPA, BPB, and BPC) and acts to bridge the scaffold CUL4A or CUL4B to the
DCAFs (DDB1 and Cul4 Associated Factor) substrate recognition receptors using
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a WDXR motif within the substrate recruitment factors (Jin et al., 2006) (Hannah
& Zhou 2015; Sang et a., 2015).

CRLA4 plays an important role in early embryonic development as well as tissue or
organogenesis (Zhuan Zhou et al., 2020). Several substrates of CRL4 have been
implicated in germ cell apoptosis and defection and some known substrates of
CRL4 include TET1, p53, and CDT1 (Natargjan and Takeda, 2017; Bulatov and
Ciulli 2015; Liu et a., 2018). CRL4 regulates protein homeostasis in the
hematopoietic lineage by ubiquitylating the homeodomain transcription factors
(HOX) and targeting them for proteasomal degradation (Zhang et al., 2003)
(Pineault et al., 2002). CRL4 regul ates the nervous system and other organ systems
such asthe liver, skin, and pancreas (Zjuan Zhou et al., 2020).

CUL4A is overexpressed in many human cancers including breast cancer,
squamous cell carcinoma, adrenocortical carcinoma, childhood medulloblastoma,
prostate cancer, and hepatocellular carcinoma, and is associated with poor
prognosis in hode-negative breast cancer (Wang et a., 2014) (Yasui et a., 2002)
(Caiguo Zhang et a., 2018). In malignancies, the canonical Wnt signalling pathway
upregulates the CUL4 mRNA level and subsequently leads to CUL4A protein
accumulation (Miranda-Carboni et al., 2008). In multiple human cancer specimens,
such as lung carcinoma, including lung cancer (Jiaet al., 2017), gastric carcinoma
(Gong et al., 2017), colon cancer, as well as breast cancer, abnormal accumulation
of CUL4A protein has been detected (Wang et al., 2013). Likewise, CUL4B has
been reported to be aberrantly expressed in a broad set of malignancies such as
colorectal cancer (He et a., 2018), lung cancer, and pancrestic cancer (Zhang et
a., 2018).

5.2.3.1 The DDB1- and CUL 4-associated factor (DCAF) proteins

The DDB1- and CUL4-associated factor (DCAF) proteins act as substrate
recognition components of CRL4 E3 ubiquitin ligase complexes, recruiting diverse
proteins for ubiquitylation (Jackson & Xiong, 2009)(He et al., 2006). DCAF
proteins belong to the subfamily of the WD40-repeat containing (WDR) proteins
that contain four or more repeats of 40 - 60 amino acids stretch that end in
tryptophan (W) aspartate (D) dipeptides (Lee & Zhou, 2007). These sets of proteins
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are highly abundant and well conserved, they play critical rolesin diverse cellular
processes including signal transduction, transcription regulation, DNA damage
response, histone modification, cell cycle control, protein degradation, and
apoptosis (Xu & Min, 2011).

Four or more WDA40-repeats fold around a central axis to form a structure known
as the B propeller (Lee & Zhou, 2007). One unique feature of the DCAFs is the
presence of arelatively conserved WDXR motif, found in the short linker peptide
connecting two B strands within the WD40 repeat (Lee & Zhou, 2007). This
conserved WDXR motifs in the DCAFs proteins is the main motif that binds
DCAFs to the Damaged DNA Binding protein 1 (DDB1) adaptor protein in the
CRL4 complex.

5.2.3.1.1 DDB1 and CUL 4-associated factor 12 like protein 2 (DCAF12L 2)

DCAF12L2 (DDB1 and CUL4 associated factor 12 like protein 2) is a WD40-
repeat (WDR) containing protein and amember of the DCAF proteins. DCAF12L.2
is one of the retrocopies of the DCAF12 parental gene (Szczes$niak et al., 2011).
While the parental gene DCAF12 is present in vertebrate and insect genomes, the
retrocopies are found only in placental mammals. The second retrocopy
DCAF12L1 is known to have emerged as a result of the tandem duplication of
DCAF12L2 which is located next to the DCAF12L1 gene on chromosome X
(Szczesniak et al., 2011). The parental gene DCAF12, located on chromosome9, is
widely expressed with the highest expression in the testis and trachea. It has been
reported by Szczesniak et al, that the retrogene DCAF12L 1 is expressed only in the
kidney and testis while the second retrogene, DCAF12L 2, has been reported to be
expressed in the eye and testis.

5.3. The WD repeat-containing protein 11 (WDR11) complex

The WDR11 complex is a stable complex localized at the trans-Golgi network
(TGN). It iscomposed of FAM91A1, C170rf75 and the WDR11 proteins (Navarro
Negredo et al., 2018) (Schematic representation on the last page of this
introduction section). The complex acts along with TBC1D23 to facilitate the
golgin-mediated capture of vesicles generated using the adaptor protein-1 complex
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(AP-1), which transports cargo between the trans-Golgi network and endosomes
(Navarro Negredo et al., 2018). The complex was reported to play a vital role in
vesicular trafficking, most precisely within the endosome-to TGN trafficking
(Navarro Negredo et al., 2018). WDR11 (WD repeat-containing protein 11) is a
member of the WD repeat-containing protein family. The WDR11 gene is located
on chromosome 10 and encodes a 1,224-amino acid polypeptide with a calculated
molecular mass of 137 kDa. The WDR11 protein contains 6 putative WD40 repeats,
a predicted transmembrane region, and a tyrosine kinase phosphorylation site, the
protein is ubiquitously expressed in human tissues and highly conserved in
vertebrates (Chernovaet ., 2001).

It has been shown that WDR11 modulates the Hedgehog (Hh) signaling
pathway by regulating the proteolytic processing of GLI13. In addition, it interacts
with the transcription factor EMX1 to induce the downstream Hh pathway gene
expression and gonadotrophin-releasing hormone production (Kim et al., 2018).
EMX1 is a homeodomain transcription factor involved in the development of
olfactory neurons, and according to Kim et al., missense aterations reduce or
abolish itsinteraction with WDR11 (Kim et a., 2010).

Besides, disruption of WDR11 expression and function in the Hh signalling
pathway has been implicated in human developmental genetic disorders defined by
delayed puberty and infertility known as congenital hypogonadotropic
hypogonadism (CHH) and Kallmann syndrome (KS) (Kim et al., 2018). In addition,
a missense mutation in the WDR11 gene has been implicated in severe growth
retardation, ventricular septal defect, and coloboma symptoms (Sutani et al., 2020).
WDR11 has been reported to be inactivated in glioblastoma cells and it has been
suggested to be a candidate tumor suppressor gene involved in tumorigenesis of
glial and other tumors (Jonsson et al., 2007)(Katoh & Katoh, 2003). WDR11 is
localized to the trans-Golgi network (TGN), where it interacts with herpes simplex
virus (HSV) protein ICPO to promote viral assembly and/or secondary envel opment
(Taylor & Mossman, 2015).

The FAM91A1 (Family with Sequence Similarity 91, Member A1) gene encodes
an 838 amino acid polypeptide with a calculated molecular mass of 94 kDa.
FAM91A1 is a component of the WDR11 complex that acts aong with TBC1D23
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to facilitate the golgin-mediated capture of vesicles generated using AP-1 (Navarro
Negredo et a., 2018). FAM91A1 and WDRI11 are essential for the proper
localization of the WDR11 complex in cells. The disruption of FAM91A1 affects
the stability of other components of the complex both WDR11 and C170rf75
(Navarro Negredo et al., 2018). In general, FAM91A1 is a poorly characterized
protein, and the biological function of the protein is largely unknown. However,
according to Zhang et al., the FAM91A1 geneisinvolved in mouse embryonic stem

cell pluripotency maintenance (Zhang et al., 2016).

C170rf75 (chromosome 17 open reading frame 75,) a'so known as NJMU-R1, isa
396 amino acid protein that is encoded by a gene located on chromosome 17. It is
the third component of the WDR11 complex involved in intracellular protein
transport and vesicle tethering to Golgi. It has been reported that C170rf75 is
upregulated in retinoblastoma (Chakraborty et al., 2010). In addition, the C170rf75
geneis upregulated in squamous cell carcinomas (Chakraborty et al., 2010).

5.4 Mitogen-activated protein kinase kinase kinase 4 (MAP3K 4)

MAP3K4, also known as MEKK4 or MTK1 or MAPKKK4, is a Ser/Thr protein
kinase, it is a mitogen-activated protein kinase kinase kinase that regulates the
activity of its downstream mitogen-activated kinases, p38, and c-Jun N-terminal
kinase (UNK). MEKK4 has a C-termina kinase catalytic domain, which is
approximately 55% homologous to the catalytic domains of MEKKs 1, 2, and 3
(Gerwins et a., 1997). Similarly, the N-terminal of MEKK4 contains an
autoinhibitory domain that interacts with the C-terminal kinase domain, this
interaction inhibits MEKK4 kinase activity and prevents substrate binding (Mita et
al., 2002). MEKK4 phosphorylates and activates an intermediate protein kinase
(MKK) (MKK3, MKK4, MKK®6, and/lor MKK7). The activated protein kinase
subsequently phosphorylates and activates another MAP kinase (such as the INK
or p38) thereby triggering a corresponding cellular response through the
phosphorylation of numerous proteinsincluding transcription factors (Bacher et al.,
2021)(Gerwins et a., 1997). Environmental stresses such as osmotic shock, UV
irradiation, wound stress, and inflammatory factors trigger MEKK4 activation

thereby leading to the subsequent phosphorylation and activation of the CSBP2 and
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JNK MAPK pathways. Two isoforms of MEKK4, o and B have been reported in
humans and mice. The human isoform o contains 49 amino acids (1175-1223) not
found in the B isoform while the mouse isoform o contains 52 amino acids insertion
(1162-1213) not found in the B isoform(Bacher et al., 2021). The interactions of
MEKK4 with other proteins control its dimerization and activation. For instance,
the binding of GSK3p to MEKK4 blocks MEKK4 dimerization and prevents its
activation, thereby inhibiting MEKK4 stimulation of the INK and p38 MAPK
pathway (Abell et al., 2007a). MEKK4 promotes IL-21 expression in malignant T
cells, and it’s been linked with associated increased in the progression of cutaneous
T cell lymphoma (Fredholm et al., 2016). MEKK4 activation of Jun N-terminal
kinase (JNK) mediates fibroblast growth factor 4 (FGF4) maintenance of
trophoblast stem (TS) cells in an undifferentiated state (Abell & Johnson, 2005)
(Abell et a., 2009).

MEKK4 has been identified as a critical signalling molecule during cardiovascul ar
development. The kinase activity of MEKK4 is essential to support epithelial-
mesenchymal transformation (EMT) in the embryonic heart (Stevens et al., 2006).
MEKK4 is strongly expressed in the developing neuroepithelium. Studies have
shown that MEKK4 is require for human epidermal growth factor receptor 2/3
(HER2/HER?3)-heregulin betal (HRG) induced cell migration in MCF-7 breast
cancer cells (Sollome et a., 2014). Gadd45 mediated MEK K4 activation promotes
muscle fiber atrophy (Ebert et al., 2020). In humans, it has been reported that loss
of function mutations of the MKK4 gene are found in approximately 5% of tumors
from a variety of tissues, suggesting it may have a tumor suppression function
(Whitmarsh & Davis, 2007).
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6.Tableof thelist of proteins studied with a brief description of the structures

and biological functions

Protein Domains Biological
Functions
DDB1- and CULA4- | 7 WDA40 repeats The WD40 repeats | Members of this
associated factor 12- | WD  repeats are | facilitate the formation | family served as a
like protein 2 minimally conserved | of heterotrimeric or | substrate-
(DCAF12L2) regions of | multi-protein recognition
approximately 40 | complexes. component of a

amino acidstypically
bracketed by Gly-His
and Trp-Asp (GH-
WD)

CRL3 E3 ubiquitin-

ligase complex.
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F-box only protein
24
(FBX024)

F-box domain
Regulator of
Chromosome
Condensation 1
(RCC1) repests

The F-box
mediates

motif
protein-
protein interaction.
The  F-box
connects F-box protein
to Skpl in CRL1 E3

ligase complexes.

motif

The RCC1
consist of 7

repeats

homol ogous repeats of
51-68 amino acid
residues, which fold to
form a 7-bladed J-
propeller fold. The B-
propeller fold
mediates substrate
binding in CRL1 E3

ligase complexes

It is involved in a
variety of
processes, such as
polyubiquitination,
transcription
elongation,
centromere binding
and trandational

repression.

FAM91A1

The domains are
disordered
poorly characterized.

and

According to
uniport.org, Sequence
339-369 ae polar

residue

FAM91Al is a
component of the
WDR11 complex,
the complex acts
together with
TBC1D23 to
facilitate the
golgin-mediated

capture of vesicles
generated

AP-lin cells.

using

C1l7orf75 (aso

known as Njmu-R1)

Poorly characterized

protein

It is 4dso a

component of the
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WDR11 complex,
the complex acts

together with
TBC1D23 to
facilitate the
golgin-mediated

capture of vesicles
generated
AP-1lin cels and
may have arole in

using

spermatogenesis.

WD repeat-
containing  protein
11(WDR11)

Contained 9 WD
repeats (also known
as WD 40 repeats)

The WD repeat is a
conserved domain of
about 40 amino acids

in length with a central

conserved  Trp-Asp
motif.
The WD repesats

typicaly form a four
stranded anti-paraléel 3
sheet or blade, the
blades fold to form a
bladed
structure. In generd,
the WD
mediate

B-propeller

repeats
in  protein-

protein interactions.

WDR1lisinvolved
in the proteolytic
processing of GLI3

and interacts with

the  transcription
factor EMX1 in the
induction of
downstream

Hedgehog (Hh)
pathway gene

expression as well
as in the production
of  gonadotropin-
releasing hormone.

It isamaor part of
the WDR11

complex.

Mitogen-activated
protein Kinase kinase
kinase 4 (MAP3K 4)

Autoinhibitory
domain a the N-

terminal.

The
domain is located at
this

autoinhibitory

the N-terminal,

domain interacts with

MEKK4 is a stress-
induced

kinase. It

protein

specificaly
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aso  known as| Kinasedomain at the | the C-terminal kinase | phosphorylates and
MEKK4 C-terminal, between | domain and  this | activates MAP2K4
sequence  position | interaction inhibits | and MAP2K®6, it
1343-1601. MEKK4 kinase | dso activates the
activity and prevents | CSBP2, P38 and
substrate binding. JINK MAPK

pathways.

Kelch-like protein 14 | BTB domain: | The BTB domain is a | KLHL14

(KLHL14)

known as Printor

aso

between  sequence
position 33-151

BACK
between  sequence
position 210- 279

domain:

6 Kelch
between  sequence
position 323-620

r epeats:

versatile protein-

protein interaction
motif. BTB domain is
present near the N-
terminus of a fraction
of zinc finger proteins
and in proteins that
contain the Kelch
motif. In CRL3, the
BTB domain mediates

the binding of the

substrate adaptor
CUL3.
The Kelch motifsform

B-propeller  structure
and confer substrate
specificity and binding
in CUL3-based E3

ubiquitin ligases.

selectively binds to
the ATP-free form
of torsinA.

It mediates the
ubiquitylation of B
cell receptor (BCR)

subunits and
decreases the
stability of
immature BCR

glycoforms in the
endoplasmic

reticulum, thereby
reducing BCR

levels.

KLHL14 promotes
the development of
ovarian cancer by
regulating

signalling pathways
such as mTOR,
WNT, and TGF-
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betaand it may bea
target for ovarian
cancer  detection

and treatment.
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7. Schematic representation of the Cullin-RING E3 ligase (CRL s) complexes

and the WDR11 complex
Atypical cullin-based
CRL complexes ligases
[ 1 [

CRL1 (SCF) CRL4A CRL7

CRL2

Cullin-related ligases

CRL3

WDR11 complex

33



8. Results

8.1 Analysis of genomic databasesto identify hypermutated E3 ubiquitin

ligasesin cancer

To gain new insight on theroles of E3 ligasesin the pathogenesis of human cancers,
we used the COSMIC database and performed a comprehensive genomic database
mining analysis of the approximately 700 E3 ubiquitin ligase genes encoded in the
human genome, to identify those that are mutated in cancer. COSMIC (Catalogue
of Somatic Mutations in Cancer) is a database that includes genome-wide screen
data of over 37,000 genomes samples across many human cancer types
(https://cancer .sanger .ac.uk/cosmic). In particular, we focused on those E3
ligases displaying abundant mutations within known functional domains. Among
these E3 ligases, we shortlisted FBX 024, KLHL14, and DCAF12L 2, substrate
receptor subunits of CRL1, CRL3, and CRL4 ubiquitin ligases complexes,
respectively. As shown in figure 2, these E3 ligases were found with significant
hypermutations, with most of the mutations occurring in the F-box domain, the
Kelch motif, the BTB domains, and the WD-repeat, respectively (Figure 2: A, B,
C, and D). Other E3 ligases found mutated are the PDZRN4 and the RNF111 with

several mutations across the protein full length (Figure 2: E, and F).
8.1.1 Mutations of FBX0O24 in human cancer

To screen for mutation of FBX 024 in human cancer, 40678 unique human cancer
patient samples were screened for possible mutationsin cancer, 585 unigque samples
were found with mutations in the FBX024 gene (COSMIC database). Genomic
analysis of FBX 024 showsthat the geneis hypermutated in cancer (Figure 2B and
Figure 3B). The hotspot of FBX 024 mutationsin cancer wasfound at the 65 amino
acid sequence position within the critical F-box domain (Winston et al., 1999). The
mutation at this position leads to missense substitution of the amino acid from
threonine to proline (T65P) (Figure 3B).



Figure 2. Gene view histograms represent graphical views of mutations across the genes
DCAF12L2 (A), FBX0O24 (B), KLHL14 (C), PDZRN4 (D), and RNF111 (E). These

mutations are displayed at the amino acid level across the full length of each gene.
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8.1.1.1 Distribution of FBX024 mutationsin human cancer

A comprehensive screening of FBX 024 mutations in human cancer shows that
FBX024 is mutated in adenocarcinoma, carcinoma, lymphoid neoplasm, and
malignant melanoma. These aretypically found in the large intestine, endometrium,
liver, lung, stomach, skin, hematopoietic and lymphoid. Of note, the most frequent
mutation of FBXO24, i.e. T65P, is found in squamous cell carcinoma of the
aerodigestive tract (Figure 4F).

8.1.2 Mutations of DCAF12L 2 in human cancer

Among the 39729 unique human cancer patient samples screened for possible
mutations in cancer, 785 unique samples were found with mutations in the
DCAF12L2 gene (COSMIC database). Interestingly, the highest incidence of
DCAF12L 2 mutations occurred within the WD40 repeats domain. DCAF12L2 is
composed of seven WD40 repeats (uniprot.org) and these WD40 repeats domain
is critical for the substrate binding ability of the CRL4P“AF12-2 complex. By
performing further genomic analysis, we found the highest incidence of DCAF12L.2
mutationsin human cancer at the amino acid sequence positions: 334, where proline
changes to lysine (P334L); 335, where arginine changes to cysteine or histidine
(R335C or R335H); and at the 337 amino acid sequence where arginine changes to
cysteine or histidine (R337C or R337H) (COSMIC database) (Figure 3A). Also,
it’s important to note that at the 334 amino acid sequence position, there cases of

silent mutations with no significant change in the amino acid.
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8.1.2.1 Distribution of DCAF12L 2 mutationsin human cancer

Next, we characterize the tissue distribution of DCAF12L 2 in human cancer. Many
DCAF12L 2 mutations were found in adenocarcinoma, carcinoma, and metaplastic
carcinoma of the large intestine, colon, liver, prostate, stomach, and breast (Figure
4: A, B, C, and D). The DCAF12L2(P334L) mutation is frequent in the large
intestine, stomach, prostate, lungs, and endometrium (Figure 4A). The
DCAF12L2(R335C) mutation is frequent in the liver, while the top tissue found
with DCAF12L 2(R335H) mutation isthe large intestine (Figure 4B and 4C). The
DCAF12L2(R337H) mutation is found in the large intestine, colon, prostate, and
breast (Figure 4D).
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Figure 3. Mutations of DCAF12L 2 and FBX 024 in Human Cancer
(A) Details of amino acid subgtitution at the DCAF12L 2 mutation hotspotsin cancer at
sequence positions: 334, 335, and 337 within the WD40 domain.
(B) Details of amino acid substitution at the hotspot of FBX 024 mutation in cancer a
the 65" sequence position within the F-box domain.

*: Mutation Hotspot
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Figure 4. Tissue Distribution of DCAF12L 2 and FBX 024 Mutationsin Human Cancer
(A) Tissuedigtribution of DCAF12L2 mutation: DCAF12L2 (P334L) found in cancer.

(B) Tissue distribution of DCAF12L 2 mutation: DCAF12L 2 (R335C) found in cancer

(C) Tissuedigtribution of DCAF12L2 mutation: DCAF12L2 (R335H) found in cancer.

(D) Tissue distribution of DCAF12L2 mutation: DCAF12L 2 (R337C) found in cancer.

(E) Tissue distribution of DCAF12L 2 mutation: DCAF12L2 (R337H) found in cancer.

(F) Tissue distribution of FBX 024 mutation: FBX 024 (T65P) found in cancer.
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8.2 The FBX024 mutation found in cancer preventsitsinteraction with
SKP1

To identify the substrates of CRL 17%92* we obtained clone constructs of wild-type
FBX 024 tagged with FLAG-FLAG-HA-HA-tag and by performing site-directed
mutagenesis, we obtained the FBX O24(T65P) mutant with FLAG-FLAG-HA-HA-
tagged. These clone constructs were generated for mass spectrometry screening of
FBX 024 substrates. However, since our genomic data screening revealed the F-
box domain as the hotspot of FBX0O24 mutation in cancer, prior to the mass
spectrometry analysis, we decided to perform immunoprecipitation analysis to
check the interaction of the FLAG-FLAG-HA-HA-tagged FBX 024 wild type or
the FLAG-FLAG-HA-HA-tagged FBX 024(T65P) mutant with endogenous SKP1
in HEK293T cells. We expressed FLAG-FLAG-HA-HA-tagged FBX 024 wild-
type or FLAG-FLAG-HA-HA-tagged FBX0O24(T65P) mutant in HEK293T cells
and performed anti-FL AG immunoprecipitation to pull down the FBXO24 proteins.
The immunoprecipitation and western blot analysis shows that the FBX O24(T65P)
mutation found in cancer blocks the interaction of FBX 024 with Skpl and CUL1
(Figure5C).

8.3 Proteomic screen to identify CRL 178X024 qubstrates

Subsequently, we performed mass spectrometry analysis of FBX 024 wild type and
FBXO24(T65P) mutant by expressing FLAG-FLAG-HA-HA-tagged FBX0O24
wild-type or FLAG-FLAG-HA-HA-tagged FBXO24(T65P) mutant in HEK293T
cells and performed affinity-purification (AP) followed by mass spectrometry
analysis (Figure 5A). From the mass spectrometry screening, we recovered 5
peptides of Skpl and 6 peptides of CULL in the FBXO24(T65P) mutant as
compared 14 peptides of Skpl and 38 peptides of CUL 1 found in the FBX 024 wild
type (Figure 5B). The mass spectrometry results further confirmed our previous
anti-FLAG immunoprecipitation analysis of FBX024 and show that indeed the
FBXO24(T65P) mutation found in cancer blocks FBX 024 binding with Skpl and
CUL1 (Figure5C).
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Figure 5. Proteomic Analysis of FBXO24 Substrates

(A) Schematic representation of AP-MS of FBX024 WT and FBXO24(T65P).

(B) List of peptides obtained by AP-M S of Empty Vector (EV), FBX024 WT and FBXO24(T65P) mutant.
(C) Immunoprecipitation (I1P) of FLAG-FLAG-HA-HA-tagged FBX024 WT and the FLAG-FLAG-HA-
HA-tagged FBX O24(T65P) mutant to validate the interaction with endogenous Skpl. HEK293T cellswere
transfected with either an empty vector (EV) or FLAG-FLAG-HA-HA-tagged FBX024 WT or FLAG-
FLAG-HA-HA-tagged FBX0O24(T65P) mutant. MG132 was added 5 hours before harvesting the cells.
The whole-cell extract (WCE) was subjected to anti-FLAG I P and immunoblotted as indicated.
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8.4 Proteomic screen to identify CRL4PCAF2L2 g bstrates

To identify the substrates of CRL4P“AF12-2 we expressed wild-type FLAG-FLAG-
HA-HA-tagged DCAF12L2 in HEK293T cells and performed affinity-purification
(AP) followed by mass spectrometry (MS) analysis (Figure 6A). We found
peptides derived from the CRL subunits CUL4A (16 peptides), CUL4B (27
peptides), and DDB1 (53 peptides). In addition, we recovered unique peptides
corresponding to FAM91A1 (17 peptides), C170rf75 (11 peptides), WDR11 (27
peptides), and MEKK4 (21 peptides) (Figure 6B). FAM91A1, C17orf75, and
WDR11 are known to form a complex known as the WDR11 complex (Navarro
Negredo et a., 2018), while MEKK4 is a protein kinase involved in the mitogen-
activated protein (MAP) kinase transduction cascade (Abell, Granger, & Johnson,
2007; Abell & Johnson, 2005).

8.4.1 DCAF12L 2 interactswith the WDR11 complex and MEKK 4

To validate the mass spectrometry results, we expressed in cells FLAG-FLAG-HA-
HA tagged wild type DCAF12L2 in HEK293T cell, we treated the cells with
MG132 to block protein degradation, 5 hours after treatment the cells were
collected, lysed and the whole cell extracts were subjected to anti-FLAG
immunoprecipitation and western blot analysis. Anti-FLAG immunoprecipitation
of DCAF12L 2, coimmunoprecipitates with endogenous CUL4 thereby confirming
that DCAF12L2 is part of a CRL4 ubiquitin ligase complex (Figure 6C). In
addition, DCAF12L2 coimmunoprecipitates with endogenous FAM91A1,
C17orf75, WDR11, and MEKK4 thus validating the mass spectrometry result
(Figure 6C).

8.5 The DCAF12L 2 mutationsfound in cancer prevent itsinteraction with
the WDR11 complex and MEKK 4

DCAF12L 2 iscomposed of 7 repeats of WD40 repeats. The peaks of mutation with
the highest incident of mutation of DCAF12L2 found in cancer occur on the 6th
WD40 repeat and the mutated amino acids sequence are in positions 334, 335, and
337. To assess the effect of these mutations and the link to cancer pathogenesis, we

generated DCAF12L 2 mutants with the corresponding mutations found in cancer
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on the amino acids sequence position 334, or 335 or 337 (P334L, R335H, R335C,
R337C, R337H) (Figure 3A). Next, we tested the interaction of these mutants with
endogenous FAM91A1, Cl7orf75, WDR11, and MEKK4. Interestingly, the
P334L, R335C, and R335H mutants found in cancer did not coimmunoprecipitate
with FAM91A1, Cl7orf75, WDR11, and MEKK4. However, the R337C and
R337H mutations do not have any detectable effect on DCAF12L2 binding to
FAM91A1, C170rf75, WDR11 and MEKK4 (Figure 6C).
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Figure 6. Proteomic Analysis of DCAF12L 2 Substrates

(A) Schematic representation of AP-Mass Spectrometry of DCAF12L2 wild type. (B) List of peptidesrecovered
from the AP-MS of DCAF12L2. (C) Immunoprecipitation (IP) of FLAG-FLAG-HA-HA-tagged
DCAF12L2(WT) and FLAG-FLAG-HA-HA-tagged DCAF12L 2 mutants (P334L), (R335C), (R335H), (R337C),
and (R337H). HEK293T cells were transfected with either an empty vector (EV), or FLAG-FLAG-HA-HA-
tagged DCAF12L2(WT) or FLAG-FLAG-HA-HA-tagged DCAF12L2 mutants (P334L), or (R335C), or
(R335H), or (R337C), or (R337H). MG132 was added 5 hours before harvesting. Whole-cell extract (WCE) were
subjected to anti-FLAG 1P and immunoblotted as indicated.
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8.6 CRL4PCAFIZL2 mediates the ubiquitylation of FAM91A1, a component of
the WDR11 complex.

Among the proteinsidentified in the mass spectrometry analysisof DCAF12L2, we
found the DDB1, CUL4A and CULA4B, which are known subunits of a CRL4 E3
complex (Figure 6B). Thus, we thought that DCAF12L2 could be a specific
substrate recognition protein within the CRL4 complex that recognises and recruits
substrate proteins for ubiquitylation. To determine whether DCAF12L2 mediates
the ubiquitylation of any of the three components of the WDR11 complex
(FAM91A1, C170rf75 and WDR11), we performed in vivo ubiquitylation assaysin
HEK293T cells. HEK293T cells were transfected with HA-tagged FAM91A1 or
HA-tagged WDR11 and MY C-tagged ubiquitin, with or without FLAG-tagged

DCAF12L2. The whole-cell extract (WCE) was subjected to anti-MYC [P and
immunoblotted with anti-HA to detect ubiquitylated WDR11 or FAM91A1. As
shownin Figure 7A, ectopic expression of DCAF12L 2 promotes the ubiquitylation
of FAM91A 1 whereas WDR11 shows no sign of ubiquitylation both in the presence
and absence of DCAF12L2 (Figure 7B).



Figure 7. CRL4™ " *-* mediates the ubiquitylation of FAM91A1, a component of the WDR11

complex.

(A) HEK293T cells were transfected with HA-tagged FAM91A 1 and MY C-tagged ubiquitin, with or without
FLAG-tagged DCAF12L 2. The whole-cell extract (WCE) was subjected to anti-MY C |P and immunaobl otted
with anti-HA to detect ubiquitylated FAM91A1. (B) Sameasin (A) except that HA-tagged WDR11 was used.
(C) Cycloheximide chase assay of FAM91A1 and WDR11, where globa protein synthesis is blocked using
the trangdlation elongation inhibitor cycloheximide in the presence or not of the proteasome inhibitor MG132,
p21 is a CRL target and it was used as a positive control. (D) Time course stability studies of FAM91A1
C170rf75, and MEKK4 in the presence of cycloheximide or both cycloheximide and MG132 treatment. IKK-
o was used as a positive control to monitor protein stability (E) Stability study of FAM91A1 when MEKK4
was overexpressed in HEK293T cells treated with cycloheximide only or with cycloheximide and MG132
treatment, here pJNK-1 serves as a control positive to compare and monitor MEKK4 activity in empty vectors

cellsand cells expressing MEKKA4.



9. Biological significance of CRL4PCAF2L2 mediated ubiquitylation

Next, we explored the biological significance of CRL4PAF2L2 ypjquitin ligase
mediated ubiquitylation. First, we reasoned that DCAF12L2 might target its
substrates for proteasomal degradation. Hence, we performed stability analysis of
FAM91A1, C170orf75, WDR11 and MEKK4. To that aim, we treated cells with
cycloheximide (CHX) to block de novo protein synthesis with or without MG132
to block proteasomal degradation. As shown in Figures 7; C and D, FAM91A1
shows significant degradation which was reversed by treatment with the
proteasome inhibitor MG132. The CRL target p21 was used as a positive control to
monitor CRL targeted degradation while the IKK-a was used as a positive control

to monitor protein stability.

9.1 MEKK4 promotes the stability of FAM91A1

Phosphorylation is a common post-trandational modification of the substrate that
regulates its interaction with the CRL and consequently its ubiquitylation and
degradation (Dhiani & Mehellou, 2020)(Hunter, 2007). Thus, the protein kinase
MEKK4, which was one of the proteins found in the affinity purification of
DCAF12L2, might be involved in the regulation of DCAF12L2 mediated
ubiquitylation of FAM91A1. To test this hypothesis, we assessed the effect of
M EKK4 ectopic expression on the stability of endogenous FAM91A1in HEK293T
cells. Asshown in Figure 7E, overexpression of MEKK4 promotes the stability of
FAMO91A1 in HEK293T cdlls. To monitor MEKK4 activity, pJNK-1 was used a
control to compare and monitor MEKK4 activity in empty vectors and in cells

expressing MEKKA4.
9.2 The CRL4PCAFLZL2 ybiquitin ligase mediates M EK K 4 ubiquitylation

To test whether MEKK4 is a substrate of the CRL4PCAF2L2 ypiquitin ligase, we
performed an in vivo ubiquitylation assay upon ectopic expression of MEKK4 in
HEK293T cells. HEK293T cells were transfected with HA-tagged MEKK4 and
MY C-tagged ubiquitin or MYC-tagged ubiquitin K-less that cannot be
ubiquitylated, with or without FLAG-tagged DCAF12L 2. The whole-cell extract
(WCE) was subjected to anti-MY C immunoprecipitation and then analysed by
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immunoblotting with an anti-HA antibody to detect ubiquitylated MEKK4. As
shown in Figure 8A, ectopic expresson of DCAF12L2 promotes MEKK4
ubiquitylation.

9.3 The WDR11 complex and MEKK4 are two independent substrates of
CRL 4DCAF12L2

It has been reported that the WDR11 complex is a trans-Golgi network-associated
stable complex that facilitates vesicular trafficking in cells (Navarro Negredo et al .,
2018) and interestingly, MEKK4 is localized in Golgi-associated vesicles. This
suggests that MEKK4 could also be involved in vesicular trafficking in cells. Thus,
we thought that CRL4PCAF2-2 mediiated ubiquitylation of MEKK4 might be linked
to the WDR11 complex. To investigate whether MEKK 4 and the WDR11 complex
are two independent substrates of CRL4P“AFI?L2 |igase, we expressed HA-
FAM91A1 or HA-C170rf75 or HA-WDR11 in HEK293T cells and subject the
whole-cell extract (WCE) to anti-HA 1P. Our main goal wasto check if FAM91A1,
C170rf75 or WDR11 would interact with endogenous MEKK4. As shown in
Figure 8B, neither FAM91A1 C170rf75 nor WDR11 interacts with endogenous
MEKKA4.
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Figure8. The CRL4DCAF12L2 ubiquitin ligase mediatesthe ubiquitylation of MEKK 4

(A) HEK?293T cells were transfected with HA-tagged MEKK4 and MY C-tagged ubiquitin or MY C-
tagged ubiquitin K-less that cannot be ubiquitylated, with or without FLAG-tagged DCAF12L2. The
whole-cell extract (WCE) was subjected to anti-MYC IP and immunoblotted with anti-HA to detect
ubiquitylated MEKK4. (B) Immunoprecipitation (IP) of FAM91A1 and WDR11. HEK293T cells were
transfected with either an empty vector (EV), HA-tagged FAM91A1_1sol or HA-tagged FAM91A1 |s02,
or HA-tagged WDR11. The whole-cell extract (WCE) was subjected to anti-HA |P and immunoblotted as
indicated. (C) Multiple sequence alignment of MEKK4 C-terminus from the indicated species. (D)
Immunoprecipitation (IP) of MEKK4 and MEKK4-A1596-1597 mutant. HEK293T cells were co-
transfected with either an empty vector (EV), or FLAG-tagged DCAF1212 and HA-tagged MEKK4, or
HA-tagged MEKK4A1596-1597. The whole-cell extract (WCE) was subjected to anti-HA IP and
immunoblotted with anti-FLAG antibody to detect DCAF12L2. The deletion of the C-terminal ends di-
glutamic acids (EE) residuesin MEKK4-A1596-1597 mutant affectsits binding to DCAF12L2.

(E) HEK293T cells were transfected with HA-tagged MEKK4, or HA-tagged MEKK4A1596-1597,
MY C-tagged ubiquitin, with or without FLAG-tagged DCAF12L 2. The whole-cell extract (WCE) was
subjected to anti-MY C I P and immunabl otted with anti-HA to detect ubiquitylated MEKK4.
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9.4 DCAF12L 2 recognises and tar gets the C-terminal di-glutamic acid (EE)

motif as degron

The identification of the substrate recognition degrons in the protein substrates is
critical to comprehend the underlying mechanism of E3 ligase/substrate binding.
Previous studies by Koren et a. have demonstrated that DCAF12, a mammalian
paraog of DCAF12L2, specifically recognises and targets the C-terminal di-
glutamic acid (EE) motif as substrate degradation degron (Koren et a., 2018).
Interestingly, human MEKK4 ends with the C-terminal di-glutamic acid (EE) motif
and this EE C-terminal motif is found to be evolutionary conserved (Figure 8C).
Hence, we speculated that perhaps the EE C-terminal motif could be the signalling
degron for DCAF12L2/MEEK4 binding. To test this hypothesis, we generated a
MEKK4-A1596-1597 mutant in which the C-terminal EE amino acid residues were
deleted. We co-transfected HA-tagged MEKK4 WT or HA-tagged MEKK4-
A1596-1597 mutant with FLAG-tagged DCAF12L 2 in HEK293T cells and subject
the whole-cell extract (WCE) to anti-HA 1P then immunoblotted with anti-FLAG
antibodies to detect DCAF12L2 binding (Figure 8D). The deletion of the C-
terminal ends di-glutamic acids (EE) motif in MEKK4-A1596-1597 mutant affects
its binding to DCAF12L2.

Subsequently, we assessed the requirement of the C-terminal di-glutamic acids (EE)
motif in DCAF12L2 mediated ubiquitylation assay of MEKK4, we co-transfected
HEK292T cellswith HA-tagged MEKK4 or HA-tagged MEK K4-A1596-1597 and
MY C-tagged ubiquitin, with or without FL AG-tagged DCAF12L 2. The whole-cell
extract (WCE) was subjected to anti-MY C | P and then weimmunobl otted with anti-
HA antibody to detect MEKK4 ubiquitylation. Asshown in Figur e 8E, the deletion
of the C-terminal ends di-glutamic acids (EE) residues prevents the ubiquitylation
of MEKK4.
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10. Discussion

In our genomic database screening of E3 ligase mutations in human cancer, we
found several CRL substrate receptors that are hypermutated in cancer. In this
study, we focused on DCAF12L2, and FBX0O24 which are substrate receptors
subunit of CRL4PCAF2L2 gnd CRL 17B%X92* complexes respectively. By performing
comprehensive analysis on the mutations of FBX024 in cancer, we found the
mutation hotspot within the F-box domain, precisely on the amino acid residue 65
where threonine changed to proline (T65P) (Figure 3B). As part of our major
findings, we show that this FBXO24 (T65P) mutation strongly impacts the
formation of the CRL1M*0%* (SCFBX02%) complex by preventing the binding of
FBX 024 to Skpl thereby blocking the recruitment of the FBX 024 protein needed
to form the CRL 17%924 complex (Figure 5C). Unfortunately, we could not identify
the specific substrates of the CRL1™*%?* complex. Our ability to successfully
identify the substrates of the CRL1™X%%* complex is paramount for detailed
understanding of how the mutation of FBX 024 found in cancer contributes to the
pathogenesis of head and neck cancers in which the FBX0O24(T65P) mutations

were found.

Similarly, we performed comprehensive analysis of DCAF12L2 mutations found
in cancer and found several mutations spanning across the whole WD-40 repeats
domains (Figure 2A). This WD-40 repeats domain is critical in CRL4PCAFL2L2
complex ubiquitylation function, it is this domain that enables DCAF12L2 to
recognise and bind to the substrates (Xu & Min, 2011). The hotspots of mutation of
DCAF12L 2 in cancer were found within the WD-40 repeats domain with the amino
acid residues at sequence positions: 334, 335, and 337. However, it isunclear why
these amino acid residues at sequence positions. 334, 335, and 337 (Figure 3A) are
hotspots of mutation of DCAF12L 2 in cancer. Considering the chemical properties
of the amino acid substitutions found in cancer at these sequence positions, there
areindicationsthat the mutation of prolineto lysine (P334L), or arginineto cysteine
or histidine at positions 335 and 337 would likely disrupt the conformation of the
B-propeller structure in DCAF12L2 and consequently affect the function of
DCAF12L 2 in the CRL4PAF12L2 compl ex.
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Proteomic screening of DCAF12L2 revealed the presence of peptides of CUL4A
(16 peptides) and CUL4B (27 peptides) (Figure 6B). With CUL4A being
predominantly cytoplasmic and CUL4B specifically localized within the nucleus
(Zhou et a., 2020), the co-immunoprecipitation of CUL4A and CUL4B in
DCAF12L 2 proteomic screening suggests that the CRL4P“AF12-2 complex might be
involved in mediating the ubiquitylation of cytoplasmic and nuclear substrates.
Besides, sequence anaysis of DCAF12L2 amino acids sequence mapped the
presence of nuclear localization signal (NLS) (GSRKRKAPAYV) sequence near the
N-terminal of DCAF12L2, which indicates the presence of DCAF12L2 in the
nucleus thus confirming the targeting and ubiquitylation nuclear substrates by the

CRL4BPCAF2L2 complex.

Among the protein substrates found enriched in the proteomic anaysis of
DCAF12L 2, the WD repeat-containing protein 11 (WDR11) isthe only protein that
shuttles between the cytoplasm and the nucleus (Kim et al., 2018), while
FAMO91A1, C170rf75, and MEKK4 are strictly cytoplasmic. WDR11 itself does
not contain a nuclear localization signal but contains a putative nuclear export
signal such that it shuttles between the cytoplasm and the nucleus (Kim et al., 2018).
Ubiquitylation assay showsthat WDR11 is not the main component of the WDR11
complex targeted for ubiquitylation by the CRL4PCAF2-2 complex. Hence, we
speculated that WDR11 might shuttle between the cytoplasm and the nucleus to
serve as a scaffold to mediate the binding of the CRL4P“AF12-2 complex to the
targeted cytoplasmic or nuclear substrates. Besides, according to Kim et al., in
response to hedgehog (Hh) signalling, WDR11 undergoes intracellular trafficking
from the cilium to the nucleus where it forms a complex with EMX1 and GLI3 to
mediate the proteolytic degradation of GL13. However, it remains unknown the
exact mechanism by which WDR11 regulates the proteolytic degradation of GLI13,
but based on our findings, we speculate that the CRL4BPCAF2-2 complex might be
responsible for the ubiquitylation and proteol ytic degradation of GL 13, this happens
by binding to the EMX1-WDR11-GL I3 complex through the WDR11 protein that
serves as scaffold protein to facilitate the targeting of GLI3 to the CRL4BPCAF2L2
complex for ubiquitylation. This provides more details to the studiesby Kim et a.,
where it was demonstrated that WDR11 is not the direct target of GLI13 but rather
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it functions as a scaffolding protein to link GL13 to an unknown target (Kim et al.,
2018). To confirm our speculation, we would need to assess GLI3 stability and
ubiquitylation in the presence of DCAF12L 2 when Hh signalling are triggered in

cells.

WDR11 forms a stable complex with FAM91A1 and C170rf75 in the cytoplasm
precisely at the trans-Golgi network (TGN). This complex, known as the WDR11
complex, facilitates vesicular docking and trafficking in cells (Navarro Negredo et
al., 2018). Nevertheless, the exact mechanism by which the WDR11 complex is
stabilized and regulated to maintain its cellular function in vesicular docking and
trafficking remains unclear. Although, it has been demonstrated by Navarro
Negredo et al. that the disruption of FAM91A1 does affect the stability of the
complex, thereby causing a dramatic change in the localization of WDR11 and
C170rf75 from the trans-Golgi network (TGN) to a dispersed cytoplasmic
distribution. The exact mechanism that could be responsible to triggers the
disruption of FAM91A1l is unknown. Our studies have shown that the
CRL4PCAFL2L2 complex mediates the ubiquitylation of FAM91A1 (Figure 7A).
Thus, we speculated that the ubiquitylation of FAM91A1 could be a critical
mechanism involved in the assembling and dissociation of the WDR11 complex as

well asin regulating its cellular functionsin vesicular docking and trafficking.

Moreover, because of the trans-Golgi network (TGN) localization of the WDR11
complex, we reasoned that CRL4APCAF2-2 complex would likely be responsiblein
mediating the ubiquitylation of FAM91A1, with the WDR11 protein serving as
scaffold protein to facilitate the binding of the WDR11 complex to the
CRLA4APCAFILZ complex to target FAM91A1 for ubiquitylation. In general, from
our studies, we found that WDR11 is not ubiquitylated thus, we reason perhaps that
WDR11 would likely serves as scaffold protein that mediate the binding of
cytoplasmic and nuclear substrates to the CRL4PAF12-2 gcomplex. Which agrees
with the studies by Neocleous et al. where WDR11 was proposed to be ascaffolding
protein involved in multiple cellular processes, including cell cycle progression,
signal transduction, apoptosis, and gene regulation (Neocleous et al., 2020), ( Kim
et al., 2018).
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The reversibility and fast kinetics of phosphorylation is one dynamic way of
regulating protein complexes. As reported by Nishi et a., phosphorylation at the
binding interface of protein-protein interaction directly affects the binding energy
and the stability of the protein complex (Nishi et al., 2011). Thus, we hypothesized
that the phosphorylation by the protein kinase MEKK4 might be critical in the
stability of the WDR11 complex. However, we observed from our binding studies
that MEKK4 has no direct interaction with the components of WDR11 complex;
FAM91A1, and WDR11 (Figure 8B).

Crosstalk between phosphorylation and ubiquitination widely affectstheinteraction
between the CUL-RING ligase receptors and the substrates (Chen et al., 2021; Ni
et a., 2018). Interestingly, the stability studies of FAM91A1 in the presence of
MEKK4, show that the overexpression of MEKK4 promotes the stability of
endogenous FAM91A1 in HEK293T cells and one of the ways by which
phosphorylation regulates protein ubiquitylation is by positively or negatively
regulating the activity at the E3 ligase substrate receptor (Hunter, 2007). Here, we
foresee the possibility of MEKK4 negatively regulating FAM91A1 ubiquitylation
at the CRLPAF12-2 complex by phosphorylating DCAF12L 2 thereby blocking the
targeting of FAM91A1 by the CRLP“AF2-2 complex. Perhaps this could be the
reason why we found some phosphorylated peptides of DCAF12L2 in our mass
spectrometry data.

MEKK4 is activated by environmental stresses such as osmotic shock, UV
irradiation, wound stress, and inflammatory factors (Abell et a., 2007; Abell &
Johnson, 2005). Hence, we proposed that the phosphorylation of DCAF12L2 by
MEKK4 could serve as sort of an immediate response aimed at preventing
FAMO91A1 disruption, to foster the stability of the WDR11 complex in an event of
sudden cell stresstriggered by environmental or intracellular stress such as osmotic
shock, UV irradiation, or DNA damage.

In genera, in our studies, we found the crosstak and interplay between
phosphorylation and ubiquitylation working to regulate the WDR11 complex in
respect to the interaction between the CRL4P“AF12-2 complex and its WDR11
complex substrate, such that while the CRL4P“AF22 complex mediated
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ubiquitylation of FAM91A1 leads to the disruption of the WDR11 complex, the
phosphorylation of DCAF12L 2 in CRLPAF2-2 complex promotes the stability of
the WDR11 complex.

Although our studies showed that MEKK4 and WDR11 complex are two
independent substrates of the CRL4P“AF2-2 complex, the biological significance of
CRL4PCAFI2ZL2 mediated ubiquitylation of MEKK4 remains unclear. Here we
proposed that MEKK4 ubiquitylation might also be involved in vesicular
trafficking or could be another way by which the MEKK4 activity is regulated in
cells. For comprehensive details on the biologica significance of MEKK4
ubiquitylation, we would need to understand the interaction between DCAF12L2
and MEKK4 when MEKK4 activity is stimulated by environmental and
intracellular stresses such as osmotic shock, UV irradiation, oxidative stress, or
DNA damage (Canovas & Nebreda, 2021; Wagner & Nebreda, 2009).

Also, as demonstrated by Navarro Negredo et al., we might need to perform vesicle
tethering assay for comprehensive details on the effect of CRL4P“AF12L2 mediated
ubiquitylation on the function of the WDR11 complex in vesicular capturing and
trafficking. This would help to understand the consequence effect of DCAF12L.2

mutations found in cancer on the function of the WDR11 complex in cells.

As stated, the WDR11 is a protein scaffold that facilitates the trafficking and
processing of GLI3 in the nucleus, orchestrating the GLI3/EMX1 mediated
transcriptional activation of Hh targeted genes (Kim et al., 2018). Asatranscription
factor, GLI3 must be tightly regulated and if the CRL4P“AF12L2 complex binds
WDR11 to target GLI3 for degradation as proposed then the mutation of
DCAF12L2 as found in human cancer could block the WDR11 mediated
proteolytic targeting of GLI3 by the CRL4PCAF2L2 complex, which could disrupt
the regulation in the expression of the Hh targeted genes |eading to overexpression

of the targeted gene proteins and cause tumorigenesis.



11. Conclusion and futur e per spectives

By genomic database anaysis, we found that DCAF12L2 is hypermutated in
cancer. By affinity purification and mass spectrometry analysis, we identified
FAM91A1, C170orf75, WDR11 and MEKK4 as the substrates of DCAF12L2. The
hotspots of mutation of DCAF12L 2 in cancer are found on sequence positions 334,
335, and 337. The mutations at positions 334 and 335 blocked DCAF12L 2 binding
to FAM91A1, Cl7orf75, WDR11, and MEKK4. FAM91A1, Cl7orf75, and
WDR11 formed a stable complex known asthe WDR11 complex at the trans-Golgi
network (TGN). CRL4PAF12L2 complex mediates the ubiquitylation of FAM91A1
which we proposed could be critical in regulating the WDR11 complex.

For more details on the role of CRL4PCAF2L2 yhiquitin ligase mediated
ubiquitylation on the WDR11 complex, as part of future work, it is important to
assess the ubiquitylation of C170rf75 the third component of the WDR11 complex.
In vivo ubiquitylation assay of CRL4PCAF2L2 ybiquitin ligase mediated
ubiquitylation of C170rf75 would be performed in HEK293T cells.

Furthermore, thorough studies on CRLA4PCAF2L2 yhiquitin ligase mediated
ubiquitylation is necessary for details understanding of the biological significance
of MEKK4 and WDR11 complex ubiquitylation. Here it would be paramount to
assess the structure/function of the WDR11 complex when DCAF12L2 mediated
ubiquitylation is blocked, this can be done by employing WDR11-knockout cells
transduced with lentiviruses to express at physiological level, WDR11 wild type or
truncated WDRI11 mutant that can’t bind to DCAF12L2 to facilitate the
CRL4PCAFL2LZ yhiquitin ligase mediated ubiquitylation of FAM91A1 as shown in
our findings. Besides, another approach could also be to study the stability of the
WDR11 complex as well asits function in vesicular trafficking when DCAF12L.2
mediated ubiquitylation is blocked, by employing FAM91A1-knockout cells
transduced with lentiviruses to express at physiological level, FAM91A1 wild type
or truncated FAM91A1 mutant that cannot be ubiquitylated by the CRL4PCAFL2L2
complex. This same approach can also be employed to investigate the role of
CRL4PCAFI2L2 mediated ubiquitylation of MEKK4 found in our studies.
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Also, for detailed understanding of the effect of mutation of DCAF12L 2 found in
cancer and the implication in the pathogenesis of cancer, it’s important to assess the
effect of DCAF12L2 (P334L), (R335C), and (R335H) mutants in CRL4PCAFI2L2
complex mediated ubiquitylation. DCAF12L 2-knockout cells can be employed and
transduced with lentiviruses to express DCAF12L2 wild type or the DCAF12L2
mutants found in cancer (P334L) or (R335C) or (R335H).

Moreover, to investigate the role of DCAF12L2 mediated ubiquitylation in health
and the implication in the pathogenesis of cancer, it would be interesting to study
the phenotypic changes associated with these mutations. Here we could employ the
use of animal mode like the mice or zebrafish, with the zebrafish we can perform
microinjection of one-cell stage zebrafish with mRNA encoding wild type
DCAF12L2 or the DCAF12L 2 (P334L) or (R335C) or (R335H) mutants and study
the morphological changes as the embryo develops.
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12. Materials and methods

DNA Constructs

Human DCAF12L 2 and FBX 024 cDNAs were obtained from Dharmacon (catalog
numbers MHS6278-213243600 and MHS6278-202804725 respectively), the
cDNAs were PCR amplified and subcloned into pPCDNA3 vector containing the
FLAG-FLAG-HA-HA tag. The mutated versions of DCAF12L.2 (P334L), (R335C)
(R335H), (R337C), and (R337H) were obtained by site-directed mutagenesis
according to the Invitrogen GENEART Site-Directed Mutagenesis System
protocol, using the pCDNA3-FLAG-FLAG-HA-HA-DCAF12L2 wild type
construct as template (Life Technologies). The same Site-Directed Mutagenesis
System protocol was followed to generate the FBX024(T65P) mutant using the
PCDNA3-FLAG-FLAG-HA-HA-FBX 024 wild type clone construct as template.
Human FAM91A1 and WDR11 cDNAs were aso obtained from Dharmacon
(catalog numbers MHS6278-213246252 and MHS6278-202806240 respectively),
the cDNAs were tagged with HA tag by PCR amplification and subcloned into
pPCDNA3 vector. Mouse MEKK4alpha wild type and MEKK 4alpha kinase-dead
(KD) mutant cloned into pCMV5 vectors containing the HA-tag were obtained
from Addgene (plasmid #12188 and plasmid #116759 respectively). The truncated
version of MEKK4alpha (A1596 — 1597) was obtained by site-directed mutagenesis
according to the Invitrogen GENEART Site-Directed Mutagenesis System protocol
using the pCMV5-MEKK4apha wild type construct as templates. All plasmids

were verified by sequencing.
Cdl Culture

Cells were cultured at 37 °C and 5% CO,. HEK293T cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) (Thermo Fisher Scientific)
containing 10% fetal calf serum, 100 U/ml penicillin, and 100 pg/ml streptomycin.
Transient DNA transfections were carried out using the polyethyleneimine (PEI)
transfection reagent. Cells were treated with the following inhibitors: MG132
(Peptide Institute, 10 uM) and cycloheximide (Sigma-Aldrich, 100 uM).
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Identification of DCAF12L 2 substr ates

HEK293T cells were transfected with pCDNA3-FLAG-FLAG-HA-HA-
DCAF12L 2, grown for 48 hours. The cells were treated with MG132 for 5 hours
before collection. Cells were harvested and subsequently lysed in lysis buffer
composed of 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, and 0.5%
NP-40 plus protease and phosphatase inhibitors. We performed double
immunoprecipitation to immunopurified DCAF12L 2, in the first step, DCAF12L2
was immunopurified with anti-FL AG agarose resin (Roche), incubating for 2 hours
on a wheel a 4° C. The beads were washed, and proteins were eluted using
RapiGest SF. The €euates were subsequently used in the second
immunoprecipitation step with anti-HA incubating overnight on a wheel at 4° C.
The final eluates were analysed by mass spectrometry at the Structural and
Functional Proteomics platform of the Jacques Monod Institute, University of Paris
Diderot.

Identification of FBX 024 substr ates

HEK293T cells were transfected with pPCDNA3-FLAG-FLAG-HA-HA-FBX 024
wild-type or pPCDNA3-FLAG-FLAG-HA-HA-FBX 024 (T65P) mutant and grown
for 48 hours. Cells were harvested and subsequently lysed in lysis buffer composed
of 50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM EDTA, and 0.5% NP-40 plus
protease and phosphatase inhibitors. Double immunoprecipitation was used to
immunopurified FBXO24. In the first step, FBX024 was immunopurified with
anti-FLAG agarose resin (Roche), incubating for 2 hours on awheel at 4° C. The
beads were washed, and proteins were eluted using RapiGest SF. The eluates were
subsequently used in the second immunopreci pitation step with anti-HA incubating
overnight on awhee at 4° C. The final eluates were analysed by mass spectrometry
at the Structural and Functional Proteomics platform of the Jacques Monod
Institute, University of Paris Diderot.

Biochemical methods

Cells were rinsed twice with ice-cold PBS and lysed in Triton-X lysis buffer (50
mM Tris pH 7.5, 250 mM NaCl, 0.1% Triton X-100, 1 mM EDTA, 50 mM NaF,
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protease and phosphatase inhibitors) by incubating for 30 minutes on ice, then
centrifuged for 20 minutes at 4°C. For ubiquitylation assay, cells were lysed in
RIPA lysis buffer (10mM Tris-HCI, pH 8.0, ImM EDTA, 0.5mM EGTA, 1%
Triton X-100, 0.1% Sodium Deoxycholate, 0.1% SDS 140mM NaCl protease and
phosphatase inhibitors).

For immunoprecipitation, the cell extracts were first precleared by incubation with
protein A-Sepharose (Thermo Fisher Scientific) for 45 minutes at 4°C to remove
any nonspecific binding to the beads. The precleared extracts were incubated with
the indicated primary antibodies for 3 hours at 4°C thisis followed by conjugation
with protein G- or protein A-Sepharose beads for 45 minutes. The beads were
washed 4 times with lysis buffer and the immunoprecipitated proteins were e uted
in 5x Laemmli sample buffer [5S0mM Tris-HCI, pH 6,8, 2% (w/v) SDS, 5% (v/v),
[-mercaptoethanol, 0,1% (w/v) bromophenol blue and 1% (v/v) glycerol]. The
immunoprecipitated proteinsin 5x Laemmli sample buffer were separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto PVDF
membranes (Merck-Millipore), followed by immunoblotting with the indicated
antibodies.

Antibodies

The following antibodies were used in this study: anti-FAM91A1 rabbit polyclonal
(Bethyl Laboratories, A301-588A-T), anti-WDR11 rabbit polyclonal (Bethyl
Laboratories, A302-632A-T), anti-MEK K4 rabbit polyclonal (Bethyl Laboratories,
A304-277A-T), anti-C170rf75 rabbit polyclona (Gene Tex, GTX108779), anti-
FLAG, rabbit polyclonal (Sigma-Aldrich, F7425), anti-FLAG, mouse monoclonal
(Sigma-Aldrich, F7425), anti-HA, mouse monoclonal (Biolegend, 901514), anti-
HA, rabbit monoclona (Cell Signalling Technology, 3724), anti-p-actin, mouse
monoclonal (Santa Cruz, sc-69879), anti-MYC, mouse monoclona (Sigma-
Aldrich, M5546).
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SUMMARY

Cullin-RING ligases (CRLs) control key cellular processes by promoting ubiquitylation of a multitude of sol-
uble cytosolic and nuclear proteins. Subsets of CRL complexes are recruited and activated locally at cellular
membranes; however, few CRL functions and substrates at these distinct cellular compartments are known.
Here, we use a proteomic screen to identify proteins that are ubiquitylated at cellular membranes and found
that Lunapark, an endoplasmic reticulum (ER)-shaping protein localized to ER three-way junctions, is ubig-
uitylated by the CRL3X-HM12 ypiquitin ligase. We demonstrate that Lunapark interacts with mechanistic target
of rapamycin complex-1 (INTORC1), a central cellular regulator that coordinates growth and metabolism with
environmental conditions. We show that mTORC1 binds Lunapark specifically at three-way junctions, and
lysosomes, where mTORC1 is activated, make contact with three-way junctions where Lunapark resides. In-
hibition of Lunapark ubiquitylation results in neurodevelopmental defects indicating that KLHL12-dependent

ubiquitylation of Lunapark is required for normal growth and development.

INTRODUCTION

Cullin-RING ligases (CRLs), the largest class of modular E3 ubig-
uitin ligases, control essential cellular processes by targeting
protein substrates for ubiquitylation (Petroski and Deshaies,
2005). CRLs are composed of a cullin scaffold, a RING-finger
protein (RBX1 or RBX2), an adaptor protein, and one of many
substrate-receptor subunits. CRL activity is promoted by the
reversible conjugation of the ubiquitin-like protein NEDD8 to
the cullin subunit (Scott et al., 2014). Like ubiquitylation, neddy-
lation of substrates is achieved by an enzymatic cascade.
NEDDS is first activated by specific E1 and E2 enzymes and
then conjugated by E3 enzymes to a lysine residue of the cullin
target through an isopeptide bond (Lydeard et al., 2013). A
“dual E3” mechanism has been proposed for cullin neddylation,
where one E3, RBX1, works as a typical E3 by recruiting both the
cullin substrate and the E2-NEDDS8 intermediate triggering
NEDDS8 ligation, and a second E3, termed co-E3, facilitates
this process (Lydeard et al., 2013; Scott et al., 2010, 2011).
This auxiliary scaffold-like co-E3 function is played by defective
in Cul neddylation protein (DCN) in yeast and DCNL1 to DCNL5
in humans (DCN-like proteins). DCN and DCN-like proteins

Gheck for
Updates

interact with the cullin subunit nearby its neddylation site as
well as the acetylated N terminus of the E2 enzyme (UBC12)
structurally constraining the RBX1-UBC12-NEDD8 complex to
orientations that increase the kinetic efficiency of the NEDD8
conjugation to the right lysine residue (Kurz et al., 2005, 2008;
Monda et al., 2013). Notably, one DCNL protein, DCNL3, has
been shown to be localized to cellular membranes through an
N-terminal lipid-modified motif (Keuss et al., 2016; Meyer-Schal-
ler et al., 2009). Membrane-bound DCNL3 recruits CRLs to
membranes where it contributes to their neddylation (Keuss
et al., 2016; Meyer-Schaller et al., 2009).

The endoplasmic reticulum (ER), the largest membrane-bound
organelle in eukaryotes, is a contiguous structure that extends
from the nuclear envelope to the plasma membrane (Chen
et al.,, 2013; Friedman and Voeltz, 2011; Phillips and Voeltz,
2016). The ER is composed of two main structural units, namely
flat cisternal sheets and reticulated tubules. Whereas the
cisternae are connected to the nuclear envelope and are localized
mostly to the perinuclear region, the tubules form a polygonal
network that extends throughout the cytoplasm. This polygonal
array is highly dynamic as it undergoes rapid and constant reor-
ganizations such as tubule extension and retraction, branching,
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sliding, ring closure, and tubule-tubule fusion. Key elements
of the ER tubule network are three-way junctions, mobile ER
intersections generated by the fusion of one ER tubule tip
with the side of another tubule. Lunapark, a recently identified
factor implicated in ER morphology, is an evolutionarily
conserved transmembrane protein that specifically localizes to
ER three-way junctions. Although Lunapark is thought to stabilize
these junctions and inhibit ring closure (Chen et al., 2012, 2015;
Wang et al., 2016), its function and regulation are still poorly
understood.

Mechanistic target of rapamycin complex 1 (mnTORCH1) is an
evolutionarily conserved serine-threonine protein kinase complex
that controls metabolic processes underlying the growth of cells,
tissues, and organs (Saxton and Sabatini, 2017). In response to
favorable internal and external cues, mTORCH1 is activated to pro-
mote anabolic processes such as protein, lipid, and nucleotide
synthesis, and inhibit catabolic processes like autophagy. Two in-
dependent conditions have to be achieved to activate mTORC1.
First, mMTORC1 has to transiently translocate to the lysosomal
membrane in response to amino acids, a process promoted by
the direct binding of activated Rag GTPases to Raptor, which
forms a stoichiometric complex with mTOR and associates with
the mTOR substrates eukaryotic initiation factor 4E-binding pro-
tein-1 and ribosomal protein S6 kinase (Kim et al., 2008; Manifava
et al., 2016; Sancak et al., 2008; Sekiguchi et al., 2001). Second,
lysosome-localized mTORC1 has to interact with Ras homolog
enriched in brain (Rheb), a small GTPase that is activated in
response to growth factors. Thus, the lysosome represents the
cellular hub where the amino acid- and growth factor-sensing ma-
chineries intersect to activate mTORCA1.

In this study, we have carried out a screen aimed at the iden-
tification of CRL substrates that are specifically ubiquitylated at
cellular membranes. We specifically focused on CRL3 com-
plexes, members of a subclass of Cullin-RING ubiquitin ligases
composed of the cullin scaffold Cul3 and a broad-complex,
tramtrack, and bric-a-brac (BTB) protein as a substrate recep-
tor subunit. Using this screen, we identified the ER-shaping
protein Lunapark as a substrate of CRL3Y"HM2 a ubiquitin
ligase complex containing the BTB protein kelch like family
member 12 (KLHL12) as substrate receptor (Angers et al.,
2006; Jin et al., 2012; Rondou et al., 2008). To investigate the
biological function of Lunapark ubiquitylation, we have ex-
pressed a ubiquitylation-resistant Lunapark mutant in cultured
cells as well as in zebrafish embryos. The results of these
studies are herein presented.

RESULTS

A Proteomic Approach for the Identification of CRL
Substrates that Are Ubiquitylated at Cellular
Membranes

To systematically identify targets of the CRL3 ubiquitin ligase
complexes that are ubiquitylated locally at cellular membranes,
we performed affinity-purification and mass spectrometry anal-
ysis of CULS3 variants bearing, at their N termini, the lipid-modi-
fied motif (N11) of DCNLS, a co-E3 that contributes to the neddy-
lation of CRL complexes at membranes (Keuss et al., 2016; Kurz
et al., 2005, 2008; Meyer-Schaller et al., 2009; Monda et al.,
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2013; Scott et al., 2010, 2011). A schematic representation of
the experimental design is shown in Figure 1A. The presence
of the lipid-modified motif of DCNL3 at the N terminus of CUL3
is sufficient to stably recruit CUL3 to the plasma membrane
and endomembranes (Figures 1B and S1) (Meyer-Schaller
et al., 2009). To increase the stability of the CUL3-BTB protein-
substrate complexes, the lipid-modified motif (N11) of DCNL3
was fused to two CUL3 mutants encoding the first 199 or 225
N-terminal amino acid residues (CUL3-N199 and CUL3-N225,
respectively), which are unable to interact with RBX1. We ex-
pressed FLAG-tagged N11-CUL3-N199 or N11-CUL3-N225 as
well as FLAG-tagged CUL3-N199 or CUL3-N225 without the
lipid-modified motif (N11) in HEK293T cells and purified CUL3
immunoprecipitates, which were then analyzed by mass spec-
trometry. In addition to 51 BTB proteins and the RING-finger pro-
tein RBX1 (Figure 1C), which are known to directly bind CUL3
within the CRL3 complex, and various components of the CSN
complex that play a regulatory role (not shown), we recovered
numerous CRL3 candidate substrates. At least three of them
(i.e., GBB1, GBB2, and ACLY) are known CRLS3 targets (Bertocci
et al., 2017; Brockmann et al., 2017; Zhang et al., 2016). Among
the top 21 hits that were enriched in the pull-down of membrane-
bound CULS3 (Figure 1D), 19 proteins are (1) described multi-
pass or single-pass membrane proteins, (2) reported to contain
putative transmembrane domains, or (3) found associated to
the plasma membrane or membranes of various cellular organ-
elles (The UniProt Consortium, 2017).

Lunapark Is Ubiquitylated by the CRL3X-"-'2 Ubiquitin
Ligase Complex

Among the proteins found enriched in the affinity purification of
membrane-bound CUL3 mutants (N11-CUL3-N199 or N11-
CUL3-N225), we recovered Lunapark (Figure 1D; Tables S1
and S2), an evolutionarily conserved integral membrane protein
involved in network formation of the ER (Chen et al., 2012, 2015;
Goyal and Blackstone, 2013; Moriya et al., 2013; Shemesh et al.,
2014; Wang et al., 2016). The interaction between N11-CUL3-
N225 and endogenous Lunapark was confirmed by immunopre-
cipitation followed by immunoblotting (Figure 2A).

If Lunapark is a substrate of a CRL3 ubiquitin ligase, a specific
BTB protein is expected to bind it and recruit it to CUL3 and the
rest of the CRL3 complex. To identify the BTB protein that inter-
acts with Lunapark, we immunopurified FLAG-tagged Lunapark
from HEK293T cells. Mass spectrometry analysis of immunopre-
cipitated Lunapark identified the BTB protein KLHL12 as well as
the CRL subunits RBX1 and CUL3 (Figure 2B) (Angers et al.,
2006; Jin et al., 2012; Rondou et al., 2008). KLHL12 was the
only BTB protein (out of the 169 BTB proteins encoded by the hu-
man genome) recovered in the affinity purification of FLAG-
tagged Lunapark. The KLHL12-Lunapark interaction was
confirmed by immunoprecipitation followed by immunoblotting
(Figure 2C). Other BTB proteins, namely KLHL18, KCTD11,
and SPOP/BTBD32, did not coimmunoprecipitate with endoge-
nous Lunapark (Figure 2D). A complex with endogenous
Lunapark and KLHL12 was also observed (Figure 2E). These re-
sults suggest that the CRL3"""'2 ybiquitin ligase mediates
Lunapark ubiquitylation. To test this hypothesis, we examined
whether ectopic expression of KLHL12 stimulates Lunapark
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Figure 1. AP-MS-Based Screen to Identify CRL Substrates at Cellular Membranes

(A) Schematic representation of the experimental design aimed at identifying membrane associated CUL3 substrates.

(B) The indicated FLAG-tagged CUL3-N199 (top) and CUL3-N225 mutants (bottom) were expressed in Hela cells. Cells were fixed and analyzed by immuno-
fluorescence with an anti-FLAG antibody. DNA was stained with DAPI (blue). Bar indicates 20 um.

(C and D) Graphical summary of CUL3 interactors, BTB proteins and RBX1 (C) and candidate substrates (D) that were recovered in the cytosolic/nuclear CUL3

pull-down (blue) or in the membrane-bound CUL3 pull-down (green). UniProt entry names are indicated on the X axes. Normalized spectral abundance factors
(NSAFs) are shown on the Y axes.

See also Figure S1 and Tables S1 and S2.
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Figure 2. Lunapark Is a Substrate of the CRL3¥""12 Ubiquitin Ligase

(A) HEK293T cells were transfected with an empty vector (EV) or the indicated FLAG-tagged CUL3 mutants. Whole-cell extracts (WCE) were immunoprecipitated
(IP) with anti-FLAG resin and immunocomplexes were probed with antibodies to the indicated proteins. In all panels, black asterisks mark the FLAG-tagged
proteins both in the IP and in the WCE.

(B) FLAG-tagged Lunapark was expressed in HEK293T cells. Cells were lysed and WCEs were subjected to immunoprecipitation using FLAG beads. Lunapark
immunoprecipitates were then analyzed by mass spectrometry. The number of unique peptides identified by mass spectrometry in Lunapark and control im-
munopurifications is shown.

(C) HEK293T cells, transfected with FLAG-tagged Lunapark, the transmembrane protein TMEM47, and the membrane-bound N11-CUL3-N225 mutant, were
lysed. WCE were immunoprecipitated (IP) with anti-FLAG resin and analyzed by immunoblotting.

(D) HEK293T cells, transfected with an EV or several FLAG-tagged BTB proteins, were lysed. WCE were used for FLAG immunoprecipitation and analyzed by
immunoblotting. Note that the expressed CUL3 mutant does not contain the N-terminal lipid-modified motif and thus, as expected, does not interact with
Lunapark.

(E) WCE from HEK293T cells were immunoprecipitated with an anti-Lunapark antibody. Lunapark immunocomplexes were then probed with antibodies to the
indicated proteins. The red asterisk marks the IgG bands.

(F) HEK293T cells were transfected with HA-tagged Lunapark and MYC-tagged ubiquitin (wild-type [WT] or lysine-less [K-less]), with or without FLAG-tagged
KLHL12. WCE were prepared in denaturing buffer and immunoprecipitated with an anti-MYC antibody. Immunoprecipitates were then immunoblotted to detect
ubiquitylated Lunapark.

(G) Schematic representation of WT KLHL12 and two KLHL12 deletion mutants (top). HEK293T cells, transfected with an empty vector (EV), FLAG-tagged WT
KLHL12 or the indicated KLHL12 mutants, were lysed. WCE were used for FLAG immunoprecipitations and probed for Lunapark binding by immunoblotting
(bottom).

(H) As in (F), except that the KLHL12-AKelch4-6 mutant was also expressed.

See also Figure S2.

ubiquitylation in cultured cells. As shown in Figure 2F, Lunapark ~ S2A). Taken together, these results suggest that Lunapark is a
ubiquitylation is increased upon expression of KLHL12. substrate of the CRL3XM12 ybiquitin ligase complex.

The BTB-Kelch proteins that form CRL3 ubiquitin ligase com- We then examined whether KLHL12-mediated ubiquitylation
plexes contain an N-terminal BTB domain, which mediates their  regulates Lunapark abundance. Treatment of cells with the
interaction with CUL3, and C-terminal Kelch repeats, which are  NEDD8-activating enzyme inhibitor MLN4924, which blocks
required for substrate binding (Pintard et al., 2004). To test cullin neddylation and thus CRL activity, does not lead to Luna-
whether the Kelch repeats of KLHL12 are required for its interac-  park accumulation, but results in the accumulation of the CRL1
tion with Lunapark, we generated two KLHL12 mutants lacking  substrate B-catenin (Figure S2B). Likewise, proteasome inhibi-
either the first three or the last three Kelch repeats and assessed  tion by MG 132 treatment does not have any effect on Lunapark
their ability to coimmunoprecipitate with endogenous Lunapark. abundance or turnover, whereas it leads to stabilization of the
As shown in Figure 2G, the two KLHL12-AKelch mutants do not CRL1 substrates B-catenin and p27 (Figures S2B and S2C).
interact with Lunapark further supporting a substrate-like inter-  Modulation of KLHL12 expression by RNA interference (Fig-
action. Accordingly, the KLHL12-AKelch mutants are not able  ure S2D) or overexpression (Figure S2E) does not result in any
to stimulate Lunapark ubiquitylation in cells (Figures 2H and detectable change in the abundance of Lunapark. During
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mitosis, Lunapark has been shown to be hyperphosphorylated
(Wang et al., 2016). Because it has been suggested that phos-
phorylated Lunapark might be targeted for degradation in
mitosis, we tested the effect of proteasome or CRL inhibition
on the abundance of phosphorylated Lunapark. As shown in Fig-
ure S2F, Lunapark protein levels are not affected by either
MG132 or MLN4924 treatment of mitotic cells. Taken together,
these results demonstrate that Lunapark is ubiquitylated by the
CRL3*H12 ybiquitin ligase, and the CRL3¥-H-'2_dependent
ubiquitylation of Lunapark does not lead to its proteasomal
degradation.

Analysis of the Minimal KLHL12-Binding Domain of
Lunapark

Lunapark contains two N-terminal transmembrane domains
(TMDs) that mediate its insertion into the outer leaflet of the ER
membrane phospholipid bilayer, two TMD-flanking coiled coil
regions, and a C-terminal zinc-finger motif (ZFM) that is essential
for ER morphogenesis in yeast (Figure 3A). To map the KLHL12
binding motif in Lunapark, we generated multiple Lunapark dele-
tion mutants and tested their interaction with endogenous
KLHL12. We found that a proline-rich middle region (M, amino
acids 138-246) in Lunapark is required for its binding to
KLHL12 (Figure 3B). To narrow down the KLHL12 binding motif
in Lunapark, we aligned the M region in different Lunapark verte-
brate orthologs and identified three evolutionarily conserved re-
gions, which we termed M1, M2, and M3 (Figure 3A). A series of
pull-down experiments, in which the Lunapark AM1, AM2, and
AMS3 mutants were expressed in HEK293T cells and immunopre-
cipitated, narrowed the KLHL12 binding motif down to the M2 re-
gion of Lunapark (amino acids 202-210: SAPGGPPER) (Fig-
ure 3C). Accordingly, the KLHL12-mediated ubiquitylation of
the Lunapark AM2 mutant was decreased when compared to
the one of wild-type Lunapark (Figure 3D).

Further characterization of this 9-amino acid region by
alanine-scanning mutagenesis demonstrated that mutation of
the tri-amino-acid stretch SAP to AAA or GGP to AAA
completely abolished Lunapark binding to KLHL12 (Figure 3E).
Each of these tri-amino-acid stretches contains a proline form-
ing a PXXP core, which is known to mediate the interaction to
various domains that recognize proline-rich motifs (Kaneko
et al., 2008). Therefore, we mutated both proline residues (i.e.,
Pro204 and Pro207) to alanine and determined the ability of
the Lunapark(P204A/P207A) mutant to interact with KLHL12.
As shown in Figure 3F, mutations of Pro204 and Pro207
rendered Lunapark unable to interact with KLHL12. Accord-
ingly, Lunapark(P204A/P207A) is not ubiquitylated via KLHL12
in cultured cells (Figure 3G). Altogether, these data show that
a Lunapark proline-rich domain centered on Pro204 and
Pro207 mediates the binding of Lunapark to KLHL12 and its
ubiquitylation.

As an additional approach to characterize the Lunapark-
KLHL12 interaction, we employed immobilized synthetic pep-
tides comprising the KLHL12-binding domain of Lunapark (aa
200-213). A Lunapark peptide containing Pro204 and Pro207 in-
teracted with in vitro translated KLHL12, but not with a different
BTB-Kelch protein (KLHL18), whereas the same peptide in which
Pro204 and Pro207 were replaced by alanine did not associate at
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all, suggesting that Pro204 and Pro207 directly mediate the bind-
ing to KLHL12 (Figure 3H).

These results were further supported by computational molec-
ular docking (Bordner and Abagyan, 2006; Lee et al., 2016;
Neves et al., 2012). The peptide comprising the KLHL12-binding
domain of Lunapark (aa 200-213) docks preferentially (large en-
ergy gap between lowest and next lowest conformation) to a
groove on the molecular surface of KLHL12 with Pro204 and
Pro207 forming the central loop of its interaction surface con-
tacting the Kelch repeats of KLHL12 and Arg210 stabilizing the
loop conformation intramolecularly (Figures 3I-3K). Replacing
Pro204 and Pro207 with Ala and re-docking resulted in displace-
ment of the peptide to a different, predicted conformation and
location on the complex (Figure 3L) and a large reduction in
the calculated energy of binding and the energy gap, indicating
a more transient interaction (Figure 3M).

Lunapark Ubiquitylation Does Not Regulate ER
Architecture and Dynamics

Next, we investigated the biological role of the KLHL12-depen-
dent ubiquitylation of Lunapark. Because Lunapark is involved
in the maintenance of the ER tubular network in mammalian cells
(Chen et al., 2015), we examined whether inhibition of Lunapark
ubiquitylation affects the architecture of the ER network and, in
particular, the relative abundance of its two main morphological
domains (i.e., ER sheets and tubules). To that end, we carried out
live cell imaging analysis in U20S cells expressing moderate
levels of either GFP-tagged wild-type Lunapark or Luna-
park(P204A/P207A) as well as the ER marker Sec61p fused to
mCherry. As shown in Figures S3A and S3B, expression of the
ubiquitylation-resistant Lunapark mutant did not affect the abun-
dance of ER sheets and tubules. To further investigate a possible
role of Lunapark ubiquitylation in the regulation of ER architec-
ture, we generated Lunapark knockout U20S cells by
CRISPR-Cas9 genome editing. We then re-expressed in these
cells moderate levels of either GFP-tagged wild-type Lunapark
or Lunapark(P204A/P207A) (Figures S3C and S3D) as well as
the ER marker Sec61p (fused to mCherry). Cells expressing
GFP-tagged Lunapark(P204A/P207A) did not display any
detectable change in ER architecture when compared to cells
expressing wild-type Lunapark (Figures S3E and S3F). More-
over, both wild-type Lunapark and Lunapark(P204A/P207A)
were detected as puncta with a diameter of 0.5-1 um at three-
way junctions (Figures S3 and S4) suggesting that the
KLHL12-dependent ubiquitylation of Lunapark is not required
for its localization to the ER three-way junctions. The same re-
sults were observed when the expression of KLHL12 was
silenced by RNAI (not shown). We then analyzed the mobility of
these junctions by marking the original position of Lunapark
puncta and measuring the time it takes for each Lunapark puncta
to move out of the circle. As shown in Figure S4, junctions with
Lunapark(P204A/P207A) were as stable as junctions with wild-
type Lunapark. Similarly, we did not observe differences in the
percentage of merging and splitting junctions between cells con-
taining Lunapark(P204A/P207A) and the ones containing wild-
type Lunapark (Figure S4). Finally, inhibition of the KLHL12-
dependent ubiquitylation of Lunapark does not affect Lunapark
ability to form oligomers (Figure S5).
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Figure 3. Identification of the KLHL12 Binding Site in Lunapark

(A) Top: schematic representation of WT Lunapark and the deletion mutants generated (TMD, transmembrane domain; CC, coiled-coil; ZFM, zinc-finger motif).
Bottom: alignment of the Lunapark M (middle) region in vertebrate species. The evolutionarily conserved regions M1, M2, and M3 are boxed in red. Point mutants
generated for alanine-scanning analysis are shown.

(B and C) HEK293T cells were transfected with an EV, HA-tagged WT Lunapark, or the indicated Lunapark mutants. WCEs were IP with anti-HA resin, and
immunocomplexes were probed with antibodies to the indicated proteins. In allimmunoblot panels, white and black asterisks mark the HA-tagged proteins in the
IP and in the WCE.

(D) Ubiquitylation of Lunapark by KLHL12. HEK293T cells were transfected with HA-tagged Lunapark (WT or AM2 mutant), FLAG-tagged KLHL12, and MYC-
tagged ubiquitin. WCE were prepared in denaturing buffer and identical aliquots were immunoprecipitated with antibodies directed against MYC. Immuno-
precipitates were then immunoblotted to detect ubiquitylated Lunapark.

(E and F) As in (B) and (C).

(G) As in (D), except that the indicated Lunapark mutant was transfected instead of Lunapark AM2.

(H) In vitro binding between KLHL12 and a Lunapark peptide spanning Pro204 and Pro207. **S-KLHL12 and KLHL18 were transcribed/translated in vitro and
incubated with beads coupled to a peptide spanning Pro204 and Pro207 or the same peptide in which Pro204 and Pro207 were replaced by alanine.

(I) Electrostatic surface rendering of KLHL12 with Lunapark WT peptide (black) with key residues highlighted: prolines whose substitution with alanines abrogates
binding (yellow); arginine forming intramolecular bridge (blue).

(J) Ribbon representation of the Kelch domain of crystallized KLHL12 (PDB: 2VPJ; blue, N terminus; red, C terminus) and the predicted binding conformation of
the Lunapark peptide.

(K 'and L) 90° anterior rotation of KLHL12 docking with Lunapark WT (K) or Lunapark(P204A/P207A) (L) peptide.

(M) Histogram of lowest energy conformation docking scores and energy gaps (Grigoryan et al., 2012) for Lunapark WT and the Lunapark(P204A/P207A) mutant
peptides.

Lunapark Binds mTORC1 at ER Three-Way Junctions

The mass spectrometry analysis of endogenous proteins that
copurified with FLAG-tagged Lunapark revealed the presence
of peptides of mechanistic target of rapamycin (mMTOR) and
its cofactor mLST8 (Figure 4A). We confirmed the binding of
ectopically expressed Lunapark to endogenous mTOR and
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mLST8 by coimmunoprecipitation (Figure 4B). A complex
with endogenous Lunapark and mTOR was also detected by
either immunoprecipitating Lunapark (Figure 4C) or mTOR (Fig-
ure 4D). However, neither Raptor nor Rictor, complex-specific
subunits of MTORC1 and mTORC2 respectively, were detected
by immunoblotting or mass spectrometry in the Lunapark
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Figure 4. Lunapark Binds mTORC1 at ER Three-Way Junctions

(A) FLAG-tagged Lunapark was expressed in HEK293T cells and immunoprecipitated. Immunocomplexes were then analyzed by mass spectrometry. The
number of unique peptides identified by mass spectrometry in Lunapark and control immunopurifications is shown.

(B) HEK293T cells were transfected with an EV or HA-tagged Lunapark. WCEs were IP with anti-HA resin, and immunocomplexes were probed with antibodies to
the indicated proteins. In all immunoblot panels, white and black asterisks mark the HA-tagged proteins in the IP and in the WCE.

(C) WCE from HEK293T cells were immunoprecipitated with an anti-Lunapark antibody. Lunapark immunocomplexes were then probed with antibodies to the
indicated proteins. The red asterisk marks unspecific bands.

(D) WCE from parental or LNPK~/~ U20S cells were immunoprecipitated with an anti-mTOR antibody. mTOR immunocomplexes were then probed with anti-
bodies to the indicated proteins. The red asterisks mark unspecific bands.

(legend continued on next page)
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immunoprecipitation. As NP40 (used in the affinity purification-
mass spectrometry [AP-MS] shown in Figure 4A) and Triton
X-100 (used in the pull-down shown in Figures 4B-4D) are known
to disrupt the Raptor-mTOR and Rictor-mTOR interactions (Hara
et al., 2002; Kim et al., 2002; Sarbassov et al., 2004), we immu-
noprecipitated Lunapark in the presence of the reversible cross-
linker dithiobis(succinimidyl propionate) (DSP) which was shown
to preserve both the Raptor-mTOR and Rictor-mTOR interac-
tions (Hara et al., 2002; Kim et al., 2002; Sarbassov et al.,
2004). Using these experimental conditions, we found that
Raptor is also part of the Lunapark-mTOR-mLST8 complex
that was pulled down from cell lysates (Figure 4E).

Next, we examined the ability of various Lunapark mutants to
coimmunoprecipitate with endogenous mTOR and mLST8. Two
Lunapark mutants that are still localized to the ER but do not
concentrate at the ER three-way junctions due to the deletion
of either of the two coiled-coil regions (CC1 or CC2) adjacent
to the transmembrane motifs (Figure 3A) (Wang et al., 2016;
Zhao et al., 2016) do not interact with mTOR and mLST8 (Fig-
ure 4F and 4G). Similarly, a Lunapark mutant that lacks the N-ter-
minal myristoylated Gly2, and consequently is not localized to
the ER, is unable to coimmunoprecipitate with mTOR and
mLST8 (Figures 3A, 4F, and 4G). Taken together, these results
indicate that the localization of Lunapark to ER three-way junc-
tions is required for its binding to mTORCA1.

mTORC1-Positive Lysosomes and Late Endosomes
Form Contact Sites with Lunapark-Containing Three-
Way Junctions

We then characterized the Lunapark-mTOR interaction in
cultured cells. First, we detected, by in situ proximity ligation
assay (PLA), the interaction between endogenous mTOR and Lu-
napark stably re-expressed (at physiological levels) in LNPK™/~
U20S cells generated by CRISPR-Cas9 technology (Figures
5A-5C and S3C). No signal was observed when only one anti-
body was used in these cells or when both antibodies were
used in LNPK~'~ U20S cells. Notably, in situ PLA carried out
in cells expressing GFP-Sec61f showed PLA puncta (marking
the mTOR/Lunapark interaction) at ER three-way junctions (Fig-
ure 5D). Second, we examined the localization of Raptor, the
complex-specific subunit of mMTORC1, and Lunapark by live
confocal fluorescence microscopy. U20S cells were transfected
with mCherry-Raptor and GFP-Lunapark and imaged by live
confocal fluorescence microscopy. As shown in Figure 5E,
Raptor-positive puncta were detected adjacent to Lunapark-
positive puncta at the cell periphery where both signals can be
well resolved.

The recruitment of mTORC1 to the membrane of lysosomes
and late endosomes (LyLEs) via the Rag guanosine triphospha-
tases (GTPases) in response to amino acids is an obligate step
in the activation of MTORC1 (Saxton and Sabatini, 2017). Once
at the LyLE surface, mTORC1 interacts with GTP-bound Rheb,
which unlocks the kinase activity of mTORC1 triggering phos-
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phorylation of its substrates. Because active mTORC1 is local-
ized to the LyLE membrane, we tested whether ER three-way
junctions (where Lunapark resides) and LyLEs (where mTORC1
is recruited and activated) make contact. To visualize the ER
and LyLEs, U20S cells were co-transfected with mCherry-
Sec61p (an ER marker) and GFP-LAMP1 (a LyLE marker). ER
and LyLEs were then imaged by live confocal fluorescence mi-
croscopy at the cell periphery where both organelles can be
well resolved (Figure 5F). LyLEs were found to be in close prox-
imity to, or in contact with, tubular regions of the ER and asso-
ciated with ER three-way junctions. This association was dy-
namic and variable as LyLEs transiently made contact and
overlap with ER three-way junctions and tubules before disso-
ciating and contacting the ER elsewhere. Examples of LyLE-ER
contacts are shown in Figure 5F. We could distinguish between
LAMP1-positive structures that overlap with ER three-way junc-
tions (top), are in apposition with three-way junctions (middle),
or partly overlap (bottom). Accordingly, when we imaged cells
expressing mCherry-LAMP1 and GFP-Lunapark, we observed
Lunapark-positive puncta contacting LAMP1-positive struc-
tures (Figures 5G and 5H). Finally, live cell imaging analysis of
triple-labeled U20S cells expressing GFP-Lunapark, BFP-
KDEL (ER marker), and mCherry-LAMP1 (lysosome marker)
confirmed that Lunapark-positive ER three-way junctions and
LyLEs make contact (Figure S6). Of note, we observed LyLEs
associating with ER regions that contain Lunapark (mostly
at the ER three-way junctions) as well as LyLEs associating
with ER regions that do not contain Lunapark (not at ER
three-way junctions) in agreement with previous studies (Row-
land et al., 2014).

Inhibition of Lunapark Ubiquitylation Affects Lysosomal
Recruitment of mMTORC1

Next, we assessed whether the KLHL12-dependent ubiquityla-
tion of Lunapark affects mTORC1 translocation to the lysosomal
membrane. We employed Lunapark-knockout U20S cells
(generated by CRISPR-Cas9 technology) transduced with lenti-
viruses expressing physiological levels of either HA-tagged wild-
type Lunapark or the Lunapark(P204A/P207A) mutant that is un-
able to interact with KLHL12 and be ubiquitylated (Figures 6A
and S3D). These cells were stimulated with amino acids and
immunostained for endogenous mTOR and the lysosome marker
LAMP2 (Sancak et al., 2010). In cells expressing wild-type Luna-
park, mTOR colocalized with LAMP2 in the presence, but not in
the absence of amino acids where mTOR was dispersed
throughout the cytoplasm (Figure 6B-C). Cells expressing Luna-
park(P204A/P207A) displayed increased amino acid-induced
colocalization of mTOR with the lysosomal surface (LAMP2)
when compared with control cells.

As the translocation of mMTORC1 to the lysosomal membrane
triggers its activation, we analyzed whether the KLHL12-medi-
ated ubiquitylation of Lunapark affects mTORC1 signaling activ-
ity. Compared to nutrient-stimulated cells expressing wild-type

(E) As in (B) except that the reversible crosslinker dithiobis(succinimidyl propionate) (DSP) was used.
(F) As in (B) except that the indicated Lunapark mutants (described in Figure 3A) were also expressed.
(G) U20S cells expressing HA-tagged WT Lunapark or the indicated Lunapark mutants (as in E) were fixed and immunostained for HA (green) and the ER marker

calreticulin (red). Scale bar indicates 5 um.
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Figure 5. mTORC1-Positive LyLEs Form Contact Sites with Lunapark-Containing Three-Way Junctions

(A) Parental, LNPK /=, or LNPK '~ U20S cells re-expressing HA-tagged WT Lunapark were lysed. Whole cell extracts were analyzed by immunoblotting with
antibodies specific for the indicated proteins.

(B) In situ PLA of LNPK~'~ U20S cells or LNPK ™'~ U20S cells re-expressing HA-tagged Lunapark probed with the indicated antibodies. Cells were counter-
stained with an anti-a-tubulin-FITC-conjugated antibody. The cell genotypes and the antibodies utilized are indicated on top. Scale bar indicates 10 pm.

(C) Quantification of (B). p values <0.0001 are indicated with four asterisks.

(D) As in (B), except that cells were transfected with GFP-Sec61p to visualize the ER network and not counterstained. Left and middle panels show two LNPK ~/~ +
Lunapark-HA cells with PLA puncta localized to three-way junctions (pointed by white triangles, both anti-mTOR and anti-HA antibodies are employed). The right
panels show a LNPK '~ cell stained with both antibodies (anti-mTOR and anti-HA). Scale bar indicates 2 pm.

(E) Live cell epifluorescence images and relative magnification insets of U20S cells expressing mCherry-Raptor and GFP-Lunapark. Scale bar indicates 10 um.
Corresponding line-scan graphs of the relative fluorescence intensities of GFP and mCherry along the line indicated in the images are shown (bottom). The top
line-scan graph corresponds to the left dotted line whereas the bottom line-scan graph corresponds to the right dotted line.

(F) As in (E), except that U20S cells express mCherry-Sec61f and GFP-LAMP1. LAMP1 positive structures that overlap with ER three-way junctions (top), are in
apposition with three-way junctions (middle) or partly overlap (bottom) are shown.

(G) As in (E), except that U20S cells express mCherry-LAMP1 and GFP-Lunapark.

(H) Percentage of mCherry-LAMP1 puncta that show overlap, association/proximity, or no association with GFP-Lunapark (n = 438).

See also Figures S3 and S6

Lunapark, nutrient-stimulated cells expressing Lunapark(P204A/
P207A) displayed increased degree and duration of mTORC1
activation as measured by phosphorylation of the mTORC1 sub-
strate S6-kinase (Figures 6D and 6E). Of note, the pattern of S6K
phosphorylation looks alike in parental U20S cells and LNPK ™/~
U20S cells reexpressing wild-type Lunapark indicating that the

increased mTORCH activity observed in LNPK ™~ U20S cells re-
expressing Lunapark(P204A/P207A) is not due to its overexpres-
sion. To rule out that the observed phenotype may result from the
expression of a non-functional Lunapark protein caused by the
Pro204/207 substitution that could impair protein structure and
function, we prevented Lunapark ubiquitylation in U20S cells
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Figure 6. KLHL12-Dependent Ubiquitylation of Lunapark Limits mTOR Targeting to the Lysosomes and mTORC1 Activation

(A) Parental, LNPK~'~, or LNPK ™'~ U20S cells re-expressing WT Lunapark or Lunapark(P204A/P207A) were lysed. WCEs were then analyzed by immunoblotting.
(B) LNPK ™'~ or LNPK ™'~ U20S cells re-expressing (by lentiviral transduction) either WT Lunapark or Lunapark(P204A/P207A) were starved of amino acids for
50 min and then re-stimulated for 10 min. Cells were then fixed and immunostained for endogenous mTOR (green) and the lysosomal marker protein LAMP2 (red).
Colocalization panels show overlapping LAMP2 and mTOR signals. Scale bar indicates 10 pm.

(C) Quantification of mMTOR/LAMP2 colocalization shown in (B). Three independent experiments were performed (n = 100 for each condition). Mean + SD.
*p < 0.01.

(D) LNPK ™'~ cells re-expressing WT Lunapark or Lunapark(P204A/P207A) were starved of amino acids for 50 min and then re-stimulated for the indicated times.
Cells were collected, lysed, and analyzed by immunoblotting.

(E) As in (D), except that also parental U20S cells were also analyzed.

(F) U20S cells were transfected with either an siRNA targeting KLHL12 or a control siRNA and then treated as in (D). The red asterisk marks an unspecific band.
(G) HEK293T cells were transfected with an EV or N11-CUL3-N199 and lysed. WCE were used for Lunapark immunoprecipitation (employing an anti-Lunapark
antibody) and analyzed by immunoblotting. As additional negative control, cells transfected with an EV were mocked immunoprecipitated using control IgGs. The
red asterisk marks an unspecific band.

See also Figures S3, S4, S5, S6, and S7.

by silencing KLHL12 expression. The phosphorylation of S6-ki-
nase was increased in KLHL12 knockdown cells when
compared with the one in cells transfected with control small
interfering RNA (siRNA) (Figure 6F) indicating that mTORC1 hy-
peractivation results from inhibition of the KLHL12-dependent
ubiquitylation of Lunapark. Moreover, the KLHL12-mediated
ubiquitylation of Lunapark limits mTORC1 activation also in
non-transformed cells. Indeed, as shown in Figures S7A and
S7B, the knockdown of KLHL12 as well as the expression of
the ubiquitylation-resistant Lunapark mutant in hnTERT-RPE cells
results in increased degree and duration of mMTORCH1 activation.

We then tested the effect of blocking Lunapark ubiquitylation
in response to amino acid deprivation. The rationale behind
this experiment was to examine whether cells in which the

10 Cell Reports 37, 107664, May 19, 2020

KLHL12-mediated ubiquitylation of Lunapark is blocked are
insensitive to stimuli or conditions that inactivate mTORC1. As
shown in Figures S7C and S7D, cells expressing Luna-
park(P204A/P207A) display the same kinetics of mTOR inactiva-
tion when compared to cells expressing wild-type Lunapark as
judged by S6K dephosphorylation in response to nutrient with-
drawal. The same results were obtained when we blocked the
activity of mMTORC1 by treating cells with rapamycin (Figure S7E).

Inhibition of Lunapark Ubiquitylation Results in
Neurodevelopmental Defects

To investigate the role of the KLHL12-dependent ubiquitylation
of Lunapark in normal growth and development, one-cell stage
zebrafish embryos were microinjected with mRNA encoding
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wild-type Lunapark or Lunapark(P204A/P207A). No significant
phenotypic alterations in the head, heart, swim bladder, eye,
tail, and fin were identified in injected zebrafish until 5 days
post-fertilization (dpf). However, larvae expressing Luna-
park(P204A/P207A) displayed larger brains when compared to
sibling larvae expressing wild-type Lunapark (Figures 7A and
7B). Interestingly, mTOR signaling has been shown to be critical
in brain development. Loss of function mutations in the tuberous
sclerosis complex TSC1 or TSC2 genes, which lead to dysregu-
lated mTOR activity, are associated with brain lesions, epilepsy,
cognitive impairment, and autism (Luarte et al., 2018; Switon
et al., 2017). Moreover, mTOR hyperactivation resulting from in-
hibition of TSC2 or Depdc5 expression in zebrafish has been
associated with altered locomotion activity (de Calbiac et al.,
2018; Scheldeman et al., 2017). Therefore, we tested whether
blocking Lunapark ubiquitylation affects locomotion activity in
zebrafish. Four dpf larvae injected with wild-type Lunapark or Lu-
napark(P204A/P207A) mRNAs were placed into individual wells
of a 24-well plate and acclimated to a recording chamber. Loco-
motor analysis performed in basal condition did not revealed sig-
nificant differences in activity between the two samples (data not
shown). However, Lunapark(P204A/P207A)-expressing larvae
treated with low doses of the CNS proconvulsant pentylenetetra-
zole (PTZ) displayed increased locomotor activity when
compared to larvae injected with wild-type Lunapark (Figures
7C and 7D). Taken together, our results show that inhibition of
Lunapark ubiquitylation in zebrafish results in megalencephaly
and increased sensitivity to chemical compounds that induce
epilepsy.

DISCUSSION

Our biochemical data indicate that the interaction of Lunapark
with KLHL12 is mediated by the Kelch repeats of KLHL12 and
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Figure 7. Expression of the Ubiquitylation-
Resistant Lunapark Mutant in Zebrafish Re-
sults in Megalencephaly and Sensitizes Ze-
brafish to Pentylenetetrazole (PTZ) Treatment
(A) Dorsal view of a 2 dpf Tg(ElavI3:GCaMP6) embryo
employed for the phenotypic analysis described
in (B).

(B) Tg(Elavl3:GCaMP®6) zebrafish embryos were in-
jected with mRNA encoding WT Lunapark or Luna-
park(P204A/P207A). The brain size of 2 dpf micro-

*% L .
injected embryos was measured and normalized
5 against the body length. Mean + SEM. ***p < 0.0001
(Student’s t test).
4 (C and D) Zebrafish embryos were injected as in (B).
3 Four dpf injected larvae were placed in wells of a flat-
bottom plate. Locomotion analysis was carried out
2] —C as described in the STAR Methods. The graphs show
velocity (C) and distance covered (D) by the injected
1 larvae. Mean + SEM. *p < 0.05, **p < 0.01 (Student’s
0 t test).
N
q/Q
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>
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a Lunapark proline-rich domain centered on Pro204 and
Pro207. These results are supported by computational molecu-
lar docking, which indicates that the peptide containing Pro204
and Pro207 is also structurally and energetically complementary
to the KLHL12 binding groove and is displaced by mutation of
the prolines. Currently we do not know how the KLHL12-Luna-
park interaction is regulated, however, we believe that proline
hydroxylation might control Lunapark binding to KLHL12.
Indeed, we retrieved Lunapark peptides harboring hydroxylated
Pro204 in our mass spectrometry data and found that Pro204,
which is essential for Lunapark binding to KLHL12, lies within a
region matching the canonical X-Pro-Gly recognition sequence
of prolyl 4-hydroxylases (P4Hs), enzymes that catalyze proline
hydroxylation, yielding (2S,4R)-4-hydroxyproline (Hyp) (Gorres
and Raines, 2010; Qi et al., 2008). P4Hs are a2B2 tetramers in
which the a-subunits contain enzymatic activity and a sub-
strate-binding domain, while the B-subunits function as a protein
disulfide isomerase (PDI) that anchors the enzyme to the ER. For
the prolyl hydroxylation reaction P4Hs require a-ketoglutarate
(«KG), which acts as the rate limiting electron donor under nor-
moxic conditions (Gorres and Raines, 2010; Qi et al., 2008).
aKG is the product of the deamination of glutamine, a potent
mTORC1 activator. Indeed during glutaminolysis, glutaminases
catalyze the conversion of glutamine into glutamate, which is
then deamined to «KG (Duran et al., 2013; Jewell et al., 2015; Vil-
lar et al., 2015). The conversion of glutamate to «KG depends on
the allosteric activation of glutamate dehydrogenase (GDH) by
leucine and the metabolism of other amino acids, such as argi-
nine, proline, and histidine, also results in «KG production.
Thus, the KLHL12-mediated ubiquitylation of Lunapark might
be part of a feedback mechanism in which amino acid abun-
dance increases «KG production thus promoting the P4H-
dependent hydroxylation of Lunapark. In turn, hydroxylation of
Pro204 would stimulate Lunapark interaction with KLHL12 and
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Lunapark ubiquitylation, preventing nutrient-stimulated hyper-
accumulation of mMTORC1 on the lysosomal membrane and de-
regulated mTORC1 signaling.

How the KLHL12-dependent ubiquitylation of Lunapark limits
the activation of mTORC1 in response to amino acids is not
known. Our results show that inhibition of Lunapark ubiquityla-
tion decreases its interaction with mTOR (Figure 6G). Interest-
ingly, it has been recently shown that when amino acids are
abundant, mTORCH1 is only transiently associated with the lyso-
somal membrane as it undergoes dynamic binding and release
cycles at the lysosomal surface (Lawrence et al., 2018). This
mechanism prevents mTORC1 hyperactivation by reducing the
amount of time during which mTORCH1 is in direct contact with
its activator Rheb at the lysosomal membrane. One possibility
that needs to be tested is that Lunapark ubiquitylation mediated
by KLHL12 could regulate the accumulation of mMTORC1 to the
lysosomal membrane by affecting its spatial cycling.

Our data demonstrate that inhibition of Lunapark ubiquityla-
tion results in neurodevelopmental defects in D. rerio. Although
Lunapark is ubiquitously expressed, it is present at high levels
in the CNS of mice and chickens during embryo development
and is involved in synaptic vesicle transport in C. elegans
neuronal structures (Ghila and Gomez, 2008). Furthermore, Lu-
napark expression was observed throughout brain development
in both mice and humans as well as in differentiating neural pre-
cursor cells (Breuss et al., 2018). Recently, homozygous muta-
tions in the gene encoding Lunapark have been described in
three children with a recessive neurodevelopmental syndrome
characterized by intellectual disability, psychomotor develop-
mental delay, defects in social interactions, hyperactivity, inat-
tention, and epilepsy (Breuss et al., 2018). Interestingly, hyperac-
tivation of mMTORC1 signaling observed in tuberous sclerosis
complex patients results in epilepsy, neurodevelopmental de-
lays, behavioral problems including attention deficit hyperactiv-
ity disorder, and autism spectrum disorder (Luarte et al., 2018;
Switon et al., 2017). Moreover, mutations in any of the three com-
ponents (DEPDC5, NPRL2, and NPRL3) of the GATOR1 com-
plex, which inhibits mTORC1 signaling by acting as a GAP for
RagA/B, resdults in epilepsy (Marsan and Baulac, 2018).

Although proper ER morphology is key in many cellular pro-
cesses and tissues, axons that require a highly elongated ER
polygonal network are more sensitive to perturbations of the
ER architecture (Luarte et al., 2018). Indeed, the axonal ER
network is essential for vesicular transport from the soma to
the axon growth cone, lipid, and cholesterol synthesis as well
as their trafficking to the synapses, and it is crucial for axonal
Ca?* dynamics. Accordingly, mTOR has been shown to be
essential for neuron development, specifically dendritogenesis,
neuronal physiology, axon guidance, and axonogenesis. An
assessment of the role of Lunapark ubiquitylation in neurons
and its potential implication in neurodegeneration should be
warranted.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-Lunapark Sigma-Aldrich Cat# HPA014205; RRID:AB_2234186
Mouse monoclonal anti-KLHL12 Cell Signaling Technology Cat# 9406; RRID:AB_2797699
Mouse monoclonal anti-FLAG Sigma-Aldrich Cat# F3165; RRID:AB_259529
Mouse Monoclonal anti-HA Biolegend Cat# 901514; RRID:AB_2565336

Rabbit polyclonal anti-GFP

Rabbit polyclonal anti-GBL(mLST8)

Rabbit polyclonal anti-FLAG

Rabbit polyclonal anti-BActin

Rabbit polyclonal anti-AKT

Rabbit polyclonal anti-HA

Rabbit polyclonal anti-phospho-p70-S6K (Thr389)
Rabbit polyclonal anti-p70-S6K

Rabbit polyclonal anti-Raptor

Rabbit monoclonal anti-Rictor

Rabbit monoclonal anti-Deptor/DEPDC6

Rabbit monoclonal anti-mTOR

Mouse monoclonal anti-mTOR

Mouse monoclonal anti-LAMP2/CD107b

Rabbit polyclonal anti-Calreticulin

Mouse IgG, HRP-linked whole Ab (from sheep)
Rabbit IgG, HRP-linked whole Ab (from donkey)
Mouse monoclonal anti-Myc

Torrey Pines Biolabs

Cell Signaling Technology
Sigma-Aldrich

Santa Cruz

Bethyl Laboratories

Cell Signaling Technology
Cell Signaling Technology
Bethyl Laboratories
Bethyl Laboratories

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Merck-Millipore

Novus Biologicals

Abcam

GE Healthcare

GE Healthcare
Sigma-Aldrich

Cat# TP401; RRID:AB_10013661
Cat# 3274; RRID:AB_823685

Cat# F7425; RRID:AB_439687

Cat# sc69879; RRID:AB_1119529
Cat# A302-065A; RRID:AB_1604215
Cat# 3724; RRID:AB_1549585

Cat# 9234; RRID:AB_2269803

Cat# A300-510A; RRID:AB_2182248
Cat# A300-553A; RRID:AB_2130793
Cat# 2114; RRID:AB_2179963

Cat# 11816; RRID:AB_2750575
Cat# 2983; RRID:AB_2105622

Cat# 05-1592; RRID:AB_1977357
Cat# NBP2-22217SS; RRID:AB_2722697
Cat# ab2907; RRID:AB_303402
Cat# NA931; RRID:AB_772210

Cat# NA934; RRID:AB_772206

Cat# M5546; RRID:AB_260581

Chemicals, Peptides, and Recombinant Proteins

Proteasome Inhibitor MG132 Peptide Institute Cat# 3175-V

Lipofectamine RNAIMAX Thermo Fisher Scientific Cat# 13778075

MLN-4924 Active Biochem Cat# 1139

Cycloheximide Sigma Aldrich Cat# C104450

Experimental Models: Cell Lines

Human U20S ATCC Cat# HTB-96; RRID:CVCL_0042
Human HEK293T ATCC Cat# CRL-11268; RRID:CVCL_1926
Human Hela ATCC Cat# CCL-2; RRID:CVCL_0030
Oligonucleotides

Human KLHL12 siRNA targeting sequence Dharmacon Cat# 2958852

Recombinant DNA

mCherry-Sec61pB

Rtn4a-GFP

LAMP1-GFP

LAMP1-mCherry

pAc-GFPC1-Sec61pB
pRK5-HA-mCherry-RAPTOR
PcDNA3-FLAG-FLAG-HA-HA-Lunapark
pHAGE2-EF10-IRES-Lunapark
pcDNA3-2xFLAG-CUL3-N225
pPcDNA3-2xFLAG-CUL3-N225-MB

Addgene plasmids
Addgene plasmids
Addgene plasmids
Addgene plasmids
Addgene plasmids
Addgene plasmids
This paper
This paper
This paper
This paper

Cat# 49155; RRID:Addgene_49155
Cat# 61807; RRID:Addgene_61807
Cat# 34831; RRID:Addgene_34831
Cat# 45147; RRID:Addgene_45147
Cat# 15108; RRID:Addgene_15108
Cat# 73386; RRID:Addgene_73386
N/A
N/A
N/A
N/A
(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
pcDNA3-FLAG-CUL3-N199-MB This paper N/A
pcDNAS-FLAG-CUL3-N199 This paper N/A
pWC7-His-MYC-ubiquitin This paper N/A
pcDNAS-Lunapark-HA This paper N/A
pcDNA-FLAG-KLHL12 This paper N/A

Critical Commercial Assays

QuickChange Site-Directed Mutagenesis Kit Stratagene Cat# 200518
Software and Algorithms

ImagedJ https://imagej.nih.gov/ij/ https://imagej.nih.gov/ij/ ; RRID:SCR_003070

RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Daniele
Guardavaccaro. (daniele.guardavaccaro@univr.it).

Materials Availability
All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer Agree-
ment. Commercially available reagents are indicated in the Key Resources Table.

Data and Code Availability
This article includes all datasets/code generated or analyzed during this study (Tables S1 and S2).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human cells, transfection and drug treatment

HEK293T, HelLa, U20S and hTERT-RPE cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM; Thermo Fisher Sci-
entific) containing 10% fetal calf serum, 100 U/ml penicillin, and 100 pg/ml streptomycin. Cells were transfected by the polyethyle-
nimine (PEI) method. siRNA oligonucleotide against human KLHL12 was purchased from Dharmacon (Clone ID: 2958852) and trans-
fected into cells using Lipofectamine RNAIMAX (Thermo Fisher Scientific) according to manufacturer’s protocol. The following drugs
were used: MG132 (Peptide Institute, 10 uM), MLN4924 (Active Biochemicals, 0.5 uM), and cycloheximide (Sigma-Aldrich, 100 puM).

Zebrafish embryo injections and analysis

Wild-type and transgenic [Tg(ElavI3:GCaMP6)] zebrafish lines were maintained under standard husbandry conditions and mated ac-
cording to standard procedures at the Interdepartmental Centre for Experimental Research (CIRSAL) of the University of Verona.
mRNAs for injection were transcribed using the mMMESSAGE mMACHINE SP6 Transcription Kit (ThermoFisher Scientific-Ambion)
using linearized pCS2+ constructs as template. One-cell stage zebrafish embryos were injected with 2.5 pg of mMRNA [wild-type Lu-
napark or Lunapark(P204A/P207A)] as previously described (Astone et al., 2018). Injected fish were screened to detect the presence
of phenotypic alterations including evident morphological distortion, cardiac edema, abnormalities of head, eye, tail and fin by visual
assessment.

For brain analysis, the Tg(ElavI3:GCaMP6) transgenic reporter line, which displays robust transgene expression in the brain at 2
dpf, was employed (Turrini et al., 2017). Two dpf injected embryos were positioned dorsally in 3% methylcellulose on a microscope
slide. Images were taken using a LEICA MZ16F fluorescence microscope and the Leica Application Suite V4.12 software. The brain
size was measured using the Fiji-Imaged software and normalized against the body length. GraphPad Prism was used to conduct
statistical analysis (Student’s t test). For locomotion analysis, 4 dpf injected larvae were placed individually in wells of a 24-well
flat-bottomed culture dish. Locomotion was tracked for 30 minutes in basal condition followed by 45 minutes of recording after
administration of 1.25 mM pentylenetetrazole (PTZ) at 28.5°C using a DanioVision system (Noldus) consisting of an isolated chamber
with an infrared camera. Both the distance traveled and the velocity of swimming were analyzed using the EthoVision XT-15 loco-
motion tracking software. GraphPad Prism was used for statistical analysis (Student’s t test). Differences were considered significant
if p < 0.05. All experiments were carried in accordance to the ltalian law on animal experimentation (D.L. 4 March 2014, n.26), under
authorization n°186474 (27/05/2019).
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METHOD DETAILS

Plasmids, cloning and lentivirus production

The Cullin-3 deletion mutants CUL3-N199 and CUL3-N225 carrying one or two C-terminal FLAG tags, respectively, were generated
by PCR and subcloned into the pcDNAS3 vector. The membrane-targeted Cullin-3 mutants (CUL3-N199-MB and CUL3-N225-MB)
were constructed by fusing the first 11 amino acids of DCNL3 (Meyer-Schaller et al., 2009) to the N-terminal of the CUL3 deletion
mutants by PCR. Human Lunapark and KLHL12 cDNAs were obtained from GE Healthcare. Lunapark carrying C-terminal
2xFLAG-2xHA or a single HA and KLHL12 carrying an N-terminal FLAG were subcloned into pcDNA3. Deletion mutants of Lunapark
(AMs, AZFM, AC) and KLHL12 (AKelch1-3, AKelch4-6) were generated by PCR and subcloned into pcDNA3. The HA-tagged Luna-
park(P204A/P207A) was generated by site-directed mutagenesis (Stratagene). Lunapark WT, AM2 and P204A/P207A were also
subcloned into pEGFP-N1. mCherry-Sec61 (Addgene plasmids # 49155) and Rtn4a-GFP (Addgene plasmids # 61807) were gifts
from Gia Voeltz, LAMP1-GFP (Addgene plasmids # 34831) was a gift from Esteban Dell’Angelica, LAMP1-mCherry (Addgene plas-
mids # 45147) was a gift from Amy Palmer, pAc-GFPC1-Sec61p (Addgene plasmids # 15108) was a gift from Tom Rapoport, pRK5-
HA-mCherry-RAPTOR (Addgene plasmids # 73386) was a gift from Jie Chen and Taekjip Ha. For lentiviral transduction, wild-type
Lunapark and mutants were subcloned into pHAGE2-EF1a-IRES-puromycin vectors (Wilson et al., 2008). For lentiviral transduction,
HEK293T cells were transfected by the polyethylenimine (PEI) method with the pHAGE2 vector together with packaging vectors en-
coding Gag-Pol, Rev, Tat, and the G protein of the vesicular stomatitis virus (VSV). Supernatants were collected every 48 hours on
two consecutive days starting 24 hours after transfection, filtered and transferred to cells in the presence of polybrene (4 ug/ml).

Identification of CUL3 and Lunapark interactors

HEK293T cells were transfected with pcDNA3-FLAG-CUL3-N199, pcDNA3-2xFLAG-CUL3-N225, pcDNA3-FLAG-CUL3-N199-MB,
pcDNA3-2xFLAG-CUL3-N225-MB or pcDNA3-Lunapark-2xFLAG-2xHA. Cells were harvested and subsequently lysed in lysis buffer
[50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM EDTA, and 0.5% NP-40 plus protease and phosphatase inhibitors]. CUL3 and Luna-
park were immunopurified with anti-FLAG agarose resin (Sigma-Aldrich). The beads were washed and proteins were eluted using
RapiGest SF (Waters). Eluents were subsequently treated with reduction buffer (1 pg/ul dithiothreitol) for 30 minutes and alkylation
buffer (5 ng/pl iodoacetamide) for 20 minutes, followed by Lys-C for 4 hours. Trypsin was then added at the 1:50 ratio and mixture was
incubated overnight at 37°C. Trypsin was quenched by adding trifluoroacetic acid (TFA). The mixture was then subjected to C18 SEP-
PAK desalting.

For MS analysis, peptides were first separated with a C18 column (Zorbax) and introduced by nanoelectrospray into the LTQ Orbi-
trap Elite (Thermo Fisher) and MS/MS in data-dependent decision tree mode (collision-induced dissociation/electron transfer disso-
ciation) as described previously (Low et al., 2014). Raw files were converted to MGF files using Proteome Discoverer version 1.4
(Thermo Fisher). The non-fragment filter was used to simplify ETD spectra and the Top N filter (6 highest peaks admitted per 100
Da) for the CID spectra. All MGF files were submitted to Mascot search engine (version 3.0) via Proteome Discoverer version 1.4.
The spectra were searched against the UniProt Human database (version 2013-07, 20,277 entries). Trypsin/P was chosen as the pro-
tease with 2 missed cleavages, cysteine carbamidomethylation was set as fixed modification; and oxidation of methionine and acet-
ylation of the N terminus of the protein were set as variable modifications. Peptide tolerance was set to 15 ppm and MS/MS tolerance
set to 0.5 dalton. All peptide-spectrum matches (PSMs) were filtered at a Mascot score cutoff at 30. Only PSMs with a minimum
length of 7 amino acids were kept. To normalize spectral count data, we exported the full list with Normalized Spectral Abundance
Factors (NSAF). NSAF is calculated as the number of spectral counts (SpC) identifying a protein, divided by the protein’s length (L), in
turn divided by the sum of SpC/L for all proteins in the experiment.

CRISPR genome editing

To generate LNPK '~ cell lines, two optimal gRNA target sequences targeting both exon 1 and exon 13 (genomic deletion) were de-
signed using the Benchling CRISPR Genome Engineering tool and cloned into pSpCas9(BB)-2A-GFP (PX458). U20S cells were
seeded into 10-cm dishes at approximately 70% confluency and transfected with 2.5 pg of both gRNA-containing PX458 plasmids
using the polyethylenimine (PEI) method. Two days after transfection, GFP-positive cells were sorted using the BD FACSJazz™ cell
sorter, and 20 cells/well were plated in a 96-well plate. One to two weeks later, single cell clones were picked, trypsinized in 0.25%
Trypsin-EDTA for 5 minutes, and plated into individual wells of a 96-well plate for genotyping. Genomic DNA was collected using DNA
lysis buffer (100 mM Tris-HCI pH 8.0, 200 mM NaCl, 5 mM EDTA pH 8.0, 0.2% SDS) supplemented with 10 pg/ul proteinase K.
Genotyping PCRs were performed with GoTaq G2 Flexi DNA Polymerase (Promega), using primers surrounding the genomic target
sites. Positive clones were sequenced to determine the presence of deletion event (LNPK knockout). To further validate the muta-
tional status of candidate clones, single clones were screened for Lunapark expression by immunoblotting.

Biochemical methods

For preparation of cell extracts, cells were washed and collected in ice-cold PBS and lysed in Triton-X lysis buffer (50 mM Tris pH 7.5,
250 mM NacCl, 0.1% Triton X-100, 1 mM EDTA, 50 mM NaF and protease and phosphatase inhibitors) for 30 minutes on ice, followed
by centrifugation for 20 minutes at 4°C. Cell extracts were then submitted to either immunoblotting or immunoprecipitation followed
by immunoblotting. For immunoprecipitation, cell extracts were first precleared by incubation with protein G- or protein A-Sepharose
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beads (Thermo Fisher Scientific) for 45 minutes at 4°C. Precleared extracts were incubated with the indicated antibody for 3 hours at
4°C followed by protein G- or protein A-Sepharose beads for 45 minutes. Beads were washed 4 times with lysis buffer and proteins
were eluted in 5x Laemmli sample buffer [50mM Tris-HCI, pH 6,8, 2% (w/v) SDS, 5% (v/v), B-mercaptoethanol, 0,1% (w/v) bromo-
phenol blue and 1% (v/v) glycerol]. The immunoprecipitation in the presence of the crosslinking agent dithiobis (succinimidyl propio-
nate)(DSP) (Thermo Fisher Scientific PG82081) was performed as previously described (Kim et al., 2002). For immunoblotting,
proteins were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE), transferred onto PVDF membranes (Merck-
Millipore), and incubated with the indicated antibodies. For ubiquitylation assay in cultured cells, HEK293T cells were transfected
with pcDNAS3-Lunapark-HA (WT or mutants), pcDNA-FLAG-KLHL12 (WT or AKelch4-6), or pWC7-His-MYC-ubiquitin (WT or
K-less), as indicated. Forty-eight hours later, cells were treated with MG132 for 4 hours before harvesting. Cells were lysed in
RIPA buffer (25 mM Tris pH 7.5, 150 mM NaCl, 1% NP40, 1% sodium deoxycholate, 0.1% SDS and protease and phosphatase in-
hibitors) and subjected to immunoprecipitation using c-Myc antibody. Ubiquitylated Lunapark was detected by immunoblotting us-
ing an anti-Lunapark antibody.

Antibodies

The following antibodies were used in this study: anti-Lunapark, rabbit polyclonal (Sigma-Aldrich, HPA014205), anti-KLHL12, mouse
monoclonal (Cell Signaling Technology, 9406), anti-FLAG, rabbit polyclonal (Sigma-Aldrich, F7425), anti-FLAG, mouse monoclonal
(Sigma-Aldrich, F7425), anti-HA, mouse monoclonal (Biolegend, 901514), anti-HA, rabbit monoclonal (Cell Signaling Technology,
3724), anti-B-actin, mouse monoclonal (Santa Cruz, sc-69879), anti-Myc, mouse monoclonal (Sigma-Aldrich, M5546), anti-GFP, rab-
bit polyclonal (Torrey Pines Biolabs, TP401), anti-GBL(mLST8), rabbit monoclonal (Cell Signaling Technology, 3274), anti-AKT, rabbit
polyclonal (Bethyl Laboratories, A302-065A), anti-phospho-p70-S6K (Thr389), rabbit monoclonal (Cell Signaling Technology, 9234),
anti-p70-S6K, rabbit polyclonal (Bethyl Laboratories, A300-510A), anti-Raptor, rabbit polyclonal (Bethyl Laboratories, A300-553A),
anti-Rictor, rabbit monoclonal (Cell Signaling Technology, 2114), anti-Deptor/DEPDCS8, rabbit monoclonal (Cell Signaling Technol-
ogy, 11816). Anti-mouse IgG (NA931) and anti-rabbit IgG (NA934) horseradish peroxidase (HRP) conjugated secondary antibodies
were from GE Healthcare. The following primary antibodies were used for immunofluorescence and proximity ligation assays: anti-
HA, mouse monoclonal (Biolegend, 901514), anti-mTOR, rabbit monoclonal (Cell Signaling Technology, 2983), anti-mTOR, mouse
monoclonal (Merck-Millipore, 05-1592), anti-LAMP2/CD107b, mouse monoclonal (Novus Biologicals, NBP2-22217SS) and anti-Cal-
reticulin, rabbit polyclonal (Abcam, ab2907). Alexa Fluor 488-, Alexa Fluor 568- or Alexa Fluor 594-conjugated secondary antibodies
were from Thermo Fisher Scientific.

Immunofluorescence

Cells were seeded on polylysine-L (Sigma-Aldrich) treated glass coverslips and, when specified, transfected with the indicated plas-
mids. One day after transfection, cells were fixed with 4% paraformaldehyde (PFA), permeabilized with 0.1% Triton X-100 in PBS and
incubated with primary antibodies for 1.5 hours at room temperature. Cells were washed three times using 0.5% Tween-20 in PBS
(PBS-T) and incubated with Alexa Fluor 488-, Alexa Fluor 568- or Alexa Fluor 594-conjugated secondary antibodies (Thermo Fisher
Scientific) for 1 hour at room temperature. Cells were washed three times with PBS-T and slides were mounted using the Vectashield
antifade mounting medium (Vector Laboratories). Fluorescence images were acquired on a Leica DM6000 fluorescence microscope
and analyzed using the ImagedJ (NIH) software. The colocalization plugin in Imaged was used to visualize co-localization between two
channels (thresholds were set equal for all images analyzed).

In situ proximity ligation assay (PLA)

Cells were seeded on glass coverslips treated with polylysine-L (Sigma-Aldrich). After 24 hours, cells were fixed with 4% paraformal-
dehyde (PFA) and permeabilized with 0,1% Triton X-100 in PBS. The PLA assay was performed according to the manufacturer’s pro-
tocol (Duolink In situ Red, Sigma-Aldrich DUO92101-1KT). Briefly, following permeabilization, the coverslips were subjected to
blocking, incubation with primary antibodies for 1.5 hours at room temperature, hybridization with PLA probes, ligation, amplification
and counterstaining with mouse monoclonal anti-a-tubulin antibody-FITC (Sigma-Aldrich F2168) before mounting. Fluorescent
images were acquired on a Leica DM6000 fluorescence microscope and analyzed using the ImagedJ software (NIH). The number
of PLA punctae, indicative of a direct interaction between Lunapark and mTOR, were counted for all three conditions (n < 20 cells).
P values were determined by unpaired, two-tailed Student’s t test using Graphpad Prism 7. P values < 0.05 are indicated with one
asterisk, < 0.01 with two asterisks, < 0.001 with three asterisks and < 0.0001 with four asterisks, respectively.

Live cell imaging by spinning disc confocal microscopy

U20S cells were grown in glass bottom dishes and transfected with mCherry-Sec61p, Lunapark-GFP (WT or mutants), mCherry-
Raptor, mCherry-LAMP1 or GFP-LAMP1. One day after transfection, cells were imaged using a Nikon-SD spinning disk confocal
microscope. The movies were generated using the Imaged software (NIH). The multichannel plot profile function in Imaged was
used to obtain line-scan graphs representing the relative fluorescence intensity of the mCherry and GFP channels along the length
(linear distance in pixels) of a line drawn in ImageJ. For triple-labeled live cell imaging, U20S cells were transfected with Lunapark-
GFP, BFP-KDEL (ER marker) and mCherry-LAMP1 (lysosome marker). One day after transfection, cells were imaged using a Leica
TCS SP5 AOBS (Acousto-Optical Beam Splitter) confocal microscope and analyzed using the Imaged (NIH) software.
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In vitro binding assay

In vitro translated 3°S-labeled KLHL12 or KLHL18 were incubated with protein G-Sepharose beads precoupled with the following
Lunapark synthetic peptides: H-DSSAPGGPPERTVT-OH, or H-DSSAAGGAPERTVT-OH for 2 hours at 4°C. Beads were washed
four times with lysis buffer (50 mM Tris-HCI, pH 7.4, 1 mM EDTA, 250 mM NaCl, 0.1% Triton X-100, 50 mM NaF, 1 mM DTT,
0.1 mM NazVO,). Proteins were then eluted with Laemmli buffer for 3 minutes at 95°C and subjected to SDS-PAGE followed by
autoradiography.

Computational molecular docking of Lunapark peptide to KLHL12

A highly accurate, flexible peptide docking method (ICM-Pro, Molsoft LLC, La Jolla CA) was used as previously described (Bordner
and Abagyan, 2006; Lee et al., 2016) to dock Lunapark peptides to KLHL12. Full atom models of Lunapark peptides were docked to
grid potential maps generated from the atomic coordinates of the Kelch repeats of KLHL12 reported in the crystallographic structure
of KLHL12 (Canning et al., 2013). The all-atom model of the peptide was docked into the grid potentials using stochastic global
optimization in internal coordinates with pseudo-Brownian and collective ‘probability-biased’ random moves as implemented in
the ICM-Pro program. For the grids, five types of potentials for the peptide-receptor interaction energy - hydrogen van der Waals,
non-hydrogen van der Waals, hydrogen bonding, hydrophobicity and electrostatics - were precomputed on a rectilinear grid with
0.5 A spacing that fills a 34 A x 34 A x 25 A box containing KLHL12, to which the peptide was docked by searching its full confor-
mational space within the space of the grid potentials. The preferred docking conformation was identified by the lowest energy
conformation in the search.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism was used for statistical analysis (Student’s t test). Sample sizes and p values are indicated in STAR Methods, figures
or figure legends. All images are representative of at least three biological replicates, except where specified in the figure legends.
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Figure S1. Subcellular localization of CUL3 mutants. Related to Figure 1.

The indicated FLAG-epitope tagged CUL3 mutants were expressed in HEK293T cells. Cells
were fixed and analyzed by indirect immunofluorescence with the indicated antibody. DNA was
stained with DAPI (blue). Scale bar indicates 10 um.
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Figure S2. Ubiquitylation of Lunapark does not targeted it for proteasomal degradation.
Related to Figure 2.

(A) HEK293T cells were transfected with HA-tagged Lunapark, MY C-tagged ubiquitin with or
without the indicated FLAG-tagged KLHL12 constructs. Lysates were prepared in denaturing
buffer and immunoprecipitated with an anti-MYC antibody. Immunoprecipitates were then
immunoblotted to detect ubiquitylated Lunapark. Whole-cell extracts (WCE).

(B) HEK293T cells were treated with the NEDDB8-activating enzyme (NAE) inhibitor MLN4924 or
the proteasome inhibitor MG132. Cells were then collected at the indicated times and lysed for
immunoblotting.

(C) HEK293T cells were treated with cycloheximide (CHX) and either the proteasome inhibitor
MG132 or DMSO. Cells were then collected at the indicated times and lysed for immunoblotting.
(D) COSY7 cells were transfected with either a control (CTR) siRNA or siRNA to KLHL12. Forty-
eight hours after transfection, cells were collected and lysed for immunoblotting.

(E) HEK293T cells were transfected with HA-tagged Lunapark and increasing amount of FLAG-
tagged KLHL12. Forty-eight hours after transfection, cells were collected and lysed. Total
extracts were then probed with the indicated antibodies.

(F) Hela cells were treated with nocodazole (16 h), thymidine (24 h), or monastrol (16 h). Cells
treated with monastrol were then incubated with MG132, MLN4924 or DMSO. Cells were then
collected and lysed for immunoblotting.
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Figure S3. KLHL12-dependent ubiquitylation of Lunapark does not control ER
morphology. Related to Figures 5 and 6.

(A) U20S cells were transfected with the ER marker Sec61p-mCherry and either wild type
Lunapark-GFP or Lunapark(P204A/P207A)-GFP and then analyzed by live cell imaging.

(B) Quantification of cells with tubular ER morphology shown in A. Mean % s.d. NS, not
significant (Student’s t-test).

(C-D) Quantification of the immunoblots shown in Figures 5A (C) and 6A (D).

(E) LNPK™ U20S cells were transfected with the ER marker Sec61p-mCherry and either wild
type Lunapark-GFP or Lunapark(P204A/P207A)-GFP and then analyzed by live cell imaging.
(F) Quantification of cells with tubular ER morphology shown in A. Mean + s.d. NS, not
significant (Student’s t-test).
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Figure S4. KLHL12-dependent ubiquitylation of Lunapark is not involved in three-way
junction mobility. Related to Figure 6.

(A) The mobility of Lunapark-containing three-way junctions were analyzed by live cell imaging
in U20S cells expressing Sec61p3-mCherry and either wild type Lunapark-GFP or
Lunapark(P204A/P207A)-GFP. For the sake of clarity only the green channel (GFP) is shown.
Solid circles indicate the Lunapark-GFP-containing junctions that were tracked during a 90-
second period.

(B-E) Quantification of three-way junction mobility. Percentage of: (B) mobile junctions
(Lunapark-positive junctions move at least once out of the circle); (C) stationary junctions
(Lunapark-positive junctions stay within the circle; (D) merging junctions (Lunapark-positive
junctions fuse with other Lunapark-positive junctions; (E) splitting junctions (Lunapark-positive
junctions split into two new Lunapark-positive junctions). Wild type Lunapark-GFP-containing
junctions: n = 161; Lunapark(P204A/P207A)-GFP-containing junctions: n = 224. Parametric and
unpaired t-test with Welch’s correction. NS, not significant.
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Figure S5. Lunapark ubiquitylation does not control its oligomerization.

Related to Figure 6.

HEK293T cells were transfected with HA-tagged Lunapark (WT or the AM2 mutant) and GFP-
tagged Lunapark (WT or the AM2 mutant) as indicated. HA-Lunapark complexes were

immunoprecipitated with anti-HA beads and analyzed by immunoblotting with the indicated
antibodies.
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Figure S6. LyLEs form contact sites with Lunapark-containing three-way junctions.
Related to Figure 5.

(A, B) Live cell epifluorescence images and relative magnification insets of U20S cells
expressing GFP-Lunapark, BFP-KDEL (ER marker) and mCherry-LAMP1 (lysosome marker).
Representative confocal images in which Lunapark is adjacent to LAMP1 (A) or in which
Lunapark partly overlap with LAMP1 (B) are shown. Scale bar indicates 5 um. Corresponding
line-scan graphs of the relative fluorescence intensities of GFP, mCherry, and BFP along the
lines indicated in the images are shown. In (A), the top line-scan graph corresponds to the left
dotted line whereas the bottom line-scan graph corresponds to the right dotted line.
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Figure S7. KLHL12-dependent ubiquitylation of Lunapark limits mTORC1 activation in
non-transformed cells. Related to Figure 6.

(A) hTERT-RPE cells either transduced with an empty lentivirus (EV) or lentiviruses expressing
HA-tagged wild type Lunapark or the Lunapark(P204A/P207A) mutant were starved of amino
acids for 50 minutes and then re-stimulated for the indicated times. Cells were collected and
lysed. Cell lysates were analyzed by immunoblotting with the indicated antibodies.

(B) hTERT-RPE cells were transfected with either an siRNA targeting KLHL12 or a control
siRNA and then treated as in (A). C: exponentially growing control cells.

(C-D) U20S (C) or hTERT-RPE cells (D) expressing either HA-tagged wild type Lunapark or the
Lunapark(P204A/P207A) mutant were starved of amino acids for the indicated times. Cells were
collected and lysed. Cell lysates were analyzed by immunoblotting with the indicated antibodies.
EV: empty vector.

(E) U20S cells expressing either GFP-tagged wild type Lunapark or the
Lunapark(P204A/P207A) mutant were treated with the mTOR inhibitor rapamycin for the
indicated times. Cell lysates were analyzed by immunoblotting with the indicated antibodies.
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