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ABSTRACT

DICER1 syndrome is a pleiotropic tumour predisposition syndrome defined by the presence of
heterozygous germline loss-of-function variants in the DICER1 gene, occurring in persons with a
restricted setof generally well characterised tumour phenotypes. Over the years, various studies
have expanded these DICER1-associated phenotypes, which now includes over 20 tumours or
tumour-like conditions, which include pleuropulmonary blastoma, Sertoli-Leydig cell tumour,
cervical embryonal rhabdomyosarcoma, and multinodular goiter. The various tumours of DICER1
syndrome are rare and display morphologic overlaps with several other neoplasms, giving rise to
diagnostic challenges. DICERI-associated tumours exhibit a distinctive mutation profile with
nearly all tumours harbouring a germline DICER1 loss-of function variant and somatic so-called
“hotspot” variants residing within exons encoding the RNase lllb domain of DICER1. These
hotspot variants affect the metal-ion binding residues that are necessary for processing
microRNA precursor stem-loops into mature single-stranded microRNAs by the DICER1 enzyme.
The DICER1 RNase llla and lllb domains dimerize through hydrophobic interactions and are
stabilized by two “ball and socket” junctions, which bring together the negatively charged side
chains needed to activate the DICER1 enzyme. Previous in vitro cleavage experiments of a RNase
Illa “socket” residue (p. S1344L) has been shown to behave more like a RNase lllb variant than a
RNase llla variant. In this work, we demonstrate the importance of characterizing DICER1
variants in three different contexts: 1) clinical determination, 2) exploration of novel associations
and 3) investigation of DICER1 function.

The first part consisted in studying a series of possible DICER1-associated lesions of diagnostic

uncertainty. DICER1 sequencing validated the diagnosis of five cases and led to re-diagnosis of
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three, thereby providing critical information regarding clinical management, especially for
suspected DICER1 syndrome patients. The second part involved the assessment of a series of
tumours existing outside of the DICER1 syndrome spectrum which harboured biallelic DICER1
variants, followed by the investigation of DICER1-associated non-small cell lung cancers. Analysis
of the DICER1-associated lung cancer cases revealed co-occurrence of DICER1 and CTNNBI1
variants, suggesting an interesting relationship between these two genes as co-occurrence has
been previously seenin other DICER1-associated lung tumours. The third part aimed to evaluate
the effect of various variants affecting “ball and socket” residues on DICER1 cleavage activity by
in vitro cleavage experiments. DICER1 cleavage activity of the “ball and socket” mutants showed
four different cleavage patterns: wild-type cleavage, delayed or reduced cleavage, no cleavage
activity, and trans-acting cleavage, proposing that DICER1 RNase lll interdomain interactions are
needed to maintain synchronization of precursor miRNA processing. miRNA expression profiling
of at least one mutant belonging to each of the cleavage pattern group validated cleavage

findings and also provided insights into pathogenicity of certain mutants.

Findings for this thesis supported the hypothesis that the discovery of DICER1 variants not only
serves a crucial role in proper assessment of possible DICER1-associated tumours with diagnostic
uncertainty, but also serves to identify new associations of DICER1 with neoplasms existing
outside the classical DICER1 syndrome spectrum. Moreover, not only is the identification of
DICER1 variants important for both clinical and investigative purposes, but the evaluation of
various DICER1 variants can help in getting a better understanding of DICER1 RNase Il

interactions in miRNA biogenesis.



RESUME

Le syndrome DICER1 est un syndrome de prédisposition tumourale pléiotropique défini par la
présence de variants germinaux hétérozygotes de perte de fonction (LOH) dans le géne DICER1,
survenant chez des personnes généralement présentant un ensemble restreint de phénotypes
tumouraux bien caractérisés. Diverses études ont élargi les phénotypes associés a DICER1, qui
comprennent maintenant plus de 20 tumeurs ou affections semblables a des tumeurs, dont le
blastome pleuropulmonaire, la tumeur des cellules de Sertoli-Leydig, le rhabdomyosarcome
embryonnaire cervical et le goitre multinodulaire. Les diverses tumeurs du syndrome DICER1
sont rares et présentent des chevauchements morphologiques avec plusieurs autres
néoplasmes, causant des difficultés en ce qui concerne le diagnostic. Les tumeurs associées a
DICER1 présentent un profil de mutation particulier, ou presque toutes les tumeurs sont
porteuses d'un variant germinal LOH de DICER1 et de variants somatiques dites « hotspot »
résidant dans les exons codant pour le domaine RNase lllb de DICER1. Ces variants affectent les
résidus de liaisonauxions métalliques qui sont nécessaires pour couper les tiges-boucles des pré-
miARNs en microARNs simple brin matures par I'enzyme DICER1. Les domaines RNase llla et lllb
de DICER1 se dimérisent par le biais de liaisons hydrophobes et sont stabilisés par deux jonctions
« ball and socket », qui rassemblent les résidus nécessaires a |'activation de DICER1. De
précédentes analyses in vitro de clivage d'un résidu « socket » de la RNase llla (p. S1344L) ont
montré qu'il agitdavantage comme un variant de laRNase lllb que comme un variant de la RNase
[lla. Dans ce travail, nous démontrons |'importance de la caractérisation des variants de DICER1
dans trois contextes : 1) la détermination clinique, 2) I'exploration de nouvelles associations et 3)

|'étude de la fonction de DICER1.



La premiére partie comprenait I’étude une série de Iésions possiblement associées a DICER1 et
présentant une incertitude diagnostique. Le séquencage de DICER1 a permis de valider le
diagnostic de cing cas et a conduit au re-diagnostic de trois d'entre eux, fournissant ainsi des
informations critiques concernant la prise en charge clinique, notamment pour les patients
suspectés de syndrome DICER1. La deuxieme partie a consisté de |'évaluation d'une série de
tumeurs n'appartenant pas au spectre du syndrome DICER1 mais présentant des variants
bialléliques de DICER1, puis en |'étude des cancers du poumon « non a petites cellules » (NSCLC)
associés a DICER1. L'analyse des cas de NSCLC associés a DICER1 a révélé la cooccurrence des
variants DICER1 et CTNNB1, suggérant une relation intéressante entre ces deux genes, cette
cooccurrence ayant déja été observée dans d'autres tumeurs pulmonaires associées a DICERI.
La troisiéme partie avait pour but d’évaluer |'effet de divers variants affectant les résidus « ball
and socket » sur l'activité de clivage de DICER1 par le biais d’analyses invitro de clivage. L'activité
de clivage des mutants « ball and socket » de DICER1 a montré quatre différents schémas de
clivage : clivage canonique, clivage retardé ou réduit, aucune activité de clivage et clivage trans -
actif, proposant que les interactions entre les RNases Ill de DICER1 sont requises pour maintenir
la synchronisation du clivage des pré-miARNs. Le profilage de I'expression des miARNs d’un
mutant appartenant a chacun des schémas de clivage a validé les résultats du clivage et a fourni
des informations sur la pathogénicité de certains mutants.

Les résultats de cette thése ont soutenu I'hypothéese selon laquelle la découverte de variants de
DICER1 joue un réle crucial dans |'évaluation de tumeurs possibles associéesa DICER1 avec une
incertitude diagnostique et sert aussi a identifier de nouvelles associations de DICER1 avec des

tumeurs existanten dehors du spectre classique dusyndrome de DICER1. De plus, |'identification



des variants de DICER1 n’est pas seulement importante a des fins cliniques et de recherche, mais
I'évaluation de divers variants de DICER1 peut aider a mieux comprendre les interactions des

RNases Il de DICER1 dans la biogenese des miARNSs.
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FORMAT OF THE THESIS

This thesis follows the traditional/monograph style and consists of seven chapters. Chapter 1
consists of a literature review with anintroduction to DICER1 syndrome and the DICER1 protein.
It also provides background information needed to explain the rationale, hypotheses, and
objectives of this thesis. Chapter 2 outlines the materials and methods. Chapter 3, which consists
of three sections, presents original research findings, and contains four works that were

published in 2020 and 2021 in Histopathology, American Journal of Surgical Pathology and

International Journal of Gynecological Pathology. Chapter 3 also contains a recent study that has

yet to be published. Chapter 4 comprises a summary of the results and discusses the findings
presented in Chapter 3. Chapter 5 consists of the conclusion and discusses the implications of
the work presented in this thesis as well as the future directions. Chapter 6 contains all

references used in the writing of this thesis. Chapter 7 contains all appendix items.
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1. CHAPTER 1: Introduction
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1.1. DICER1 gene and protein

The human DICER1 gene locus is located on chromosome 14932.13 and consists of 27 exons
encoding for a 1,922 amino-acid long DICER1 protein, a multi-domain ribonuclease (RNase) that
is critical to the biogenesis of mature miRNAs. DICER1 harbours an N-terminal DExD/H-box
helicase domain, a transactivation response RNA-binding protein binding domain (TRBP-BD), a
domain of unknown function (DUF283), a Platform domain, a Piwi-Argonaut-Zwille (PAZ) domain,
two endonuclease Ill domains and a C-terminal dsRBD(4) (Figure 1a). Cryo-electron microscope
reconstructions of DICER1 show that it is shaped like an ‘L’ (Figure 1b), with the PAZ and Platform
domains situated at the ‘head’ of the protein, the two endonuclease domains located at the
lower half of the ‘body’ of the protein (5, 6) and the DExD/H-box helicase domain and TRBP-BD
situated at the ‘base’ of the ‘L’ (Figure 1c). The Platform and PAZ domains contain binding
pockets for the 5’ phosphate and 3’ 2-nt overhang of the dsRNA, respectively(7, 8). The two
endonuclease domains known as the RNase Illa and RNase Illb domains function as an
intramolecular dimer, where the RNase llla domain processes the 3p miRNA from the 3’ strand
of the pre-miRNA and the RNase Illb domain processes the 5p miRNA from the 5’ strand of the

pre-miRNA(8).
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Figure 1: DICER1 protein structure and domains

a Graphical representation of the unfolded DICER1 protein structure. b Spatial organization of
DICER1 according to cryo-electron based reconstructions by MacRae et al.(5). ¢ Domain

organization of DICER1. Adapted from Foulkes et al., Nat. Rev. Cancer, 2014.

1.2. microRNA biogenesis and DICER1 molecular functions

MicroRNAs (miRNAs) are a class of single-stranded non-coding RNAs that range from 17-22
nucleotides in length and plays role in regulating the expression of over 30% of human genes (9).
The majority of miRNAs-encoding genes are transcribed in the nucleus by RNA polymerase Il into
primary miRNAs (pri-miRNAs). Pri-miRNAs are subsequently cleaved by the microprocessor
complex, which is comprised of DROSHA and DiGeorge syndrome critical region 8 (DGCRS)
proteins, into 60-70 nt-long precursor miRNAs (pre-miRNA) stem-loop structures(10). Pre-

miRNAs are then exported by Exportin 5 from the nucleus to the cytoplasm, where they are then

22



further cleaved by DICER1 into a mature miRNA duplex(11-13). Mature miRNA duplex is then
loaded into a member of the Argonaute (AGO) which forms miRNA-induced Silencing Complex
(miRISC). Within the miRISC, the miRNA duplex will undergo strand selection, with a guide strand
being retained and the other passenger strand discarded(14). Strand selection is believed to
select the strand with the less stably paired 5’ end(15, 16). The guide strand will then bind via
perfect base-pairing of the miRNA seed sequence (usually positions 2-8 of the 5’ end of the
miRNA) and imperfect complementary of the 3’ end downstream of the seed sequence to
sequences found in the 3’ UTR of mRNAs causing mRNA degradation or translational

repression(17-20) (Figure 2).
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Apellaniz-Ruiz et al, Genes Chromosomes and Cancer, 2020.
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1.3. Endonuclease Il conservation

Ribonuclease Il (RNase Ill) enzymes are a class of highly conserved endonucleases that
specifically cleave select double-stranded-RNAs (dsRNAs). RNase lll enzymes can be subdivided
into three different families. Class I, represented by the bacterial Aquifex aeolicus RNase Il (Aa-
RNase Ill), contain only a single catalytic endonuclease domain as well as one dsRNA binding
domain (dsRBD). Class 2, represented by the Drosha enzyme, contain two endonuclease domains
and one dsRBD and a long N-terminal segment. Class 3, represented by Dicer-like enzymes,
contain two endonuclease domains, one dsRBD, a N-terminal helicase domain and a PAZ domain.
RNase lll enzymes not only have high conservation of the amino acid sequence but are alsohighly
conserved in secondary and tertiary structures(21, 22). Sequence alignment studies of the RNase
IIl domains have identified a stretch of conserved amino acid residues known as the RNase llI
signature motif, which encompass the catalytic residues of the enzyme (37ERLEFLGDa4in Aa-
RNase Ill) (Figure 3). RNase Il enzymes require divalent ions, namely Mg2* or Mn2* (23-26). Hs-
Dicer is consistent with Mg2?*-dependent activity(4, 5, 27, 28). Studies have reported that class |
enzymes form homodimers while class lland class lllenzymes form intramolecular heterodimers.
The DICER1 RNase llla and RNase lllb domains form two catalytic cores through intramolecular

dimerization(5, 28).
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Figure 3: Sequence alignment of RNase Ill domains

Sequence alignments of three classes of the RNase Ill superfamily. Homo sapiens (Hs-Dicer, Hs-

Drosha), Drosophila melanogaster (Dm-Dicer-1, Dm-Dicer-2), Caenorhabditis elegans (Ce-Dicer,

Ce-Drosha), Schizosaccharomyces pombe (Sp-Dicer, Sp-Pacl), Giardia intestinalis (Gi-Dicer),

Saccharomyces cerevisiae (Sc-Rnt1), Aquifex aeolicus (Aa-RNase lll), Mycobacterium tuberculosis

(Mtb-RNase lll), Thermotoga maritima (Tm-RNase/ll), and Escherichia coli (Ec-RNase ). Residues

shaded in red indicate invariant residues. Residues shadedin blue show 65% conservation and

residues shaded in yellow demonstrate 85% conservation. Red arrows indicate the metal ion-
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binding residues and asterisks (8) indicate the residues involved in RNase Il dimerization.
Residues unique to the RNase lllb domains of Dicers are shaded in magenta. Squared residue
D1713 indicates a metal-ion binding residue that does not interact directly with the Mg?2* ion.

Modified from Takeshita et al. J Mol Biol, 2007.

1.4. “Ball and socket” junction model

Crystallographic and modelling studies of the Aa-RNase lll show that it functions as a dimer and
that the dimer is formed by hydrophobic interactions between two RNase Ill molecules stabilized
by two “ball and socket” junctions(29). The “ball and socket” junctions model proposed by
Blaszczyk et al. consists of two “ball and socket” junctions located at each end, with the “ball”
being the side chain of a specific amino acid residue of one RNase lll, and the “socket” being the
cavity formed by the side chains of five amino acids located on the other RNase domain (Figure
4a). This leads to the formation of a valley between the dimer interface that can accommodate
the double-stranded RNA substrate and which brings together six acidic side chains (E37, E40,
D44, D107 and E110 from one RNase Ill and E64 from the other RNase Ill) needed to create the
catalytic cores of the enzyme(29) (Figure 4b). Blaszczyk et al. have demonstrated that the
catalytic active centers, containing two different RNA cleavagesites, E37/E64 and D44/E110. The
catalytic active site of Aa-RNase lll includes four metal-ion binding residues p.E40, p.D44, p.D107
and p.E110 (equivalent to p.E1316, p.D1320, p.D1561 and p.E1564 in RNase llla of Hs-DICER1 and
p.E1705, p.D1709, p.D1810 and p.D1813 in the RNase Illb of Hs-DICER1, respectively) (Figure 3).

In Hs-Dicer, the metal-ion binding residues of the RNase Illa domain are not observed in patient
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samples, but in vitro studies have shown that the p.D1320A mutant cannot generate mature 3p

miRNAs(21).

(b) A 2

Figure 4: “Ball and socket” junction model of the Aa-RNase lll and acidic residues of the catalytic
active center.

Structure of the Aquifex aeolicus RNase Ill homodimer. a) Dimer interface of the Aa-RNase llI
illustrating Molecule A as surface representation and Molecule B as backbone “worm”. “Ball and
socket” residue side chains are illustrated in Molecule B as stick model. Red arrow indicates the
“ball” residue, F41. Blue circle indicates “socket” in Molecule A formed by the side chains of
V52, V56, L67, S68 and K71. b) Ribbon diagram of Aa-RNase lll dimer with labelled metal ion-

binding residues, E37, E40, D44, D107, E110 on one molecule and E64 on the opposing molecule,
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illustrating the two catalytic centers of the RNase Ill dimer. Modified from Blaszczyk et al.

Structure, 2001.

1.5. DICER1 Syndrome and phenotypes

DICER1 syndrome (OMIM 606241, 601200) is an autosomal dominant pleiotropic tumour
predisposition syndrome that generally manifests in children, adolescents, and young adults. It
is characterized by germline pathogenic variants (GPVs) in the DICER1 gene, and the tumour
phenotypes of the syndrome are manifested when obligatory second hits in DICER1 occur. Its
phenotype typically includes lesions such as pleuropulmonary blastoma (PPB), cystic nephroma
(CN), ovarian Sertoli-Leydig cell tumour (SLCT), cervical embryonal rhabdomyosarcoma (cERMS)
and multinodular goitre (MNG) (30) (Table 1). No founder variants have yet been described in
the DICER1 gene. DICER1 syndrome tumours are characterized by an unusual mutation profile,
whereby almost all tumours are associated with a germline loss of function (LOF) variant and a
somatic hotspot variant localized to exons encoding the RNase lllb domain of DICER1 (19). These
RNase Illb hotspot variants affect almost exclusively the metal-ion binding residues (p.E1705,
p.D1709, p.G1809, p.D1810, p.E1813) that are critical for proper RNase Illb nuclease activity and
thus affect DICER1 cleavage of precursor microRNAs (pre-miRNA) into mature microRNA (miRNA)

products (31) (Figure 5).
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Table 1: DICER1-associated neoplasms. Taken from Gonzdlez et al. Modern Pathology, 2021

Pleuropulmonary blastoma (PPB) and PPB-like neoplasms

Pleuropulmonary blastoma, type |, IR, II, IlI
PPB-like Sertoli-Leydig cell tumor of lung
Pediatric cystic neoplasms and DICER1-sarcoma (anaplastic sarcoma of kidney)
Nasal chondromesenchymal hamartoma
Central nervous system sarcoma with rhabdomyosarcoma/PPB lll-like features
Sertoli-Leydig cell tumor with and without heterologous features and type | PPB-like features
Peritoneal, ovarian and fallopiantube sarcoma with PPB-like features
DICER1-associated cystic hepatic neoplasm with type | PPB-like features
Cervical embryonal rhabdomyosarcoma
Teratoid and primitive neuroepithelial neoplasms
Cervical-thyroid teratoma
Malignant teratoid neoplasm of sacrococcygeal region
Ciliary body medulloepithelioma
Pituitary blastoma
Pineoblastoma
Embryonal tumor with multilayered rosettes
Thyroid
Multinodular hyperplasia (goiter)
Papillary thyroid carcinoma, invasive follicular variant
Follicular carcinoma, pediatric type
Poorly differentiated thyroid carcinoma, pediatric type
Intestine

Hamartomatous polyp with juvenile polyp-like features
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PATHOGENIC & LIKELY-PATHOGENIC (Confirmed Somatic)
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Figure 5: Plot of the pathogenic and likely pathogenic DICER1 alterations published before
January 31st, 2019. Taken from de Kock et al. Hum. Mutat., 2019.

LOH, loss of heterozygosity; NA, not applicable.

1.6. DICER1 alterations in the female reproductive tract (SLCT, aGCT, JGCT, ERMS)

DICER1 pathogenic variants (PVs) have been reported in various tumour types of the female
reproductive tract such as Sertoli-Leydig cell tumours (SLCT), adult granulosa cell tumours (aGCT)
and juvenile granulosa cell tumours (JGCT)(32-34), sex cord-stromal tumours not otherwise

specified (SCST-NOS)(35) and embryonal rhabdomyosarcomas (ERMS) affecting the
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genitourinary tract (36). SLCTs account for less than 0.5% of all ovarian cancer and can occur in
all age groups, but generally occurring in young women with a mean age of 25 years)(37). The
2014 WHO classified them into 3 categories: poorly differentiated SLCTs (PD-SLCT), moderately
differentiated SLCTs (MD-SLCT) and well-differentiated SLCTs (WD-SLCT). Retiform forms have
also been reported. PD-SLCTs and MD-SLCTs can be seen with heterologous elements (cartilage,
skeletal muscle enteric/intestinal epithelium, carcinoid tumour)(38, 39). SLCTs represent the
most common ovarian neoplasm in DICER1 syndrome, with DICER1 GPVs having been reported
at varying percentages (15%-97%)(32, 33, 35, 40, 41). Over 90% of JGCTs are diagnosed in the
first three decades of life (mean age of 13 years)(42) whereas aGCTs occur in peri-menopausal or
early post-menopausal women(43). Approximately 95% of aGCTs harbour the somatic missense,
c.402C>G, p.C134W in the FOXL2 gene(44). This FOXL2 somatic PV has also been reported
occasionallyin JGCTs (32,44) and in SLCTs (45). One study identified activating mutations in AKT1
in 87.5% of JGCTs(46). The distinction between SLCTs and other OSCSTs can be difficult due to
the high morphologic diversity of SLCTs and the lack of distinct immunohistochemical
markers(47, 48) for SLCTs. As differential diagnosis of SLCTs have included aGCTs, molecular
studies have been useful in distinguishing between these tumours. Karnezis et al. have reported
that SLCTs can be subdivided into three molecular subtypes: DICER1/FOXL2 wild-type, DICER1-
mutated and FOXL2-mutated(49). DICER1 PVs are only present in PD-SLCTs and MD-SLCTs and
have not been reported in WD-SLCTs(30, 49). FOXL2-mutated SLCTs were reported in older

patients (median age 79.5 years) compared to DICER1I-mutated tumours (median age 24.5 years).
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DICER1-associated sarcomas arise from many anatomical locations and show histological and
morphological similarities to PPB, regardless of site of origin. Characteristics features of these
tumours can include a subepithelial layer of malignant mesenchymal cells, rhabdomyoblastic
differentiation (embryonal rhabdomyosarcoma) with myogenin and myoD1 positive staining,
anaplasia, chondroid or chondrosarcomatous differentiation and foci of bone/osteoid (50, 51).
Embryonal rhabdomyosarcomas (ERMS) are malignant mesenchymal tumours commonly seenin
childhood(52). EMRS harbouring DICER1 GPVs have been reported in ERMS of the uterine cervix
(cERMS), of the ovary (oERMS) and of the fallopian tube (ftERMS)(2, 53-59). These DICER1-

associated ERMS often exhibit the same features of the DICER1-associated sarcomas.

DICER1 syndrome also features a spectrum of central nervous system (CNS) lesions such as
pituitary blastoma, pineoblastoma, DICERI-associated CNS sarcomas, ciliary body
medulloepithelioma, ETMR-like infantile cerebellar embryonal tumour and PPB type II/IlI
metastases to the CNS(60, 61). DICER1 GPVs have been reported in other CNS tumours, but lack
evidence of genetic association such as medulloblastoma (MB)(62, 63), neuroblastoma (NB)(64),
intracranial medulloepithelioma(65), anaplastic meningeal sarcoma(66), and glioblastoma

multiforme(67, 68).

1.7. DICER1 alterations in the lung (DICER1 and PPB, PB and WDFA)

PPB is the most common primary lung neoplasm in children and is probably the most common
tumour seenin DICER1 syndrome(69). It generally manifests in children younger than 6 years. It

is an aggressive sarcoma of mesenchymal origin that is classified into 4 subtypes: type | regressed
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(type Ir), purely cystic (type 1), mixed cystic and solid (type Il), and purely solid (type Ill). PPBs
progress over time (from type | to Ill). DICER1 GPVs account for approximately 70% of PPBs (70),
and biallelic tumour-specific DICER1 PVs account for approximately 10% of PPB (70). Congenital
pulmonary airway malformation (CPAM) are rare lung lesions affecting the fetal lung. Stocker
pathologic classification subdivides CPAMs into five subtypes originating from different parts of
the airways: Type 0, type 1, type 2, type 3, and type 4. CPAM type 4 is a peripheral cystic lesion
with an epithelial layer of pneumocytes type | and Il, which can be flat or cuboidal. PPB type lis
also a peripherally cystic lesion where the cysts can be lined with cuboidal or columnar
epithelium. PPB type | have a subepithelial layer of primitive round cells resembling the cambium
layer of rhabdomyosarcoma and rhabdomyoblastic differentiation(71). Earlier reports have
reported CPAMs as type | PPB and vice versa(72), given their histological similarities and

indistinguishability by imaging(73).

Fetal lung adenocarcinoma (FLAC) is a rare tumour which accounts for approximately 0.1% - 0.5%
of alllung neoplasms(74, 75). It is categorized into 2 subtypes: low-grade FLAC (L-FLAC) and high-
grade FLAC (H-FLAC)(76). L-FLAC also known as well-differentiated fetal adenocarcinoma of the
lung (WDFA) is commonly seenin patients in the third or fourth decade of life. Itis characterized
by a pure pattern, low nuclear atypia and morule formations, whereas H-FLAC presents at least
50% fetal morphology, lack morule formations and is often associated with conventional lung
adenocarcinomas(76). Molecular profiling of L-FLACs and H-FLACs, have identified DICER1
alterations(77-81) and CTNNB1 variants in several cases of L-FLACs (75, 79-84), but not in H-

FLACs. H-FLACs were found to harbour genetic alterations that are commonly seen in lung
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adenocarcinomas, suggesting that H-FLACs might be specific subtype of lung adenocarcinoma

(77).

Pulmonary blastoma (PB) is a biphasic tumour with malignant epithelial and mesenchymal
components. Biallelic tumour-specific DICER1 alterations have been reported in adult-onset
pulmonary blastoma (PB)(78, 85). In their series, Sekine et al. showed that CTNNB1 variants were
always associated with PBs harbouring morules and that these PBs were predominantly
epithelial(84) and suggestthat these variants play a role in epithelial cell over-growth and morule
formation. Studies of DICER1-related PBs have alsoshown associations with CTNNB1 variants(78,

84, 86, 87) similarly to L-FLACs.

1.8. DICER1 and non-small cell lung cancer

Non-small cell lung cancer (NSCLC) accounts for approximately 85% of all lung cancers. Itincludes
a variety of subtypes, with lung adenocarcinoma and squamous cell carcinoma being the most
predominant ones. NSCLC most commonly contains somatic variants in EGFR (epidermal growth
factor receptor), KRAS (Kirsten rat sarcoma virus), FGFR1 (fibroblast growth factor receptor 1),
MET (mesenchymal epithelial transition factor) and PIK3CA (Phosphatidylinositol-4,5-
Bisphosphate 3-Kinase Catalytic Subunit Alpha) and chromosomal rearrangements affecting ALK

(anaplastic lymphoma kinase), RET and ROS1.
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1.9. DICER1 and trans-acting RNase Ill mutant, p.51344L

As mentioned previously, DICER1-associated tumours have a specific mutation profile with
DICER1 somatic hotspot variants localized to exons encoding the RNase lllb domain of DICER1.
However, we have previously identified a patient with biallelic DICER1 PVs in a Wilms tumour
(WT) for which this was not the case. The patient harboured a germline LOF variant and the
Wilms tumour harboured a somatic variant in the RNase llla domain (c.4031C>T, p.S1344L),
instead of the canonical somatic hotspot variant in the RNase lllb domain(88, 89). This variant
has also been reported in the germline of a patient presenting with a severe subtype of DICER1
syndrome(82). In vitro cleavage experiments have demonstrated that this variant behaves
similarly to a RNase lllb variant than an RNase llla variant (30, 90), i.e., generates an aberrant 5p-
loop intermediate (Figure 6). In Hs-DICER1, the side chain of S1344 residue is a part of the

“socket”. Hs-DICER1 “ball and socket” junction residues are listed in Table 2.

Wild-type RNaspe.EliI?rrzﬁtAation RNasZé]SII]:r:j'Ic-ation p.D1709N
s (not&linically@elevant) (not&linically@elevant) LDl e
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Figure 6: in vitro cleavage assays showing the effect of DICER1 RNase lllaand RNase Illb mutations
on DICER1 cleavage of a radio-labeled pre-miR-122.
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(From left to right) Representative autoradiograph of wild-type DICER1 cleavage pattern showing
production of 5p and 3p microRNA (miRNA) species. Autoradiograph 2 illustrates the RNase llla
variant, p.D1320A (has never been seen in clinical samples) which is unable to produce mature
3p miRNAs and instead produces 5p miRNA and 3p-loop products. Autoradiograph 3 for the
RNase Illa mutation, p.S1344L shows a cleavage pattern analogous to that of a pathogenic RNase
lllb hotspot mutation. Final autoradiograph shows cleavage products of the RNase lllb hotspot
mutation, p.D1709N. Mature 3p is produced. 5p-loop product is produces instead of mature 5p
miRNA. Time points for all radiographs are 0-, 30-, 60-, and 120-min. Figure adapted from de

Kock et al., Hum Mutat, 2019.

Table 2: "Ball and socket" junction amino acid residues in Hs-Dicer

Ball residue Socket residues

M1317 (RNase llla) T1717,Y1721, L1732, T1733, R1736 (RNase lllb)

F1706 (RNase lllb) T1328, F1332, L1343, S1344, R1347 (RNase llla)
1.10. Hypotheses

1.10.1. DICER1 sequencing can be used to resolve tumours with diagnostic uncertainty

| hypothesize that DICER1 sequencing can be used to resolve diagnostic dilemmas for possible
DICER1-associated tumours: i) with differential diagnoses, ii) with unusual diagnoses of the
DICER1 syndrome spectrum, iii) featuring undetermined same or separate origin and iv) featuring

DICER1 GPV in tumours not belonging to the DICER1 syndrome spectrum.
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Given the difficultdistinction between aGCTs andSLCTs, | wished to validate or refute the findings
by Karnezis et al.(49) and see if FOXL2-mutated SLCTs reported in older patients are in fact SLCTs

and not aGCTs.

1.10.2. DICER1 sequencing will identify new associations

Given that adult-onset PBs possess biallelic somatic PVs in DICER1 but have never been reported
to occur in DICER1 syndrome, we hypothesized that DICER1 tumour-only variants could play a
role in other adult-onset tumours, specifically lung cancers, that are not known to be part of
DICER1 syndrome. Given that non-small cell lung cancer (NSCLC) accounts for more than 85% of
all lung cancer cases (91) and the similarities of certain DICER1-associated lung tumours with
NSCLC, it would not be surprising to identify subset of NSCLCs harbouring DICER1 PVs. Though
no drug therapy exists for DICER1 tumours at the moment, the identification of a subset of
DICER1-associated NSCLCs would put forward the possibility of new drug therapies for these lung

tumours if or when a targeted cancer therapy becomes available.

1.10.3. Other RNase Il variants affecting the “ball and socket” junction exhibit trans

effects similar to the p.51344L variant

Sequencing of DICER1 tumours have demonstrated the importance of specific RNase Ill variants
ininitiation and progression of DICER1-associated tumours(91) and crystallographic studies have
demonstrated the importance of “ball and socket” junction residues located in the RNasellla and
RNase lllb domain to overall proper functioning of the DICER1 protein(29, 31, 92). Given previous

studies on DICER1 “ball and socket” junction mutants and the trans-acting cleavage effect of the
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DICER1 “balland socket” junction residue p.S1344L, we hypothesized that other RNase lllvariants
affecting the “ball and socket” junction might disrupt cleavage activity of their respective RNase

Il domain or show trans-acting effects like those of the p.S1344L mutant.

1.11. Objectives

Objectives (SECTION 1):

1) Resolving the 4 subtypes of “diagnostic uncertainty” by sequencing exons encoded in
DICER1 RNase llla and RNase Illb domains

2) Sequence a series of cases comprising SLCTs diagnosed in patients over 50 years of age
for DICER1 and FOXL2 hotspot variants

Objection (SECTION 2):

1) Determine the frequency of DICER1 hotspots in NSCLCs
2) Determine the prevalence of other DICER1 alterations in NSCLCs with DICER1 hotspots

3) Compare the mutational landscape of DICERI-mutated NSCLC with and without hotspots

Objective (SECTION 3):

To further the understanding of the role and interaction of DICER1 RNase Ill domains, | aimed to:

1) Evaluate the impact of specific DICER1 variants affecting residues of the “ball and socket”
junction on microRNA biogenesis by in vitro cleavage assay

2) Investigate the effect of DICER1 RNase Ill mutants which directly affect the DICER1

catalytic activity and the effect of trans-acting “ball and socket” mutants on miRNA

expression profile
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2. CHAPTER 2: MATERIALS AND METHODS
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2.1. Material and Methods: SECTION 1

2.1.1. Collection of patient samples

| received 9 cases for DICER1 testing all referred to us by physicians involved in the respective

cases, which included 1 CPAM type (Table 3).

Table 3: Cases received for DICER1 sequencing

Case Age of diagnosis Pathology Reason for referral
1 11 months CPAM type IV/ PPB type | Differential diagnosis
2 6 years OGCT/SLCT Differential diagnosis
3 41 years SCST-NOS/IGCT Differential diagnosis
4 60 years OERMS Unusual case
5 19 years subtle ERMS Unusual case
6 7 years SLCT Interesting DICER1 germline variant
7* 7 years Right SLCT Bilateral SLCT case
8* 11 years Left SLCT Bilateral SLCT case
9 3 years Medulloblastoma Seen in a DICER1 syndrome patient

* These cases are from a same patient with bilateral SLCT.

CPAM, congenital pulmonary abnormal malformation; ERMS, embryonal rhabdomyosarcoma;
JGCT, juvenile granulosa cell tumour; oERMS, ovarian embryonal rhabdomyosarcoma; OGCT,
ovarian granulosa cell tumour; PPB, pleuropulmonary blastoma; SCST-NOS, sex-cord stromal

tumour not otherwise specified; SLCT, Sertoli-Leydig cell tumour.
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For the second aim of Part 1, | received a series of 10 cases of SLCTs and SCST not otherwise
specified (SCST-NOS) diagnosed in patients over 50 years of age for DICER1 and FOXL2 testing.

The cases included 3 cases of PD/MD-SLCTs, 4 cases of MD-SLCT and 3 cases of SCST-NOS.

2.1.2. DICER1 RNase Il hotspot variant screening

The reference DICER1 sequence used throughout this thesis investigation is NM_177438.2.

Tumour DNA was extracted using QlAamp DNA FFPE Tissue Kit (Qiagen). Screening of the
sequence encoding only the DICER1 RNase llla and lllb domains for hotspot variants in formalin-
fixed paraffin-embedded (FFPE) tumour-derived DNA was performed by PCR amplification using
the primers in Table 3. For section 1 part Il, all SLCTs were screened for the FOXL2 hotspot

variant, c.402C>G, p.C134W using primers in Table 4.

Table 4: Primers for the DICER1 RNase Il hotspot and FOXL2 hotspot

Primer Name Forward Primer Reverse Primer
DICER1-SomVarl0 CTTGAAATGCTTGGCGACTC CAAACCACTTTCAGGCACACT
DICER1-SomVarl GGGGATCAGTTGCTATGTGG CGGGTCTTCATAAAGGTGCT
DICER1-SomVar2 ACTTCGGATCCCCTCAGATT CGATGCAAAGATGGTGTTGT
DICER1-SomVar7 GGCCTTTTTGCTTACAAGTCAC ATTAGTGGCCGCATCATGG
DICER1-SomVar7n TGGCCTTTTTGCTTACAAGTC TCTTTCTAAAGGGAGCCAACA
FOXL2_C132W_1 GAGAAGAGGCTCACGCTGTC GGTAGTTGCCCTTCTCGAAC
FOXL2_C132W_1 CATCCGCCACAACCTCAGCC CGGAAGGGCCTCTTCATGCGG

All PCR reactions were performed using 2.5 pL of 10X PCR buffer, 0.5 pL of 10 mM dNTPs, 0.25
pL of 25 mM MgCls, 1.4 uL of 20 uM primers and 0.2 pL Qiagen Hotstart Taq polymerase in a 25

pL PCR reaction. All PCR reactions were performed using approximately 50 ng of input DNA. PCR
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amplification was done using a touchdown PCR program (95°C for 15 min, (95°C for 20s, 63°C for
20s, 72°C for 30s) for 16 cycles less 0.5°C per cycle, (94°C for 20s, 55°C for 20s, 72°C for 30s) for
28 cycles, 72°C for 7 min, and a 12°C hold) previously described (1, 35, 93).

All samples were Sanger sequenced by the McGill University and Genome Quebec Innovation

Centre (MUGQIC).

2.1.3. Cloning experiment

To determine the phase of the variants identified in case 6, the region of interest was PCR
amplified using Phusion High-Fidelity DNA Polymerase (New England BioLabs) with the following
primer pairs: 5’-GGCCTTTTTGCTTACAAG -3’ and 5’- TCTTTCTAAAGGGAGCCAACA-3’. The PCR
fragment was TA cloned into pCR™4Blunt-TOPO (Invitrogen) following the manufacturer

recommendations. DNA from 20 DNA clones was collected and Sanger sequenced.

2.1.4. Fluidigm Access Array and Whole Exome Sequencing (WES)

All cases that were negative for RNase llla and RNase Illb hotspots were screened using a custom
DICER1 Fluidigm Access Array (94). For section 1 part Il, all SLCTs harbouring no pathogenic
variants in DICER1 were screened by whole exome sequencing using previously described

libraries on a MiSeq sequencer from Illumina (95).
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2.1.5. Pathology review

Pathology review of the CPAM was done Dr Dorothée Bouron-Dal Saglio (DB-DS). Pathology
review of SLCTs was done by the referring pathologist of the case Dr W. Glenn McCluggage

(WGM), Dr Blaise Clarke (BC) and Dr Colin Stewart (CS).

2.2. Material and Methods: SECTION 2 (CARIS samples)

2.2.1. Collection of patient samples and DICER1 screening

We received normal tissue-derived DNA from 14 FFPE tumours sequenced by CARIS Life Sciences
(Phoenix, AZ) and which harboured biallelic DICER1 variants (Table 5). Samples were screened

for suspected germline and somatic DICER1 variants by PCR and Sanger sequenced (93).

2.2.2. CARIS Life Sciences NSCLC data annotation and analysis

To further investigate the associationof DICER1 and NSCLC, we received tumour sequencing data
for 778 DICER1-positive NSCLC cases from the CARIS Life Sciences database containing a total of
12,147 NSCLCs (09/03/2019) sequenced using the Agilent SureSelect XT panel consisting of 592
genes. All DICER1 variants were then classified applying the classification of de Kock et al.(30),
created to identify cases with DICER1 predicted pathogenic variants (PPV). Variant population
frequency was not evaluated. NSCLC cases were broken down according to number of DICER1
PPV and mutation type (truncating variant, hotspot missense, non-hotspot missense and splice
site variant) (Figure 7). Variants characterized as truncating included nonsense and frameshift

variants and splice site variants were those affecting consensus splice sites.
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Table 5: DICER1 biallelic cases from CARIS Life Sciences

DICER1 variants observed

(Extragonadal)

Case | Age | Sex | Submitting Histology | Primary Site Suspected
Hotspot .
) germline
variant .
variant
€.2180delA,
Casel 22 F SLCT Ovary E1813V 0.D727fs
Case 6 56 F SLCT Ovary E1813K p.E1532*
£ —
Case9 | 53 | F ndometrioid Endometrium |  D1709N 0.K1486fs
adenocarcinoma, NOS
End trioid
Case10| 64 | F ndometriol Endometrium |  E1813Q p.R937H
adenocarcinoma, NOS
Case 14| 43 F | Carcinosarcoma, NOS | Endometrium D1709N p.S520I
Case 20| 39 F Adenocarcinoma Lung E1813D p.Q1580*
Case21| 74 F Adenocarcinoma Lung E1813Q p.Ql1614*
. Ascending
Case 22| 60 M Adenocarcinoma colon D1810V p.R201H
Case 24 | 47 F Sarcoma Uterus D1709N €.5095+2T>A
Case 26| 55 F Sarcoma Vagina D1810Y p.S1076fs
Case 27| 39 F Adenosarcoma Endometrium E1813G p.K1123*
p.R1060H;
2 D181
Case 28| 74 F Adenosarcoma Uterus 810Y 0.R821H
Carcinoma, anaplastic, . €.4047_4050
Case 32| 27 F NOS Thyroid gland E1813D +5delinsTT
Yolk t
Case 37| 17 F otksac tumour Endometrium D1810Y p.T350fs
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CARIS
Non-Small Cell Lung Cancer Cases

[ n=12047 )

[ With 21 DICER1 variants J

n=778
Classification Criteria
in silico variant effect prdictions: Classification
CADD CADD score >20 B
If CADD score 220 (i.e. top1% pf the predicted deleteriousness), further classified as follows:
>4 Tolerated B
SIFT 24 Deleterious/damaging
PolyPhen2 3x Deleterious/damaging + 1 Tolerated
FATHMM 3x Deleterious/damaging + 1x Possible Damaging + 1x Tolerated

PROVEAN 3x Deleterious/damaging + 2 Tolerated
M-CAP 2x Deleterious/damaging + 2 Tolerated
2x Deleterious/damaging + 3 Tolerated

Figure 7: Filtering of DICER1-positive NSCLCs from the CARIS Life Sciences database

2.2.3. OncoPrint

OncoPrint analysis explored the mutational landscape of the DICERI-hotspot positive and
DICER1-hotspot negative NSCLC cases from CARIS Life Sciences. OncoPrint included 84 genes
(including DICER1). Other gene hotspots were classified as such if reported in

http://www.cancerhotspots.org/.

2.2.4. Immunohistochemistry of B-catenin

Immunohistochemistry was performed at the Segal Cancer Centre Research Pathology Facility
(Jewish General Hospital) by Naciba Benlimame. Tissue samples were cut at 4-um, placed on
SuperFrost/Plus slides (Leica)and dried overnight at 37°C, before IHC processing. The slides were

then loaded onto the Discovery XT Autostainer (Ventana Medical System). All solutions used for
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automated immunohistochemistry were from Ventana Medical System (Roche) unless otherwise
specified. Slides underwent de-paraffinization, heat-induced epitope retrieval (CC1 prediluted
solution Ref: 950-124, standard protocol). Immunostaining for B-Catenin was performed online
using a heat protocol. Briefly, Mouse Monoclonal anti-B-Catenin (Clone 14, Roche) prediluted,
was auto-applied for 32 minutes at 37°C then followed by the appropriate detection kit
(OmniMap anti-Mouse-HRP, Ref: 760-4310 and ChromoMap-DAB Ref: 760-159). A negative
control was performed by the omission of the primary antibody. Slides were counterstained with
Hematoxylin for 12 minutes, blued with Bluing Reagent for 4 minutes, removed from the
autostainer, washed in warm soapy water, dehydrated through graded alcohols, cleared in
xylene, and mounted with Eukitt Mounting Medium (Eukitt, Fluka Analytical). Sections were
analyzed by conventional light microscopy and analyzed by Dr Paul Thorner (or scanned at 20X

using the Aperio AT Turbo Scanner (Leica Biosystems)).

2.3. Materials and Methods: SECTION 3

2.3.1. DICER1 in vitro cleavage assay

The DICER1 in vitro cleavage assay was used to identify the impact of specific DICER1 variants of
the RNase llla and RNase Illb domains on cleavage of pre-miRNA(95).

The DICER1 mutations that were selected for the assay affect “ball and socket” junction residues
and have never been reported in the literature or any human population or tumour database.

The list of mutations evaluated by in vitro cleavage is listed in Table 6.
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Table 6: DICER1 mutations evaluated by in vitro cleavage assay

Mutation

Forward primer

Reverse Primer

Wild-type

€.3959A>C; p.D1320A

GAAATGCTTGGCGCCTCCTTTTTAAAGC

GCTTTAAAAAGGAGGCGCCAAGCATTTC

¢.5437G>A; p.E1813K

GGCCATGGGGGATATTTTTAAGTCGCTTGCTGGTG

CACCAGCAAGCGACTTAAAAATATCCCCCATGGCC

€.3949 3950ATdelinsGC,
p.M1317A

GCGGCTTGAAGCGCTTGGCGACTCCTTTTTAAAGCA

AGTCGCCAAGCGCTTCAAGCCGCTCCAGGTTAAATCCA

€.3982A>G, p.T1328A

GCATGCCATCGCCACATATCTATTTTGCACTTACCCTGAT

ATAGATATGTGGCGATGGCATGCTTTAAAAAGGAGTCGC

€.3994 3995TTdelinsGC,
p.F1332A

CACATATCTAGCTTGCACTTACCCTGATGCGCATGAGGGC

GGGTAAGTGCAAGCTAGATATGTGGTGATGGCATGCTTTA

c.4031G>T, p.R1347L

GCCTTTCATATATGTTAAGCAAAAAGGTCAGCAACTGTAATC

CTTTTTGCTTAACATATATGAAAGGCGGCCCTCATGC

¢.5116 5117TTdelinsGC,
p.F1706A

CAGCGCTTAGAAGCCCTGGGAGATGCGATTTTGGACTAC

CATCTCCCAGGGCTTCTAAGCGCTGGTAACAATCAGTG

¢.5149A>G, p.T1717A

CTACCTCATAGCCAAGCACCTTTATGAAGACCCGCGGC

AGGTGCTTGGCTATGAGGTAGTCCAAAATCGCATCTCCC

¢.5161_5162TAdelinsGC,
p.Y1721A

AACCAAGCACCTTGCTGAAGACCCGCGGCAGCACTCCCCG

GCGGGTCTTCAGCAAGGTGCTTGGTTATGAGGTAGTCCAA

€.5197 5198CdelinsCT,
p.T1733L

GGGGGTCCTGCTAGACCTGCGGTCTGCCCTGGTCAA

ACCGCAGGTCTAGCAGGACCCCCGGGGAGTGCTGCCGC

€.5207G>T, p.R1736L

GACAGACCTGCTGTCTGCCCTGGTCAACAACACCATCTT

ACCAGGGCAGACAGCAGGTCTGTCAGGACCCCCGGG
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2.3.2. Introduction of mutations in pQCXIB-FLAG-DICER1 by site-directed mutagenesis

All point mutations were generated by site-directed mutagenesis (SDM). Briefly, PCR (95°C for
5 minutes, (95 °C for 30 seconds, 60°C for 1 minute, 68°C for 20 minutes) x5, (94°C for 30 seconds,
66°C for 1 minute, 72°C for 20 minutes) x 11, 72°C for 7 minutes, 10°C hold) using the pQCXIB-
FLAG-DICER1 construct as a template according to Wu (96). The SDM primers are listed in Table
6. Four 50 puL-PCRreactions were performed for each mutation. The PCR products were digested
with 1 uL Dpnl restriction enzyme (New England Biolabs) per PCR reaction at 37°C for 4 hours to
remove the bacterial template. PCR products were pooled and column-concentrated by adding
1 volume of isopropanol and 5 volumes of PE buffer (10 mM Tris-HCl pH 7.5, 80% ethanol),
transferring to a DNA column (Bio Basic), spinning at 13,000 rpm for 1 minute, discarding the
flow-through, washing the column with 750 pL PE buffer, centrifuging at 13,000 rpm for 1 minute,
discarding the flow-through, centrifuging at 13,000 rpm for 1 minute to dry and eluting in 50 pL

dH20.

10 pL of the SDM concentrated PCR product was used to transform 100 uL of One Shot™ TOP10
competent E. coli (Invitrogen) by heat-shock (incubate on ice for 30 minutes, 42°C for 45 seconds,
on ice for 2 minutes, add 250 pL SOC medium (Invitrogen) and incubate with shaking at 37°C for
60 minutes, centrifuge at full speed for 1 minute, remove the most of the supernatant, resuspend
the pellet in the remaining supernatant, plate on LB + ampicillin plates and incubate at 37°C
overnight. Clones of the pQCXIB FLAG-DICER1 constructs were inoculated, mini-prepped using
the QiaPrep Spin Miniprep Kit (Qiagen)and Sanger sequenced to confirm that the desired variant

was obtained.
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2.3.3. Generation of stable HEK293 cell lines expressing FLAG-DICER1 protein mutants

pQCXIB constructs were then used to generate retroviruses for transduction of HEK 293 (human
embryonic kidney cells) cells to generate FLAG-tagged DICER1 protein. Virus was generated in
HEK 293T cells grown to ~25% confluence in a 6-well plate according to protocol described by
Wu (96): 2 ug of pQCXIB construct + 200 pL Optimem (LifeTechnologies) + 2 ug of pUMVC + 1 pg
VSV-G and 24 puL polyethylenimine (1 mg/mL) were added together and incubated at room
temperature (RT) for 5 minutes. 1000 pL of Optimem was added to the construct mixture and
incubated for 10 minutes at RT. Media was removed from HEK 293T cells, replaced with 500 plL
of the construct mix, and incubated at 37°C for 5 hours. Construct mix was removed and replaced
with 2 ml DMEM (Wisent) supplemented with 10% FBS (Wisent) and 1% penicillin/streptomycin
(LifeTechnologies) and incubated at 37°C for 48 hours. Supernatant was collected and filtered
(0.45 um) and added dropwise to infect HEK 293 cells grown to ~ 25% confluence in a 6-well plate
with 2 uL polybrene (4 mg/mL). HEK 293 cells were infected a second time the following day.
HEK 293 cells were selected for virus retention using blasticidin (10 ug/mL) and propagated in

culture.

2.3.4. Immunoprecipitation of DICER1-FLAG tagged mutant protein

DICER1 protein used in the in vitro cleavage was isolated by FLAG immunoprecipitation. HEK 293
cells were grown to near confluence in 15 cm dishes, rinsed twice with PBS, scrapped, centrifuged
at 1200xg for 3 minutes. Supernatants were discarded and the cell pellets were frozen at -80°C.
Cells were lysed in 5 pellet volumes of NP-40 lysis buffer (20 mM Tris-HCl pH7.6, 150 mM NaCl, 1
mM EDTA, 0.4% (v/v) NP-40, complete protease inhibitors (Roche), vortexed, placed on a rotator
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for 1 hour at 4°C, vortexed again, centrifuged at max speed for 15 minutes. Pre-cleared lysates
were incubated with 50 pL of washed FLAG M2 agarose resin (Sigma) overnight at 4°C. FLAG-M2
slurry was washed 2x with NP-40 lysis buffer, then washed 2x with IP wash buffer (20 mM Tris-
HCl pH7.6, 300 mM NaCl, 1 mM EDTA ,0.4% NP-40, and then washed 2x with DICER1 storage
buffer (20 mM Tris-HCl pH7.6, 50 mM NaCl, 20% Glycerol). FLAG-DICER1 protein was eluted from
the slurry by addition of 3X FLAG peptide solution (5 ug/pL) to 50 pL DICER1 storage
buffer/sample with complete protease inhibitors and incubated on rotator for 1 hour at 4°C.
Immunoprecipitated protein was transferred to new microfuge tubes. The amount of FLAG-
DICER1 used for the in vitro cleavage assay was determined by comparing IP amounts by western

blot (WB).

2.3.5. Invitro cleavage assay

The DICER1 p.E1813K mutant was used as a control for an RNase Illb mutant and the DICER
p.D1320A mutant was used as a control for an RNase llla mutant for the assaysinceitis known
to not produce 3p miRNAs (21). However, this variant has never been reported in any human
variant population or tumour database. FLAG immunoprecipitant from HEK 293 infected with

pQCXIB construct was used as a negative control in the in vitro cleavage assay.

2.3.5.1.  Generation of the radio-labelled pre-miRNA

The precursor substrate selected for this work was pre-miRNA 122 (pre-miR-122) since it has
been previously used in in vitro cleavage assays to evaluate cleavage activity of DICER1

mutants(30, 96, 97) as has been shown to produce distinguishable cleavage products after being
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resolved on a denaturing PAGE. Cleavage products include 3p and 5p and intermediate cleavage

products 3p+loop and 5p+loop.

The pre-miR-122 template was synthesized using a three-primer PCR method. The forward
primer 5 -TATTTAGTGTGATAATGGCGTTTGATAGTTTAGAC-3’ and reverse primer 5'-
TAATACGACTCACTATAG-3* were used to amplify a template primer 5'-
ATAGTTTAGACACAAACACCATTGTCACACTCCACTATAGTGAGTCGTATTA-3’. The thermocycler
conditions were as follows: 94°C for 2 minutes, (94°C for 30 sec, 54°C for 30 sec, 72°C for 30 sec)
x 25, 72°C for 10 minutes, 4°C hold) using 10% DMSO and Phusion® High-Fidelity DNA Polymerase
(New England BiolLabs). Six PCR reaction products were pooled, column-concentrated, gel
purified (QlAquick Gel Extraction Kit, Qiagen) and eluted in 50 uL dH20) and then stored at -20°C.
The radiolabeled pre-miR 122 was generated by T7 in vitro transcription (MAXIscript T7
Transcription kit, Invitrogen) of 5 uL of pre-miR-122 template and 8 uL of radioactive UTP ([a-
32P]-800 ci/mmol). The in vitro transcribed product was treated with 1 uL DNase at 37°C for 30
minutes (Ambion) and then column-purified on a mini Quick Spin column (Roche) with elution in

50 uL ddH20 and stored at -20°C in the radioactivity room.

2.3.5.2.  invitro cleavage reaction conditions and resolving cleavage products

Radio-labelled pre-miR-122 (used within 1 week of preparation) was diluted (10* cpm), heated
and slow-cooled to produce hairpins using the following conditions :95°C for 3 minutes, 75°C for
3 minutes, RT until reaction began. One PCR-strip tube was labelled per time point of the assay
(0O minutes, 60 minutes, 120 minutes, and 180 minutes). Reactions were prepared for each time
point as follows: 2.4 pL 25 mM MgCly, 2 uL 0.1 M DTT, 0.25 puL RNase inhibitor and a pre-

52



determined amount of FLAG-DICER1 IP (see above) and DICER1 storage buffer with protease
inhibitors (see above) to a volume of 20 pL. All incubations were conducted at 37°C in a
thermocycler. A wild-type FLAG-DICER1, FLAG-DICER1 E1813K and FLAG-DICER1 D1320A set of
reactions were conducted as positive controls with each batch of in vitro cleavage reactions.
Reactions were stopped by addition of 20 pL formamide loading dye (Invitrogen) and storage on

ice after 0 minutes, 60 minutes, 120 minutes, and 180 minutes of incubation at 37°C.

Samples were boiled for 5 minutes and then resolved via denaturing 7M Urea PAGE (4.2 g urea +
4.5 ml 40% 19:1 Acrylamide/Bis solution (BioRad) + 1 ml 10x TBE melted in a 50 ml Falcon tube
at 50°C for 3 minutes, vortexed and topped to 10 ml with ddH,O with addition of 80 uL 10% APS
+ 8 UL TEMED (BioRad)). Samples were run for 2 hours at 200V in 1x TBE. Gels were wrapped in
saran wrap and exposed to a storage phosphor screen (GE Healthcare) for 24 hours at 4°C.
Autoradiographs were generated using phosphorimager (GE Storm 840, GE Healthcare) and used

to determine the effect of FLAG-DICER1 mutants on 3p and 5p production.

Characterization of cleavage patterns was done according to categories previously described by
Wu(96) with :

e DICER1 variants that cleave pre-miR-122 as efficiently as wildtype DICER1 = 5p + 3p

e DICER1 variants incapable of cleaving pre-miR-122 within 120 minutes = no cleavage

e DICER1 variants that produce 3p and 5p + loop = 5p with loop + 3p

e DICER1 variants that produce 3p + loop and 5p = 3p with loop + 5p
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e DICER1 variants that have both reduced and delayed production of both 5p and 3p

miRNAs = Delayed 5p and 3p, Reduced 5p and 3p

2.3.6. NanoString assay

To further investigate the impact of the “ball and socket” mutants on the overall expression of
miRNAs, we generated 5 DICER1 mutant rescue cell lines in Dicer1”’- mouse mesenchymal stromal

cells (MSC) previously generated by Wu(96), in which Dicerl exon 23 is removed.

2.3.6.1.  Generation of stable mouse MSC Dicerl KO cell lines expressing FLAG-

DICER1 mutant protein and selection of monoclonal lines

Generation of the stable cell lines followed the same protocol described above. Virally infected
MSCs were single-cell sorted into a 96-well plate and then expanded with antibiotic selection
(blasticidin 10 pg/ml) to 10 cm plates. DICER1 expression levels were evaluated by WB. Clones
selected for the nanoString assay were determined to have similar expression of FLAG-DICER1
protein compared to Dicer1fiox/flox by Western blot. MSC lines included DICER1 E1813K, D1320A,
S1344L, T1733L and F1332A. Controls included parental Dicerifiox/flox Djcer1”- and the DICER1

wild-type rescue.

2.3.6.2. RNA extractions

RNA extractions from mouse MSC were done using the mirVana miRNA lIsolation Kit (Ambion)

according to manufacturer’s instructions. RNA extractions were done from 3 different replicates

for each DICER1 cell line.
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2.3.6.3. nCounter miRNA expression panel

miRNA differential expression profile using the NanoString nCounter Mouse v1.5 miRNA
Expression Assay (Nanostring Technologies) according to the manufacturer’s instructions was
done using NanoString technology at the LDl Molecular Pathology Research Core. Approximately
100 ng purified total RNA was used for miRNA sample preparation (miRNA tagging following an
annealing, ligation, and purification protocol). Next, using the miRNA CodeSet hybridization
protocol, denatured samples were hybridized with the reporter and capture probes at 65°C for
16 hours. The samples were then processed with the nCounter Preparation Station to purify the
hybridized targets and affix them to the cartridge for imaging using the nCounter Digital Analyzer
(CCD camera). Barcodes were counted for each target molecule atmaximum resolution 555 fields
of view (FOV). The CodeSet incorporated 577 miRNAs based on miRbase v21, as well as 33
murine-associated viral miRNAs, 6 positive controls, 8 negative controls, 6 ligation controls, 5
spike-in controls, and 4 mRNA housekeeping controls (ACTB, B2M, GAPDH and RPL19). Initial
data QC and extraction of raw data was performed using the nSolver Analysis Software v4.0
(NanoString Technologies).  Sample-by-sample unsupervised hierarchical clustering was
performed based on Z-score transformation of miRNAs, using the 105 miRNAs that were

expressed at levels above the background.
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3. CHAPTER 3: RESULTS
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3.1. Results SECTION 1: Resolving DICER1-associated tumours

3.1.1. SECTION 1 part I: DICER1 sequencing in tumours with diagnostic uncertainty

Case 1 consisted of a lung lesion diagnosed in a 11-month-old female. Multiplex ligation-
dependent probe amplification (MLPA) of the germline DNA did not reveal any large exon
deletions or insertions in the DICER1 gene. Sequencing of the tumour did not reveal a DICER1
hotspot variant. Given the lack of DICER1 hotspot, the case was reviewed by an expert
pathologist (DB-DS) and was re-diagnosed as a CPAM type IV from its original diagnosis as a type

| PPB.

Case 2 was referred to us as an “ovarian GCT” diagnosed in a 6-year-old female with a germline
DICER1 splice variant (c.5527+3A>G). However, review of the ovarian GCT by a specialist
gynaecologic pathologist (WGM) resulted in a re-diagnosis of retiform SLCT. Tumour sequencing
identified a DICER1 RNase lllb hotspot (c.5439G>T, p.E1813D) and targeted sequencing
confirmed the presence of the germline in the tumour, thus confirming the suspicion of
differential diagnosis by WGM. Cycloheximide treatment of the germline cDNA (performed by

Nelly Sabbaghian) shows that the splice variant leads to exon 25 skipping (Figure 8).
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Figure 8: Cycloheximide treatment of the germline cDNA from case 2 with WT cDNA as control

a) Agarose gel of cDNA from case 2 treated and untreated with cycloheximide (CHX). b)
Chromatogram of wild-type (WT) sequence cDNA. c) Chromatogram sequence of the top band
from case 2 cDNA treated with CHX shows wild-type and mutant sequence (exon 25 skipping). d)
Sequencing for the lower band shows exon 24-exon-26 junction, producing an exon 25-skipping

cDNA product. Figure provided by Nelly Sabbaghian.

Case 3 was diagnosed in a 41-year-old patient and was referred to us as a recurrent SCST-NOS.
Review of the recurrent SCST-NOS tumour by WGM favoured a diagnosis of JGCT. DICER1
germline sequencing and tumour sequencing of the RNase Ill hotspots was negative. Previous
FOXL2 screening of the tumour did not reveal the presence of a mutation, suggesting that the

tumour was not an aGCT.
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Case 4 was referred for DICER1 sequencing due to the unusual diagnosis of an oERMS in a 60-
year-old woman. A DICERI RNase lllb hotspot missense (c.5438G>C, p.D1810H) and loss-of-
heterozygosity (LOH) at the D1810H variant were identified. Germline sequencing was
performed at the Royal Marsden Hospital, London and did not identify an underlying
constitutional DICER1 variant. Therefore, identified DICER1 PVs are tumour-specific(2). This case

was published in American Journal of Surgical Pathology(2).

Case 5 was published in International Journal of Gynecological Pathology and consisted of a
subtle ERMS identified in a 19-year-old female(3). The features of the tumour were those of a
conventional endocervical polyp, but showed positive immunoreactivity for myoD1 and
myogenin, immunohistochemical markers for RMS(98). Sanger sequencing of DICER1 exon 24

identified the presence of c.5125G>A, p.D1709N hotspot missense.

Case 6 was a SLCT identified in a 7-year-old girl harbouring a DICER1 germline missense
(c.5441C>T), which was shown to generate two protein products, the missense variant p.51814L
and the p.E1788fs*41 variant resulting from exon 25 skipping (95, 99). It is not known which
product is dominant. Sanger sequencing of the SLCT revealed the presence of a somatic hotspot,
c.5437G>A, (p.E1813K), located only one amino acid residue away from the germline variant.
Cloning experiments confirmed that the presence of the germline mutation and the somatic

hotspot in trans (Figure 9).
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Figure 9: Graphic depiction of the biallelic nature of the DICER1 variants identified in the case 6
SLCT

DICER1 gDNA sequencing for case 6 on the left side. Panel on the right depicts the wild-type
cDNA sequence and corresponding amino acid sequence at the top. Wild-type chromatogram
depicts the expected sequence. Allele A illustrates sequence observed in 10 clones out 24 for
case 6, which harboured the germline hit c.5441C>T, p.[S1814L,E1788fs*41] (indicated by # in

blue). Allele B harboured the somatic hit p.E1813K (indicated by § in red).

Cases 7 and 8 consisted of two SLCTs diagnosed in the same patient that were published in
Histopathology(1). The right and left SLCTs were found to harbour hotspot missenses, DICER1
¢.5439G>T, p.E1813D and DICER1 c.5438A>C, p.E1813A, respectively. The identification of two
different hotspot variants confirms the idea that the two SLCTs represent distinct primary SLCTs

and not metastasis from one ovary to another(1).
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For the final case, Fluidigm sequencing revealed the presence of a DICER1 GPV (c.1870C>T,

p.R624*) in the MB (case 9), which was diagnosed in a 3-year-old boy. No DICER1 RNase lll

somatic hotspot missense was identified in the tumour, suggesting that MB is not part of the

DICER1 syndrome spectrum. LOH was also not observed.

All DICER1 sequencing results are summarized in Table 7.

Table 7: DICER1 sequencing results for cases with diagnostic uncertainty

Case Pathology

DICER1 sequencing

Final diagnosis

Germline Somatic
1 CPAM type IV/ PPB type | Negative Negative CPAM type IV
€.5439G>T, .
2 OGCT/SLCT c.5527+3A>G 0.E1813D retiform SLCT
3 JGCT/SCST-NOS Negative Negative JGCT
€.5438G>C,
4 OERMS Negative p.D1810H No change
and LOH
¢c.5125G>A,
5 subtle ERMS Not known 0.D1709N No change
c.5441C>T c.5437G>A
6 Pri SLCT ! ’ No ch
rimary 0.[S1814L,E1788fs*41] p.E1813K © change
% D . €.5439G>T, .
7* Right primary SLCT Not known 0.E1813D Primary SLCT
" . c.5438A>C, .
8* Left primary SLCT Not known 0.E1813A Primary SLCT
9 Medulloblastoma c.1870C>T, p.R624* Negative No change

* These two cases are from a same patient with bilateral SLCT.

All somatic missenses were observed in heterozygosis, except in case 4.

CPAM, congenital pulmonary abnormal malformation; ERMS, embryonal rhabdomyosarcoma;

JGCT, juvenile granulosa cell tumour; oERMS, ovarian embryonal rhabdomyosarcoma; OGCT,
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ovarian granulosa cell tumour; PPB, pleuropulmonary blastoma; SCST-NOS, sex-cord stromal

tumour not otherwise specified; SLCT, Sertoli-Leydig cell tumour.

3.1.2. SECTION 1 part ll: DICER1 sequencing in SLCTs and SCST-NOS over 50 years of age

DICER1 hotspot mutations were identified in 2 MD-SLCTs and the FOXL2 hotspot was identified
in 2 SLCTs. All remaining SLCTs were negative for DICER1 and FOXL2 mutations as well as the 3
SCST-NOS cases. DICER1 and FOXL2 sequencing results are described in Table 8. The whole
DICER1 gene was not assessed for cases harbouring a somatic hotspot since DICER1 GPV was not
suspected given patient history and age of diagnosis (mean age of diagnosis = 12.7 years in

DICER1 carriers)(71).

Table 8: DICER1 and FOXL2 sequencing results for SLCTs/SCST-NOS diagnosed in patients over
50 years of age

Age of DICER1 results
Case . . Pathology FOXL2 results
diagnosis Germline Somatic
€.5439G>T, .
1 64 MD-SLCT n/a 0.E1813D Negative
c.5127T7>G
2 MD-SLCT ’ N i
56 SLC n/a 0.D1709E egative
3 56 MD-SLCT Negative Negative Negative
4 48 MD-SLCT n/a Negative Negative
5 62 PD/MD-SLCT Negative Negative Negative
6 63 SCST, NOS Negative Negative Negative
7 71 SCST, NOS Negative Negative Negative
8 51 SCST, NOS Negative Negative Negative
. c.402C>G,
9 50 SLCT n/a Negative (p.C134W)
. c.402C>G,
10 74 PD/MD-SLCT n/a Negative (p.C134W)
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3.2. Results SECTION 2: The identification of DICER1 variants in NSCLC
3.2.1. Sequencing of normal tissue from CARIS Life Sciences tumours suggests somatic

biallelic DICER1 cases

None of the DICER1 variants observed inthe CARIS tumours was identified in the matched tissue
normal (Table 9), thereby showing that the observed mutations are tumour-specific. This
confirms the possible role of DICER1 tumour-only variants in adult-onset tumours that exist

outside of the DICER1 syndrome spectrum.

Table 9: DICER1 mutation status observed in the tumour and matched normal of 14 tumours
from CARIS Life Sciences

DICER1 variants DICER1 variants
L. observed in the tumour observed in the normal
Case Age Sex Su.b mitting Suspected Suspected
Histology . Hotspot . Hotspot
germline ; germline ]
mutation mutation mutation mutation
Casel 22 F SLCT D727fs E1813V Neg Neg
Case 6 56 F SLCT E1532* E1813K Neg Neg
Case 9 53 F UAC K1486fs D1709N Neg Neg
Case 10 64 F UAC R937H E1813Q Neg Neg
Case 14 43 F UCsS S520I D1709N Neg Neg
Case20 39 F LUAD Q1580* E1813D Neg Neg
Case21 74 F LUAD Qle614* E1813Q Neg Neg
Case 22 60 M COAD R201H D1810V Neg Neg
Case 24 47 F Uterine sarcoma ¢.5095+2T>A D1709N Neg Neg
Case 26 55 F  Vaginal sarcoma S1076fs D1810Y Neg Neg
Case27 39 F UAS K1123* E1813G Neg Neg
R821H,
Case 28 74 F UAS R1060H D1810Y Neg Neg
c.4047_4050

Case 32 27 F THCA +5deI;15TT E1813D Neg Neg
Case 37 17 F YST T350fs D1810Y Neg Neg
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COAD, colon adenocarcinoma; EAC, endometrioid adenocarcinoma; LOF; loss-of-function; LUAD,
lung adenocarcinoma; Neg, negative; SLCT, Sertoli-Leydig cell tumour; THCA, thyroid carcinoma;

UAS; uterine adenosarcoma; UCS, uterine carcinosarcoma; YST, yolk sac tumour

3.2.2. DICER1 NSCLC Final breakdown and CTNNB1

To establish the occurrence of biallelic DICER1 tumour-only variants in adult-onset tumours, we
tested normal tissue DNA from 14 adult-onset tumours sequenced by CARIS Life Sciences
(Phoenix, AZ) for the suspected DICER1 LOF and hotspot mutations. Eight of the tumours (cases
1, 6, 24, 26, 27, 28, 32, 37, (Table 9)) represent already known phenotypes of DICER1 syndrome,
whereas six tumours, which included two lung adenocarcinomas (cases 20and 21), have not been
reported to occur in DICER1 syndrome. Sanger sequencing of all 14 normal tissue DNA samples
did not reveal any DICER1 variants, thereby confirming that the identified DICER1 variants were

confined to the tumour.

Because of our prior reports of somatic-only DICER1I PVs in PB(78), we focused on NSCLC,
specifically the NSCLCs from the CARIS Life Sciences database. We identified 236 (1.9%) NSCLC
cases harbouring one or more DICER1 PPV after classification from a total of 12,147 NSCLC cases.
Of those 236 cases, 225 were single-hit DICER1 cases (95.3%) and 11 were two-hit DICER1 cases
(4.7%). Ofthe 11 DICER1 two-hit cases, seven cases were found to harbour a truncating DICER1
pathogenic variant and a RNase lllb hotspot, following the two-hit model of tumourigenesis seen
in other DICER1-related lesions. Two additional hotspot-positive cases were present in the

DICER1 single-hit cases, giving a total of 9 DICER1 hotspot-positive cases (3.8%) (Table 10). No
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significant differences were observed for age, smoking status and tumour histology between the

DICER1 hotspot-positive and hotspot negative groups.

Non-Small Cell Lung Cancer Cases
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([ With 21 DICERL variants |
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Figure 10: Breakdown of DICER1-positive NSCLC cases from CARIS Life Sciences

CARIS Life Sciences database of 12,147 NSCLCs was queried for all NSCLC cases harboring one or
more DICER1 variants. NSCLC cases harboring DICER1 nonsense, frameshift, canonical splicesite,
or DICER1 RNase llla and RNase lllb hotspot missense variants were classified as predicted
pathogenic variants. All DICER1 non-hotspot missense variants were assessed using 6 in silico
variant effect prediction tools as described by de Kock et al. (100). Cases with DICER1 predicted

pathogenic variants were then subdivided according to number of DICER1 variants and then
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further subdivided according to type of DICER1 variant harbored (i.e., hotspot missense,

truncating variant, non-hotspot missense and splice site variant.)

Table 10: DICER1-hotspot positive NSCLC cases

Case Diagnosis CTNNB1 DICER1 Other genes

Case20 |Adenocarcinoma, |p.D32Y p.Q1580* | APC p.R1640fs
metastatic, NOS p.E1813D

Case21 |Adenocarcinoma, p.Q1614* | CDKN2A p.E88*; KRAS
NOS p.E1813Q |p.G12l; STK11 p.G171fs

Case 102 |Adenocarcinoma, p.Q1614* |CDKN2A p.E88*; KRAS
NOS p.E1813Q |p.G12l; STK11 p.G171fs

Case 327 |Adenocarcinoma, p.E1813Q |TP53 p.R306*
metastatic, NOS

Case 397 |Adenocarcinoma, |[p.T41A p.E194* TP53 p.R158H
metastatic, NOS p.D1810Y

Case 467 |Carcinoma, p.S37F p.W400*
metastatic, NOS p.D1810Y

Case 723 |Adenocarcinoma, |[p. H36_S37delinsRF |p.W1831* |STK11 p.D68fs;
NOS p.S33C p.D1709N | U2AF1 p.S34F

Case 751 |Malignant tumour, p.D1810Y |APC p.G871%;
spindle cell type TP53 p.R273L

Case 789 |Mucinous p.D32Y p.W1506* |PIK3CA p.E418K, p.E453K;
adenocarcinoma p.E1705K TP53 p.R282W

Comparison between the mutational landscape of DICER1 hotspot-positive and hotspot-negative
cases revealed a higher frequency of CTNNB1 mutations occurring in the hotspot-positive cases
compared to the hotspot-negative cases (5/9 versus to 2/227; p<0.00001, respectively) (Figure
11). The top 5 mutated genes included TP53, KRAS, STK11, CDKN2A and ARID1A, with TP53 and
KRAS mutations showing significant mutual exclusivity (p<0.001) (Figure 11) (and Appendix 1) for

all mutated genes). The overall total of non-DICER1 mutations per sample in the DICER1
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Figure 11: OncoPrint of CTNNB1 and top 10 mutated genes in DICER1-mutated NSCLCs from CARIS Life Sciences
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hotspot-positive and DICER1 hotspot-negative groups showed no significant difference.
However, the two groups showed a significant difference in the variance between the DICER1
hotspot-positive and DICER1 hotspot-negative cases (F-test, F (2243 = 4.281, p = 0.0314),
suggesting a significant difference in the distribution/spread of the samples given their overall

total of non-DICER1 variants.

To establish if CTNNB1 mutations are a feature of other DICER1-related tumours, we performed
B-cateninimmunohistochemistry on the DICER1I TMAs. The only tumour showing positive nuclear
staining was PB, with all three cases positive, and showing stronger nuclear staining in the
epithelial component compared to the mesenchymal component (Figure 12). These three PBs,
previously published by de Kock et al. (78), have been shown to harbour CTNNB1 PVs. Notably,
none of the DICERI-mutated PPBs demonstrated nuclear positivity (Figure 10D and E). Many
lesions showed normal membranous staining of epithelial cells, with weaker membranous or
cytoplasmic staining of mesenchymal cells, including the PBs. This staining was not considered
significant with respect to a CTNNB1 variant. Thus, nuclear staining correlated with the presence

of a CTNNB1 mutation, as expected, and was not related simply to a DICER1 variant.
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Figure 12: Expression of -catenin by immunohistochemistry.

(A-C) Three cases of pulmonary blastoma with CTNNB1 mutations show strong nuclear staining
for B-cateninin a significant proportion of epithelial cells, as well as less intense staining in some
stromal cells in B and C. In addition, there is diffuse membranous staining of epithelial cells
(normal). (D&E) Two cases of pleuropulmonary blastoma type Il that lack CTNNB1 mutations
show only membranous staining for 3-catenin (focal in D and more diffuse but weak in E). (F)
Normal lung shows diffuse membranous staining of alveolar epithelial cells but no nuclear

staining. (Original magnifications: A-F x200). Figure produced by Paul Thorner.
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3.3. Results SECTION 3: Crosstalk between RNase Illa and RNase lllb domains of DICER1

3.3.1. invitro cleavage results

In vitro cleavage reactions of the radiolabelled pre-miR-122 by DICER1 WT showed appropriate
cleavage producing both 3p and 5p miRNA species (Figure 13b panel I). Cleavage by RNase lllb
canonical mutant (p.E1813K) showed aberrant cleavage of the 5p strand, producing a mature 3p
miRNA product and intermediate 5p+loop product (Figure 13b panel 1) and cleavage by the
RNase llla canonical mutant (p.D1320A) showed aberrant cleavage of the 3p strand, generating
a 5p and 3p+loop intermediate product (Figure 13b panel lll). Four DICER1 mutants (p.M1317A,
p.R1347L, p.F1706A and p.R1736L) were shown to behave similarly to wild-type protein,
producing 5p and 3p cleavage products (Figure 13c and 13d panel | and V). Two mutants showed
no cleavage activity whatsoever (p.F1332A and p.Y1717A) (Figure 13c panel Ill and 13d panel Il)
and two showed delayed or reduced activity (p.T1328A and p.Y1721A) (Figure 13c panel Il and
13d panel lll). The RNase lllb mutant p.T1733L was shown to behave like a RNase llla mutant,
producing anaberrant 3p+loop intermediate and 5p (Figure 13d panel IV). The cleavage products

generated by each mutant are summarized in Table 11.
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Figure 13: in vitro cleavage of Hs-DICER1 “ball and socket” residue mutants
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a) “Ball and Socket” junction amino acid residues of the RNase llla and RNase lllb domains in Hs -
DICER1. “Ball” residues are labelled in red. “Socket” residues are labelled in magenta, green, blue
and orange. Equivalent residues of the RNasellla and lllb domain are labelled in the same colour.
[llustration was done using Hs-DICER1 cryo-EM structure 5ZAK published by Liu et al. in Cell
(2018). b) in vitro cleavage of radio-labeled precursor-miRNA-122 by DICER1 WT and RNase llla
and RNase lllb canonical mutants. A representative cleavage pattern of DICER1 WT shows
production of 3p and 5p miRNAs. RNase lllb mutant E1813K shows aberrant cleavage of the 5’
strand of pre-miRNA, generating mature 3p and a 5p+loop intermediate. RNase llla mutant
D1320A generates 3p+loop intermediate cleavage products and mature 3p and 5p miRNA. ¢)
Autoradiographs for in vitro cleavage of DICER1 RNase llla mutants. d) Autoradiographs for in

vitro cleavage of DICER1 RNase lllb mutant.
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Table 11: in vitro cleavage products of DICER1 RNase llla and RNase Illb mutants

Type of DICER1 variant DICER1 mutation

Cleavage products

Wild-type

5p+3p

CONTROLS c.5437G>A, p.E1813K 5p with loop + 3p
€.3959A>C, p.D1320A 3p with loop + 5p
€.3949 3950ATdelinsGC, p.M1317A 5p + 3p
€.3982A>G, p.T1328A Delayed 5p and 3p
RNase llla €.3994 3995TTdelinsGC, p.F1332A No cleavage
€.4031C>T, p.S1344L 5p with loop + 3p
c.4031G>T, p.R1347L 5p+3p
€.5116_5117TTdelinsGC, p.F1706A 5p + 3p
¢.5149A>G, p.T1717A No cleavage
RNase lllb c.5161 _5162TAdelinsGC, p.Y1721A Reduced 5p and 3p

¢.5197_5198CdelinsCT, p.T1733L
c.5207G>T, p.R1736L

3p with loop + 5p
5p+3p

Review of various population and tumour databases show few reports of variants affecting the

“ball and socket” junction residues, except for p.S1344, where the p.S1344L variant is now

recognized as a canonical hotspot variant(90). For the most part, reported variants affecting the

“ball and socket” residues are synonymous mutations (Table 12), suggesting a selective pressure

ensuring specific “ball and socket” residue interactions to maintain proper DICER1 cleavage and

thereby suggesting that missense variants at these sites are likely to affect DICER1 activity.
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Table 12: List of variants affecting "ball and socket" junction residues observed in population
and tumour database

“Ball and socket”

residues cBioportal TCGA COSMIC Clinvar gnomAD ExAC
p.M1317V
M1317 - - - - (x1)
(germline)
T1328 - p.T1328= (x1) - - -
F1332 - - - - -
L1343 p.L1343= (x1) | p.L1343F (x1)
p.S1344= (x1)
p.S1344L (x5)"|p-S1344L (x5)" p.51344L (x1) | p.S1344=
>1344 p.51344T(x1)" p-S1344L (x5)* p.51344X (x1) (x2)
p.51344T (x1)*
R1347 - - -
p.F1706= (x1)5| p.F1706L (x1)
F1706 -- .F1706= (x1)¢ - -
P 1) p.F1706L (x1) | (germline)
T1717 - - - p.T1717= (x2) -
p.Y1721= (x2)
Y1721 - - - p.Y1721C (x1) | p.Y1721= (x3) | p.Y1721= (x1)
p.Y1721X (x1)
L1732 p.L1732= (x2)
T1733 - - - p.T1733= (x2) -
R1736 - p-R1736W(x1)| p.R1736L (x2) | | 21736 (13) |0 R1736= (x3)

(germline) |p.R1736Q (x2)
T cBioportal cases are the same as those reported in TCGA

¥ Excluded the cases already reported in TCGA and Clinvar

§ Indicates same case reported in both TCGA and COSMIC database

3.3.2. NanoString Results

Nanostring analysis was performed on RNA isolated from five mouse Dicerl”" cell lines that
expressed either wild-type DICER1 or a variety of DICER1I mutations (i.e., E1813K, D1320A,
S1344L, T1733L and F1332A). Dicerlflox/flox and Dicerl”- were included as positive and negative
controls, respectively. Clustering of miRNA expression indicated that RNase lllaand lllb canonical

mutants (E1813K and D1320A) clustered more closely with the Dicerl”:, while DICER1 T1733L
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and S1344L clustered more closely to Dicer1fox/floxgnd DICER1 WT (Figure 14). miRNA profiling
of the different DICER1 mutants identified 98 differentially expressed miRNAs (n =39 3p miRNAs;
n =59 5p miRNAs) that showed a maximum read count above 50 and where the Dicerl” KO and
WT results showed appropriate directionality, with miRNA expression levels being
downregulated in the Dicerl”- KO and miRNA expression being up in the Dicer1flox/flox gnd DICER1
WT cell lines (Figure 16a). The DICER1 F1332A was observed to cluster together with the Dicerl
/- KO, showing low expression levels for the majority of 5p (89.8%) and 3p miRNAs (89.7%). These
included miRNAs like the members of the mmu-let-7 family, mmu-miR-181a, mmu-miR-149,
mmu-miR-152 and mmu-miR-132(Figure 14a). Cells expressing the DICER1 E1813K mutant
displayed lower levels of 98.3% of expressed 5p miRNAs, whereas cells expressing the D1320A
mutant displayed lower levels for 94.8% of differentially expressed 3p miRNAs (Figure 15). The
RNase Illa S1344L mutant was observed to negatively impact only a select number of 5p miRNAs
(n = 32) such as mmu-miR-106b, mmu-let-7b, mmu-let-7i, mmu-miR-20a and mmu-miR-99a
(Figure 15). The RNase lllb T1733L mutant altered the expression of both 3p (e.g., mmu-miR-
152, mmu-miR-148a, mmu-miR-221 and mmu-miR-23b) and 5p miRNAs (e.g., mmu-miR-872,
mmu-miR-30b and mmu-miR-145) (Figure 15), however affecting more 3p miRNAs compared to
5p miRNAs. A large proportion of differentially expressed miRNAs (70.4%) can be divided into 4
main groups based on expression patterns and mutation status, if excluding the F1332A mutant:
1) only affected by DICER1 E1813K (DICER1 E1813K-only), 2) affected by only DICER1 E1813K and
S1344L (DICER1 E1813K/S1344L), 3) only affected by DICER1 D1320A (DICER1 D1320A-only) and
4) affected by only DICER1 D1320A and T1733L (DICER1 D1320A/T1733L) (Figure 16band c). The

differential expression analysis showed that 14 out of 59 5p miRNAs are downregulated by the
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DICER1E1813K-only and 21 miRNAs are downregulated by E1813K/S1344L group (Table13). The

remaining miRNAs (29.6%) are affected by other combination of the mutants (Figure 15).
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Figure 14: Clustering of miRNA expressionin 8 DICER1 mouse cell lines by the ROSALIND®
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DICER1 S1344L
Class IlI
(n=1)
Class Il
(n=23)

DICER1 T1733L

(n=4)

Class XI
(n=10)

DICER1 DICER1
E1813K D1320A
Class IV
(n=6)
Class VIl Class IX
(n=6) (n=13)
Class V
(n=2)
Class VI C(Iszi)x

Figure 15: Breakdown of miRNAs downregulated by the DICER1 mutants

The DICER1 E1813K-only group highlighted by the dark blue line. DICER1 E1813K/S1344L group

highlighted by the orange outline. DICER1 D1320A-only group is outlined in the magenta and

DICER1 D1320A/T1733L group outlined in green. List of miRNAs in each class in Appendix II.

Table 13: Summary of downregulated 3p and 5p miRNAs seen in the four miRNA expression

groups

miRNA expression group

Total number of differentially
expressed 3p miRNAs (n = 39)

Total number of differentially
expressed 5p miRNAs (n = 59)

Downregulated 3p miRNAs

Downregulated 5p miRNAs

DICER1 E1813K-only 0 14
DICER1 E1813K/S1344L 0 21
DICER1 D1320A-only 13 0
DICER1 D1320A/T1733L 20 0
Other combinations 6 24

77



a)

Figure 16: 105

mmu-miR-1068, 5p
mmu-let-70, 5p
m
mmu-miR 2008+ m

mmi
mmu-miR-1 D6 mmu-
mmi

mmu- 24

mm 41,50
mmu-miR-335-50. 58

c)

mmu-miR-106D, Sp

mmu-let-Fio, 5p

mmu-let-7d, Sp
mmu-miR-20e+mmu-miR-200, S5p
mmu-let-7i, 5p
mmu-miR-106Ea+mmu-mik-17, 5p
mmu-miR-998, 5p
mmu-miR-140, 5p

MMuU-Mire-1 928, ag
mmu-miR-150, 5p
mmu-miR-1080, 5p
mmu-miR-322, 5p
mmu-miR-158, 5p

mmu-let-fe, 5p
mmu-miR-28, 5p
mmu-miR-1250-5a, 5p
mmu-miR-199a-5p, 5p
mmu-miR-21, 5p
mmu-miR-16, Sp
mmu-miR-125a-5p, 5p
mmu-let-fg, S5p
mmu-miR-2Ek, Sp
mmu-miR-83, 5p

mmu-miHT-!Z:-!-Ep, Sp

mmu-miR-532-5p, Sp
mmu-miﬂ-1 5]

sp

mmu-miR-30d, 5p
Mmu-mi-E69, 5p
mmu-miR-31, 5p

mmu-miR-330, 3p
mmu-miR-250, 3p
mmu-miR-23a, 3p
mmu-miR-29a, 3p
mmu-miR-3ba, 5p
mmu-miR-342-3p, 3
mmu-miR-132, Ip
mmu-miR-301a, 3p
mmu-miR-423-3p, Ip
mmu-miR-148a, 3p
mmu-miR-130a, 3p
mmu-miR-132, 3p
mmu-miR-1559a-3p, 3p
mmu-miR-25, 3p
mmu-miR-22, I
mmu-miR-27¥a, 3p
mmu-miR-125-2p, 3p
mmu-miR-221, 3p
mmu-miR-143, 3p
mrmu-miR-BEST, 3p
mmu-miR-23a, 3p
mmu-miR-378, 3p
mmu-miR-183, 3
mmu-miR-218, 3p
mmu-miR-1300, Ip
mmu-miR-1480, 3
mmu-miR-15a, 3p
mmu-miR-15a, 3p
mmu-miR-3E65, 3p

differentially expressed miRNAs based on nanoString data from 8 DICER1

mmuMSC cell lines (Dicer1fox/flox Dicer1/- KO, DICER1 WT, DICER1 E1813K, DICER1 D1320A,
DICER1 S1334L, DICER1 T1733L and DICER1 F1332A)

a) Heatmap of all 105 differentially expressed miRNAs. Red rectangles indicate miRNAs affected

by the DICER1 E1813K-only group. Yellow rectangles highlight miRNAs affected by the DICER1

E1813K/S1344L group.

Purple rectangles show miRNAs affected by the D1320A-only group.

Green box indicates miRNAs affected by DICER1 D1320A/T1733L. b) Heatmap focuses on the
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miRNAs affected by the DICER1 E1813K-only and DICER1 E1813K/S1344L groups. c) Heatmap

focuses on the miRNAs affected by the DICER1 D1320A-only and DICER1 D1320A/T1733L groups.
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4. CHAPTER 4: DISCUSSION
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4.1. Discussion of results SECTION 1: The value of DICER1 sequencing in elucidation of rare

and challenging presentations of DICER1 neoplasms

DICER1 sequencing has allowed the elucidation of various tumours with rare and difficult
diagnoses. The CPAM type 1V, retiform SLCT and JGCT cases emphasize the value of DICER1
sequencing in determining the correct diagnosis. CPAMs are developmental abnormalities
affecting the fetal lung, with more than 70% of cases undergoing a wait and see strategy(101) as
surgical resection is recommended in symptomatic patients and observation recommended in
asymptomatic ones(102, 103). However, PPBs can readily transition from cystic to solid to
metastatic lesions, surgery is recommended before possible progression of the tumour.
Approximately 70% of PPBs harbour GPVs(70), and no clear genetic predisposition exists for
CPAMs(104). Therefore, DICER1 sequencing is crucial in determining the proper diagnosis, since
CPAM type IV and PPB type | are indistinguishable on imaging, but also in determining

appropriate clinical management.

Both aGCTs and JGCTs are sex cord-stromal tumours like SLCTs, which for the most part are
molecularly distinct entities from each other and from SLCTs. As mentioned previously,
approximately 95% of aGCTs harbour a somatic FOXL2 PV (c.402C>G, p.C134W)(44) and
approximately 85% of JGCTs harbour in-frame duplication in AKT1(46), while a large proportion
of SLCTs harbour DICER1 PVs(32, 33, 35, 40, 41). One study has also identified hotspot activating
GNAS PVs (at position 201) in nine out of 30 JGCT(105). Although DICER1 mutations have been
reported in JGCT(32-34) and SCST-NOS(35), these are very few and there are some important

differences in treatment of these tumours. Given that recurrence or metastasis is quite common
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in aGCTs(106), fertility-sparing surgery is the mainstay of treatment. Recurrence in JGCTs(42) is
rare, however fertility-sparing surgery seems to be the only proven treatment for stage 1A
JGCT(107). PD-SLCTs, MD-SLCTs and retiform SLCTs are often aggressive and therefore adjuvant
chemotherapy is recommended in addition to surgery(108-110). Once more, correct diagnosis
allows for proper clinical management. Furthermore, surveillance guidelines have been reported
for patients with a GPV as they are at risk for developing other DICER1 syndrome-related tumours
such as CN, MNG and SLCTs(111, 112). It has been reported that in patients with a GPV the risk

of developing a tumour before the age of 10 is 5.3% and before the age of 60 is 31.5%(113).

The case of the ovarian ERMS represents the second oERMS reported associated with a DICER1
PV(2). The first case was identified in a 6-year-old girl and the tumour was found to harbour two
DICER1 variants (c. 1196_1197dupAG and c.5435G<A)(114). The oERMS presented in this work
harboured two DICER1 alterations, ¢.5438G>C coupled with LOH and was published by
McCluggage et al.(2). The first case was identified in a 6-year-old girl and the oERMS was found
to harbour two DICER1 PVs (c. 1196_1197dupAG and c.5435G<A)(114). ERMS arising from the
ovary are especially rare as they usually arise from the uterine corpus and the cervix(55, 115).
The pathological diagnosis of ERMS of the female genital tract can be difficult as it exhibits
significant morphological overlap with other tumour types, especially adenosarcoma which can
exhibit rhabdomyoblastic differentiation. A review of ERMS and adenosarcoma illustrated the
difficulties in distinguishing between the two tumour types (no consensus for 28%)(116). The
presence of cartilage favours the diagnosis of ERMS as no DICER1-associated adenosarcomas

contained cartilage(116). Pathological review of the tumour showed the presence of cartilage
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like the previously reported DICERI-associated oERMS(114) and similarly to other DICERI1-
associated uterine ERMS, where cartilage was present in approximately 50% of cases(36, 53).
DICER1 PVs have alsobeen reported in a case of ectomesenchymoma, an RMS with mesenchymal
and neuroectodermal components, which presented at an uncharacteristic age and anatomic
location(117). Similar to the oERMS presented in this work, the ectomesenchymoma also
exhibited cartilage formation, suggesting that ERMS arising from unusual sites and showing

presence of cartilage or bone are more likely to be associated with DICER1 PVs.

Case 5is a subtle ERMS reported in 19-year-old female without a history of DICER1 syndrome(3).
cERMS represents one of the two most common tumour types that affects the female
reproductive systemin DICER1 syndrome(55, 59, 116, 118, 119). This case represents one of two
cases of subtle ERMS published by Yoon et al(3). Both cases resembled conventional
endocervical polyps with absence of phyllodes-like architecture, but showed positive
immunoreactivity for myoD1 and myogenin, immunohistochemical markers for RMS(98). The
lack of phyllodes-like architecture ruled out the differential diagnosis of adenosarcoma. Though
no DICER1 GPV was identified in the subtle EMRS presented in this work, the second case of
subtle ERMS found to harbour a second somatic mutation (c.5428G>T; p.D1810Y) was diagnosed
in a 21-year-old female with a DICER1 GPV (c.3907_3908delCT; p.Leul303Valfs*4)(3). The
identification of the second somatic mutation in this second case was helpful in raising suspicion
of the possibility of “early” cervical ERMS for the case presented in this work. These two cases,
which represent the earliest discernable cERMS, emphasize the idea that “subtle” ERMS may

arise from within conventional endocervical polyps with positive staining for myogenin and
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myoD1 and that DICER1 sequencing plays a considerable role in determining the proper diagnosis
of these subtle tumours. Furthermore, the identification of somatic DICER1 mutations suggest
the existence of possible DICER1 GPVs, which are important to recognize for the same reasons

stated above regarding clinical management of DICER1 syndrome patients.

Case 6 represents an interesting DICER1 case of a female diagnosed with a SLCT at 7 years and
MNG at 12 years(89, 95). DICER1 germline sequencing was done previously and identified a
missense (c.5441C>T, p.[S1814L,E1788fs*41]). This variant was also previously identified in a
family of six first-degree relatives with MINGs(99). This variant is unusual as itis in the RNase lllb
domain and is not predicted to be truncating. Sequencing of the SLCT identified a hotspot
missense mutation (c.5437G>A, p.E1813K) located just one amino acid away from the germline
variant. Although the p.E1813K and p.[S1814L,E1788fs*41] variants are only one amino acid
away, they cause very different phenotypes when seeninthe germline(70, 120, 121). The typical
hotspot mutation such as p.E1813K, when occurring in the germline, is only seen in the mosaic
state since it directly affects one of the critical metal ion binding residues of the RNase lllb, thus
affecting miRNA processing and causes a much more severe phenotype such as multiple disease
foci at significantly younger ages(70, 120, 121) and a sub-type of DICER1 syndrome that has been
referred to as GLOW (Global development delay, Lung cysts, Overgrowth and Wilms
tumour)(120). The S1814 residue, on the other hand is not a critical metal ion binding residue.
Moreover, even though the p.S1814L variant is not predicted to be truncating, exon cassette
experiments have demonstrated that it causes exon 25 skipping, producing the p.E1788fs*41

product(95) and in vitro cleavage experiments by Wu has demonstrated that the mutant cause
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aberrant DICER1 pre-miRNA cleavage, generating 5p with loop + “less” 5p + “less” 3p cleavage
products(96). This might explain why the p.[S1814L,E1788fs*41] phenotype is more consistent

with typical DICER1 syndrome (MNG and SLCT).

Cases 7 and 8 are SLCTs diagnosed in the same patient but arising from separate ovaries
(published by McCluggage etal.)(1). DICER1 somatic sequencing revealed two separate DICER1
hotspot missenses ¢.5439G>C, p.E1813D and c.5438A> C, p.E1813A in right and left ovary,
respectively. The identification of distinct hotspot mutations provides conclusive molecular
evidence of independent contralateral neoplasms, which is of clinical significance since it
excludes diagnosis of metastasis or of recurrence, which indicate adverse prognosis, and which
require different clinical management. Though many reports of bilateral SLCTs exist(1), germline
DICER1 sequencing has only been investigatedin nine cases andall nine cases were found to have
a germline DICER1 mutation(62, 99, 122, 123), suggesting that the identification of two distinct
hotspot missenses is indicative of a DICER1 germline variant in patients with bilateral SLCTs.
Although the identification of distinct DICER1 hotspots variants confirms the occurrence of
independent tumours, the identification of a same hotspot variant however does not necessarily
preclude the possibility of independent neoplasms. For tumours harbouring the same DICER1
hotspot variant, molecular tumour profiling by NGS-based approaches (e.g. WES or
Comprehensive Genomic Profiling (lllumina)), DNA methylation profiles and subclonality
evolution analyses canbe used to distinguish between metastatic disease/recurrence and second

primary cancers(124-126).
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Case9is a MB diagnosed in a patient carrying a DICER1 GPV ¢.1870C>T, (p.R624*). Pedigree of
the patient showed a family history of MB, suggesting the involvement of DICER1 in MB. MB has
not previously been reported as part of the DICER1 syndrome spectrum, therefore we questioned
the status of MB as a DICER1-related tumour. DICER1 sequencing of the MB was negative for a
somatic DICER1 variant and sequencing of the parents’ germline DNA revealed that the DICER1
GPV segregating in the non-MB side of the family. This indicated that the MB was not related to
DICER1 at all. A study by Pugh et al. investigated the spectrum of mutations in 92 MBs(127).
They performed whole-exome sequencing (WES) of matched tumours and normal DNA for every
case and did not identify any DICER1 variant(127), further emphasizing that DICER1 does not play

a role in MB development.

Another type of CNS neoplasm which has been occasionally reported in DICER1 syndrome is
neuroblastoma. We previously identified a 14-year-old female who presented with MNG, NB
and CN(64). Sequencing revealed the presence of a DICER1 GPV c.4566_4570dupCTTTG,
p.V1524fs*38 and of somatic RNase Il hotspot mutations in the MNG and CN of the patient. No
RNase lll somatic variant was identified in the NB, suggesting that this tumour might not be
DICER1-related(64). We also recently sequenced another case of a seven-year-old with a DICER1
germline VUS (c.4891T>G, p.S1631A) that was diagnosed with NB and anaplastic sarcoma of the
kidney (ASK)(128). Sanger sequencing of both tumours revealed the presence of a somatic
hotspot missense in the ASK, but not in the NB. Another study by Pugh et al. investigated the
genetic landscape of 240 NBs by performing WES of matched and normal DNA for every case.

They did not identify any DICER1 variants(129). Therefore, the lack of DICER1 hotspot missense
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in the MB and both NBs suggestthat D/ICER1 does not seem to contribute to development of
these tumour types and that they may be connected to the DICER1 syndrome via non-canonical

mechanisms or simply due to chance, as these types of tumours are not rare.

Previous research by Karnezis et al. showed that FOXL2-mutated SLCTs were diagnosed in older
patients of peri-/post-menopausal age (median age of 79.5 years, range 51 to 90 years)(49),
thereby exhibiting some overlap with the age of diagnosis of aGCTs (median age between 50 and
54 years)(130). In the series of SLCTs/SCST-NOS diagnosed in patients over 50 years of age, |
identified two SLCTs with DICER1 mutations, two SLCTs with FOXL2 mutations and six SLCTs/SCST-
NOS without mutations in either of the two genes, corroborating the findings of Karnezis et al.
describing three molecular subtypes of PD-/MD-SLCTs (DICER1-mutated, FOXL2-mutated and
DICER1/FOXL2-wild-type). Karnezis etal. did not identify a DICER1/FOXL2-mutant subtype, which
is consistent with previous findings by Goulvent et al., which observed that DICER1 and FOXL2
mutations are mutually exclusive(32) and it is not known why the two genes are mutually
exclusive. Given the difficulties indifferentiating aGCTs and SLCTs, DICER1 and FOXL2 sequencing
were crucial in determining proper pathology of the FOXL2-mutated samples.

A proposed algorithm for DICER1 analysis for tumours with diagnostic uncertainty is summarized

in Figure 17.
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Figure 17: Proposed algorithm for DICER1 analysis strategy of tumours posing diagnostic
dilemmas

4.2. Discussion of results SECTION 2: DICER1 mutations in the lung demonstrate tight

relationship with CTNNB1

We report a prevalence of 1.9% NSCLC in adults with a DICER1 PPV and a prevalence of 0.06%

NSCLC with biallelic DICER1 alterations.

The majority of DICER1 hotspot-positive cases harboured a second LOF PPV and sequencing of
the normal tissue DNA from the 14 biallelic DICER1 cases established that the DICER1 biallelic PVs

arose due to somatically, similarly to biallelic DICER1 mutations seenin adult-onset PBs (78, 85).

DICER1 hotspot-negative NSCLC cases harboured a typical mutational landscape of NSCLC with

the most frequently mutated genes being TP53, KRAS, STK11, CDKN2A and ARID1A (131-133).
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Although, the total number of non-DICER1 mutations in DICER1 hotspot-positive cases compared
with hotspot-negative tumours was not significant, the difference in variance is worth
investigating further since the difference in sample size between the two groups (9 vs 225,
respectively) was large. The identification of additional DICER1 hotspot-positive NSCLCs is needed

to get a more accurate view of the mutational landscape of DICER1-hotspot NSCLCs.

The analysis revealed a strong co-occurrence of CTNNB1 mutations in DICER1 hotspot-positive
NSCLCs compared to NSCLCs without DICER1 hotspot missenses. CTNNB1 mutations have
previously been reported in DICER1-associated L-FLACs (77, 79, 81), PPB (134), PB (78) and
DICER1 thyroid nodules(135). PB are biphasic carcinosarcomas consisting of malignant
mesenchyme and epithelium(136), with CTNNB1 mutations present in both epithelial and
mesenchymal components. The exclusivity of B-catenin staining in the PB and the presence of
CTNNB1 mutations in DICER1 hotspot-positive L-FLACs and NSCLCs suggests a tight relationship
between CTNNB1 and these DICERI-associated lung tumours. CTNNB1 mutations have
previously been reported in a subset of lung adenocarcinomas and were shown to affect residues
of the GSK-3B phosphorylation site and lead to constitutive activation of Wnt pathway signalling
(137). CTNNB1 mutations have also been seen in DICERI-mutated endometrioid
adenocarcinomas, but do not show significant co-occurrence in DICER1 hotspot-positive cases
compared to hotspot-negative cases. This further emphasizes a relationship between DICER1
and CTNNB1. The DICER1-associated rare lung neoplasms PPB, PB and L-FLAC share interesting
relationships regarding origin of the malignancy, with PPB being an exclusively mesenchymal
tumour(136), L-FLAC being an epithelial tumour and PB being a biphasic with both malignant

epithelial and mesenchymal components. Though CTNNB1 mutations of the lung tumours have
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been reported in both mesenchyme and epithelium, the CTNNB1 mutation reported in the L-
FLAC by de Kock et al. was found to be exclusive to the L-FLAC epithelium(79), which suggests
that the DICER1 and CTNNBI1 relationship might be more specific to the lung epithelium as three
out of four DICER1-associated neoplasms involve malignant epithelium (PB, L-FLAC and lung

adenocarcinoma).

CTNNB1 mutations with DICER1 somatic hits have also been identified in thyroid nodules(135).
Both digestive and respiratory systems are derived from a common embryonic origin, the
anterior foregut. In mouse, the anterior foregut then separates into a ventral anterior foregut
endoderm and dorsal anterior foregut endoderm, with the ventral anterior foregut endoderm
giving rise to the thyroid, lung, liver and pancreas(138) (Figure 18). Therefore, the co-occurrence
of DICER1 and CTNNB1 mutations in organs of same embryonic origin suggests the possible role

of Wnt signalling in adult-onset DICER1-associated lesions.
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Figure 18:Embryonic development of the foregut endoderm. Adapted from Zaret et al, Sicence,
2009

Whnt signaling plays a key role in lung development, with [ -catenin being responsible for initiation
of respiratory development. Inactivation B-cateninin the epithelium of the lung has been shown
to lead to aberrant branching and proximal-distal patterning after lung budding in mice(139,
140). Inthe thyroid, the relationship between Wnt signalling and thyroid hormone (TH) signalling
is believed to have antagonizing effects, with TH stimulation leading to Wnt pathway signalling

silencing through interactions of TH receptor- and B-catenin(141, 142).
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4.3. Discussion of results SECTION 3: The interdependency of RNase domain crosstalk for

synchronization

Homologous mutant residues exhibited similar cleavage activity, generating one of the three
cleavage patterns (wild-type, abnormal and trans-acting). Both “ball” residue mutants,
p.M1317A and p.F1706A and the homologous arginine “socket” residue mutants showed wild-
type DICER1 cleavage. “Socket” residue mutants p.T1328A and p.F1332A and their homologs
p.T1717A and Y1721A, respectively, showed no cleavage activity whatsoever or reduced/delayed
activity. Homologous mutants p.S1344L and T1733L exhibited trans-acting cleavage effects,
generating opposite cleavage patterns to the canonical mutant of their respective RNase Il
domains (Table 14). The observation of similar cleavage effects from homologous residues of the
RNase llla and RNase Illb domain emphasizes the importance of the “ball and socket” junction

interactions in Hs-DICER1 in vitro.

92



Table 14: Similar cleavage patterns exhibited by homologous residues of the RNase llla and
RNase lllb domains

Ball Cleavage Socket Cleavage
residue products residues products

T1717A No cleavage

Y1721A Reduced 5p and 3p

“Ball and é“ 5o+ 3 'EQ
socket” Tl \V1317A ey 2 L1732
. . o (wild-type) o (not assessed)
junction 1 DZC ch
T1733L 3p with loop + 5p
5p+3p
(wild-type)

T1328A Delayed 5p and 3p

- F1332A No cleavage
©
“Ball and = =
socket’ 8 [SRATWIERUG @ 11343
‘unction 2 | = (wild-type) [ (not assessed)
junction = Z
S1344L 5p with loop + 3p
5p+3p
(wild-type)

Equivalent residues are labelled in the same colour.

The mutants of the “ball” residues p.M1317A and p.F1706A did not affect DICER1 cleavage
activity. Previous experiments by Blaszczyk et al. in the Escherichia coli RNase lll (Ec-RNase 1)
evaluated five different mutants of the “ball” p.F40 (p.F40G, p.F40D, p.F40R, p.FA0M and
p.F40W), where p.F40 in Ec-RNase llll corresponds to RNase Illa p.M1317 and RNase lllb p.F1706
in Hs-DICER1. They concluded that the mutations to the “ball’ residue leading to absence of a
side chain (p.F40G) or charged side chains (p.F40D and p.F40R) lead to defective RNase lll activity,
thereby demonstrating that the “ball” socket plays a critical role in proper enzyme function. They
also concluded that the “ball” residue requires a hydrophobic side chain since p.F4A0M and

p.FA0W mutants showed no defective RNase activity(29). The change of the p.F40 residue to
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methionine corresponds to the Hs-DICER1 RNase llla p.M1317 residue. Both methionine and
tryptophan changes retain the large hydrophobic side chain structures like the original
phenylalanine residue, suggesting the need for large hydrophobic side chains in proper ‘ball and
socket’ interactions. Conservation analysis of the “ball” residue across the RNase Il superfamily
also supported this idea, with most preserving the phenylalanine and the others changing to
residues with sizeable side chains (e.g., leucine, isoleucine, and threonine)(143). Therefore, the
DICER1 “ball” residue mutants in this work looked to evaluate whether the size of the
hydrophobic side chain contributes to proper “ball and socket” interactions for functional RNase
Il activity. Cleavage results of the DICER1 “ball” residue mutants DICER1 p.M1317A and
p.F1706A further conclude that any hydrophobic side chain no matter the size is enough to
maintain proper ‘ball and socket” interactions and proper RNase function as the DICER1 “ball”
residues in this work were mutated to alanine, i.e., bearing the smallest hydrophobic side chain.
This suggest that the reported germline mutations affecting the “ball” residues in DICER1
(p.M1317V in gNOMAD and p.F1706L in Clinvar) most probably do not affect DICER1 enzyme

activity.

Homologous “socket” residue mutants, p.R1347L and p.R1736L showed no effects on cleavage
activity. The p.R1736 residue is highly conserved as a basic amino acid, either arginine or lysine,
and interacts with the main-chain carboxyl group of the opposing “ball” residue as well as side-
chain of hydroxyl group of p.T1717 and side-chain carboxyl group of the opposing p.D1320(143),
implying the possible importance of hydrogen bond interactions in the “ball and socket”

junctions. In this work, these “socket” residues were modified to leucine with the thinking that
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the removal of the positively charged side chain would lead to disruption of cleavage activity.
However, cleavage results showed that that is not the case. The change to leucine still retained
a large non-polar side chain suggesting that perhaps the hydrogen bond interactions are not as
essential as the hydrophobic interactions between the “ball and “socket” residues. Population
and tumour database search identified a p.R1736L variant in one case of lung squamous cell
carcinoma, a p.R1736Q variant in one gastric adenocarcinoma and one cholangiocarcinoma and
a p.R1736W variant identified in the germline. Both p.R1736L and p.R1736Q were identified in
tumours harbouring driver mutations in other more relevant genes such as CDKN2A in the lung
tumour and CTNNB1 in the cholangiocarcinoma, supporting the idea that these mutations are
most likely benign given large preserved hydrophobic side chain. The p.R1736W also retains a

large hydrophobic group, suggesting that this variant might also be benign.

The cleavage results of the majority of “socket” residue mutants exhibited aberrant cleavage of
both the 3p” arm 5’p arm, i.e., defects in both RNase llla and RNase lllb catalytic activity. This
suggests that DICER1 cleavage activity may require synchronization of RNase llla and RNase lllb
catalytic activity in order to properly cut, showing interdependency of the interactions between
RNase Il domains. Astudy by Gan etal.(27) described a stepwise model of double-stranded RNA
cleavage in the bacterial Aa-RNase Il consisting of three conformational steps — 1) the “minor
conformation” consisting of conformation of the catalytic site immediately after the phosphoryl
transfer (Figure 19C), 2) the “major conformation” consisting of the first step towards release of
the cleaved RNA substrate with the 5’ phosphate of the RNA substrate having moved away from

the catalytic center (Figure 19D) and 3) the “product release” with the 3’ end-processed RNA
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having moved far away from the catalytic center (figure 19E)(27). Given the evolutionary
conservation of RNase lll enzymes in eukaryotes, it is reasonable to predict that this stepwise
model would also apply to Hs-DICER1. Specifically, that support interdependency of RNase Il
domains in DICER1 would be required for synchronization of cleavage events by the two catalytic
centers. In the absence of such a system, the absence of synchronization would imply that as
one arm of the pre-miRNA is being cleaved, the mature miRNA would withdraw away from the
catalytic site (“product release”) and that the remaining loop+strand intermediate would also
start distancing itself from the catalytic center (“major conformation”) thereby possibly affecting

the positioning of the pre-miRNA substrate for proper cleavage of the other pre-miRNA arm.

transfer )| product

phosphoryl

Figure 19: Stepwise model of RNa cleavage by Aa-RNase Il

A) Molecular model for the Aa-RNase IlI/RNA complex. Shows nucleophilic attack of the 5’
phosphorus. B) Molecular model of the Aa-RNase IlI/RNA reaction complex intermediate

(transition state). C)“Minor conformation” of the Aa-RNase III-MgRNA9 substrate. It shows the
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cleavage site assembly immediately after cleavage of the scissile bond/phosphodiester bond of
the dsRNA. D) “Major conformation” of the Aa-RNase lll-MgRNA9 substrate. Itillustrates the first
step towards product release with 5’ phosphate having moved away from the cleavage site. E)
The “product release” of the Aa-RNase IlI-MgRNAS8 structure. 3’end-product has also moved

away from the cleavage site. Taken from Gan et al. Molecular Microbiology, 2007.

4.3.1. miRNA differential expression profiling

Notwithstanding that the invitro cleavage assaywas limited by the evaluation of different DICER1
mutants in the context of only one pre-miRNA (pre-miR-122), miRNA expression profiling of cells
expressing different DICER1 mouse MSC mutants corresponded with the DICER1 cleavage effects
observed in the in vitro cleavage assays. The miRNA profiling revealed 98 differentially expressed
miRNAs that showed a maximum read count above 50 and where the Dicerl”- and WT results
showed appropriate directionality, with Dicerl”- miRNA expression levels being downregulated

and Dicer1flox/floxgnd DICER1 WT miRNA expression being up.

The mouse MSC DICER1 E1813K mutant was shown to negatively affect all differentially
expressed 5p miRNAs, which is consistent with the role of the RNase lllb p.E1813 residue in
cleavage of the 5p arm and the mouse MSC DICER1 D1320A mutant showed downregulation of
almost all differentially expressed 3p miRNAs (94.8%), also consistent with the role of the RNase
Illa p.D1320 residue in cleavage of the 3p arm of the pre-miRNA. We also observe lower levels

of select 5p miRNAs in the DICER1 p.D1320A expressing cells such as mmu-miR-30b, mmu-miR-
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145, mmu-let-7a. This is consistent with cleavage findings by Gurtan et al. which suggested that
the DICER1 p.D1320A mutant negatively affects the efficiency of RNase Illb processing(21).
Gurtan et al. also performed small RNA-sequencing of Dicer1” cells and showed no recovery of
3p miRNAs miRNA and partial recovery of 5p expressionin DICER1 p.D1320A expression cells (21)
further emphasizing the effect of p.D1320A on RNase lllb processing. The downregulation of 3p
miRNAs and of select 5p miRNAs demonstrates that DICER1 p.D1320A has a broader negative
impact on miRNA expression compared to the RNase Illb canonical mutant. This in combination
with the absence of RNase llla metal-ion binding residue mutants in human samples suggests
that mutating the active residues of the RNase llla may be too damaging — maybe incompatible

with life.

miRNA expression profiling of the DICER1 p.F1332A mutant showed downregulation of almost all
differentially expressed 3p and 5p miRNAs similarly to the expression profile seen in the DICER1
KO. The miRNA expression profile observed corresponded with the invitro cleavage assayresults
that showed no DICER1 cleavage activity at all in the p.F1332A mutant. Both the p.F1332A
mutant and its homolog p.Y1721A showed aberrant cleavage. These residues are highly
conserved as aromatic residues as they are not only involved in formation of the “ball and socket”
junctions, but are also involved in the dimerization of the RNase Ill domains via hydrophobic
interactions with p.R1314 and p.H1325 for p.Y1721 and p.R1703 and L1707 for p.F1332(143).
Therefore, removal of the large side chain not only disrupts the “ball and socket”, but also the
dimerization, thereby having a two-fold effect on the positioning of the metal ion-binding

residues of the opposing catalytic center.
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4.3.2. The trans-acting DICER1 variants — p.S1344L and p.T1733L

The trans-acting cleavage effect of the p.T1733L mutant indicates that the p.T1733 is likely
coupled to the RNase llla catalytic center similar to the p.S1344 and the RNase lllb catalytic site,
as was previously suggested by Vedanayagam et al.(90). Crystal modelling of Aa-RNase Il
D44N/dsRNA complex by Gan et al. demonstrated the role of p.S68 (equivalent to p.51344 in Hs-
DICER1) in forming a hydrogen bond with the nucleotide in the cleavage site and indicated its
role in determining substrate specificity and selection of the phosphodiester bond for
cleavage(92). Modeling of the p.S1344L mutant by Vedanayagam et al. demonstrated that the
mutant residue is closer to the active site of RNase Illb domain compared to the wild-type S1344
residue (19.60 + 2.62 A vs 11.7 + 2.0 A distance)(90). This may suggest that the change from
threonine to leucine in p.T1733L may also bring the residue closer to the active site of RNase llla.
Evolutionary coupling studies that identify pairs of residues that are evolutionarily constrained
as interacting pairs not only showed higher coupling scores between the RNase lllb p.T1733
residue and the RNase Illa metal ion-binding residues (p.E1316, p.D1320, p.D1561, p.E1564)
compared to those of the RNase llla p.51344 and the RNase lllb metal-ion binding residues
(p.E1705, p.D1709, p.D1810 and p.E1813), but also showed coupling of p.T1733 and p.E1705 in
the top ranked pair, indicating possible greater functional coordination of p.T1733 and the RNase
lllb catalytic center. This is further supported by the miRNA profiling of the p.T1733L mutant
which showed downregulation of a subset of 5p miRNAs. The p.S1344 did not show any
significant coupling to the RNase llla active residues. The broader effect of the DICER1 p.T1733L
on MiRNA expression of both 3p and 5p miRNAs compared to the p.S1344L suggest that the

p.T1733 might be more important for RNase Il catalytic processing compared to the p.51344
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residue. This may alsoserve to explain why no missense mutations affecting p.T1733 have not
been reported in any population or tumour database compared to its homolog p.51344 (see

Table 10).

The differentially expressed miRNAs showed four main expression patterns depending on DICER1
mutation status, if excluding the p.F1332A mutant: 1) miRNAs only affected by DICER1 p.E1813K
(DICER1 p.E1813K-only), 2) miRNAs affected by DICER1 p.E1813K and p.S1344L (DICER1
p.E1813K/p.S1344L), 3) miRNAs only affected by DICER1 p.D1320A (DICER1 p.D1320A-only) and
4) miRNAs affected by DICER1 p.D1320A and p.T1733L (DICER1 p.D1320A/T1733L) (Figure 16b)
and c)). Although the DICER1 p.E1813K mutant was shown to affect all 5p miRNAs, only 14 5p
miRNAs were shown to be negativelyaffected by exclusively by the DICER1 p.E1813K mutant and
approximately 20 being affected by the DICER1 p.E1813K/p.S1344L group (Figure 15). Similar
numbers of negatively impacted 3p miRNAs were observed in the DICER1 p.D1320A-only group
(n = 13) and the DICER1 p.D1320A/T1733L group (n = 20), however these represent a higher
proportion of the differentially expressed 3p miRNAs, suggesting that the impact of the DICER1
p.D1320A and p.T1733L mutants is more severe on 3p miRNA expression compared to 5p miRNA
expression. Outside of these four main groupings, some 3p miRNAs were seen to be affected not
only by the canonical RNase llla, but also by the canonical RNase Illb mutant, suggesting a
possible direct role of the RNase lllb catalytic center on processing of these miRNAs or indirect
effects due to genetic ripple (i.e. changes in 5p miRNA impacting a transcription factor which in

turn affects select 3p levels (Figure 15). The same was also seen for a subset of 5p miRNAs.
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DICER1 germline RNase lllb hotspot mutations are only seen in mosaic form(70, 120, 121), with
one exception(144, 145), as DICER1 germline mutations affecting RNase lllb hotspots in
considered to be incompatible with life since the mutations directly affect the critical metal ion
binding residues of the RNase lllb, thereby affecting miRNA processing. Patients harbouring a
mosaic hotspot mutation occurring at p.E1813 present with a much more severe phenotype with
includes a greater number of lesions occurring at significantly younger ages(121) and features of
GLOW(120) compared to patients harbouring DICER1 GPV or mosaic LOF mutations. The DICER1
RNase llla p.S1344L mutant has been recently reported in the germline of a patient presented
with complex “DICER1 syndrome plus” phenotype which included multiple tumours (PPB, CN,
WT and L-FLAC) as well as various physical anomalies and intellectual disabilities. The DICER1
RNase Illa p.S1344L mutant was also reported in the germline in another case with a similar
phenotype presented at a paediatric pneumology association meeting in Vienna(146). This
“DICER1 syndrome plus” phenotype is believed to be a more severe, but distinct phenotype
compared to that of DICER1 RNase lllb mosaics. Though giving rise to a worse phenotype, the
existence of the p.51344L variant in the germline suggests thatit may be less damaging compared
to the RNaselllb p.E1813K mutant which has never been reported in the germline, indicating that
this variant may be incompatible with life. The absence of the DICER1 p.E1813K mutant in the
germline also suggests that the 5p miRNAs exclusively downregulated by the p.E1813K may be
more critical compared to those that are shared by regulating general aspects of cell physiology,
whereas the miRNAs (e.g. members of the let-7 family) affected by both the DICER1 p.E1813K
and p.S1344L mutants may play a more vital role in tumorigenesis(147). The miRNA expression

profiling showed that although some matching effects were observed in p.51344L and p.E1813K
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which supports the trans-acting effect of p.51344L on the RNase lllb catalytic processing, the
DICER1 p.S1344L mutant had a more limited effect on miRNA expression compared to the DICER1
p.E1813K mutant, which may explain the reasoning behind the differences in clinical presentation
of patients with mosaic RNase Illlb hotspot compared to patients with germline DICER1 p.51344L,

but also genetic inheritance of these RNase Ill mutants.
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5. CHAPTER 5: CONCLUSION AND FUTURE DIRECTIONS
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5.1. SECTION 1 and 2: Unifying diagnoses

In this work, DICER1 mutation analysis was usedto evaluate a series of nine cases presenting with
various diagnostic dilemmas, a series of SLCTs/SCST-NOS diagnosed in older patients and a series
of biallelic DICER1 tumours. For the series of nine cases, DICER1 sequencing was critical for final
determination of tumour pathology with DICER1 hotspot testing representing a simple genetic
test that can be done in a molecular pathology laboratory since absence of a hotspot is indicative
of the tumour most likely not being DICER1-related. With respect to the SLCTS/SCST-NOS series,
DICER1 sequencing validated findings by Karnezis et al. describing three molecular subtypes of
SLCTs. Here, the correct classification of DICER1-related lesions has clearimplications on clinical
management as identification of somatic hotspots suggests the existence of DICER1 GPVs. Future
studies of the DICER1/FOXL2 wild-type SLCTs/SCST-NOS include WES analysis to get a better

understanding of the molecular basis of this group.

Sequencing of the biallelic tumours DICER1 pathogenic variants are present in approximately 2%
of NSCLCs, suggesting a potential broader role of DICER1 in NSCLC. The DICER1 hotspot-positive
NSCLCs co-occurring with CTNNB1 variants do not harbour variants in the main driver genes of
NSCLC (EGFR and KRAS), suggesting a possible synergistic role of DICER1 and CTNNB1 variants in
driving this subsetof NSCLCs. As previously discussed, of this relationship in this subset of NSCLCs
proposes novel avenues for possible drug therapies. Pathology review and -catenin staining of
the DICER1 hotspot-positive NSCLCs would provide additional details for characterization of this

subset of NSCLCs.
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Similar to the work in this thesis, the recent characterization of DICER1-related sarcomas has also
emphasized the utility of DICERI mutation analysis in correctly classifying DICER1-related
sarcomas(148). It has also demonstrated the use of DNA methylation arrays in further defining
these tumours, suggesting a possible tool for deeper characterization of DICER1-associated

NSCLCs.

5.2. SECTION 3: RNase interdomain interactions are required for the activation of

synchronized cleavage of pre-miRNAs by each RNase domain

Ten DICER1 variants affecting the residues of the “ball and socket” junctions were assessed with
respect to their ability to cleave the pre-miR-122 by in vitro cleavage experiments. Of these ten,
one was previously evaluated - p.S1344L. Of the remaining nine variants, four variants, which
included the “ball” residue mutants, showed no effects on cleavage function. As discussedabove,
a minimal side chain at the “ball” residue may be sufficient for “ball and socket” junction
interaction. The two other variants were homologous arginine residues of the “socket” and as
discussed previously, amino acid change to a leucine suggested a more significant role for
hydrophobic interactions in the “ball and socket” junction compared to hydrogen bonding. Four
more variants, also affecting homologous residues of the RNase llla and RNase lllb, showed
aberrant cleavage effects affecting both 3p and 5p miRNA generation, suggested an
interdependency of the RNase Ill domains in synchronizing cleavage of 3’p and 5’'p arms of the
pre-miRNA. The remaining variant p.T1733L was the only mutant that exhibited trans-acting
cleavage patterns similar to p.51344L and, as discussed previously, the observed trans-acting

effects may be due to proximity of these residues to the catalytic active sites of the opposing
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RNase Illl domain in the intramolecular dimer. miRNA differential expression profiling of these
trans-acting variants and canonical RNase Il variants revealed four different miRNA expression
patterns, which showed that the trans-acting mutants have similar, but not identical effects on
3p and 5p expression compared to their RNase lll counterparts, providing insights into the lack

of RNase llla hotspots and germline occurrences of the p.S1344L variant.

Conservation of both amino acid sequence and secondary structure of RNase lll and findings by
identifying somatic Hs-DROSHA hotspots at residues analogous to Hs-DICER1 p.E1705 and
p.D1709 (97, 149) suggests that cleavage effects seen in Hs-DICER1 may be expanded to other
RNase Il of the miRNA biogenesis pathway, namely Hs-DROSHA (Figure 20). Therefore, it
suggests that similar crosstalk interaction may be required to synchronize pri-miRNA stem-loop
cleavage by Hs-DROSHA and that trans-acting RNase Il activity may not be limited to Hs-DICER1],

but is also be observed in Hs-DROSHA.
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Figure 20: Alignment of Hs-DROSHA and Hs-DICER1 RNase Ill domains

DICER1 RNase lll domains are coloured in green. DROSHA RNase Il domains coloured in cyan.

Figure produced by Marc Fabian.

5.3. Future directions

Regarding the “ball and socket” residues, future in vitro cleavage studies involving mutation of
the p.R1736 residue to glycine or alanine are needed to assesstheimportance of the hydrophobic
side chain. The nanoString miRNA findings also need to be validated by RT-qPCR of a select
number of mature miRNAs belonging to each of the four miRNA profile groups and by luciferase
reporter assays involving both 3p and 5p reporter constructs. Further analysis of pre-miRNA

structure and sequence is needed understand why only certain subsets of miRNAs are affected
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by the trans-acting mutants. Small RNA-sequencing might also be considered to see the specific
effects

As for exploration of the RNase Il domain crosstalkin Hs-DROSHA, future studies include in vitro
cleavage of a pri-miRNA substrate by equivalent residues of the trans-acting variants and
canonical RNase llla and RNase lllb variants in Hs-DROSHA. Given the high conservation of the
RNase Il domains between Hs-DROSHA and Hs-DICER1, it may be interesting to design a fusion
DICER1-DROSHA construct, with interchange of RNase lll domains to evaluate whether the RNase

Il domains of Hs-DROSHA can be used to cleave pre-miRNAs by in vitro cleavage.
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7. APPENDIX I: COMPLETE MUTATIONAL LANDSCAPE OF DICER1-ASSOCIATED NSCLCS FROM CARIS LIFE SCIENCES
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8. APPENDIX II: List of miRNAs according to Venn diagram class

Class miRNA name miRNA type

Class | mmu-miR-28 5p
mmu-let-7c 5p
mmu-miR-100 5p
mmu-miR-1198 5p
mmu-miR-149 5p
mmu-miR-15b 5p
mmu-miR-16 5p
mmu-miR-183 5p
mmu-miR-196a 5p
mmu-miR-21 5p
mmu-miR-450a-5p 5p
mmu-miR-467c¢ 5p
mmu-miR-532-5p 5p
mmu-miR-96 5p

Class |l mmu-miR-99b 5p
mmu-miR-181a 5p
mmu-miR-205 5p
mmu-miR-10a 5p
mmu-miR-423-5p 5p
mmu-let-7b 5p
mmu-let-7d 5p
mmu-let-7i 5p
mmu-miR-106a 5p
mmu-miR-17 5p
mmu-miR-106b 5p
mmu-miR-146a 5p
mmu-miR-196b 5p
mmu-miR-20a 5p
mmu-miR-20b 5p
mmu-miR-224 5p
mmu-miR-484 5p
mmu-miR-93 5p
mmu-miR-99a 5p
mmu-miR-140 5p
mmu-miR-31 5p
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Class miRNA name miRNA type
mmu-miR-322 5p
mmu-miR-669a 5p

Class Il mmu-miR-574-3p 3p

Class IV mmu-let-7e 5p
mmu-let-7f 5p
mmu-miR-467b 5p
mmu-miR-674 5p
mmu-miR-7a 5p
mmu-miR-98 5p

Class V mmu-miR-15a 5p
mmu-miR-374 5p

Class VI mmu-miR-145 5p
mmu-miR-30a 5p
mmu-miR-30c 5p
mmu-miR-30b 5p

Class VI mmu-let-7a 5p
mmu-miR-33 5p
mmu-miR-340-5p 5p
mmu-miR-191 5p
mmu-miR-26b 5p
mmu-miR-125b-3p 3p

Class VI mmu-miR-27b 3p
mmu-miR-669f 3p
mmu-miR-103 3p
mmu-miR-126-3p 3p
mmu-miR-130a 3p
mmu-miR-132 3p
mmu-miR-143 3p
mmu-miR-148a 3p
mmu-miR-152 3p
mmu-miR-199a-3p 3p
mmu-miR-22 3p
mmu-miR-221 3p
mmu-miR-23b 3p
mmu-miR-25 3p
mmu-miR-27a 3p
mmu-miR-301a 3p
mmu-miR-378 3p
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Class miRNA name miRNA type
mmu-miR-423-3p 3p
mmu-miR-450b-3p 3p
mmu-miR-652 3p

Class IX mmu-miR-466a-3p 3p
mmu-miR-466b-3-3p 3p
mmu-miR-466d-3p 3p
mmu-miR-130b 3p
mmu-miR-148b 3p
mmu-miR-19b 3p
mmu-miR-210 3p
mmu-miR-23a 3p
mmu-miR-29a 3p
mmu-miR-29b 3p
mmu-miR-342-3p 3p
mmu-miR-350 3p
mmu-miR-365 3p

Class X mmu-miR-206 3p

Class Xl mmu-let-7g 5p
mmu-miR-151-5p 5p
mmu-miR-30d 5p
mmu-miR-872 5p
mmu-miR-125a-5p 5p
mmu-miR-125b-5p 5p
mmu-miR-199a-5p 5p
mmu-miR-125a-3p 3p
mmu-miR-19a 3p
mmu-miR-214 3p
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