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Abstract

Introduction

Mucoepidermoid carcinoma (MEC) is the most common salivary gland cancer and
the majority of cases harbour a gene translocation between the CRTC1 and MAML2
genes resulting in a novel oncogenic fusion protein. Some MEC cases are difficult to
diagnose and this, along with the fact that the method currently used to detect the
fusion gene (MAML2), a break apart probe and fluorescence in situ hybridization
(FISH) is complicated and does not provide information about the fusion event,
highlights the need for a test which can routinely be performed on FFPE tissues. The
role of the fusion protein in tumour development and growth has not been fully
elucidated and its molecular pathogenesis remains elusive. The aim of this study was
to develop a specific MRNA BaseScope assay to detect the CRTC1-MAML2 fusion
in MEC FFPE samples and to develop an in vitro model to investigate the role of the

fusion protein in MEC pathogenesis.

Methods

A retrospective cohort of 29 MEC samples were retrieved from the tissue bank with
ethical approval, clinicopathological data was reviewed, thorough histological
analysis was conducted and a chromogenic BaseScope assay, using a probe
targeting the novel exon-exon junction in the CRTC1-MAML2 fusion transcript, were
performed on FFPE tumour specimens. An epitope tagged CRTC1-MAML2
expression clone was generated by amplifying the translocated genes from fusion-
expressing MEC cell lines. The CRTC1-MAML2 expression clone was transfected
into primary salivary gland cells (sublingual and submandibular), isolated from human
explanted tissues and into mammalian cell lines, to study the down-stream effects of

novel fusion protein expression. | also developed three-dimensional (3D) organoid
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models of normal human salivary gland cells and CRTC1-MAML?2 fusion transfected

cells to validate the monolayer cell culture results.

Results

Using the BaseScope assay, we detected the RNA transcript signal for the CRTCL1-
MAML2 junction in known fusion-positive cells but not in known fusion-negative cells.
We also detected distinct fusion events in 34% of MEC cases, however, only a small
proportion of the tumour cells harboured the translocation. A flag-tagged mammalian
expression construct was generated and verified by overlapping sequencing. Primary
salivary gland cells and mammalian cell lines were successfully transfected, and
protein expression subsequently detected; the generation of a stable cell line was not
successful. The exogenous expression of the CRTC1-MAML2 in transiently
transfected HuSL cells led to alteration of CREB target gene expression. The CRTCL1-
MAML2 fusion influenced NCI-H647 cell migration, NCI-H647 and HEK293 cells
survival and invasion, but it does not play any role in cell proliferation. The 3D
organoid models of normal, transfected salivary gland cells and MEC cells have been
developed and our preliminary histological analysis indicated variations in the

organisation of the cells across the established models.

Conclusion

In this study, we have demonstrated for the first time, that the BaseScope assay
accurately detects CRTC1-MAML2 fusion transcripts. This could provide an
alternative chromogenic technique, for use in routine clinical labs, to aid accurate
diagnosis of MEC after validation of specificity and sensitivity against currently used
techniques. The CRTC1-MAML2 fusion construct provides a valuable tool for
studying the downstream effects of de novo expression on cell behaviour. Developing
3D models will allow us to further elucidate the role of the fusion protein in
tumourigenesis.

VI
An Investigation into the Expression and the Role of the CRTC1-MAML2 Fusion Protein in Mucoepidermoid
Carcinoma



Contents

ACKNOWIEAGMENTS .euiiiiii e e e e e e e e e e anaaas i
Oral PresSentationS .......cceiiiiei e e e et e e e e e aeenaae \%
POSter PresSentationS .......oociiiiiii e \%
=T U ] o3 o 1 o ] S SSSP Vi
N 1] 4 = T PSP Vi
L0701 01 (= o | K= TSP PP PP IX
TSy Ao o LU = XV
IS 0 ) 1= 0] =2 XX
ADDIEVIALIONS ... e XXII
1. Chapter 1 LiteratuUre REVIEW ... ....uuuuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieee e 1
1.1 The normal salivary glands ........cccoooiiiiiiiiiiice e 1
1.1.1 Major Salivary glands ...........ueeeeeeueeeiiiiiiiiiiiiieieieiineeeenee e 3
1.2.2 Minor salivary glands ............eueeeeeiiiiiiiiiiiiiiiiiiiiieeieeeeee e 10

1.2 00l CANCET oo 11
1.2.1 Salivary Gland TUMOUIS .....ciiieeeieeeiiicee e e et e e e et eeeeeeannes 12

1.3 FUSION PIrOTEINS oo 23
1.3.1 PleomorphiC ad@NOmMa........ciiieeeiiiiiiicee et e e e eaeees 26
1.3.2 Adenoid CyStiC CarCiNOM@.......c..oovviiiiiiiie e eeeees 27
1.3.3 Mucoepidermoid CarCiNOMa. . .......uuuuuuuurueiriiiiieieneeeneeenenninnneeeennneeeneneas 28

L4 SUMIMI@IY oottt e ettt e e e e ettt e e bbb e e e e e e e e e nnnbn e e eeeeas 40
LS HYPOINESIS e 42
0 T AN | 0 42
1.5.2 ODJECTIVES ..oiieieiiiiiiiittttieeeeeeeeee ettt enennnnes 42

2. Chapter 2 Materials and MethodsS ......c.ooooiiiiiiiiiii e 44
2.0 BaSESCOPE ASSAY iuuiiiiiiiiiii et e e 44
2.1.1 Patient samples and clinical data............ccooeeeeeieeee, 44
2.1.2 Probe deSigN .o 45
2.1.3 Sample preparation and pretreatment..............coooveeiiiiiiini e 46
2.1.4 Hybridize probe application and amplification .................nniinnnnn. 48
2.1.5 Signals detection and quantification...........cccoe e 49

2.2 Cell CUITUIE WOTIK .o e e e eeeees 50
2.2.1 Cell culture reagents and proCedUIe ..........ceeeeeeeieeeeiiiiiaae e eeeeeeeeeeinnn 50
2.2.2 Cell lines and primary CellS ... 50
2.2.3 CUUIE MEAIA .....cieeeeiiee e e e e e 52
2.2.4 Routine culture and maintenance of cells.........cciiiiii . 53
2.2.5 SUD-CUltUIING CIIS..ouvei e 53

IX

An Investigation into the Expression and the Role of the CRTC1-MAML2 Fusion Protein in Mucoepidermoid
Carcinoma



2.2.6 Cell COUNTING oo 53

2.2.7 Thawing CelIS ..o e 54
2.2.8 Freezing CellS ..o 54
2.2.9 Cell pellet preparation ... 55
2.2.10 Preparing Cell ClOtS ..o 55
2.2.11 b-galactosidase (SA-b-Gal) assay .......ccccceeevieeeeiiieiiiiiiii e, 56
2.2.12 Immunofluorescence double staining of Human primary salivary
GlANA CEIIS .. 56
2.3 ClONING ittt 58
2.3.1 Synthesis of a CRTC1-MAMLZ2 fusion construct. .............ceeevvvvvvnnnnn. 58
2.3.2 Primer design and polymerase chain reaction ..........ccccceoeeevvvvnivnnnnnn. 59
2.3.3PCR2.1TA TOPO CIONING teieeeeeee ettt 62
2.3.4 Plasmid transformation and selection of the positive colonies ....... 63
2.3.5 Isolation and preparation of plasmid DNA from E. coli..................... 64
2.3.6 FLAG-Tagged CRTC1-MAML2 pCR2.1ClON€ ...ccoeeveeeeeeeeeeeeeeeeeeeeeeee, 65
2.3.7 MAML2 pCR4-TOPO ClONE ..o 65
2.3.8 Subclone MAML2 intO PCR3.1 ..ouuiiiiiiiieeeceee e 66
2.3.9 Ligation of MAML2 cut fragment into pCR3.1 ..., 66
2.3.10 Sub-cloning FLAG CRTC1-MAML2 tagged into mammalian pCR3.1
LT 11 YAV A =T o1 {0 | PSPPSR 67
2.3.11 FLAG Tagged CRTC1-MAML2 clone in pCDNA 3.1+IREs GFP vector
....................................................................................................................... 68
2.3.12 Final confirmation of the CONStIUCES ........cceviiiiiiiiiiiiiie e, 69

2.3.13 Plasmid i s.ol.at..on..0.Mi.di.p.r.e.p.@0

2.4 TranSTECHION . ..ciiiiiiiiiee e 70
2.4.1 FugeneHD transient transfection..........cccooeeeeee e 70
2.4.2 JetPRIME TransfeCtion ........ooviiiiiiei e 71
2.4.3 Fluorescence activated cell sorting (FACS)......ccoooeviiiiiiiiiiiiiin. 72
A N O = | =5 q o = 1 =] [0 o PR 72
A L 1 o] VT Y PP 73
2.4.6 Generation of stable cell iNeS ........cccoviiiiiiiiii e, 73

2.5 Gene expressSion ANalY SIS ..o 74
2.5.1 Genomic DNA EXIraction ..........coeiiiiiiiiiiiicie e 74
2.5.2 RNA eXIraCtiON ..ccieeeiiiiiei e e e et e e e e e e eaneeaas 74
2.5.3 Reverse tranSCriPtioN .....oooiiiiiiiiee e 75
2.5.4 Polymerase chain reaction..........cccooooiiiiiiiiii e 75
2.5.5 Analysis of the PCR productS.........cccoviiiiiiiiiiii e, 75
2.5.6 Quantitative Polymerase Chain Reaction.............cccccceeeeii i, 76

X

An Investigation into the Expression and the Role of the CRTC1-MAML2 Fusion Protein in Mucoepidermoid
Carcinoma



2.6 Protein EXPression ANAlYSIS .....oouvviiiiiiiiiiiiiiiiiieeeeeeeeeeeee e
2.6.1 Protein EXIraCtion ..ooooeeeeee oo
2.6.2 Protein Quantification asSay ......cccoceevvivviiiiiiiiieeeeeeeeieien e
2.6.3 Protein Sample Preparation ...
2.6.4 Protein Sample Separation ..o
2.6.5 Protein TranSier ..o
2.6.6 Blocking and Antibody Incubation ..........ccccoooooeiiiiiiii .
2.6.7 Protein DeteCHION .....uueii e
2.6.8 Immunofluorescence staining for transfected cells........................

2.7 FUNCHIONAl ASSAY S . uuuiiiiiiiiiiieiiie et e e e e e e e e e e et e e
2.7. 1 Proliferation @SSaY ......ccooeeeieeeee e
2.7.2 MIgration GSSAY ...cceeeeeeeeeee e
2.7.3 INVASION ASSAY ...ceevviiiiiiieeeeeiieiiiiiee e e e e e e ettt e e e e e e e et e e e e e e e eerraaaaas
2.7.4 ClONOGENIC ASSAY i iii it

2.8 Three-Dimensional MOAEIS .......cciiiiiiiiiiiiceie e e
2.8.1 Developing 3D Organoid model of salivary glands...............c..........

2.8.2 Developing 3D Organoid models of CRTC1-MAML2 transfected
salivary glands CellS ...

2.8.3 Developing 3D models of Mucoepidermoid Carcinoma cell lines ..

2.8.4 Fixation, processing and sectioning of 3-D models............ccc.........

.92

2.8.5 Periodic Acid Schiff staining of three-dimensional organoid models

2.8.6 Immunofluorescence staining of 3D organoid models ...................
2.9 ONIINE RESOUICES ...ttt e e
2.00 SEALISTICS ..uuvtreeieeee e ettt e e e a e e e
2.11 Ethical ConSIideration............couvviiiiiiiiiiiiiiiiiiiiieeeeeeeeee e

3. Chapter 3.
3L INrOAUCTION Lottt nnne
3.2 AiM and ODJECHIVES ...cceiiiiiiiiiiiiiiiieeeeeeee e
BB MELNOAS e e
B4 RESUILS .

3.4.1 Histopathological findings ........uoiiiiiiiiii e,

3.4.2 Assessment of the integrity of the mRNA in MEC cases................

3.4.3 Validation of CRTC1-MAML2 1ZZ probe in human cell lines ..........

3.4.4 Application of CRTC1-MAML2 1ZZ probe in human tumours.........

3.4.5 Specific architectural expression of CRTC1-MAML2 transcript in
IMEC CASES. ...ttt e bbb e

.95

3.4.6 Quantification of CRTC1-MAML2 fusion expression in MEC cases127

An Investigation into the Expression and the Role of the CRTC1-MAML2 Fusion Protein in Mucoepidermoid
Carcinoma

XI



IR T B IR o1 U F-X=] 1o ] o I TP 129

3.5. L CONCIUSION e 138
35,2 FULTUIE WOTK e 138
cCNAPTET 4 e 140
v 1 4 o Yo [ ¥ Yo 1 o o RPN 140
4.2 AIM and ODJECHIVES .. oot e e e e eaanes 140
4.3 Materials and MethOUS ... ...uuuuuuiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeireee e 141
A4 RESUILS .ot e et eeaeaaane 142
4.4.1 Construction of CRTC1-MAML2 fusion construct..........cccccevvvveeenn. 142
4.4.2 CRTC1-MAML2 pCR3.1 clone Characterisation..............ccecevvvvvvnnnnn. 147
4.4.3 CRTC1-MAML2 pcDNA+3.1IREsGFP clone Construction and
(o 1P U= ol 1= 1T 14 o ] o PP 148
4.4.4 Assessing the expression of the cloned constructs..........cccc......... 150
4.4.5 Analysing the effect of CRTC1-MAML2 on Normal salivary gland
CIIS 161
4.5 DISCUSSION ciieiettitees ettt e ettt e s e e e e e et e et s e e e e eeeeeasataaaaaaeeaeeennnes 176
4.5.1 CONCIUSION oot 190
4.5.2 FULUIE WOTK oo 190
O APTET D 191
o0 I 11 4 o Yo [ o oY o I 191
5.2 AiM and ODJECHIVES ... e 192
5.3 Materials and MethodsS ...........uuiiiiiiiiii e e 192
T LT U1 193
5.4.1 Determine the expression of the CRTC1-MAML2 fusion in transiently
transfected CellS ... 193
5.4.2 Effect of CRTC1-MAML2 fusion protein on cell migration and
V2= 1= o Y o SRR 195
5.4.3 Effect of CRTC1-MAML2 fusion protein on cell proliferation and
SUNVIVA e e e e et e e e e e e enea s 201
ST 1] o U =17 Yo ] o S 210
B5.5.1 CONCIUSION 1t e e e e e e e 217
B.5. 2 FULUIE WOTK .ot e e e 217
B O3 o =T o ] =] S 219
(00 11 4 o Yo [ o1 o] o I 219
6.2 AIMS and ODJECTIVES ......ooviiiiiiiiiiiiiiiee e 220
6.3 Materials and MethodsS ... 220
L =T ] U1 222

6.4.1 Characterisation of human primary normal salivary gland cells.... 222

Xl

An Investigation into the Expression and the Role of the CRTC1-MAML2 Fusion Protein in Mucoepidermoid
Carcinoma



6.4.2 Development of three-dimensional salivary gland organoid model

..................................................................................................................... 228
6.4.4 Establishment of three-dimensional mucoepidermoid carcinoma
0rganoid MOAEIS......ccoiiiiiiii e 232
TSI 1] o U =17 Yo ] o 240
B.5.1 CONCIUSION ..o e e e e e eeeeenns 248
6.5.2 FUTUTE DIFECLIONS oo 248
O 1=} 1= AP 250
4% R B 1] o U =37 o o 250
7.2 StUAY StrenNgthS. ..o 253
7.3 StUAY LIiMItatioNS covuuei e 254
7.3 Clinical IMPlICAIONS ......cciiiiiiiiiiiiiiiieieeee e 257
A T g = U O o T o od ¥ 1= 1o ] o [ 257
8. REIBIBNCES ..o 259
S IR A o7 o 1= o 1t PSSP 269
4% Paraformaldehyde preparation .............cccceeeeeeeeimeimeemeiieei. 269
Y=o [ UT=T s Lo Yo 7 - S 269
OVErlappPing SEOUENCE ...ouvuuiii ettt e et e e e e e e e raaaa s 270
Xl

An Investigation into the Expression and the Role of the CRTC1-MAML2 Fusion Protein in Mucoepidermoid
Carcinoma



List of Figures

1. Chapter 1
Figure 1.1: Major Salivary glandséééeééecééeceé
Figure 1.2: General Salivary gland unitééeéeéé

,,,,,,,,,,,,,

Figure 1.3: Normal parotid gland glandular structureé ¢ é ¢ € ¢ ¢ é 6 € éé é . 5

Figure 1.4: Normal submandi bular gland struc
Figure 1. 5: Nor mal sublingual gland 8t ructur
Figure 1. 6: Nor mal mi nor salivary gl.BHnd stru

,,,,,,,

Figurel.7-Mucoepi der moid Carcinoma H&Eéééagéeéeéééeéé

,,,,,,,,,,,,,,,,

Figure 1.8: Variants of MECééeééecééeéd8eééecécece

,,,,,,,,,

Figure 1.10: Schematic illustration 20f oncog

Figure 1.11: cAMP signalling pathway@8®¥éééééé

Figure 1.12: Expression |l evel of the I1CRTC1 R

Figure 1 . 1 3: Notch signalling pathwayééé@ééééééé

Figure 1.14: Expression level of the MAML2 RNAinnormalh uman ti ss@Beééé. .«

Figure 1.15: The CRTCI-MAML 2 transl ocationééééééédéecécéeécécé

2. Chapter 2

Figure 2.1: BaseScope Assayééeéeécéeéedbéeéceée

Figure 2.2: Gene cloning full hi stor Bééeéeééeéeeé
XIV

An Investigation into the Expression and the Role of the CRTC1-MAML2 Fusion Protein in Mucoepidermoid
Carcinoma



Figure 2.3: The pCR3.1 mammalian expressionvect or mapééeééeééeé. . . 6
Figure 2.4: The pCDNA3.1+1 RE GFP mamn8al i an e
Figure 2.5: Mi gration assayééééecéeéécecectéceeéeéé
Figure 2.6: Trans well i nvasion assay8 diagr a
Figure 2.7: Schematic diagram of seedingthece | | s wi t h the M8t rigel é

Figure 2. 8: Developing 3D organoid méldel of

Figure 2. 9: Mucoepidermoid carcinoma93cel | [

3. Chapter 3

Figure 3.1: Current techniques used to detect the CRTC1-MAML2 translocat i o%h é 9

Figure 3.2: The anatomical site, average age and histological grades of

MEC. eggééeecececeececeeeceecececeececeeceeceececeeeceeeceeceeceeece . 102

Figure 3. 3: Haemat oxylin and Eosi rM03sl@5ai ni ng

Figure 3.4:Clearcel MECé e é ééeeééééeeceeééeeceeéééeee. 7.10

Figure 3.5: Validation of the BaseS%xlézpe assa

Figure 3.6: Validation of the BaseBldibpe assa

Figure 3.8: Detection of the CRTC1I-MAML 2 fusi on transcr2pt in M
Figure 3.9: Specificity of BaseScope BA-Hs-CRTC1-MAML2-FJ pr obe Rlb MECé1
Figure 3.10: Specific architectural expression of the CRTC1-MAmML2 transcript in

MECeéééeeceééeced&éeeceeééeceeceeéeceeceeeéeé. A3-124

XV
An Investigation into the Expression and the Role of the CRTC1-MAML2 Fusion Protein in Mucoepidermoid
Carcinoma



Figure 3.11: Specific architectural expression of the CRTC1-MAML2 transcript in

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

4. Chapter 4
Figure 4.1: Amplification of the CRTC1-MAML 2 CcDNAéééééeééede. é1l

,,,,,

Figure 4.2: Generation of FLAG-Tag CRTC1I-MAML 2 cl oneéééééRééél
Figure 4. 3: MAML2 pCR4 Cloneéééééécésééeceééé
Figure 4.4: Sub cloning of MAALEE E .n.t 46 .p.CIR3. 1
Figure 4.5: FLAG-Tag CRTC1I-MAML 2 fusi on in pCR3. 1éd&éééeééeée
Figure 4.6: Synthesis of the CRTC1-MAML2 pCDNA3.1+IRESGF P c | L&+ &i@

Figure 4. 7: FI ow cytometry data analb5sis/ FA
Figure4.8:Flowcyt ometry data analysis/ FACS1 puri fic
Figure 4. 9: FIl ow cytometry data analb2si s/ FA

Figure 4.10: FIl ow cytometry data andd3ysi s/ F

Figure 4.11: Fluorescence microscopy images of transiently transfected NCI-H647

cells with FLAG-Tagged CRTC1-MAML2 and eGFP-N1 using JetPRIMEE é é . 34

Figure 4.12: Fluorescence microscopy images of transiently transfected HuUSL with

FLAG-Tagged CRTC1-MAML2 and eGFP-N1 using JetPRIMEE é ¢ é é ¢ é . 55l

Figure 4.13: Fluorescence microscopy images of transiently transfected HEK293

cells with FLAG-Tagged CRTC1-MAML2 and eGFP-N1 using JetPRIMEé é . ¢é 835

XVI
An Investigation into the Expression and the Role of the CRTC1-MAML2 Fusion Protein in Mucoepidermoid
Carcinoma



Figure 4.14: CRTCI-MAML 2 fusion protein expre858ion in

Figure 4.15: CRTC1-MAML2 fusion transcript and protein expression in cell

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

l ineséééééeééecécééeéecéceéeéceéeeéeéececéeéclss

,,,,,

Figure 4.16: Fusion protein localisationinNCI-H6 47 cel | séééeégé. . é.

Figure 4.17: CRTC1-MAMLZ2 fusion gene, transcript and protein expression in

,,,,,

transfected normal salivarygl and cel |l s HuSLéééééeééedieéeéee. é.

Figure 4.18: CRTC1-MAML2 upregulation in normal transfected primary salivary

,,,,,,,

gland cells versus normal control ééglé3¢eéecéée

Figure 4.19: G418 Kill Curve of HEK2653 cell s

,,,,,,,,,,,,,,

Figure 4.21: G418 Kill Curve of HuSlegrééeééeéeéé
Figure 4.22: Stable cell generati oB.169i agr amé
Figure 4.23: Stable transfection aé.dllysi seéé

,,,,,,,,

,,,,,,,

5. Chapter 5
Figure 5.1: CRTC1-MAML2 fusion expression inNCI-H 6 4 7 é é&é& é ¢ é . ..193

Figure 5.2: CRTCI-MAML 2 f usi on expression in.19EK293¢¢

Figure 5.3: Wound healing assayeéeéeéé&élBeeéeéecé
Figure 5. 4: l nvasion assay of the HERR93 cel
XVII

An Investigation into the Expression and the Role of the CRTC1-MAML2 Fusion Protein in Mucoepidermoid
Carcinoma



,,,,,,,,,,

Figure 5.5: Invasion assay of the NCI-H6 4 7 cel | sééééeééééeroe. éé.

Figure 5.6: Dot plotof EAU-4 8 8 pr ol i feration assay.2(lHEK293)

Figure 5. 8: EdU staining of prolifer283 i ng ce

,,,,,,,,,

,,,,,

Figure 5.10: HEK293 clonogenic assay26ééééécé

,,,,,,,,,,,,,

Figure 5.11:NCI-H6 47 cl onogeni c assayéééeééécécrogécéeééce

,,,,,,,,,,,,,

Figure 5.12: Clonogenic assayeéeééeéeéeénsgeecécecée

6. Chapter 6
Fi gur e-gatactabidasefl(SA-b-Gal ) assayééééééécéécééxréeéeé. 2

Figure 6.2: Reverse-Transcriptase PCR analysis of mRNA of human primary normal

salivary gland cells (HPG, HuSL and ZMG) éééé

Figure 6.3: Immunofluorescence analysis of human primary salivary gland cells.226

Figure 6.4: ALI <culture of human <28229vary gl

Figure 6.5: ALI culture of human salivary gland organoid model transfected with the

////////////////////

CRTCI-MAML2construct éééééééécééeéeéeéceeeceeenee. .. 2

,,,,,,,,,,,,,,,,

nor mal salivary gland cell séééeéecééeéFléceéeée

Figure 6. 7: Mucoepidermoid carci noma32cel | [

/////////////////

Figure 6.8: MECor ganoi d 3D model ééeééééecééecés3eécééce.

Figure 6. 9: Mucoepidermoid carcinoma3section
XVIII

An Investigation into the Expression and the Role of the CRTC1-MAML2 Fusion Protein in Mucoepidermoid
Carcinoma



sz

Figure 6.10: Morphology ofthe A-253 3D organoid model 876ééééeé

Figure 6.11: Immunofluorescence staining of MEC 3D structureé € ¢ é é é € . 28

7. Chapter 7

Figure 7.1: Line graph of the estimated number of incidence cases of salivary gland

D
D
D
D
D
()

cancers from 2018 to 2040é¢éééeécéécéecéebnoe

s 7

Figure 7.2: Project Storyééeéééeéeécécghéeécecéeceé

XIX
An Investigation into the Expression and the Role of the CRTC1-MAML2 Fusion Protein in Mucoepidermoid
Carcinoma



List of Tables

1. Chapter 1

Table 1.1: WHO Histological <classificdation o

Table 1.2: Comparison of Grading Syst2em for

Table 1. 3: Fusion oncogenes in salivabry gl an

Table 1.4: Comparisons between the key studies investigating the correlation

bet ween fusion positive MEC and clin3cal sig

2. Chapter 2
Table 2. 1: Demographic Parameters in 4MEC Ret

,,,,,,,,,,

Table 2.2: ReagentsinBaseScope Assayééééééécécéragéeéeéeéd

conditionséeeéééeeecéééeeceeééeceecééeececeéedece. 4

Table 2.4: Guideline for semi-quantitative assessment of BaseScope staining

i ntensityéééeceééceckaeeeéeeceééeeeceeeée. 8

Table 2.5: Cell culture reagentséeéeéegPéeéecéeécecé
Table 2.6: List of cell lineséééééeciéééeceééé
Table 2. 7: List of human primary salilvary gl

Table 2.8: Recipe for 21 SDS épréeeépadréathi oneéééé

0]

Table 2. 9: Description of PCR thermald9 Cycl e
Table 2. 10: Pri mer sequences utilisea for ge
XX

An Investigation into the Expression and the Role of the CRTC1-MAML2 Fusion Protein in Mucoepidermoid
Carcinoma



Table 2.11: Description of the plasmilds wused
Table 2.12: Listofcompetentc el | s used in the study2ééééeéé
Table 2.13: Standard and specific overlapping primers used in the sequence....... 63

Table 2. 14: Reverse transcription dedcriptio
Table 2.15: Primers sequenceécatiebeséged in PCR
Table 2.16: Thermal cycle conditions forReal-Ti me PCR machi neté é éééé. 7
Table 2. 17: Pri mers sequences utilis@&d in qP
Table 2.18: Preparation of 1x NUPAGEt r ansf er buffer f o8 wet tr.
Table 2.19: Antibodies used in Weste&tn bl ot
Table 2.20: EdU reaction mix soluticBaéeeéeécée
Table 2. 21: Haemat oxylin and Eosin S87Taining
Table 2.22: Compositions of the fres9Bly prep

Table 2.23: Compositions of the medi9® used t

Table 2.24: Online analysis tolls .&wef® used

3. Chapter 3

Table3.1:Hist opat hol ogi cal findings of éMBE@ caseséé

Table 3.2: Detection of the CRTCI-MAML 2 fusi on transcrBpt in M

Table3.3:Semi-quanti tative analysis of the 7BaseScoy

XXI

An Investigation into the Expression and the Role of the CRTC1-MAML2 Fusion Protein in Mucoepidermoid
Carcinoma



Abbreviations

+ve Positive

-ve Negative

x Times

% Percentage

U- SMA alpha smooth muscle actin

ce Celsius

& Delta

HUg Microgram

ul Microlitre

pum Micrometre

2D Two-dimensional

3D Three-dimensional

AB Antibody

ACC Adenoid cystic carcinoma

AFIP Armed Forces Institute of Pathology
AKT2 Serine/threonine kinase 2

ALl Air-Liquid-interface

AMP Amplification

ANOVA Analysis of variance

AP1 Activated protein 1, transcriptional factor
AREG Amphiregulin

ATF1 Activating transcription factor 1
ATF3 Activating transcription factor 3
ATP Adenosine triphosphate

B2M Beta-2-Microglobulin

BCL2 B-cell ymphoma gene

BGH Bovine Growth Hormone

BIRC2 Baculoviral IAP Repeat Containing 2
bp Base Pair

BSA Bovine serum albumin

XXII

An Investigation into the Expression and the Role of the CRTC1-MAML2 Fusion Protein in Mucoepidermoid
Carcinoma



BrdU 5-bromo-2 -deoxyuridine

C- Carboxyl group

CiM2 CRTC1-MAML2 fusion

cAMP cyclic adenosine monophosphate
CBD CREB binding domain

CCDH Charles Clifford Dental Hospital
CD34 Cluster of differentiation 34

CDKN2A cyclin-dependent kinase inhibitor 2A

cDNA complementary DNA

CFTR Cystic fibrosis transmembrane regulator gene

CGH Comparative genomic hybridization

CK5 Cytokeratin 5

CK7 Cytokeratin 7

C-Kit Stem cell factor

CLDN7 Claudin-7

cm Centimetre (S)

CMvV Cytomegalovirus

CO: Carbon dioxide

COs7 Fibroblast-like cells derived from monkey kidney tissue
CRTC1 CREB Regulator Transcriptional Coactivator 1

CRTC3 CREB Regulator Transcriptional Coactivator 3

CREB cAMP response element binding mediated transcription
CRISPR Clustered regularly interspaced short palindromic repeats
CSL CBF1, Suppressor of Hairless, Lag-1

Ctrl Control

CT Cycle threshold

CuSO. Copper sulfate

Cux1 Homeobox protein cut-like 1

DAB 3 , -Bi&minobenzidine

DAPB 4-hydroxy-tetrahydrodipicolinate reductase Bacillus
DAPI 4', 6-diamidino-2-phenylindole

DDH;0 Deionised distilled water

XXIII

An Investigation into the Expression and the Role of the CRTC1-MAML2 Fusion Protein in Mucoepidermoid
Carcinoma



DFS Disease free survival

DMBT1 Deletion in malignant brain tumourl
DMEM Dul beccobs Modi fied Eagles Medi um
DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

DPX Diethylphenyl-zanthine

DSS Disease free survival

DTT Dithiothreitol

DUSP1 Dual Specificity Phosphatase 1

ECL Enhanced luminol-based chemiluminescent substrate
ECM Extracellular matrix

E. coli Escherichia Coli

EDTA Ethylene-diamine-tetra-acetic acid
EdU 5-ethynyl-2 -@leoxyuridine

EGF Epidermal growth factor

eGFP Enhanced green fluorescence protein
EGFR Epidermal growth factor receptor
EHS Engelbreth-Holm-Swarm mouse sarcoma
EMT Epithelial mesenchymal transition
EST Expressed sequence tag

ETS Erythroblast Transformation Specific
ETV6 ETS Variant Transcription factor 6
EV Empty Vector

EWSR Ewing sarcoma RNA binding protein
F Forward

FACS Fluorescence activated cell sorting
FBS Foetal bovine serum

FFPE Formalin Fixed Paraffin embedded
FGF Fibroblast growth factor

FISH Fluorescence in situ Hybridization
FITC Fluorescent isothiocyanate

g gram

XXIV

An Investigation into the Expression and the Role of the CRTC1-MAML2 Fusion Protein in Mucoepidermoid
Carcinoma



g Gravity

G418 Geneticin

GAPDH Glyceraldehyde 3-phosphate dehydrogenase
gDNA Genomic DNA

GFP Green fluorescent protein

H&E Haematoxylin and Eosin

H4 Histone 4 gene

HBS HEPES Buffer Saline

HDACs Histone deacetylases

HEPES Hydroxyethyl-piperazine ethane sulfonic acid
HES1 Basic helix-loop-helix transcriptional repressors
HESS5 Basic helix-loop-helix transcriptional repressors
HG High glucose

HIF-1 U Hypoxia-inducible factor 1-alpha

HMG High mobility group

HMGA?2 High mobility group A2

HPG Human parotid gland cells

HRP Horseradish peroxidase

HuSL Normal human salivary glands

h Hour (s)

H>0, Hydrogen peroxide

H20 hydrogen dioxide (Water)

HybEZ Hybridization

ID Identification

IDA Industrial methylated spirit (denatured alcohol) 99%
IF Immunofluorescence

IGF Insulin-like growth factor

IHC Immunohistochemistry

iPSC Induced pluripotent stem cells

IPTG Isopropy! B-D-1-thiogalactopyranoside

IREs Internal ribosomal entry site

K Kilo

XXV

An Investigation into the Expression and the Role of the CRTC1-MAML2 Fusion Protein in Mucoepidermoid
Carcinoma



KDa
KGM

L

LB

LG

L-G
LINC00473
LKB1
M
MADI1L1
MAML2
MEC
MECT1
MG132
min

mL

mM
MMP
MRNA
MUC1
MUC2
MUC4
MUCS5AC
MUC5B
MYB
MYC

N-
Nanog
NBD
NCBI
NCI
NDRG1

An Investigation into the Expression and the Role of the CRTC1-MAML2 Fusion Protein in Mucoepidermoid

Carcinoma

Kilo Dalton

Keratinocytes growth medium

Litre

Luria-Bertani media

Low glucose

L- Glutamine

Long Intergenic Non-Protein Coding RNA 473
Tumour suppressor gene (serine-threonine kinase 11)
Molar

Mitotic Arrest Deficient Like 1

Master mind-like gene2

Mucoepidermoid carcinoma

Mucoepidermoid carcinoma translocation genel
Proteasome inhibitor

minute (s)

millilitre

Millimolar

Matrix metalloproteases

Messenger RNA

Membrane-bound mucinsl

Membrane-bound mucins2

Membrane bound mucins4

Membrane bound mucins5AC

Membrane bound mucins5B

Myeloblastosis

Myelocytomatosis

amino-terminus

Stem cell transcriptional factor

Notch binding domain

National Centre for Biotechnology Information
National Cancer Institute

N-Myc Downstream-Regulated Gene 1

XXVI



NFIB
ng
NGS
NIH3T3
nm
NR4A2
NREC
NTRK1
OAZ1
0S
0SscC

P63
P/S

PA
PAGE
PAS-D
PAS
PBS
PCNA
PCR
PDE4B
pH

Pl

PKA
PLAG1
Pou6f2
PPIB
Pts
PTC

An Investigation into the Expression and the Role of the CRTC1-MAML2 Fusion Protein in Mucoepidermoid

Carcinoma

Nuclear factor | B

Nanogram

Normal goat serum

NIH Swiss mouse embryo, Three-day transfer
Nanometre

Nuclear receptor 4 related A2

NHS Research Ethics Committee
Neurotrophic Receptor Tyrosine Kinase 1
Ornithine Decarboxylase Antizyme 1
Overall survival

Oral squamous cell carcinoma
Phosphorylation

Passage number

Short arm of the chromosome
Transforming relating tumour protein 63
Penicillin/ Streptomycin

Pleomorphic adenoma

Polyacrylamide gel electrophoresis
Periodic acidi Schiffi diastase
Periodic-Acid-Schiff

Phosphate buffered saline

Proliferating cell nuclear antigen
Polymerase chain reaction
Phosphodiesterase 4B

Potentiometric hydrogen ion concentration
Protease inhibitor

Protein kinase A

Pleomorphic adenoma genel

POU Class 6 Homeobox 2
Peptidylprolyl isomerase B

Point (s)

Papillary thyroid carcinoma

XXVII



pUC19
PVDF
gqPCR

RET
RIPA
RISH
RKS3E
RNA
ROCK
RPM
RS1
RT
RT-PCR
SA-b-Gal
SCC
SCDM
SD
SDS
SEM
SEM
SGC
SGM
SGT
sh
SIgA
SiRNA
SLG
SMG
SOC
STC1

Plasmid University of California
Polyvinylidene fluoride

Quantitative polymerase chain reaction
Long arm of the chromosome

Reverse

Oncoproteins (Rearranged during transfection)
Radioimmunoprecipitation assay buffer
RNA In Situ Hybridization

Rat Kidney epithelial

Ribonucleic acid

Rho kinase inhibitors

Revolutions per minute

R-spondin-1

Room temperature

Reverse transcriptase polymerase chain reaction
Senescence associated b galactosidase
Squamous cell carcinoma

Santa Casa de Misericordia Hospital
Standard deviation

Sodium dodecyl sulfate

Scanning electron microscopy

Standard error of the mean

Salivary glands cancer

Salivary glands medium

Salivary glands tumour

Short Hairpin

Salivary immunoglobulin A

Small interfering RNA

Sublingual gland cells

Submandibular gland cells

Super Optimal broth with Catabolite repression

Stanniocalcin 1

XXVIII

An Investigation into the Expression and the Role of the CRTC1-MAML2 Fusion Protein in Mucoepidermoid

Carcinoma



TAD
TAE
TBS
TBS-T
TE
TFE3
TFEB
TFF1
TGF-b
TK
TNF U
TORC1
TP53
Tris
Tris HCI
TSP-1
U

ueé
UM-HMC2
UTR
uv
U20s

VEGF-A
W
WAMTP1
WHO
wWnt

Translocation

Time point

Transcriptional activation domain

Tris base, acetic acid and EDTA
Tris-buffered saline

Tris-buffered saline-tween

Trypsin EDTA

Transcriptional factor E3
Transcriptional factor EB

Trefoil factor 1

Transforming growth factor beta-1
Tyrosine protein Kinase

Tumour necrosis factor alpha
Transducer of regulated CREB activityl
Tumour suppressor gene
Trisaminomethane

Tris Hydrochloride

Thrombospondin 1

Unit

RNUGB

University of Michigan-Human mucoepidermoid carcinoma 2
Untranslated region

Ultraviolet

Human osteosarcoma cells

Voltage

Volume

Vascular endothelial growth factor A
Weight

Warthin and mucoepidermoid tumour translocated partner 1
World Health Organisation

Wingless-related integration site

XXIX

An Investigation into the Expression and the Role of the CRTC1-MAML2 Fusion Protein in Mucoepidermoid

Carcinoma



Chapter 1 Literature Review

1. Chapter 1 Literature Review

1.1 The normal salivary glands

The salivary glands are exocrine glandular tissues present in the oral cavity and
divided into major and minor glands. In humans, the salivary glands are composed of
three symmetrical pairs of major salivary glands: parotid, submandibular (previously
known as submaxillary) and sublingual (figurel.1). There are also numerous,

irregular, scattered minor salivary glands.

Major Salivary glands

Stenson’s duct

o
Wharton’s duct \
\

Parotid gland

’/ Submandibular gland
Sublingual gland

Figure 1.1 Major salivary glands, the anatomical locations of the parotid, submandibular and

sublingual gland. Image created in BioRender.com.

A major function of salivary glands is to keep the oral cavity moist through the
secretion of saliva, 80% of which is secreted by the major glands, whereas the minor
salivary glands are responsible for the final 20%. Among the major glands, the
submandibular glands are responsible for secreting 70% of the saliva, while the
parotid glands secrete 25%, and the remaining 5% is secreted by the sublingual

1
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glands. Saliva is important for lubricating the oral mucosa and helping with speech,
mastication, and swallowing. Saliva is crucial in food digestion via the secretion of
specific digestive enzymes such as amylase and other proteins like mucin and
glycogen. Saliva is also responsible for maintaining the normal oral flora, as well as
playing an essential role in the prevention of dental caries and periodontal diseases
by secreting the antimicrobial agent salivary immunoglobulin A (Slg A) and

lysozymes.

The basic structures of all salivary glands are similar, however, there are some
differences in secretions, functions and histology. The salivary gland unit consists of
acinar cells, intercalated ducts, striated ducts, and excretory ducts (figure 1.2). These
units are arranged in two sets of cells: luminal cells, which include acinar and ductal
cells, and abluminal cells. The abluminal cells are known as myoepithelial cells and
they surround the acinus and the intercalated ducts at the periphery and the basal
cells on the proximal side of excretory ducts. There are two types of acini, serous and
mucous, and the composition of saliva differs between the two types. The serous acini
contain amylase, whereas the mucous acini secrete sialomucins. The saliva is stored
in granules inside the epithelial cells of the acini. The proteins and electrolytes inside
these acini are dissolved in water with which they are mainly filled. The secretion of
saliva increases due to stimuli such as eating and chewing and controlled mainly by
the autonomous nervous system (lorgulescu, 2009). However, even without a

stimulus the salivary glands constitutively secrete some oral fluid.
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Acinus Duct
| 1 ]
Intercalated Striated Excretory
duct duct duct

Myoepithelial cells

Abluminal cells

Figure 1.2 General salivary gland unit: Acinus, intercalated duct, striated duct and the main

excretory duct. Arrows indicate Myoepithelial cells. Image created in BioRender.com.

1.1.1 Major salivary glands

1 Parotid glands

The parotid gland is the largest gland in the oral region in adults. Its weight ranges
from 15-30 g. It lies anterior to the ear and inferior to the mandible. It is triangular in
shape, contained in a fine capsule and divided into a superficial upper lobe and deep
lower lobe by the facial nerve. The secretions of the parotid gland flow through a main
duct orifice called the Stensonds duct.

on the buccal mucosa opposite to the maxillary second molars.

The majority of salivary gland neoplasms occur in the superficial lobe and despite the
vital structures and important nerves and veins in this area, they are still surgically

convenient to access.
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1 Histology of parotid glands

Parotid glands histologically consist of epithelial secretory tissue and protective
mesenchyme. A fine uniform fibrous capsule surrounds and protects the gland. The
parenchymal tissue separates and divides the gland into lobules. A main collecting
duct branches into smaller inter-lobular ducts, which branch into smaller intra-lobular
striated ducts. The striated ducts divide into intercalated ducts, which connect into the

terminal secretory system of the acini, figures 1.2 and 1.3.

The parotid glands have an entirely serous secretion. The serous acini are composed
of triangular shaped cells surrounding the central small lumen, with a prominent and
round nucleus at the base. The cytoplasm is basophilic due to the presence of
zymogen secretary granules: rough endoplasmic reticulum studded with ribosomes
which mainly secrete amylase, largely explains the granular appearance. These
secretory zymogen granules stain positive for Periodic-Acid-Schiff (PAS) and resist
diastase digestion. In contrast, they are negative for mucicarmine and Alcian-blue,
which explains the watery nature of the serous secretion. The connective tissue
consists of plasma cells, that produce immunoglobulin A (IgA), blood vessels and

nerves.
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Histology of Parotid gland

-

, Y e
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Figure 1.3 Normal parotid gland glandular structure: normal parotid glands with serous
acini organised in lobules. Serous acini contain dark granules secreting watery fluid with

amylase draining to the ducts and secreting into the oral cavity.

The myoepithelial cells are present at the basal membrane of the acinar cells and
intercalated ducts. They are so called because they share histologic features with
both epithelial and smooth muscle cells. Myoepithelial cells are flat, stellate cells with
cellular processes that extend to surround the acinar cells and intercalated ducts
(figure 1.2). The important feature of the cytoplasmic filaments is that they contract to
aid saliva secretion. The myoepithelial cells are rarely seen in routine haematoxylin
and eosin (H&E) sections, due to an artefact during the fixation process; special
staining for alpha s moot h mu s c FS&IA) ascrequined t§ detect them.
Myoepithelial cells play a significant role in many salivary gland neoplasms and are
believed to be responsible for the morphological variability among these tumours

(Martinez-Madrigal and Micheau, 1989). This belief is due to the fact that these cells
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share both epithelial and mesenchymal characteristics which can change under some

neoplastic conditions.

As mentioned above, there are three types of secretory ducts, the first being the
intercalated duct, which is longer and quite distinct in the parotid glands (although can
sometimes be difficult to distinguish histological sections), shorter in the
submandibular glands and poorly developed in the sublingual glands. Intercalated
ducts are lined with simple cuboidal cells that have abundant cytoplasm and regular

round nuclei.

The striated duct is a very active in modification of the final ductal secretion, with a
diameter is six times larger than the acini cells. It is lined with columnar cells with
vertical striations in the cytoplasm. These striations represent basal folds, microvilli,
and can be seen under high power with a light microscope. The striated duct cells
react more with acid in the H&E, due to the fact that they contain large numbers of
mitochondria which have ionic pumping activity to regulate the salivary fluids. The

cytoplasm is eosinophilic with centralised and round nuclei.

Finally, the excretory ducts are collecting ducts lined with pseudo-stratified columnar
epithelium with low-basal cells scattered in the basement membrane and infrequently
with goblet like mucous cells that stain positive with PAS. As the excretory ducts
merge into the oral epithelia to secrete the saliva, the lined epithelial changes to a

stratified squamous epithelium.

Around the parotid gland are small nodules of lymphoid tissue, sebaceous glands or

small clusters of sebaceous cells and adipose tissue. Sebaceous glands may be
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present in 10 to 42% of normal parotid glands and secrete a waxy, oily substance

(Sebum) that helps to prevent the loss of saliva secretion (Ellis and Auclair, 2008).

1 Submandibular glands

The second largest salivary gland is the submandibular gland, with weights ranging
from 7 to 15 g and located in the submandibular triangle of the neck. The
submandibular gland is similar to the parotid gland having one excretory duct, the
Wh a r t o n dh8s ductextends about 5 cm along the lingual sulcus with its opening
adjacent to the lingual fraenum in the floor of the mouth. The two openings of the duct

are located a few milometers from each other.

i Histology of submandibular glands

Submandibular glands are surrounded by a fine fibrous capsule. The architecture of
the submandibular gland is similar to that of the parotid glands, consisting of acini,
intralobular ducts (intercalated and striated), interlobular ducts and main excretory

ducts.

The submandibular gland acini are distinct from their parotid counterparts, as they
are mixed, with serous acini in the majority, but around 5-10% of acini are mucous
secreting. Serous acini sometimes appear, in histological sections, to surround the
mucous acini to form a crescent shaped cap at the periphery, called a serous demi-
lune (figure 1.4); this is considered by some to be an artefact of the fixation process.
The cytoplasm in mucous cells is distinctly basophilic with spherical nuclei. These
cells are positive for PAS, Mucicarmine and Alcian blue, due to the mucus production

by the acinar cells (sialomucin acids).
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Histology of Submandibular gland

Serous acini

Figure 1.4 Normal submandibular gland structure: with both serous acini and mucous acini
containing pale coloured mucin. Black arrows indicate the serous cells surrounding the

mucous cells (serous demi-lune). (Image from Dr Daniel J Brierley).

The intercalated duct in the submandibular gland is shorter and less apparent than in
the parotid gland, whereas the striated ducts are more evident. Again, the
myoepithelial cell is not routinely visible in H&E staining, due to an artefact resulting
from the fixation process. Unlike the parotid glands, lymphoid tissue and peripheral
nerves are not present in submandibular glands, which could explain the rarity of
lymphatic spread of malignant salivary gland neoplasms that develop in this gland.
Sebaceous glands are rare in submandibular glands being present in only 5-6% of

submandibular glandular structures (Ellis and Auclair, 2008).
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I Sublingual glands

The sublingual gland is the smallest of the major salivary glands, weighing on average
only two to three grams. It is located between the floor of the mouth and the mylohyoid
muscle. The sublingual gland, unlike the other major glands, has several excretory
ducts of which the main and | argest duct , tr
through the ducts of the submandibular glands. The other smaller ducts are called

Rivinus ducts and open directly into the oral cavity.

i Histology of sublingual glands

Sublingual glands are poorly encapsulated and their lobular structures are less
organised than in other major salivary glands. The acini in sublingual glands are
mixed, with a mucous predominance (figure 1.5). The ends of these secretory units
often appear elongated instead of the spherical-like acini found in the parotid and
submandibular glands. Both types of intra-lobular ducts, intercalated and striated, are
shorter in sublingual glands than in other major glands. The lymphoid tissues and

sebaceous glands are not present in the sublingual gland.
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Histology of Sublingual gland

~ Striated du_ct

Figure 1.5 Normal sublingual gland structure: mucous acini with pale coloured mucin.

1.1.2 Minor salivary glands

400-800 minor salivary glands are distributed in the oral cavity (Speight and Barrett,
2009) and are located in the mucosa and submucosal layer in the cheeks, lips,
ventral, dorsal and lateral surfaces of the tongue, hard and soft palate, and retromolar
area. However, the gingivae and anterior part of the hard palate are lacking in, or free
from, minor salivary glands; salivary glands tumours are, therefore, unlikely to

develop at these anatomical sites.

Minor salivary glands are generally un-encapsulated (figure 1.6), a feature which
allows neoplasms in minor salivary glands to metastasise rapidly and grow invasively.
The secretion in minor glands is mainly mucous, with the exception of the lingual

minor glands, where it is entirely serous (Serous glands of Von Ebner).
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Figure 1.6 Normal minor salivary glands: aggregates of un-encapsulated secretory acini
and ducts organised in the submucosa layer of the oral cavity (not, however, in the anterior

part of the hard palate and gingivae). Minor salivary gland secretion is mainly mucous.

1.2 Oral cancer

Oral cancers are malignant tumours that involve the structures of the oral cavity. Oral
squamous cell carcinoma (OSCC) represents more than 90% of oral cancers
(Johnson et al., 2011) and is the sixth most common neoplasm worldwide, with more
than 500,000 new cases diagnosed annually (Matta and Ralhan, 2009). Despite
advances in the management of OSCC, the 50% overall survival rate at 5-year has

not improved during the past 3 decades (Sasahira et al., 2014).

OSCC can develop at any site in the mouth, although there are specific locations such

as the tongue and floor of the mouth where OSCC is most likely to occur. The main
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causative factors linked to OSCC are tobacco smoking and alcohol consumption.
Surgical biopsy is the only way to provide an accurate diagnosis of OSCC and to
determine the grade and stage which are crucial in deciding upon post-surgical
treatment and clinical outcome. In recent years, there has been increasing interest in
investigating numerous biological and molecular markers for diagnosis and prognosis
of OSCC. However, routine clinical examination with comprehensive
histopathological investigation of surgical specimens is still the gold standard for

providing precise management and predicting the prognosis.

1.2.1 Salivary Gland Tumours
The overall annual incidence of salivary gland tumours is less than 5 per 100,000 in
the Western world (Speight and Barrett, 2020) with around 720 cases every year in

the United Kingdom (https://www.cancerresearchuk.org/about-cancer/salivary-gland-

cancer/about, accessed in October 2020). According to the latest histological
classification of the World Health Organisation (WHQO) 2017, there are more than forty
types of salivary glands tumours, 23 of which are malignant (table 1.1) (EI-Naggar et
al., 2017). Almost 80% of salivary gland neoplasms occur in the parotid glands and
15% arise in the submandibular glands. Only 5% of salivary gland cancers develop
in the sublingual and minor salivary glands (Bell and Hanna, 2012). Malignant
tumours of salivary glands are a rare form of oral cancer representing only 6% of all
head and neck malignancies and less than 0.5% of all cancers in the body (Barnes,

2005; Lin et al., 2018).

The occurrence of salivary gland cancer (SGC) is truly site dependent as twenty per
cent of parotid gland tumours are malignant, nearly half of submandibular gland
neoplasms are malignant but more than 60% of sublingual and minor gland tumours

are malignant (Guzzo et al., 2010).
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Salivary gland carcinomas are a highly heterogeneous and clinically diverse group,
which despite their rarity are life-threatening and exhibit various biological behaviours.
This complexity of salivary gland tumours renders accurate diagnosis challenging

even for a highly skilled pathologist.

The exact causes of salivary gland cancer remain unclear, however, several risk
factors have been identified, including exposure to radiation, low-nutrition diet, history
of childhood benign salivary gland tumour, infection and genetics (Guzzo et al., 2010).
Nearly 80% of salivary gland tumours are benign. Pleomorphic adenoma (PA) is the
most common salivary gland tumour, while in contrast, mucoepidermoid carcinoma
(MEC) is the most common malignant lesion, followed by adenoid cystic carcinoma

(ACC).

This review will focus mainly on MEC with brief overviews of PA as it is the most
common salivary gland tumour and ACC as it is the second most common salivary

gland cancer.
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Table 1.1 WHO Histological classification of tumours of the salivary glands (El-

Naggar et al., 2017)

Mabgnant epithelial tumours

Benign epithelial tumours

Mucoepidermeid carcinoma
Adenoid cystic carcinoma

Aciniz Cell carcinorma
Polymarphous adenocarcinoma
Clear cell carcinoma

Bazsl cell sdenocarcinoma
Intraductsl carzinoms
Adenocarcinoms, MOS

Salivary duct carcinoma
Myoepithelial carcinoma
Epithelial-rmyospithelial carcinoma
Zarcinama ex pleomonphic adenomsa
Secretary carcinoma

Sebaceous sdenocarcinoma
Carzinosarcoma

Poorly differentisted carcinoma

4. Small cell carcinoma
b, Large cell carcinoma
8. Undiffizrentiated carcinoma

Lyrnphospithelial carcinoma
Sgquarnous cell carcinoma
Oncocytic carcinoma
Unzertain malignant potential

Sialoblastoma

Fleormorphic adenoma
Myoepithelioma

Bassl cell sdenoma
Warthin tumour
Oneocytoma
Canaliculsr adenoma
Sebaceous adenoms
Lymphossnomsa
Ductsl papillornas

1. Sebacecus

4. Mon-s=baceous
Ductsl papillomas

4. Imnverted ductsl papilloma
8. Intraducial papilloma

G. Sialadenoma papilliform

cystadenoms

Hasmatolymphoid tumours
Hodgkin lymphoma
Diffuse large B-cell hmphoma

Exiranodal marginal zone B-cell pmphoma

Secondary tumours
Soft fissue turnours

Hasmangioma

Abbreviations: NOS -not otherwise specified.
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1.2.1.1 Pleomorphic adenoma

PA, a benign neoplasm, is the most common salivary gland tumour. The parotid gland
is more likely to harbour PA, followed by the minor salivary glands. PA can happen at
any age, with peak tendency between the fourth and sixth decades of life and is more
common in women than men. There are significant variations in the histological
features of these tumours. PA demonstrates a proliferation of mainly ductal and
myoepithelial cells (spindle or plasmacytoid shape); in addition, it may also contain
cuboidal, squamous, basaloid, oncocytic, and clear cells. All lie in myxoid or
chondroid connective tissue stroma, surrounded by a capsule of varying thickness.
These variations in histological characteristics make the diagnosis difficult in some

cases.

1.2.1.2 Adenoid cystic carcinoma

ACC is the second most common salivary gland cancer and can also develop in any
other exocrine glands such as breast, cervix, vulva, sino-nasal tract and
tracheobronchial tree (Stenman, 2013). ACC is a slow-growing tumour, although it is
an aggressive and life-threatening neoplasm because of the high metastasis rate. In
cases of distance metastasis, the survival rate of ACC decreases from 10 years to
less than 2-years (Laurie et al., 2011). Histologically, ACC is composed of ductal,
basal and myoepithelial cells. Additionally, it can exhibit a tubular cribriform and/or
solid growth pattern. The primary care for ACC patients is surgery and/or

radiotherapy.

1.2.1.3 Mucoepidermoid carcinoma

MEC was initially reported by Volkmann in 1895, and then fully described in 1945 by

Stewart et al., who ter med it Amucoepi dermoido and
its slow growing it has been thought to have a benign behaviour (Stewart et al., 1945).
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Lat er , in 1954, Foote and Frazell created th
established this as a malignant tumour (Foote and Frazell, 1954). MEC is the most
common salivary gland cancer in adults, children and adolescents, and can develop
in major and minor salivary glands. It accounts for more than 30% of all salivary gland
cancers (Jones et al., 2008). MEC most commonly develop in the parotid gland but
have also been documented in submandibular and minor salivary glands, more
frequently in the palate, retromolar area, cheek, tongue and lips (Speight and Barrett,

2009).

1.2.1.3.1 Histo-pathology of MEC

MEC is a malignant epithelial tumour. Its histopathology mainly comprises three types
of cells, including mucous, intermediate and epidermoid cells, which are considered
to be the basic cell types of MEC (figure 1.7). Mucous-producing cells usually line the
cystic spaces and may be tall columnar or goblet-shaped with obvious cytoplasmic
mucin or be more subtle, requiring special stains (PAS/ PASD) to identify the mucin.
Intermediate cells, the most frequently seen cell type, concentrate at the tumour
periphery and are small with a high nuclear-to-cytoplasmic ratio and oval
hyperchromatic nuclei. Epidermoid cells are polygonal with well-defined borders and
abundant eosinophilic cytoplasm. In addition to these three cell types, MEC may also
include clear, oncocytic or columnar cells (figure 1.8). Changes in the basic cell types
of the MEC to oncocytic or clear are thought to be due to differentiation of the

intermediate cell type (Garcia et al., 2011).
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Figure 1.7 Mucoepidermoid carcinoma (H&E) showing variable cyst size and composed of

the basic three cell types: mucous, epidermoid and intermediate.
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Figure 1.8 Variants of MEC: A-C) Oncocytic MEC showing nests of cells with micro-cystic
formation. D-E) Clear cell MEC, a mixture of epidermoid cells with clear cell differentiation

across the tumour. Images A-C were taken with permission from Joaquin et al., 2011.

The most common presentation of MEC is as macro or micro multi-cystic spaces lined
by epidermoid or ductal cells, and mucous-secreting cells, with the presence of solid
sheets or areas that mainly contain intermediate cells. The cystic formation in MEC
is closely linked to low-grade tumours, with more than 70% of low-grade tumours
having a higher proportion of mucous cells. In contrast, high-grade tumours typically
exhibit a solid pattern with the presence of intermediate and epidermoid cells. In
addition, high-grade tumours exhibit cellular atypia, necrosis, perineural invasion and
an increase in mitotic rate. Further features that may be seen in rare cases of MEC
include focal keratinisation and squamous carcinoma-like areas. Infiltration of

lymphocytes, meanwhile, is mainly seen in cases of MEC in parotid or minor glands.

In terms of the pathogenesis of MEC, it is thought to originate from scattered mucous
cells in excretory ducts. However, there is still no evidence that the MEC originated
from a single cell type. In normal salivary gland tissues, these mucous cells are scant

and not uniformly existent in the lining of major excretory ducts. The frequency of
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these cells tends to decrease along the intercalated ducts and striated ducts and they
have not been seen within intralobular ducts. Under certain inflammatory conditions,
such as chronic interstitial sialitis, the number of mucous cells increases, which may

confirm the origin of the MEC (Foote and Frazell, 1954).

1.2.1.3.2 Mucoepidermoid carcinoma grades

MEC is graded as low (well differentiated), intermediate or high (poorly differentiated;
figure 1.9). At present, there are several grading systems. The most universally used
grading systems are those of the Armed Forces Institute of Pathology (AFIP),
Brandwein, and the modified Healey system (Seethala, 2009) (table 1.2). MEC is the
only salivary gland cancer to have point-based (quantitative) grading systems: AFIP
and Brandwein, with the AFIP grading system agreed on and recommended by WHO
since 2005. However, the utility of these grading systems in the clinic is still restricted,
largely due to the high heterogeneity within and between different types. In addition,
the AFIP scheme tends to under-grade the tumours, whereas the Brandwein system

over-grades them (Seethala et al., 2008).
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Figure 1.9 Haematoxylin and Eosin staining of MEC cases. Low grade MEC consists of
large proportions of mucous-secreting cells (arrows), intermediate cells (dashed lines) and
large cyst formations (A and D). Intermediate grade MEC showing small size cyst with a
mixture of intermediate cells, epidermoid cells (arrows) and lower proportions of mucous cells
(B and E). High-grade MEC showing solid growth of epidermoid and intermediate cells with
lack or little presence of mucous cells, lack of microcytic formation and the presence of cellular

atypia (arrows in C) and mitotic figures (arrows in F).

Several studies have linked the grading system in MEC carcinoma with prognosis,
claiming that low-grade MEC cases have good prognosis and high-grade cases have
poor clinical outcomes. One of the main obstacles is the intermediate grade, which
does not seem to have any prognostic value as this grade can behave either

indolently or aggressively.

1.2.1.3.3 Mucoepidermoid carcinoma immunohistochemical markers

Different markers, in various ratios, are expressed by MECs, including several
classes of membrane-bound mucins (MUC1, MUC4, MUC5AC and MUC5B). The
expression of MUCL1 is closely associated with high histological grade and poor

prognosis such as high recurrence rate, metastasis and short survival rates, whereas
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MUC4 expression is linked to histologically low-grade carcinoma and better
prognosis. A recent study was conducted by Robinson and colleagues (2020) to
investigate, using immunohistochemistry, the expression pattern of MUC1, MUC2,
MUC4 , and MUC5AC in MEC and their corr
15 cases each of low, intermediate and high grade. Their results indicated that the
expression of MUC1 was significantly associated with high-grade tumours, whereas
MUC4 expression was linked to low-grade tumours. MUC5AC expression was not
correlated with any tumour grade and MUC2 was only expressed in a single case and
so could be used as an indicative marker to exclude MEC in diagnosis. Cytokeratin
14 and p63 are expressed by epidermoid and basal cells, while strong expression of
proliferating cell nuclear antigen (PCNA) and p53 is related to high-histological grade

MEC (Namboodiripad, 2014). Also, intense staining of some inflammatory cytokines

el

occur s i n ME C, such as tumour necrosi s

malignant brain tumours 1(DMBT1), which are thought to act as tumour suppressor

genes (Namboodiripad, 2014).
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Table 1.2 Comparison of Grading Systems for Mucoepidermoid Carcinoma. (Seethala,

2009)
Modified Healey Qualitative AFIP Point based Brandwein Point
based
Low grade Infracystic componsnt Infracystic component

*

*

Macrocysts, microcysts,
transition with excretory
ducts

Differentiatad Mucin
producing Epidermoid Cells,
often in a 1:1 ration; minimal
to moderate intermediate
cell population

Daughter cyst proliferation
fram large cysts
EBroad-front, often
circumscribed invasion
Pools of extravasated mucin
with stromal reaction

Intermediate grade

Mo macrocysts, few
microcysts, solid nests of
cells

Large duct not conspicuous
Slight to moderate
pleomorphism, few mitoses,
prominent nuclei and
nucleoli

Invasive quality, usually
well-defined and
uncircumseribed

Chronic inflammation at
periphery, fibrosis separates
nests of cells and groups of
nests

High grade

No macrocysts,
predominantly solid but may
be nearly all glandular

Cell constituents range from
poorly differentiated to
recognizable epidermoid
and intermediate to ductal
type adenocarcinoma

Considerable pleomorphism,

easily found mitoses
Unguestionable soft tissue,
perineural and infravascular
invasion

Chronic inflammation less
prominent, desmoplasia of
stroma may ocutline invasive
clusters

=20% = 2pt=

Weural invasion present

=2|:|15

Necrosis present

=3|:‘1E

Mitosis (4or more per 10
HPF) = 2pts

Anaplasia = 4pts

Low grade = 0-4 pis

Intermediate grade = 5-6
pts

High grade = 7-14 pt=

=25% =Ipts

Turmour inwzdes in small
nesis and islands = 2pts

Pronounced nuclear atypia
= Zpts

Lymphatic andfor vascular
nvasion = 3pis

Bony invasion = 2pts

Fdmitoses per 10 HPF =
Ipts

Perineural spread = 3pts

Wecrosis = Spis

Low grade = pis

Intermediate grade = 2-3
pts

High grade = 4 or mars

pts

Abbreviation: pts = points
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1.2.1.3.4 Management of MEC

The first line treatment for MEC patients is surgical resection, with or without
radiotherapy in cases of close margin, nodal invasion or perineural involvement.
Treatment in cases with local advanced lesions, recurrence of tumour or distant
metastases is currently limited, largely symptomatic, with no targeted therapy
currently being offered. The five-year survival rate ranges between 86% and 22 % for
low-grade and high-grade tumours respectively (Sood et al., 2016). Although the low-
grade tumour is usually indolent, it can occasionally be aggressive (Ghosh-Laskar et
al., 2011). Perineural and lymphovascular invasion is not unusual in intermediate and
high grade MECs and the incidence of lymphatic metastasis is 40% in intermediate
and high-grade tumours (Sood et al.,, 2016). Therefore, according to National
Multidisciplinary Guidelines, UK, in the management of salivary gland disease, the
histological grade of MEC is an important factor that should be considered in outcome
and treatment plans. Despite the importance of MEC, there remains a paucity of
evidence on the limitations of systematic treatment and this situation will only be

improved by gaining a full understanding of the molecular pathology of this carcinoma.

1.3 Fusion proteins

Fusion proteins are created by joining two or more genes which originally coded for
separate proteins (Fredriksson and Bilow, 2001). Chromosomal rearrangement, the
switching of genes between two or more chromosomes, results in disruption of the

biological function for which these genes were originally encoded (Aman, 1999).

At present, at least 400 fusion oncogenes have been reported in human neoplasms,
representing about 20% of human carcinomas (Brenner and Chinnaiyan, 2009). The

fusion oncogenes can originate from, or be encoded by, different factors including: 1)
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Transcription factors; 2) Transcription regulators; 3) Tyrosine kinases receptors (Bell
and El-Naggar, 2013). They have the potential to be involved in tumourigenesis via
one of two actions: upregulation of one of the genes resulting in deregulation of the
cell cycle or fusion of two genes at the breakpoint and creation of a chimeric
oncogene. The rearrangement could occur between the promoter regions of the two
genes or between the promoter region of one gene and the non-coding segment of
the other gene. Also, either could have the functional domain or normal protein

(Aman, 1999).

The first report of a fusion protein in relation to a solid tumour was in papillary thyroid
carcinoma (PTC), known as H4-RET (histone 4-RET proto-oncogene) and involved
the tyrosine kinase inhibitor and neurotrophic receptor kinasel (NTRK1).
Subsequently a fusion protein in renal cell carcinoma was found to involve the
transcriptional factors 3 and B (TFE3 and TFEB), (Argani and Ladanyi, 2003). Recent
evidence suggests that these chromosomal rearrangements are involved in the

initiation and early stage of these tumours (Stenman, 2005).

Multiple studies have investigated the association between salivary gland tumours
and specific, non-random, recurrent chromosomal translocations (table 1.3). The
consequence of these translocations is the creation of fusion proteins that are thought
to be involved in the pathogenic and molecular pathology of the tumours. As
previously stated in this review, more than forty types of morphologically diverse
salivary gland tumours have been recognised by the World Health Organisation
(WHO, 2017; El-Naggar et al., 2017). Such heterogeneity has, however, caused
difficulties for pathologists in diagnosing and studying tumours. Therefore, studying
the chromosomal disarrangements could play an important role in addressing the

issue of inconsistent diagnosis of salivary gland neoplasms.
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This review focuses mainly on the CRTC1-MAML2 fusion but highlights briefly the
PLAG1, HMGA2 and MYB-NFIB fusions as they are the most frequent translocations

found in PA and ACC.

Table 1.3 Fusion oncogenes in salivary gland neoplasms

Tumour Cell of Site of tumour | Pathogenic Fusion
origin translocation onCogens
Pleamaorphic Epithelial Salivary gland t{8:12){q12;914- PLAGT-
adenoma and 15) HMGAZ
myoepithelial
Marmmary Epithelial Salivary gland t{12: 18) (p13; ETWVE-
analogue q258) MNTRE3
sacretory
CArcinomsa
Hyalinizing clear | Epithelial Salivary gland | t{12: 22) (g13; EWSR-ATF1
call and oral cavity | 912)
CErCinoma
Adenoid cystic | Epithelial Salvary gland, | #8; 8g22-23; MY B-NFIB
carcinomsa and bresst p23—-24)
mycepithelial
Mucocepidermoid | Exocrine Salvary gland, | t{11: 19) [(g21-22; | CRTC1/3-
carcinomsa ducts lung, breast, p13) MAMLZ
skin,
oesophagus,
pancreas,
thyroid and
CEIVIX.

Abbreviations: t= translocation, g= chromosome long arm, p= chromosome short arm.
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1.3.1 Pleomorphic adenoma
During the last few decades, comprehensive cytogenetic studies have been
conducted to detect the specific fusion proteins associated with Pleomorphic

adenoma cases.

PLAGL1: Pleomorphic Adenoma Gene 1 was the first chromosomal rearrangement
detected in a benign tumour (Mark et al., 1980). PLAG1 is a member of the PLAG
(zinc finger protein) family, which includes PLAG1, PLAGL1 and PLAGL2. PLAG1
and PLAGL?2 are architecturally alike and share an oncogenic role based on their
ability to transform NIH3T3 cells. PLAG1 is a transcriptional factor located on
chromosome 8g12 and is expressed in a limited number of foetal tissues during
development including the liver, kidney and lung (Stenman, 2005). It has been
reported to inhibit tumour growth and thus act as a tumour suppressor gene. It is also

considered an important factor for adenoma carriers and as a target gene in PA.

HMGAZ2: is a member of the high mobility group (HMG) and is also known as HMGIC.
Its involvement has been identified in a number of different mesenchymal benign
tumours such as lipoma, fibroadenoma, uterine leiomyoma, hamartomas,
angiomyxoma and other soft tissue chondromas. HMGAZ is located on chromosome
12914-15 and expression is necessary for development of embryonic tissues.
Expression becomes low or down-regulated in certain adult tissues, including lung,

kidney and normal salivary gland tissue.

PLAG1 and HMGA2 fusion proteins are specific to PA and have not been
documented in any other salivary gland neoplasms. The molecular mechanism
behind the fusion needs to be determined in order to allow their use as clinical

biomarkers.
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1.3.2 Adenoid cystic carcinoma
MYB-NFIB fusion: ACC is associated with a specific recurrent translocation that

fuses the MYB oncogene to the NFIB transcriptional factor gene.

MYB is one of the transcriptional regulator family of proteins and has three domains;
the N-terminal DNA-Binding domain, a transcription activator domain situated in the
middle, and the C-terminal transcriptional suppressor domain. MYB has a crucial
function in cell growth and differentiation and it is up-regulated during cell proliferation
and division, whereas it is expressed at low level in fully differentiated cells. In ACC
an increase occurs in the expression of MYB-NFIB fusion protein. The transcriptional
suppressed domain of MYB is exchanged with single or multiple terminal exons of
NFIB. As a result of this fusion, the DNA binding domain and the transcriptional
activated domain remain active and may activate various MYB target genes such as
BCL2, KIT, CD34, BIRC2, MYC and MAD1L1, resulting in development of a neoplasm

(Stenman, 2013).

Data from several studies suggest that no fewer than 80-90% of ACC are positive for
MYB-NFIB, while even in fusion negative cases, there is still an increase in MYB
expression (Stenman, 2013). To date, a number of studies have confirmed that the
MYB-NFIB fusion has not been documented in any other salivary gland tumour, which

clearly indicates its specificity in ACC.

Expression of MYB-NFIB can be detected by reverse-transcription polymerase chain
reaction (RT-PCR) and Fluorescence in situ hybridization (FISH) analysis or by
Immunohistochemical (IHC) staining of MYB proteins. More research needs to focus
on targeting MYB and its up-regulated genes to generate novel therapies and

enhance the survival rates and outcome for patients suffering from this carcinoma.
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1.3.3 Mucoepidermoid Carcinoma

1.3.3.1 CRTC1-MAML2 fusion

Several cytogenetic analyses have indicated that more than 50% of salivary gland
MEC are associated with a CRTC1-MAML2 fusion protein (Anzick et al., 2010,
Shinomiya et al., 2016). In addition to the salivary glands, CRTC1-MAML?2 fusion has
been identified in MEC of other tissues including lung, breast, cervix, thyroid and skin
(Amelio et al., 2014). The CRTC1-MAML2 fusion is expressed by all three cell types
of MEC: epidermoid, mucous and intermediate cells (Namboodiripad, 2014). In 1994
Nordkvist et al. were the first to report the presence of CRTC1-MAML?2 fusion protein
in MEC (Nordkvist et al., 1994), followed in 2003 by Tonon et al. who fully described

this translocation (Tonon et al., 2003).

The CRTC1-MAML2 fusion is a nuclear protein and is composed of exon one of the
CRTC1 gene fused to exons 2-5 of MAML2. CRTC1 is a CREB Regulator
Transcriptional Coactivator, also known as MECT1 (Mucoepidermoid Carcinoma
Translocated gene 1), or TORC1 (Transducer of Regulated CREB Activity 1), and
previously known as WAMTP1 (Warthin and Mucoepidermoid Tumour Translocated

Partner 1).

CRTC1 gene is located at 19p13 and encodes for a 75 KDa protein that has the N-
terminal CREB (cAMP cyclic Adenosine Monophosphate Response Element Binding
mediated transcription) binding domain (CBD) and the C-terminal transcriptional
activation domain (TAD,; figure 1.10). CRTCL1 is one of three members of the CRTC
family (CRTC1, CRTC2 and CRTC3) and CRTC1 shows 32% homology with the

CRTC2 and CRTC3 isoforms.
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Figure 1.10 Schematic illustration of oncogenic fusion transcripts in mucoepidermoid
carcinoma: functional domains in the encoded proteins are CBD, CREB-binding domain; TAD
transactivation domain; and NBD, Notch binding domain. Figure adapted from Stenman et

al., (2014).

CRTC function is essential for the activation of CREB in the cAMP signalling pathway
(figure 1.11). CRTC1 is normally expressed in the cytoplasm where it is
phosphorylated by AMP-related kinase and inactive, however, an increase in the
concentration of calcium or cyclic adenosine monophosphates (CAMP) intracellularly,
stimulates the dephosphorylation of CRTC1 through the activation of calcineurin and
protein kinase A respectively. This induces the translocation of CRTCL1 to the nucleus
to bind with the transcriptional partner (CREB) and induce the transcription of CREB

target genes (Altarejos and Montminy, 2011).
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Figure 1.11 cAMP signalling pathway. Image created in BioRender.com.

CRTCL1 also plays essential roles in metabolic activity, aging and cancer development
(Coxon et al., 2005, Komiya et al., 2006). The expression pattern of the CRTC1
transcript seems to vary across tissues, but it is mostly expressed in the brain with
expression in normal salivary gland being modest (figure 1.12). The metabolic
function of CRTCL1 is mainly related to its tissue expression, thus its high expression
in the brain contributes to various functions including memory, neuronal plasticity,
dendritic growth and suprachiasmatic circadian clock (Schumacher et al., 2016).
CRTC1 protein was found in the submandibular salivary glands of mice during
initiation of the morphogenesis of epithelial tissue, but disappeared during acinar

maturation returning during the early stage of tumour formation (Jaskoll et al., 2011).

Besides its metabolic functions, there is now data inferring that CRTCL1 is an emerging

promoter of tumorigenesis in different tissues. Reports have suggested that
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constitutive activation of CRTC1 is required to stimulate LKB1 loss-driven
carcinogenesis in epithelia such as lung and oesophagus (Feng et al., 2012, Gu et
al.,, 2012) and enhances the activity of human and mouse colonic tumours

(Schumacher et al., 2016).

CRTC1

Figure 1.12 Expression level of the CRTC1 RNA in normal human tissue. RNA-
sequence was performed on tissue samples from 95 human individuals representing 27
different tissues in order to determine tissue-specificity of all protein-coding genes. Data
analysed in April (2018) and accessed in October 2020. Data from National Centre for
Biotechnology Information (NCBI website).

https://www.ncbi.nlm.nih.gov/gene/23373/?report=full report

Some studies have reported the presence of CRTC3 as an alternative fusion partner
to the MAML2 gene. Data from Fehr and colleagues (2008) demonstrated 71%
CRTC1-MAML2 fusion in 66 MEC cases with only one case showing a CRTC3-
MAML2 fusion gene. Nakayama et al. (2009) showed 34% of 101 MEC cases studied
had a CRTC1-MAML?2 fusion and 6% a CRTC3-MAML2 fusion. Moreover, a further
study, by Okumura et al. (2011), detected CRTC1-MAMLZ2 fusion in 34% and CRTC3-

MAML2 fusion in 5% of the 111 MEC studied. Based on these studies, we suggest
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that the CRTC3 fusion partner is a rarely occurring event in MEC; this study,
therefore, focused only on CRTC1 as a fusion partner with MAML2.

MAML2 is a member of the master mind-like family, functioning as a transcriptional
co-activator in the Notch signalling pathway (figure 1.13). MAMLZ2 is located at 11921
and encodes for a 125 KDa nuclear protein that has the N-terminal of Notch binding
domain (NBD) and the C-terminal of the transcriptional activation domain (TAD; figure
1.10). Again, the MAML2 transcript is expressed in a wide number of tissues, with
high expression in the brain, placenta, spleen, lung and fat tissue, but modest in

salivary gland tissue (figure 1.14).

Figure 1.13 Notch signalling pathway. Image created in BioRender.com.
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MAML2

Figure 1.14 Expression level of the MAML2 RNA in normal human tissue. RNA-sequence
was performed on tissue samples from 95 human individuals representing 27 different tissues
in order to determine tissue-specificity of all protein-coding genes. Data analysed in April
(2018) and accessed in October 2020. Data from National Centre for Biotechnology

Information (NCBI website). https://www.ncbi.nIm.nih.gov/gene/23373/?report=full_report.

The breakpoint almost always takes place in the first intron of both genes (CRTC1
and MAMLZ2; figure 1.15) (Chen et al., 2015). The individual CRTC1 and MAML2
genes do not have any oncogenic activity that leads to transformation of normal
epithelial cells. The outcome of the fusion is the creation of an oncogenic protein that
leads to replacement of the Notch Binding Domain in the MAML2 by the CREB
binding Domain in CRTC1, (figure 1.10). The consequence of the translocation is
fusion of 42 amino-acids of CRTC1 with 981 amino-acids of MAML2, which could lead
to stimulation of both CREB and Notch signalling targets, resulting in disruption of cell

cycle differentiation and regulation (Gupta et al., 2015).
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Figure 1.15 The CRTC1-MAML?2 translocation: break apart point between intron 1 at 276
KB in MAML2 gene and intron 1 of CRTC1 at 60 Kb in CRTC1 gene. Copyright © 2015, Chen

et al.

CRTC1-MAML2 fusion functions as a transcriptional factor that is activated mainly
through alterations in gene expression. The CRTC1-MAML2 fusion oncogene
consistently stimulates the CREB-signalling pathway through interaction of the
CRTC1-MAML2 with CREB via CRTC1 CBD-domain. Also, it stimulates the CREB-
mediated transcription via the MAML2 TAD-domain (Wu et al., 2005). However,
recent studies have demonstrated the CRTC1-MAML2 fusion to develop CREB-
independent activities via interaction with different coactivator factors including AP1
and MYC (Canettieri et al., 2009, Amelio et al., 2014). This could confirm that CRTC1-
MAML2 leads to tumourigenesis through a number of different gene regulating

signals.
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A new gain-of-function interaction between CRTC1-MAML2 fusion and
Myelocytomatosis (MYC) oncogene was shown to occur due to the interaction
between CREB transcription and MYC, resulting in cellular transformation in epithelia
(Amelio et al., 2014). This interaction could lead to development of a promising new
anticancer therapy. However, the exact mechanism of the interaction between the

fusion protein and MYC oncogene needs to be defined.

Chen et al. (2015) analysed the gene expression profile of CRTC1-MAML2 fusion in
human MEC cells as well as knocking-down the CRTC1-MAML2 fusion. They found
that the CRTC1-MAML2 fusion stimulated transcriptional activity in MEC cells and
regulated differential gene expression in both CREB-dependent and -independent

pathways (Chen et al., 2015).

Amphiregulin (AREG) is an epidermal growth factor receptor ligand (EGFR), which is
a transmembrane protein that binds to EGFR and activates the signalling pathway.
AREG is target gene in the cAMP/CREB pathway that is reported to be over-
expressed in fusion positive MEC cases and suppressed in fusion negative cases
(Shinomiya et al., 2016). Shinomiya et al. studied 23 fusion-positive MEC and found
that there was a significant correlation between the presence of CRTC1-MAML2 and
AREG and this in turn was associated with a favourable prognosis. However, they
found no correlation between fusion positive cases and expression of EGFR

(Shinomiya et al., 2016).

Chen et al. (2014) have suggested that expression of AREG in MEC could be related
to its tumourigenesis and may have a crucial role to play in the initiation and
maintenance of fusion positive MEC cancer cells via the AREG-EGFR signalling

pathway (Chen et al., 2014). AREG expression in MEC positive cases, detected by
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IHC, could prove a useful prognostic marker as FISH and RT-PCR are expensive and
time consuming for routine use in the clinic. Further systematic research is needed to

establish convenient prognostic biomarkers.

Kang et al. (2017) conducted a whole-exome sequence of 18 MEC salivary glands
and found that TP53 (Tumour suppression gene) was the most commonly mutated
gene and that the mutation was present only in high and intermediate grades. In
addition, cases with the TP53 mutation had more types of mutations, such as Pou6f2,
than those without; this, accordingly, could demonstrate the association between
these mutations and advanced histological grades. In the same study, the CRTC1-
MAML2 fusion was detected in 88% of MEC cases and thus it was concluded that
TP53 and CRTC1-MAML?2 fusion could together be an early major cause of MEC
(Kang et al., 2017). Nevertheless, such a conclusion is hard to apply clinically as a

prognostic outcome and more research is needed to establish this.

1.3.3.2 CRTC1-MAMLZ2 fusion and grading

Several studies have indicated that the fusion protein is strongly associated with low
and intermediate grades of MEC patients and less often linked to high-grade MEC
patients (Seethala et al., 2010). Surprisingly, high-grade MEC cases frequently show
loss of the CDKN2A tumour suppressor gene. The latest genome-wide array-CGH
research suggests that MEC could be subdivided into the following categories: 1.
Fusion positive MEC cases of low and intermediate grades; 2. Fusion positive MEC
cases of high grade with or without CDKN2A; 3. Fusion negative MEC cases of high
grade with multiple genomic imbalances (Stenman et al., 2014). However, such sub
classification lacks the inclusion of some of the fusion negative low and intermediate
cases. In addition, classification of fusion negative high grade MEC needs to be

further refined.
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1.3.3.3 Detecting the expression of CRTC1-MAML?2 fusion

The gold standards for detecting the expression of CRTC1-MAML?2 fusion are either
the use of RT-PCR to detect the transcript or FISH for the break apart MAML2
translocated partner at a DNA level. The detection of the MAML2 translocation in
MEC cases using FISH could assist with the correct diagnosis, particularly in certain
cases of clear cell or oncocytic variants. As an example, the study by Garcia et al.
(2011) successfully distinguished the MEC oncocytic variant in 14 cases from other
oncocytic lesions through detection of the CRTC1-MAML2 fusion. In cases of low-
grade MEC FISH could allow accurate differentiation from other cystic conditions and
the existence of a MAML2 translocation could help to exclude metastatic squamous
cell carcinoma or salivary duct carcinoma from MEC (Garcia et al., 2011). Although
the FISH technique has been widely applied in FFPE tissue samples, much
uncertainty stil!l exists about itsd u
about 40% has been reported (Just et al., 2012). Preservation of fresh frozen fixed

tissue samples is needed to perform RT-PCR.

1.3.3.4 CRTC1-MAML2 fusion and prognosis

A much-debated question is whether CRTC1-MAML2 fusion positive cases do better
in terms of having long-term disease-free survival. This is reflected in discrepancies
in the literature regarding the correlation between fusion positive cases and
favourable prognosis. Table 1.4 summarises the data from a variety of independent

studies carried out from 2006-2020.

As mentioned previously, the CRTC1-MAML?2 fusion protein is associated with low
and intermediate grades, and this in turn has been linked with better survival of up to
10 years compared to the fusion negative 1.6 years (Behboudi et al., 2006). Most

studies favour the correlation between fusion positive cases and good prognosis.
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However, the number of cases studied varied considerably, making it hard to achieve
an adequate comparison. In addition, fusion could occur in a high-grade tumour and

this might not produce the expected prognosis for the patient.

A recent systematic review was conducted to examine the prognostic value of the
CRTC1-MAML2 fusion in MEC. Seven out of the ten studies included in this review
were significantly associated with a favourable clinical outcome (PérezZieDliveira et
al., 2019). However, only five studies out of the ten were included in the quantitative

analysis.

All of the studies reviewed so far have limitations. Firstly, all are retrospective, with
analysis of archive stored cancer tissue, so the quality of the tissue (RNA and
proteins) differs from case to case, unless frozen tissue with better quality RNA and
proteins is used. There is also a lack of clarity regarding the analytical and technical
approaches of each study, as the rarity of salivary gland carcinomas and the lack of
an evidence-based study could lead to discrepancies. Moreover, not all of these
studies used the same quantitative analytical approaches to examine the correlation
between the fusion positive cases and good prognosis. Finally, since four of these
studies were from the same centre (Department of Pathology, Nagoya City University
Graduate School of Medical Sciences, and Department of Maxillofacial Surgery,
Japan), we believe that there could be replication of the cases included (Miyabe et

al., 2009, Okabe et al., 2006, Okumura et al., 2011, Okumura et al., 2020).
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Table 1.4 Comparisons between the key studies investigating the correlation between

fusion positive MEC and clinical significance

Scholars/group Techniques Number of fusion  Prognosis
+ve/All, % implication
Behboudi et al., FISH & RT-PCR 16/29 (55.2%) Useful
2006
Okabe et al., 2006 RT-PCR 27/71 (38%) Useful
Miyabe et al., 2009 RT-PCR 34/101 (33.6%) Useful
Seethala et al., 2010 FISH & RT-PCR 36/55 (66%) Useful
Okumuraet al., 2011 RT-PCR 44/111 (39.7%) Useful
Schwarz et al., 2011  FISH 25/40 (62.5%) Not useful
llic Dimitrijevic et al., RT-PCR 8/20 (40%) Useful
2014
Saade et al., 2016 FISH 50/90 (55.5%) Not useful
Shinomiya et al., RT-PCR 23/33 (69.7%) Useful
2016
Birkeland et al., 2017 RT-PCR 53/90 (58.9%) Not useful
Okumura et al., 2020 FISH & RT-PCR 90/153 (58.8%) Useful

Abbreviations: +ve= positive, -ve = negative, % =per cent, No = number, RT-PCR= reverse-
transcriptase polymerase chain reaction, FISH = Fluorescence in situ hybridization.
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1.3.3.5 CRTC1-MAMLZ2 fusion in non-salivary gland MEC

As mentioned previously, MEC can rarely develop in other parts in the body including
the lung, thyroid, pleura, penis, lacrimal glands, breast, oesophagus, thymus,
pancreas, tonsil and skin. Of note, the CRTC1-MAML2 fusion was also described in
all of these non-salivary gland MECs (Bean et al., 2019, Costa et al., 2015, Eviatar
and Hornblass, 1993, Gartrell et al., 2015, Goh et al., 2017, Hu et al., 2018, Liu et al.,
2015, Moran and Suster, 2003, Roden et al., 2014, Stefanou et al., 2004). However,
most of these studies were case reports with lack of in depth and comprehensive

molecular analysis.

Interestingly, these carcinomas share the histological and cytogenetical features of
their counterpart salivary MECs; hence, detecting the expression of the CRTC1-
MAML2 fusion and understanding the exact role of the CRTC1-MAML2 fusion of
salivary glands could assist the diagnosis and treatment of the infrequent MECs of

non-salivary gland origin.

1.4 Summary

There is a variety of evidence in the literature, and summarised below, to confirm that
the CRTC1-MAML2 fusion oncogene is implicated in the aetiology and pathology of
MEC.

1) An in vitro study demonstrated that CRTC1-MAML2 fusion is involved in the
initiation of clusters of epithelia in RK3E cells and a subsequent in vivo study of fusion
transformed RK3E led to the development of a subcutaneous mass in
immunocompromised mice (Chen et al., 2014); 2) Diminution of the CRTC1-MAML2
fusion protein in MEC cells, both in vitro and in vivo, led to a significant decrease in
cell growth and survival (Chen et al., 2014). Most studies have only focused on the
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effect of the fusion on cancer cell lines and immune-deficient, mouse xenograft
models. No previous studies have investigated the effect of the CRTC1-MAML2

fusion protein on normal salivary gland cells.

The CRTC1-MAML2 oncoprotein could drive the tumourigenesis via interaction and
co-activation of cCAMP/ CREB signalling, leading to transcription of the CREB targets
genes; simultaneously, with the absence of the Notch binding domain, it could cause
the co-activation of the transcription of Notch target genes independently of the
presence of CSL via the CREB binding domain. These transcribed genes might be

implicated in cell proliferation, survival and migration.

Unlike the individual CRTC1 and MAML2 genes, the CRTC1-MAML2 fusion
translocation results in a nuclear protein without any identified enzymatic activity;
therefore, knowing the role of the CRTC1-MAML2 fusion protein and interfering with
its downstream targets could be a promising approach for the development of new

treatments.
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1.5 Hypothesis

Previous data in the literature showed that the presence of the unique t(11;19)(21qg-
pl3) translocation leads to the formation of the CRTC1-MAML2 fusion protein in
MEC. We hypothesise that CRTC1-MAML2 translocation is associated with a specific
molecular signature that results in specific phenotypic changes in the cell. Detection
of this translocation and investigations into the function of this fusion protein would
enable a better understanding of the biological effects of de novo expression, the
pathogenesis of disease, and may have useful diagnostic and therapeutic

applications.

1.5.1 Aims
The aims of this project are to investigate the expression of the CRTC1-MAML2 fusion
gene in MEC histological tumour samples and the role of the CRTC1-MAML2 in the

tumourigenesis of MEC.

1.5.2 Objectives

9 Design a BaseScope probe to detect the expression of the CRTC1-MAML2 fusion
transcript in formalin-fixed, paraffin-embedded tumour samples.

1 Synthesise an in vitro tool, CRTC1-MAML2 fusion construct, from a MEC fusion
positive cell line.

i Study the downstream transcriptional effects of the CRTC1-MAML2 fusion on
normal human salivary gland cells.

I Study the downstream effect of the CRTC1-MAML2 fusion protein on cell

behaviour using standard functional assays.
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1 Develop 3D organoid models of normal human primary salivary gland cells,
CRTC1-MAML2 transfected normal human primary salivary gland cells and of

established MEC cell lines.
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2. Chapter 2 Materials and Methods
2.1 BaseScope Assay

2.1.1 Patient samples and clinical data

A total of 30 clinical cases, diagnosed with MEC of salivary glands were identified
from the Charles Clifford Dental Hospital (CCDH), Sheffield, UK from 2007-2016 and
also from Santa Casa de Misericordia Hospital, Porto Alegre, Brazil. Clinical data
were collected fromt he patients®é records in the Oral
Department, University of Sheffield and Santa Casa de Misericordia Hospital. The
parameters studied are summarised in table 2.1 and include age, sex, location and
tumour pathological grades. All of the haematoxylin and eosin slides were reviewed
in detail by two expert histopathologists: Professor Keith Hunter (Head, Academic
Unit of Oral Pathology, University of Sheffield, UK) and Dr Vivian Petersen (Post-
doctorate staff, Academic Unit of Oral and Maxillofacial Pathology, University of
Sheffield, UK). The average time since fixation of the tissue blocks was 6.4 years
(range 01 20 years). Histological grades of MEC cases were classified according to
the AFIP, (see table 1.2) as recommended by WHO (Barnes et al., 2005) and it has
high reproducibility (Auclair et al., 1992, Schwarz et al., 2011). Mrs Hayley Stanhope
(histology laboratory technician) cut sections from the tissue blocks onto SuperFrost
plus slides (Fisher Scientific, Loughborough, UK) in preparation for further

BaseScope analysis.
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Table 2.1 Demographic Parameters in MEC Retrospective Cohort

Mean Age* 50.8 (Range: 14-90)

Gender: Male: Female ratio 1:2

Anatomical site

Parotid 15 (50%)
Palate 6 (20%)
Submandibular 4 (13.3%)
Buccal Mucosa 2 (6.7%)
Other 3 (10%)
Pathological grades
Low 21 (70%)
Intermediate 4 (13.3%)
High 5 (16.7%)

*Age during disease presentation.
Cases were selected based on the adequate availability of the material. Cases with
insufficient histological material or referred cases with unavailable histological

material were excluded from this study.

2.1.2 Probe design

A specific 1ZZ probe named BA-Hs-CRTC1-MAML2-FJ, targeting nucleotides 143-
174 of AY186997.1, was designed by Advanced Cell Diagnostics Inc. (Newark, CA)
after the sequence and specifications had been provided. The probe was used on the
FFPE sections to target the novel exon-exon junction in the CRTC1-MAML2 fusion

transcript by using the BaseScope™ Detection Reagent Kit v2i RED according to the

manufacturerds instructions (figure 2.1).

table 2.2.

45

An Investigation into the Expression and the Role of the CRTC1-MAML2 Fusion Protein in Mucoepidermoid
Carcinoma

Al



Chapter 2 Material and Methods

A
PERMEABILIZE —) HYBRIDIZE —) AMPLIFY — VISUALIZE
L) s NS
\ R e
= 7
B
CRTC1 MAML?2

31 exon to exon junction
CTGACGCGGGCCGCGCGGCTCCAGGGTTCCT

Figure 2.1 BaseScope Assay. Representative diagram of BaseScope assay workflow (A).
Representative diagram of BA-Hs-CRTC1-MAML2-FJ BaseScope assay probe design of 31
base pairs sequence cross exonl of CRTC1 to exon 2 of MAML2 junction targeting 143-174

of AY186997.1 (B).

2.1.3 Sample preparation and pretreatment

Briefly, 4 um sections were cut onto Superfrost plus slides (Thermo Scientific, New
Hampshire, USA) and allowed to dry overnight at room temperature. Sections were
baked at 60°C for one hour (h) before being deparaffinised in xylene (2 x 5 min) and
ethanol (2 x 2 min), then dried by baking at 60°C for 15 min. Pretreat 1 (hydrogen
peroxide) was applied for 10 min at RT, Pretreat 2 (target retrieval) for 30 min at
100°C followed by immersing briefly in distilled water for 15 seconds and drying in
100% ethanol for 5 min. Pretreat 3 (protease IV) was applied for 30 min (tissue
sections) at 40°C or (protease lll) for 15 min (cell pellets), with two rinses in distilled

water between pretreatments.
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Table 2.2 Reagents in BaseScope Assay

Materials Supplier Conditions Procedure
Xylene Fisher RT, Fume hood | 2%, 5 min
Scientific, UK
Ethanol (100%) Fisher RT, Fume hood | 2%, 2 min
Scientific, UK
Pretreatment 1, RNAScope® | Advanced RT, On bench 4-8 drops, 10 min
Hydrogen Peroxide Hz O2 Cell
Diagnostics
Inc. Newark,
CA
Pretreatment 2, RNAScope® | Advanced 100°C, Steamer | 4-8 drops, 15 min
Target Retrieval Cell for cell pellets, 30
Diagnostics min for tumour
Inc. Newark, sections
CA
Pretreatment 3, RNAScope® | Advanced 40AC, Hy | 4-8 drops, IV
Protease Il or IV Cell Oven (tissue) 30 min or
Diagnostics Protease Ill (cell
Inc. Newark, pellets) 15 min.
CA
BaseScopeE Tar |Advanced 40AC, Hy | 4-8 drops, 2 h
Human (Hs)- -CRTC1- Cell Oven
MAML2-FJ-1ZZ. Cat, No. Diagnostics
721321 Inc. Newark,
CA
BaseScopeE Pos|Advanced 40AC, Hy|4-8drops,2h
Probe Human (Hs)-PPIB-12Z, | Cell Oven
Probe targeting common Diagnostics
housekeeping gene, Cat. No. | Inc. Newark,
701041 CA
BaseScopeE Neg|Advanced 40AC, Hy|4-8drops,2h
Control ProbeDapB-1ZZ, Cell Oven
Probe targeting bacterial Diagnostics
gene dapB, Cat. No. 701021 Inc. Newark,
CA
RNAScope® Wash Buffer Advanced RT, on bench 2%, 2 min
Cell using staining
Diagnostics dish.
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Inc. Newark,

CA
Amplification Kits, Advanced Varies, 40°C at Varies, 60 min -15
BaseScopeE 82 |Cell Hy bEZE Of min

Diagnostics or RT.

Inc. Newark,

CA
Detection kit , |Advanced RT not exposed | ~120ul per
Fast RED-A and B, 1:60 Cell to direct sunlight | section,10 min

Diagnostics or UV light.

Inc. Newark,

CA
Counter stai ni |American RT, Fume Hood | 2 min
Haematoxylin I, 50% Master Tech
Haematoxylin: DDH20 Scientific
Bluing reagent, Ammonium Sigma-Aldrich | RT, Fume Hood | Immersed for 2-3
hydroxide, 287 30% (1N) times or till sections

become blue.

Mounting reagent, BioCare BioCare RT, Fume Hood | 1i 2 drops
EcoMount. Cat. No. 320409 Medical

*Abbreviations: RT= Room Temperature, Cat. No= Catalogue Number.

2.1.4 Hybridize probe application and amplification
BaseScope target probe together with positive and negative probes were applied to

slides placed on a slide holder (RNAScope®EZ-Bat chE Sl i de Hol der) f o

in a HYybEZE oven, the sl i de-Jek@SlidecRackinan pl ac

staining dish containing 1x wash buffer and washed 2x for 2 min with agitation.

Subsequently, the slides were incubated witdt

reagents 1 to 8 as indicated in table 2.3. The slides were rinsed with wash buffer (2 x
2 min) between AMP incubations. Finally, the slides were incubated with Fast Red
BaseScope detection reagents for 10 min at room temperature in the dark. The slides

wer e counterstained wi t h 50% Gill 6s haemat o

drying for 15 min at 60° C in a drying oven and mounted using EcoMount permanent

mounting medium (Vector Laboratories, Burlingame, CA).
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Table 2.3 Amplification stages used in BaseScope assays with application conditions

Amplification Reagents Application procedure

Amplification Hybridize 1 BaseScope (Amp1) [4 0 AC at HYybEZE oven
Amplification Hybridize 2 BaseScope (Amp2) |4 0AC at HybEZE oven
Amplification Hybridize 3 BaseScope (Amp3) [4 0 AC at HYybEZE oven
Amplification Hybridize 4 BaseScope (Amp4) |40 AC at HybEZE oven
Amplification Hybridize 5 BaseScope (Amp5) |4 0AC at HybEZE oven

Amplification Hybridize 6 BaseScope (Amp6) |4 0AC at HybEZE oven

Amplification Hybridize 7 BaseScope (Amp 7) | RT on the bench for 1 Hour

Amplification Hybridize 8 BaseScope (Amp 8) | RT on the bench for 15 min

Abbreviations: min = minutes

2.1.5 Signals detection and quantification

Sections were examined under a standard bright field microscope (Olympus BX51)
at 20-40x magnification. The positive control signal strength was assessed before the
sections stained with the target probe were analysed. A case was considered positive
when punctate red dots were visible in the nucleus and/or cytoplasm at 20-40x
magnification; negative cases or negative control slides demonstrated no staining. A
semi-quantitative assessment of the signal scoring was carried out as prescribed by

the assay manufacturer (table 2.4).

Table 2.4 guideline for semi-quant i t ati ve assessment of BaseScope
intensity

Staining Score | Microscopic

0 No staining
1 1 dot/cell (visible at 207 40x magnification)
2 213 dots/cell. No or very few dot clusters (visible at 201 40x

magnification)

3 47 10 dots/cell. Less than 10% positive cells have dot clusters (visible at

20x magnification)

4 > 10 dots/cell. More than 10% positive cells have dot clusters (visible at

20x magnification)
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2.2 Cell culture work

2.2.1 Cell culture reagents and procedure

All cell culture procedures were conducted in class Il laminar hoods, under completely
sterile techniques. Most of the routinely used cell culture supplements are listed in
table 2.5 and were purchased from Sigma-Aldrich, Gillingham, UK, unless otherwise

stated.

Table 2.5 Cell culture reagents

Reagent Uses
Dul beccods modi fied Ea g | Routnely/growing
L-glutamine Routinely/ growing
Dul beccods phosphat e b u{Routinely/ washing
Trypsin/EDTA (ethylenediaminetetraacetic acid) Routinely/ expanding
Foetal bovine serum (FBS) Routinely/ growing
Nutrient mixture F-12 Ham Routinely/ growing
Amphotericin B Occasionally/ Therapeutic
Epidermal growth factor (EGF) Routinely/ growing
Human insulin Routinely/ growing
Hydrocortisone Routinely/ growing
Adenine Routinely/ growing
Penicillin/ streptomycin Routinely/ growing
Dimethyl sulfoxide (DMSO) Routinely/ freezing

2.2.2 Cell lines and primary cells

The cell lines and the primary cells used in this study are listed in tables 2.6 and 2.7.
The primary cells were grown from explanted tissues obtained from human surgical
biopsies of normal salivary glands and were isolated by Dr Zulaiha Rahman or Dr

Lynne Bingle, (NREC Ethic approval number 13/NS/0120).
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Table 2.6 List of Cell lines

Cell Line Cell type Site Source

NCI-H647 | Immortalised cells Lung Prof. John Carmichael
established from human EJUKn)iversity of Nottingham,
adenosquamous carcinoma
specimen, CRTC1-MAML2
translocation negative.

NCI-H292 | Immortalised cells Lung Prof_. John Carmichael
established from human EJUKn)lversny of Nottingham,
mucoepidermoid carcinoma
specimen, CRTC1-MAML2
translocation positive.

HEK293 Immortalised cells Kidney Prof. James Stewart (the
established from normal Institute of Infectiqn an_d

Global Health, University
human embryonic epithelial of Liverpool, UK)
cells.

HA-R- The 293T cell line is stably Kidney AMSBIO (cat.no. 3710-

Spondinl- | transfected to express 001-01)

Fc 293T murine Rspol with an N-
terminal HA epitope tag and
fused to a C-terminal murine
IgG2a Fc fragment.

UM-HMC2 | Immortalised cells Parotid Prof. Jacques E. Nor
established from human Salivary glands (SL(J:?]igﬁlr ziftyDan,:?si(t:rr;/i?SnS A)
mucoepidermoid carcinoma
specimen, CRTC1-MAML2
translocation positive.

L-Wnt3a Stable clone of human Wnt- | Subcutaneous | Dr Hans Clevers,

clone 5.5 A3 expression vector tissues, Mouse | (Hubrecht Institute for

Developmental Biology
and Stem Cell Research,
Netherlands).

A-253 Immortalised cells Submandibular | ATTC A253 (Cat.no
established from human salivary gland | ATCC® HTB4 1
mucoepidermoid carcinoma
specimen, CRTC1-MAML2
translocation unknown.
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Table 2.7 List of human primary salivary gland cells

Cell culture Cell type Source

HuSL Human sublingual salivary gland Dr Zulaiha A Rahman
SMG Human submandibular salivary gland | Dr Lynne Bingle

SLG Human sublingual salivary gland Dr Lynne Bingle

HPG Human parotid salivary gland Dr Lynne Bingle

2.2.3 Culture Media

Keratinocyte growth medium (KGM) was used for normal salivary glands (HuSL,

SMG, SLG and HPG) andc onsi st s of Low glucose Dul becc
medium (DMEM) supplementedwi t h 23 % ( v/ v) -Aldrich, $0%RKvvY ( Si g m
Foet al bovine serum (FBS), 100 eg/ml penicil
glutamine, 180 eM\laderihne OSibgnmag/ ml - hydr oc

Aldrich), and 10 ng/ml epidermal growth factor (EGF; Sigma-Aldrich).

The UM-HMC-2 cell line was cultured in salivary gland medium (SGM), which consists

of high glucose DMEM supplemented with 10% (
100 U/ml streptomycin, 2 mM L-gl ut ami ne, 1 8 (bignzaMlIdriah)l .51 n e

e g/ mli hydr oc o+Aldricty, and €0 ng/Bli egidermal growth factor (EGF;

Sigma-Aldrich).

TheA-253 <cel | l ine was cultured in McCoybs 5A
10% (v/v) FBS, 100 ¢€g/ ml peycincand 2 inM L-and 10

glutamine.

HA-R-Spondinl (RS1) cell line was cultured in Opti-MEM Gibco® life
techonol ogi es E1GluMmidei andrkiERES {Reduded serum, phenol

red free) supplemented with 100 eg/ ml peni ci

NCI-H647, NCI-H292, HEK293 and L-Wnt3a clone 5.5 cell lines were cultured in Low
glucose DMEM supplemented with 10% (v/v) FB

streptomycin, and 2 mM L-glutamine.
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2.2.4 Routine culture and maintenance of cells

Cells were mostly grown as adherent monolayers in T75 flasks and incubated at 37°C
with 5% CO.. Cells were checked regularly and exhausted media was replaced with
fresh, pre-warmed media every 2 to 3 days. Cells were routinely screened for
Mycoplasma infections by a core facility service provided by School of Clinical

Dentistry, The University of Sheffield.

2.2.5 Sub-culturing cells

Adherent cells were passag®& confluenty. $pane y

culture medium was removed, cells were washed twice with phosphate buffered
saline (PBS, 2x 5 ml), and incubated for 2-6 minutes at 37°C with 5% CO: in
prewarmed Trypsin/EDTA (0.05% trypsin/ 0.02% EDTA w/v) (TE, (Sigma-Aldrich) to
disassaociate the adherent cells. When the cells were detached a pre-warmed growth
medium containing 10% (v/v) FBS (twice the volume of the trypsin) was added to
inhibit enzyme activity. The solution was transferred to a centrifuge tube and
centrifuged at 1000 rpm for 5 min. The supernatant was discarded, and the pellet re-
suspended by adding the required amount of pre-warmed growth media. Cell
counting (with a haemocytometer) was performed prior to seeding at different ratios
depending on that required for downstream experiments and incubated at 37°C with

5% CO..

2.2.6 Cell Counting

When necessary, cells were counted using a haemocytometer. After trypsinising, the
enzyme was de-activated by the addition of culture media containing 10% FBS. The
cell suspension was transferred to a 15 ml tube and centrifuged at 1000 rpm for 5
minutes. The supernatant was discarded, and the cell pellet re-suspended in 10 ml of

fresh medium and mixed well. Cell viability was checked using Trypan Blue
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(Invitrogen, Thermo Fisher Scientific); the cell suspension was mixed 1:1 (V: V) with
trypan blue, 10 pl transferred to a haemocytometer, examined under an inverted
microscope (Nikon, ECLIPSE TS100) and all viable cells in the four corner squares
counted using a 10x objective. Dead cells stained blue whereas viable cells remained
unstained. The number of cells per millilitre was calculated as indicated in the formula

below.

Number of cells xDilution factor IUAk

Concentration (cells / ml) = v }
square

Total number of cells = Concentration (cells /ml) = Volume of the sample (ml)

2.2.7 Thawing cells

After removing the cryovial from liquid nitrogen, the cells were thawed immediately in
a water bath at 37°C for <1 minute. The cells were then transferred to centrifuge tubes
and suspended by adding 10 ml of pre-warmed required growth medium and
centrifuged at 1000 rpm for 5 minutes. The supernatant was discarded, and the cell
pellet was re-suspended in the appropriate growth medium, seeded into a T75 flask
and incubated at 37°C with 5% CO2. Cells were checked regularly on subsequent

days and medium was changed to remove any unattached cells or debris.

2.2.8 Freezing cells
The adherent cells were detached on reaching ~80% confluency using the same
protocol described above for sub-culturing the adherent cells (2.2.5). 1-2 x10° cells in

normal growth media, supplemented with 10% dimethyl sulfoxide (DMSO) as a
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cryoprotective agent, was added to each cryovial. Cells were initially stored in a cryo-

freezing container for 24 hours at -80°C before transfer to liquid nitrogen.

2.2.9 Cell pellet preparation

When cells had reached 80% confluency, the used media was removed and the cells
were washed twice with PBS, 5 ml of ice cooled PBS was added and cells were gently
scraped off the bottom of the flask. The cell solution was centrifuged at 1000 rpm for
5 minutes. The supernatant was discarded and the cell pellet re-suspended in RNA
lysis buffer (Monarch® Total RNA Miniprep Kit, New England BioLabs®nc) using
RNase- free filtered tips for RNA extraction. For basic protein analysis, cell pellets
were lysed directly in 2x SDS loading buffer (table 2.8) and stored at -20°C. For
genomic DNA analysis (gDNA) cell pellets were resuspended in PBS and DNA

extracted as described in 2.5.1.

Table 2.8 Recipe for 2x SDS preparation

Reagent Weight/ volume Supplier

Protease inhibitor 1 tablet Roche

Dithiothreitol (DTT) Imlof 1 MDTT Thermo Fisher Scientific
Sodium dodecyl sulfate 1 ml of 20% SDS Thermo Fisher Scientific
(SDS)

Glycerol 2ml Thermo Fisher Scientific
Tris-HCI 1.25 ml of 0.5 M pH 6.8 Sigma-Aldrich
Deionised H20 4.55 ml -

2.2.10 Preparing cell clots
When cells reached 80% confluency the used media was removed and the cells were

washed twice with PBS. The cells were then fixed with 10% formalin/ PBS solution
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(Iml of 10% Formalin + 4 ml of 1 x PBS) for 5 min, washed with PBS, scraped from
the culture surface and the cell suspension centrifuged for 5 min at 1000 rpm. The
supernatant was discarded and the pellet
fibrinogen (10 mg/ml in PBS) and 200 ¢l

after which it was sent for processing and sectioning prior to immunocytochemistry.

2.2.11 b-galactosidase (SA-b-Gal) assay

This assay was used to ensure that the primary salivary gland cells were mortal and
would stop proliferating at a certain passage number. Six-well plates were seeded
with forty thousand cells per well in normal growth media and left to adhere overnight.
Senescence associ at e detefied Gsing a Sewmescenee Detgctiow a s

Kit (ab65351, Abcam, UK) following the manufacturer6 s gui dance.

2.2.12 Immunofluorescence double staining of Human primary salivary gland
cells

Twenty to forty thousand primary human salivary gland cells per well were seeded
into 8-well culture chamber slides (x-well Tissue Culture Chambers, Sarstedt,
Germany). After 24 hours, cell viability was checked, used medium removed and the
cells washed three times for 5 minutes with ice cooled PBS. Cells were fixed with 4%
paraformaldehyde in PBS (see appendix for fixative preparation) for 10 minutes at
room temperature and washed two times for 5 minutes with PBS, permeabilised with
0.25% TRI TONE JAtIreH) UK) i PRSMm 5 minutes and washed two
times for 5 minutes with PBS. Cells were blocked by incubating with 10% horse serum
in PBS for 1 hour at room temperature. After blocking, all wells except the negative
control were incubated with 1:100 Monoclonal Anti-Human Cytokeratin 5 (CK5, Clone
XM26, Vector VP-C400) primary antibody diluted in 3% Bovine serum albumin (BSA)
/PBS for 1 hour at room temperature. After primary antibody incubation, cells were
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washed three times for 5 minutes with PBS and constant agitation. All wells were
incubated with 1:1000 fluorescence conjugated Goat Anti-Mouse secondary antibody
(Alexa Fluor 568 Goat anti-mouse Ab. Cat No- A11001. Red, Thermo Fisher
Scientific, UK) for 1 hour at room temperature; from this point all procedures were
conducted in the dark. Cells were washed three times for 5 minutes with PBS and
constant agitation. Cells were blocked again as described above and incubated with
1:100 of the second primary antibody, Vimentin (MA5-11883, Thermo Fisher
Scientific) diluted in 3% BSA/PBS for 1 hour at room temperature. After incubation,
cells were washed three times for 5 minutes with PBS and constant agitation and
incubated with a fluorescence conjugated Goat anti-Mouse 1gG (H+L) Superclonal
Secondary Antibody (1:1000, Alexa Fluor® 488 conjugate, Green, Thermo Fisher
Scientific, UK) for 1 hour at room temperature. Cells were then washed three times
for 5 minutes with PBS and constant agitation. The 8-well manifold was removed
carefully at this step, leaving the slide to dry. One drop of ProLong E Gol d
mountant with DAPI (Invitrogen) was applied to the slide, coverslipped, left to air dry
for 24 hours at room temperature in the dark, then sealed with nail polish. Staining
was examined using a Zeiss 880 AiryScan confocal fluorescence microscope (Carl
Zeiss), using FITC at 492 nm absorption with an emission at 520 nm. The same

settings were used with controls.
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2.3 Cloning

2.3.1 Synthesis of a CRTC1-MAML2 fusion construct.

The CRTC1-MAML2 fusion comprises 1023 amino acids, consisting of exon 1 of the
CRTC1 gene fused to exons 2 to 5 of the MAMLZ2 gene. The strategy for the in vitro
synthesis of this construct was carried out through eight different stages which were:
1.The56 end of the fusi on t r-ROR$ranraifugsion pegitve
cell line, this fragment contained an internal BamHI site. 2. The CRTC1-MA ML 2
end fragment was cloned into pCR2.1 TOPO and sequenced. 3. Specific primers with
Nhel forward and in-frame FLAG tag were designed to amplify the fragment
generated in stage 1 after it had been retrieved from step 2. 4. The PCR product from
stage 3 was cloned into PCR2.1 and sequenced. 5. MAML2 is 1156 amino acids long
and the fusion uses all of the sequence except the 171 amino acids in the first exon;
to avoid any subsequent mutations being generated through PCR cloning, a full
length Expressed Sequence Tag (EST) clone of MAML2 in PCR4-TOPO was
purchased from Genomics-online under gene ID number (84441). The MAML2
fragment was cut out using BamHlI (internal site in MAML2) and EcoRI in pCR4-TOPO

(vector). 6. The retrieved fragment from stage 5 was cloned into pCR3.1 previously

ampl i

prepared by double cutting with BamHI and EcoRI. 7. The FLAG-t ag 56 end

from stage 4 was cut with Nhel and BamHI and retrieved. 8. The Nhel/ BamHI
fragment from stage 7 was subcloned into the cut pCR3.1 MAML2 clone from stage

6 (figure 2.2).

The molecular genetic procedures were carried out through the following steps:
designing PCR primers, restriction enzyme analysis and selection of vectors (table

2.11).
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A
pCR2.1 pCR2.1
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TA TOPO Cloning CRTC1-MAML2 pCR2.1 clone
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PCR2.1 pCR2.1

pCR2.1 FLAG-Tag | _
cloning CRTC1-MAML2 primer | o " cloning
vector vector
TA TOPO Cloning FLAG-tag CRTC1-MAML2
pCR2.1 clone
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9 0 BamHI

pCR3.1
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* EcoRl

FLAG-tag CRTC1-MAML2
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cloning —— expression
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FLAG-tag CRTC1-MAML2 ~ MAML2pCR 3.1 clone FLAG-tag CRTC1-MAML2
pCR 2.1 clone pCR 3.1 clone

Figure 2.2 Gene cloning. Schematic diagram of full history cloning and different stages.

Image created with bioRENDER.com.

2.3.2 Primer design and polymerase chain reaction

Pri mers wer e designed to ampl i fy-MAMLZ 56
translocation gene from the fusion positive cell lines, NCI-H292 and UM-HMC-2. A

Nhel enzyme restriction site, a Kozak consensus sequence and a FLAG-tag
sequence (DYKDDDDK) were incorporated into the forward primer. A Notl or / EcoRI
enzyme restriction site was incorporated into the reverse primer. The primer

sequences, with the expected PCR product size, are summarised in table 2.10.
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Primers amplified the desired cloning insert from the cDNA template via PCR as

described in section 2.5.4. cDNA was derived from RT-PCR of extracted RNA from

both fusion positive cell lines as described in sections 2.5.2 and 2.5.3. This fragment

contained an internal BamHI site. All samples were amplified in triplicate with a

positive (OAZ1) and negative control (master mix only, without primers) being used

with each run. PCR thermal cycling is summarised in table 2.9.

Table 2.9 Description of PCR Thermal Cycle Thermal DreamTaq

Step Temperature, C° | Time Number of
Cycles

Initial 95 3 min 1

denaturation

Denaturation 95 30s

Annealing 60 30s 35

Extension 72 1 min

Final extension 72 10 min 1

Hold 4 Forever §-

*Abbreviations, min: minutes, s: seconds.
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Table 2.10 Primer sequences utilised for gene cloning

Gene OligonucleotidesSequen8é& 56 Product size
transcript (bp)
Human
F 56ACA CAT TCT CCT GGC AAT
CRTC1- 1,973
MAML2 (4)
R 36CGT GGC ATC ATA GGG TTQ
F 56GGC GAG AAG ATG GCG ACT
CRTC1- 699
MAML2 (5)
R 368CAT GGG TAA GGA GGG cCCT
F 56GAG GAG GAG GAG GAG GAG
CRTC1-
MAML2 (6)
R 36AGA GTT GGC CAT GGA GAA 833
F 56 CCA ACG ACA AGA CGA Gg
OzZA1 R 36 AGC GAA CRAGCCAG 6GAG 164
F
566TGCTAGCACCATCCACTACAAAGACG
GGCGACTTCGAACAA
TCCGCGGAA
FLAG R 724
CRTC1- 30CAT GGG TAA GGA GGG CCT A
MAML2

*Abbreviations, bp: Base Pair, F: forward, R: reverse.
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Table 2.11 Description of the Plasmids used in the study

Vector feature Size | Use Antibiotics | Antibiotic | Source
resistance | selection
pCR2.1 TOPO 3931 | Cloning and | ampicillin Not Thermo
Cloning bp sequence and Applicable | Fisher
LaczU plasmid kanamycin Scientific
gene for
blue/white
screening
pCR 4 TOPO 3956 | Cloning and | ampicillin Not Thermo
Cloning bp sequence and Applicable | Fisher
LaczU plasmid kanamycin Scientific
gene for
blue/white
screening
pCR3.1 Cwmv 5060 | Mammalian | ampicillin/ Geneticin | Professor
promotor bp expression | kanamycin | G418 Colin
Vector Bingle
pCDNA3.1+ | CMV 6805 | Mammalian | ampicillin/ Neomycin/ | Addgene
IRESGFP promotor bp expression | kanamycin | Geneticin
With GFP Vector G418
internal
ribosome
entry site
pEGFP-N1 | CMV 4733 | Reporter kanamycin | Neomycin | Professor
promotor bp Vector Colin
Bingle
pPCDNAG Cwmv 5149 | Mammalian | ampicillin Blasticidin | Dr Devon
promotor bp expression Smith
Vector

Abbreviations, bp: base pairs, CMV: Cytomegalovirus, GFP: Green fluorescence protein

2.3.3 PCR2.1 TA TOPO Cloning
The amplified RT-PCR CRTC1-MAML2 product was cloned from the fusion positive
cell lines into pCR2.1 TOPO vector by TA cloning (Invitrogen, Thermo Fisher

Scientific) according to the manufacturerds
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DNA and incubated for 5 min at room temperature to prepare for bacterial

transformation.

2.3.4 Plasmid transformation and selection of the positive colonies

The cloned plasmid

competent cells (Invitrogen, Thermo Fisher Scientific), table 2.12. The competent

cells were thawed on ice and incubated with the plasmids on ice for 30 min with

intermittent gentle flicking, then heat shocked for 45 seconds in a 42°C water-bath.

The mixture was returned to ice for 5 min and 2 0 0

broth with Catabolite repression medium (New England Biolabs, UK) was added

before incubating at 37°C for an hour on a rotary shaker at 225 rpm. 50-1 0 0

transformed plasmids were added to LB Agar plates (Sigma Life Science, UK) with

50 €g/ml ampicillin, each

B-D-1-thiogalactopyranoside (IPTG) for blue/white colour colony selection. The plates

were then incubated overnight at 37°C, including the pUC19 (positive control),

competent cells only and plasmid free (negative control). White positive colonies were

selected based on the criterion that the colony was well demarked and separated and

expanded overnight at 37°C on a rotary shaker in 2 ml of LB broth (Sigma Life

Science, UK)

cont ai

was transf oE. oobdhenically o 50 ¢
¢ | -warnfied Pupee Optimal

el of

pl ate having previ

ning 50 ¢€g/ ml ampicillin.

Table 2.12 List of competent cells used in the study

Competent cells

Plasmid

Source

One ShotE TOP
chemically competent E.

coli

PCREFCREZ2. 1,

pCRE3 . 1

Thermo Fisher Scientific

One ShotE TOP

pPCRE4, pCRE2. 1,

Thermo Fisher Scientific

chemically competent E. pCRE3 . 1

coli

NEB® 5-alpha Competent | pPRCE3 . 1, p CDNA | Thermo Fisher Scientific
E. coli IRESGFP

NEB® pUC19 Control Thermo Fisher Scientific
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2.3.5 Isolation and preparation of plasmid DNA from E. coli

In order to extract the plasmid of interest from the E. coli a miniprep (ISOLATE I

Plasmid Mini Kit, BIOLINE) procedure was performed. 1.5 ml of a selected and

expanded colony was centrifuged for 30 seconds at 11,000xg. The supernatant was

discarded and the bacteria pellets were lysed gently in resuspension buffer according

to the manufacturero6s instructions. The DNA
me mbrane), which was washed and dri ed. DNA e
nuclease free H,O and the samples were stored at -20°C. The isolated DNA was

confirmed by overnight diagnostic restriction enzyme digest (EcoRI digestion) and by
running on 1% agarose gel . Once the correct
purified DNA sample was sent for sequencing at the Genomic Core Facility of the

Medical School, University of Sheffield. The primers used for sequences are

described in table 2.13.

Table 2.13 Standard and specific overlapping primers used in the sequence

Primers Oligonucleotides sequences Supplier
T7 promoter, forward 5AATACGACTCACTAT 4 Invitrogen
primer

BGH terminator, reverse 36 TAGAAGGCACAGT C( Invitrogen

primer

CRTC1-MAML2 F3S
CRTC1-MAML2 F4S
CRTC1-MAML2 F2S

O0CTTGCCTATGAGCC A 4 Sigma-Aldrich (UK)
0 TTGCCAAGCT GGCA ( Sigma-Aldrich (UK)
ACATTTGTCAAGGCCA ( Sigma-Aldrich (UK)
CRTC1-MAML2 F5S 0 AACTGCACCAAACT ( Sigma-Aldrich (UK)
CRTC1-MAML2 R2S 0 AGGAATGGGAT ACC4 Sigma-Aldrich (UK)
CRTC1-MAML2 R4S 56 AACAACCCTATGAT ( Sigma-Aldrich (UK)

ol o o1 o1 O

Abbreviations: BGH= Bovine growth hormones.
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2.3.6 FLAG-Tagged CRTC1-MAML2 pCR2.1clone

The CRTC1-MAML2 pCR2.1 clone was linearised by Xhol digestion for use as a PCR

template using the specific FLAG-tag primer described in section 2.3.2. A standard
PCRreacti on was used to amplify t#&adthesRCRend of
reaction was confirmed by separation of the products in a 1% TAE agarose gel. The

FLAG tagged CRTC1-MAML2 PCR product was cloned into pCR2.1 TOPO and the

clone transformed into One ShotEEcOiTARALOF c¢che
selecting and expanding positive colonies, the DNA plasmid was isolated and purified

as described previously. The isolated plasmids were digested with EcoRI and

fragments of the correct size were sent for sequence analysis using T7 primers. The

generated plasmid was double digested with BamHI and Nhel and after digestion

DNA was recovered and purified ready for sub cloning.

2.3.7 MAML2 pCR4-TOPO clone

A single clone of MAML2 in pCR4-TOPO was purchased from Sigma-Aldrich, UK
based on the sequence verified full length expressed sequences tags (EST). The
clone was regrown in ampicillin resistance LB agar plates. On the second day positive
white colonies were selected and cultured in LB broth ready for plasmid isolation and
preparation. Minipreps were used to extract the MAML2 pCR4-TOPO plasmid and
assessed initially by diagnostic restriction enzyme digests (EcoRI, BamHI/ Hindlll)
and confirmed by sequencing in two directions using T7 as the forward sequence
primer and BGH as the reverse sequence primer (table 2.13). In order to clone
MAML?2 into a mammalian pCR3.1 entry vector, the MAML2 pCR4-TOPO clone was
cut with BamHI (in the MAML2 fragment) and EcoRI (in pCR4-TOPO). The digested
DNA was electrophoresed on a 1% TAE-agarose gel, visualised under UV light, the
required size band excised and the DNA purified using Wizard® SV Gel and PCR
Clean-up System, Promega, USA following the man
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DNA was visualised by electrophoresis and stored at -20°C for further mammalian

entry vector cloning.

2.3.8 Subclone MAML2 into pCR3.1

Mammalian pCR3.1 entry vector (figure 2.3), the target vector for the CRTC1-MAML2
fusion was prepared by digesting with BamHI/EcoRI. After running the digested vector
on a gel, the expected size band was excised, and the DNA was recovered and

purified as previously described and stored at -20°C ready for ligation.

2.3.9 Ligation of MAMLZ2 cut fragment into pCR3.1

Ligation was carried out to connect the insert DNA (MAML2) to the compatibly

digested vector (pCR3.1) to obtain a recombinant plasmid; this was achieved using

T4 DNA ligase enzyme (Promega, USA). In a sterile Eppendorf tube, the DNA insert

was mixed with 10x ligase buffer, the ligase enzyme and the vector, which was added

to the mixture using four different dilutions (1:5, 1:10, 1:20 and 1:40) and a fixed insert
ratio. The final volume of the reaction was
at 4°C overnight, transformed into E. coliusi ng One ShotE TOP10F ¢
competent cells and plated onto ampicillin agar plates. The positive colonies were

selected and cultivated in LB broth with ampicillin (previously illustrated above under

2.3.4 section). Minipreps were performed to extract and purify the plasmid using the

same kit as described above in section 2.3.5. The isolated DNA of interest was

analysed using appropriate restriction enzymes, the fragment visualised to confirm

the correct molecular size. Bands of the correct size were sequenced. When the clone

sequences were confirmed, the clone was double digested with Nhel and BamHI

restriction enzymes. After digestion the required products were excised, and the DNA

was purified as described above and stored at -20°C for further sub-cloning.
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2.3.10 Sub-cloning FLAG CRTC1-MAML2 tagged into mammalian pCR3.1 entry

vector

Serial dilutions of pCR3.1 plasmid were prepared (1:2, 1:4, 1:8 and 1:16) and T4 DNA

ligase and 10x ligase buffer (Promega, USA) were used in the ligation. The mixture

was incubated at Jigaton testferp@R3.4 vettor (indubasiom bff

1:2 diluted pCR3.1 with ligase enzyme and ligase buffer without DNA insert)

confirmed the correct ligation. Ligation reactions were transfor med i nto 50 ¢
competent cells following the manufacturer6
chemically competent E. coli was used to transform the Flag CRTC1-MAML2 pCR3.1.

The pUC19 DNA (New England Biolabs, UK) was used as positive control and

competent cells only as negative control. All reactions were added to ampicillin agar

plates. Only the positive colonies that met the criteria described previously (in section

2.3.4) were selected and cultured in LB broth with ampicillin. A high copy of the E.

coli plasmids was extracted and purified as described previously. EcoRI digestion

was used to detect the correct band size for all constructs. Internal primers (T7) were

used to sequence and verify the complete fusion construct.
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Figure 2.3 The pCR3.1 mammalian expression vector. A plasmid map of the target vector,
pCR3.1. Labelled cassettes include the T7 promoter, CMV gene, BGH gene, ampicillin
resistance gene and Neomycin/ G418 selection gene. Restriction sites are also shown. The

plasmid vector is 5060 bp in size. Image is from Addgene.

2.3.11 FLAG Tagged CRTC1-MAML2 clone in pCDNA 3.1+IREs GFP vector

To facilitate the transfection experiments, the fusion construct was subcloned into an
internal ribosomal entry site Green Fluorescent Protein mammalian expression
vector. The FLAG Tagged CRTC1-MAML2 pCR3.1 clone was double cut using Nhel
and Notl, the fragment was retrieved and ligated into pCDNA 3.1+ IREs GFP (figure
2.4) plasmid purchased from Addgene and prepared by digesting with Nhel and Notl
to produce compatible sticky ends for the insertion of FLAG Tagged CRTC1-MAML2

fusion. A single digested plasmid was used as self-ligation control. The same above-
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mentioned cloning procedures were carried out on this construct and the final

confirmation by double cutting the clone with BamHI and Spel restriction digestions.
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Figure 2.4 The pCDNA3.1+IREs GFP mammalian expression vector. A plasmid map of
the target vector, pPCDNA3.1+IREs GFP. Labelled cassettes include the T7 promoter, the
Internal ribosomal site green fluorescence protein, CMV gene, ampicillin resistance gene and
neomycin/ G418 selection gene. Restriction sites are also shown. The plasmid vector is 6805
bp in size. Purchased from Addgene plasmid # 51406; http://n2t.net/addgene:51406;

RRID:Addgene 51406).

2.3.12 Final confirmation of the constructs

To verify cloning of the FLAG Tagged CRTC1-MAML2 pCR3.1, overlapping
sequencing with specific primers was performed. The overlapping sequence, in both
forward and reverse directions, was then read along the construct. A number of
primers were designed in our laboratory, (table 2.12). The sequencing quality was

examined and a blast analysis with NCBI nucleotide verified the sequence identity
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and the alignment with sequence references. Snap Gene software was used to draw

the plasmid map.

2.3.13Plasmidisolat i on OMi di prepo

In order to have a high DNA yield for long-time storage of the successfully sequenced

FLAG tag CRTC1-MAMLZ2 pCR3.1 clone, 2 ml of the previous transformed mix was

cultivated in autoclaved LB broth supplemented with 50 mg/ml ampicillin and

incubated overnight at 37°C in a rotary shaker at 225 rpm. The next day, before

plasmid extraction, a glycerol stock of the bacterial culture was prepared by adding

500 ¢l of autoclaved 50% glycerol sol-ution t
vials and stored at -80°C. The cells were harvested by centrifuging the bacterial

culture at 3.400x g for 10 minutes at 20°C. The plasmid DNA was extracted and
purified using ZymoPUREE Pl asmid EBNAdi prep
concentration was measured with a Nanodrop spectrophotometer, and the accuracy

was analysed by restriction digestion, EcoRI for the pCR3.1 construct and BamHI and

Spel for pCDNA3.1+IREs GFP construct, and agarose gel electrophoresis visualised

under UV trans -illumination. Samples were stored at -20°C.

2.4 Transfection

2.4.1 FugeneHD transient transfection

HuSL primary cells and NCI-H647 cells were cultured at approximately 50 x10* in 6-
well plates in antibiotic-free DMEM (low-glucose),10% FBS and other essential
growth additives for each cell type. The cells were incubated at 37 °C and 5% CO:
for 24 hr. When the cells were approximately 80% confluent, they were transfected
using FugeneHD transfection reagent (Promega). Ninety to ninety-nine microliters

(dependent on the DNA concentration) of pre-warmed, room temperature Opti-
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ME ME Q@ibco) Reduced Serum Medium, no phenol, no additives, was mixed with
2¢ g of DNA (FLARAMLaEZ2g cCRPM& in pCR3.1)-to ach
warmed, room temperature transfection reagent was added to the DNA media mixture
atvariousratios(3:1-5: 1 €l Transfection reagent: &g DN/
for 15 min at room temperature. During this incubation, the old media was aspirated,
the cells washed with Opti-MEM media and 2 ml of Opti-MEM media was added to
each well of the 6-we | | pl at es. 150 ¢l of the transfect
each well and the plate incubated at 37°C with 5% CO,. Co-transfection with 100 ng
PEGFP-N1 reporter gene (ClonTech Laboratories) was carried out and an empty
pCR3.1 vector used as transfection control. The cells were checked at 24 and 48 hr
post-transfection for green fluorescence and cells were washed, lysed directly in two-

x SDS lysis buffer and stored at -80°C for downstream analysis.

2.4.2 JetPRIME Transfection

HEK293, NCI-H647 and human primary salivary gland cells were seeded into 6-well
plates at seeding density of 5x10° cells per well in antibiotic-free growth media and
incubated overnight at 37°C and 5% CO;, On the following day, the media was
changed prior to transfection. Two wells were transfected with either FLAG-tag
CRTC1-MAML2 pCR3.1 construct or FLAG-tag CRTC1-MAML2 pCDNA3.1+ IREs
GFP construct. When the pCR3.1 construct was used it was co-transfected with the
PEGFP-N1 reporter gene (ClonTech Laboratories). Two wells were transfected with
empty vector without target DNA, and one well was used as a negative control to
monitor the growth of the cells and the other was used as transfection reagent control
to test the toxicity of the transfection reagent on cells without any DNA plasmids. Two
pg of DNA was diluted in 200 pl of transfection buffer and 1:2 of DNA: transfection
reagent ratio was used following an optimisation trial. The transfection mixture was
incubated at room temperature for 10-15 minutes, and then 200 pl of the transfection
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solution was added to the desired wells. After 4 hours the transfected media was
replaced with fresh media and the cells were grown for a further 48 hours. When a
larger scale of cells was needed for transfection (T25 or T75 flasks), the transfection
protocol was adjusted appropriately. Cell viability and green fluorescence expression
was checked using an inverted fluorescent microscope (Axiovert 200M, Zeiss).
Transfection efficiency was determined either by fluorescence activated cell sorting
(FACS) or microscopically. The cells were lysed directly in 2x SDS lysis buffer for

downstream analysis.

2.4.3 Fluorescence activated cell sorting (FACS)

Transfected and control cells were washed twice with PBS, harvested using trypsin,
and then resuspended in 500 pl of growth media for cell sorting (FACS) using a BD
FACS Aria llu cell sorter (Research Core Facility, the Medical School, University of
Sheffield, UK) based on GFP positive and GFP negative cells. Cell sorting was
performed by Sue Clark (Flow Cytometry Core Facility technician). Un-transfected
and empty vector transfected cells were used as controls to calibrate the machine, to
set a baseline for the fluorescence gate and to eliminate any false positive GFP
signals. After sorting, in addition to GFP positive cells, the GFP negative and empty

vector cells were collected to serve as controls for all downstream analysis.

2.4.4 Cell expansion

Single cell colony selection was not possible with the primary human salivary gland
cells (HuUSL, HPG, SMG and SLG) as they did not grow in isolation. Dependent on
the number of sorted cells, both GFP positive and negative cells were grown in
smaller culture vessels, for example 48-well plates, in the presence of 10 pg/ml of
the ROCK inhibitor Y-27632 (Abcam, Cambridge, UK), in order to promote cell growth
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and temporarily inhibit cell senescence, as suggested by Chapman et al., 2010,
Chapman et al., 2014, Koslow et al., 2019). Cell expansion continued until there was
a sufficient number of cells for storage in liquid nitrogen. Y-27632 was removed before

conducting functional analysis of transfected cells.

2.4.5Kill curve

As the pCDNA3.1+IRESGFP and pCR3.1 plasmids carry Geneticin (G418)
resistance, and in order to generate a stable cell line, a dose response experiment
was performed on HuSL, NCI-H647 and HEK293 cells. Cells were grown in 24-well
plates with antibiotic-free media to reach 70% confluence after 24 hours, as the G418
is most effective when cells are in active division. Growth media was replaced with
fresh selective media containing varying concentrations of G418 disulphate salt
(Sigma Aldrich, UK) in duplicate: 0 pg/ ml, 50 pug/ ml, 100 pg/ mi, 200 pg/ ml, 300 pg/
ml, 400 pg/ ml, 500 pg/ ml, 600 pg/ ml, 700 pg/ ml, 800 pug/ ml, 900 pg/ ml and 1
mg/ml. Selective media were maintained by replacing every 2 to 3 days for 10 days.
Cells were checked regularly, and cell viability was determined under bright field
microscopy to determine the optimal dose; this is the minimum concentration of

antibiotic that killed the cells in 10 days.

2.4.6 Generation of stable cell lines

Once the optimum dose of antibiotic for each cell line was determined, transfection
was carried out as described in section 2.4.2. Two controls were included in stable
transfection experiments, one positive control and one negative control; the
conditions were identical apart from the transfection event. After 48 hours cells were
either sorted or exposed to selection media with optimum antibiotic concentration.
The selection media were maintained for 10 days. The negative control was used to
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assess the viability of non-transfected cells after exposure to antibiotics and the
positive control to monitor the growth of transfected cells without exposure to
antibiotics. All non-transfected cells were dead within 10 days of exposure to G418.
Transfected cells survived and continued to grow and expand as described in section
2.4.4. Once stable cell lines were established the expression of the gene of interest

could be analysed at protein and gene levels.

2.5 Gene expression analysis

2.5.1 Genomic DNA Extraction

Genomic DNA (gDNA) was extracted from cultured cells using the Wizard Genomic
DNA Purification  Ki t (Promega, Sout hampton,
instructions. The quality and yield of the extracted DNA were analysed using a
NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific). DNA was stored at -

20°C for future use.

2.5.2 RNA extraction

Total RNA was isolated from cultured cells using the Monarch® Total RNA Miniprep
Kit (New England BioLabs UK) , f ol |l owi ng t he manufact
optional step of removing residual genomic DNase being carried out. The quality and
yield of the RNA was examined using a NanoDrop 1000 Spectrophotometer (Thermo

Fisher Scientific). RNA was stored at -80°C for further analysis.
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2.5.3 Reverse transcription

Compl ementary DNA (cDNA) was synt heHlighsed fro

Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific) as per the
manufactureros

protocol ( t28°6 foréurtteragpcation. c DNA w

Table 2.14 Reverse transcription description of thermal cycle

Settings Step 1 Step 2 Step 3 Step 4
Temperature 25°C 37°C 85°C 4°C
Time 10 minutes 120 minutes 5 minutes b

Abbreviations: P forever

2.5.4 Polymerase chain reaction

Polymerase chain reaction (PCR) was performed using 1 pl of template cDNA, 1 pm
forward and reverse oligonucleotide primers and 2x Dream Tag Green PCR Master
Mix (Thermo Fisher Scientific) in a total reaction mixture of 50 pl. The primer pair
sequences are summarised in Table 2.15. Annealing temperatures at 55°C, 60°C and
65°C were originally tested; 60°C was found to be optimal and used for all subsequent

PCR reactions.

2.5.5 Analysis of the PCR products

PCR products were analysed on a 1 or 2% TAE- agarose gel (dependent on expected

PCR product size) containing 0.2 g [/ ml et h
Bi oline, UK) was added to the samples and 5
kb (GeneRuler E) DNA | adder were used as mol ecul ar

run in 1x TAE at 70 Volts for 90 minutes. An InGenius3 gel documentation system

(Syngene) was used to visualise DNA bands.
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Table 2.15 Primers sequence utilised in PCR analysis

Gene Sequence Product Supplier
size

E-cadherin 506 GACACCCGGGACAACGTT 293 bp Sigma-Aldrich
36 GGGTCAGTATCAGCCGCT ]

Amylase 50ACTTGTGGCAATGACTGG( 299 bp Sigma-Aldrich
B3O0TCTCCAGAAATGACATCA(

c-kit 56 GAAGGCTTCCGGATGCTC¢ 204 bp Sigma-Aldrich
36 AAAGGCTGGGGTAGGT AG(

Nanog 50 CACCCAGCTGTGTGTACT( 221 bp Sigma-Aldrich
30AAAGGCTGGGGTAGGTAG(

CK5 56 CCAGGAGCTCATGAACA( 235bp Sigma-Aldrich
36 GCTTCCACTGCTACCTC(

GAPDH 56TGATGACATCAAGAAGGT( 221 bp Sigma-Aldrich
B30TCCTTGGAGGCCATGTGG(

hOAZ1 56 CCA ACG ACA AGA C( 164 bp Sigma-Aldrich
36 AGC GAA CTC CAG G/

MUC2 56 AACACAGTCCTGQ®T3GGA ¢ 474 bp Sigma-Aldrich
36 CCTGGCACTTGGAGGAAT

MUCS5AC 56 TGATCATCCAGCAGCAG( 409 bp Sigma-Aldrich
30 CCGAGCTCAGAGGACAT/

MUC5B 56 CAACAGCCATGTGGACA/ 229 bp Sigma-Aldrich
603 CAACAGCCATGTGGACA/

Abbreviation: bp = Base Pair.

2.5.6 Quantitative Polymerase Chain Reaction

PCR reactions were performed on cDNA samples using a rota-gene Q real-time PCR
cycler (Qiagen, Manchester, UK) and either SYBR® Green or TagMan Probe. For the
CRTC1-MAML2 fusion transcript a custom-made TagMan gene expression probe
(Hs03024645 _ft) was designed (Thermo Fisher Scientific, UK). SYBR Green primers,
designed in house (Sigma-Aldrich, Gillingham, UK), are listed in table 2.17. Relative
changes in the number of transcripts in each sample were determined by normalising
for RNU6B (U6; Sigma-Aldrich, Gillingham, UK) for SYBR Gr ee2

macroglobulin (B2M; Life Technologies) for TagMan probe analysis. Each qPCR

reaction was performed in triplicate with at least two biological repeats, using 1 ul of
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cDNA template in a total reaction mixture of 10 ul. The standard thermal cycle

consisted of 40 cycles including a melt curve analysis with SYBR Green (table 2.16).

Quantification of gene expression was calculated using the delta delta CT (2-qopC T )
method (Livak and Schmittgen, 2001). The cycle threshold is the cycle number that
causes the fluorescent signal to reach a fi)
the difference in CT values between target genes and endogenous controls. The

calculated 2-ppCT values represent the relative fo
between samples. Data will be presented as fold-change in target gene expression

compared to the endogenous controls.

Table 2.16 Thermal cycle conditions for Real-Time PCR machine

Setting Step 1 Step 2 Step 3 Cycle
Temperature 95°C 95°C 60°C

40
Time 10 minutes 10 Seconds 45 Seconds

An Investigation into the Expression and the Role of the CRTC1-MAML2 Fusion Protein in Mucoepidermoid

Carcinoma

77



Chapter 2 Material and Methods

Table 2.17 Primers sequences utilised in qPCR analysis

Gene transcript Oligonucleotides Sequence Product size (bp)

ATF3 56 AAAAGAGGCGACGAC(Q
104

30ACTTTCCAGCTTCTA(

DUSP1 56 CTGGTTCAACGAG(
114

30 AGGTAAGCAAGGCA

NRA2 56 GTCTGATCAGTGCC(
119

3ATGCTGGGTGTCATCT

STC1 56 CAGCTGCCCAATCA
98

56 AGGCTGTCTCTGAT

TFF-1 56 AATACCATCGACGT
112

30 AGCTCTGGGACTAA

*Abbreviations, bp: Base Pairs.

2.6 Protein Expression Analysis

2.6.1 Protein Extraction

Protein extraction was carried out as described in section 2.2.9, with the pellet being
lysed in 10 ml of radio-immunoprecipitation assay (RIPA) buffer (ChemCruz®,
Biotechnology, USA) containing EDTA free protease inhibitor cocktail (Roche, Basel,
Switzerland). The cell lysis solution was incubated with constant agitation at 4°C for
30 minutes, and then centrifuged at 12,000 rpm for 20 minutes at 4°C. The

supernatant was gently aspirated into a fresh tube and stored at -80°C.
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2.6.2 Protein Quantification assay

Total protein concentration was calculated using the bicinchoninic acid assay (BCA,;

Ther mo Fi scher Scientific, Cambridge, UK)
instructions. BSA (Thermo Fisher Scientific) was used to produce the standard curve,

the POLAR star Galaxy Spectrophotometer (BMG LabTech) was used to measure

the absorbance of the protein samples and standards at 570 nm.

2.6.3 Protein Sample Preparation

CRTC1-MAML2 fusion protein is a non-secreted nuclear protein; to enable detection
of the expressed recombinant protein from transfected cells, cells were lysed in 2x
SDS buffer and homogenised using a QIAshredder (Qiagen, UK) to ensure removal
of gDNA and insoluble debris. Briefly, the cell lysate was transferred to a QlAshredder
spin column in a 2 ml collection tube, samples were homogenised by centrifuging at
16,000 g for 3 minutes after which the column was discarded and the sample was
saved for further use. Samples were sonicated for 10 seconds, and then placed on
ice for 5 minutes before use. Other protein samples (not CRTC1-MAML2 fusion
protein) lysed in RIPA buffer, were mixed 1:1 (V: V) with 2x SDS buffer. All protein

samples were heated at 100°C for 10 minutes prior to electrophoresis.

2.6.4 Protein Sample Separation

CRTC1-MAML2 fusion recombinant is a large molecular weight protein and so 20 pl

of sample was separated on a 3-8% gradient Tris-Acetate precast protein gel

( NuPAGEE, Il nvitrogenE) -athinedh gread-thmge pFoteid | of
standards (Prime-Step, BioLegend, Inc) using 1x Tris-Acetate SDS running buffer

(NuPAGEE, InvitrogenE). Gels were initially
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all of the loaded samples had reached the end of the stacking gels the power was

changed to 150 Volts.

2.6.5 Protein Transfer

After separation by electrophoresis proteins were transferred to a Polyvinylidene
Difluoride (PVDF) membrane (0.45 Om pore si
carried out to ensure transfer of the larger molecular weight proteins. Before

assembling the gel-membrane sandwiches, the membrane was soaked in 100%

methanol for 15 seconds and then rinsed by soaking in distilled water for 5 minutes.

The membrane was then soaked in transfer buffer (table 2.18) for 10 minutes. The

assembled gel-membrane sandwich was placed in a gel tank (XCell SureLock Mini-

Cell Electrophoresis System) filled with buffer and 30 V applied for 3 hours. In some

instances, when the target protein had a lower molecular weight, an alternative

protein transfer method was used (Semi-dry transfer) using the Trans-B|1 ot E Tur bo E
Transfer System (Bio-Rad, Deeside, UK). Transfer conditions were 25V, 2.5 A for 10

minutes. To confirm the transfer of proteins the membrane was stained with Ponceau

Solution (Sigma-Aldrich, Gillingham, UK) for 5 minutes on a shaker. The membrane

was then washed with distilled water and the
solution (Expedeon, Abcam) for 15 minutes at room temperature to ensure that the

proteins had completely transferred to the membrane.
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Table 2.18 Preparation of 1x NUPAGE® Transfer buffer for wet transfer

Reagent Volume or percentage

NuPAGE® Transfer Buffer (20x) 50 ml

Methanol 100% 50 ml
Deionized Water 900 ml
SDS 0.1%

*Abbreviations, ml: millilitres, g: grams, SDS: Sodium Dodecyl Sulphate.

2.6.6 Blocking and Antibody Incubation

The membrane was blocked with 5% milk powder (Marvel) dissolved in 1x 10 mM
Tris buffered saline (1xTBS) for one hour at room temperature on a rocking platform.
The membrane was then briefly rinsed with 1xTBS containing 0.1% Tween (v/v)
(1xTBS-Tween 20). Primary antibodies (table 2.19) were diluted in 5% milk powder
(Marvel) in 1x TBS-Tween 20. Membranes were incubated with diluted antibodies
overnight at 4°C on a rocking platform, washed with 1xTBS-Tween 20 three times for
10 minutes and then incubated with horseradish peroxidase conjugated (HRP)
secondary antibodies (table 2.19) diluted in 5% milk 1x TBS-Tween 20 for one hour
at room temperature on a rocking platform. Membranes were washed with 1xTBS-

Tween 20 three times for 10 minutes.

Table 2.19 Antibodies used in Western blot analysis

Primary Manufacturer/ | Description Dilution Secondary Antibody
Antibody
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catalogue
number
Anti-FLAG Sigma-Aldrich/ Mouse 1: 1000 Anti-mouse HRP
F3165 monoclonal Cell signalling
to 1:3000
FLAG-
tagged
proteins
Anti-MAML2 Cell Signalling / Rabbit 1:1000 Anti-rabbit IgG, HRP
#4618 Polyclonal Cell signalling
to human 1:3000
MAML2
protein
Anti-b A c t | Cell Signalling/ Mouse 1: 10,000 Anti-mouse HRP
#3700 Monoclonal Cell signalling
to hum 1:3000
Actin protein

Abbreviation: HRP= Horseradish peroxidase

2.6.7 Protein Detection

Protein was detected using enhanced chemiluminescence (ECL) Western blotting
substrate (Thermo Fisher Scientific) f
were visualised by exposure to x-ray fim (CL-XPosur eE Fi |l m,
Scientific, Cambridge, UK) and the film was developed with a Compact x4 Developer
(Xograph Imaging Systems). Protein was alternatively detected using a Li-Cor C-Digit
Western Blot Scanner and Image Studio Software. When re-probing with other
antibodies, the membranes were washed with 1x TBS-Tween and stripped using 10
ml of stripping buffer (Thermo Fischer Scientific, Cambridge, UK) on a shaker for 13

minutes at room temperature. The membranes then were washed for 10 min twice

with 1x TBS-Tween. This procedure was only conducted once per membrane.
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2.6.8 Immunofluorescence staining for transfected cells

NCI-H647 cells were grown in 8-well culture chamber slides (x-well Tissue Culture
Chambers, Sarstedt, Germany) at a seeding density of 20,000 to 40,000 cells for 24
hours. Cells were transfected with FLAG-Tagged CRTC1-MAML2
PCDNA3.1+IRESGFP or pCDNA3.1+IRESGFP empty vector as described in 2.4.2.
After 48 hours, cells were checked for viability, the old medium removed, and the cells
washed with ice-cooled PBS three times for 5 minutes. Cells were then fixed with 4%
paraformaldehyde in PBS (see appendix for fixative preparation) for 10 minutes at
room temperature. Fixed cells were washed twice with PBS for 5 minutes. The cells
were permeabilised by incubat i n gAldrch,tUK)
in PBS for 5 minutes and then washed twice with PBS for 5 minutes. Cells were
blocked with 10% BSA in PBS for 30 minutes at 37°C after which all cells except the
negative control chamber were incubated with 1:1000 Monoclonal anti-FLAG M2
(Sigma-Aldrich) primary antibody diluted in 3% BSA/PBS overnight at 4°C. On the
second day, cells were washed three times with PBS for 5 minutes with constant
agitation. All cells were incubated with fluorescent conjugated Goat Anti-Mouse
secondary antibody (Alexa Fluor 488, Thermo Fisher Scientific, UK) for 45 minutes at
37°C, with the chamber being wrapped in aluminium foil and kept in the dark. Cells
were then washed three times with PBS for 5 minutes with constant agitation. The 8-
chamber manifold was removed carefully, and the slide left to dry. One drop of
ProLong E Gold antifade mountant with
coverslipped and left to air dry for 24 hours at room temperature in the dark prior to
sealing with nail polish. Staining was examined using Zeiss 880 AiryScan confocal
fluorescence microscope (Carl Zeiss), using FITC at 492 nm absorption with an

emission at 520 nm. The same settings were used with the controls.
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2.7 Functional Assays

2.7.1 Proliferation assay

EdU assay (iFluor 488, ab219801) was used to detect and quantify cell proliferation
in live cells, using both flow cytometry and fluorescence microscopy. DNA
proliferation was assessed by directly measuring DNA synthesis. EdU assay was
performed on CRTC1-MAML?2 transfected cells and mock transfected (empty vector)
cells to determine the effect of the fusion protein on cell proliferation. 1.5 x10° cells
were seeded into a 24- well plate with 500 pl growth media to reach 70% confluency
within 24 hours. Cells were then incubated for 4 hours at 37°C and 5% CO: with 1x
EdU solution (20 um) by replacing the 500 pl of culture media with 250 pl of 2x EdU
solution plus 250 ul of normal culture media. At various time points, the media
containing EdU solution was aspirated and cells fixed with 500 pl of 4% formaldehyde
in PBS for 15 minutes at room temperature, protected from light. The cells then were
washed twice with 500 pl wash buffer (3% BSA solution in PBS), permeabilised with
500 pl of 1x Triton x-100 in PBS for 20 minutes at room temperature, washed twice
with 500 pl of washing buffer and then treated with EdU reaction mix (table 2.20) for
30 minutes at room temperature, protected from light but on a rocking platform to
ensure the reaction cocktail was distributed evenly. After 30 minutes the EdU mix was
aspirated and the cells were washed with 500 pl washing buffer and then with 500 pl
of PBS. Cells were then stained with 5 pug/ ml of Hoechst (Hoechst 33342, Thermo
Fisher Scientific, UK) solution in PBS (1:2000) for 30 minutes at room temperature,
protected from light, washed twice with 250 pl PBS, kept in PBS prior to analysis
using a ZEISS AxioCam MRm?2 fluorescent light microscope (Carl Zeiss, UK) and

imaged using Image AxioVision Rel.4.8 image software at 20 xmagnification power.
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Table 2.20 EdU reaction mix solution

Component Reaction mix
TBS 21.4 ml
CuSOq4 1ml

iFluor 488 azide 62 ul

EdU additive solution 2.5ml

Total volume 25 ml

EdU assay data analysis was completed after coding and mixing the images to ensure
unbiased results. Cells with Hoechst staining were counted using Image J with an
auto cell counter plug in. At least 3 images per well of transfected and control wells
were used and the mean reading recorded. Green fluorescent cells were counted,
and the percentage of proliferating cells calculated per well. The assay was performed
in triplicate with each cell condition. Data was analysed with Graph Pad prism and
Unpaired t test was used to compare the differences between the transfected cells
and control s. FIl ow cytometry data was anal
(Research Core Facility, the Medical School, University of Sheffield, UK) with
established appropriate FSC vs SSC gates to exclude debris and cell aggregates.
Gate EdU-positive cells based on iFluor 488 intensity (FL1 channel) or, using mean
fluorescent intensity, determine fold changes between transfected and control cells.
Cells excited using a 488 nm laser and data analysed using FACSDiva 8.0.1. The

flow analysis was performed by Sue Clark (Flow Cytometry Core Facility technician).

2.7.2 Migration assay

A scratch (wound) assay was used to study the migration of the CRTC1-MAML2
fusion transfected cells. Wound closure was studied by taking snapshot pictures at
different time points: TO, T8, T16, T24, T32, T40, and T48. Based on the width of the

wound, the migration distance and the speed of the cell migration was

85

An Investigation into the Expression and the Role of the CRTC1-MAML2 Fusion Protein in Mucoepidermoid
Carcinoma



Chapter 2 Material and Methods

calculated. Cells were seeded into a 6-well plate and after reaching 100%
confluency, 2 pg/ ml of Mitomycin C was added to the cells for two hours to inhibit cell
proliferation. The optimum dose of Mitomycin was previously determined in our lab
(Dr Vivian Wagner). The cells were then washed with PBS and images captured of
the pre-wounded confluent cell monolayer. A wound was made in the centre of the
well using a p-200 tip applying the same pressure across the wound for all wounds.
Wounding was confirmed using an inverted microscope and the cells were washed
twice with PBS to remove detached cells. Images captured at this point were assigned
as time zero (TO; with the wound being 100% open) with two pictures per well and 4
wells per condition. Cells were examined every 8 hours, the same two points in each
wound were imaged with the same light conditions, using the same microscope, same
magnification (10x) and all images saved as tiff files of the same size (figure 2.5). The
experiment was carried out in triplicate and Image J software was used to analyse
migration, with wound area being defined using freehand selection. At each time point
the area free of migrating cells was calculated and expressed as a percentage of the
initial scratched area. Data was analysed on Graph Pad prism; a two-way ANOVA
test was used to determine the effect of two nominal predicated variables on a

continuous outcome variable.
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Figure 2.5 Migration assay. The technique involves basic steps of making a linear thin
scratch Awoundod (creating a gap) in a aoasnfl uent
through microscopic image capturing two points per wound (Red dots) (A) and gap
measurement at each time point, TO (B); and data analysis using Image J software and

selection and measuring of wound area (C).

2.7.3 Invasion assay

A trans-well invasion assay was used to study the effect of CRTC1-MAML2 fusion
protein expression on cell behaviour and ability to invade the extracellular matrix
(ECM) substitute. The assay was performed on 24-well plates using inserts with 8 um
pores (Falcon, Loughborough, UK). Two coating materials were used in the invasion
assay; Fibronectin and pre-coated Matrigel trans wells. Inserts were coated with 10
pg/ ml fibronectin in PBS (Sigma-Aldrich), incubated for 24 hours at 4°C, washed
twice with sterile PBS and left to dry in a tissue culture hood for 24 hours at room
temperature. Inserts were stored in 100 mm plates sealed with parafilm at 4°C prior
to use. Alternatively, precoated Corning® BioCoat® Matrigel® Invasion Chambers
(Catalog No. 354480, 354481) were used. 1x10* CRTC1-MAML2 fusion transfected
and control cells were seeded onto the fibronectin / Matrigel-coated inserts in 400 pl

of normal growth media supplemented with 10% FBS, 700 pl of the same media was
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placed in the bottom chamber and the plate incubated at 37°C and 5% CO, for 4

hours. After 4 hours the media in the transwell chamber was changed to growth media

supplemented with 1% FBS; the media under the insert remained the same to act as

chemoattractant to the cells and incubated at 37°C and 5% CO; for 48 hours. On day

two, all of the non-invaded cells were removed with a cotton bud. Cells were fixed

with 500 ul of 100% cool-methanol and incubated for 6 minutes at -20°C, the cells

were then stained with Harris Haematoxylin (Thermo-Scientific) and Shandon Eosin

Y (Thermo-Scientific) as described in table 2.21. After staining the insert, membranes

were cut out using a scalpel blade and put onto a glass slide with invading cells facing

up. The slides were mounted with mounting media (EcoMount) and sealed with cover

slips (figure 2.6).

Table 2.21 Haematoxylin and Eosin staining schedule for invaded cells

Step Time
PBS 5 min
PBS 5 min
Haematoxylin 2 min
Distilled water 5 min
Distilled water 5 min
Eosin 2 min
Distilled water 5 min
Distilled water 5 min
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Figure 2.6 Trans well invasion assay diagram CRTC1-MAML2 transfected, mock
transfected and non-transfected HEK293 cells were seed in 24 well plate trans well inserts
previously coated with 10 pg/ ml fibronectin (1-2) (PET membrane, 8.0 um, Falcon,
Loughborough, UK) in 10% serum (2), Cells were left to settle for 4 hours and then media was
changed to 1% FBS and left to migrate for 48 hours (3) to media containing 10% FBS.
Following 48 hours, non-invaded cells were removed with cotton bud (4). The invaded cells
were fixed, stained, and the membrane was cut (5). Membrane was mounted on glass slides

and analysis (6). Diagram was created using bio RENDER.com software.

Quantification of invaded cells was carried out blind to ensure unbiased results, using
the cell counter function on Image J software. Experiments were performed on at
least six replicates, three images of each membrane were captured at 400x
magnification using a light microscope (OLYMPUS BX51), the invaded cells were
counted, the average score calculated for each membrane and the values used for
statistical analysis. The pre-coated Matrigel inserts were finally chosen over the
fibronectin coated inserts, because of the quality of the images and ability to
differentiate between the cells and pores in the inserts. Data was presented on Graph

89

An Investigation into the Expression and the Role of the CRTC1-MAML2 Fusion Protein in Mucoepidermoid
Carcinoma



Chapter 2 Material and Methods

Pad prism; an Un-paired two-tailed t test was used to compare the average between

the two groups.

2.7.4 Clonogenic Assay

This assay was carried out to investigate the ability of single cells to grow into
colonies, to undergo unlimited cell division and whether the CRTC1-MAML?2 fusion
protein influenced cell survival. CRTC1-MAML2 and empty vector transfected cells
were seeded per well in a 6-well plate (600 per well) in normal growth media and the
cells allowed to grow for 10 days. Cells were washed twice for 5 min with PBS and
fixed with 100% Methanol mixed with 100% acetic acid (7:1) and left for 5 min at room
temperature. Fixative was removed and 0.2% of Crystal Violet staining solution added
to each well for 2 min. Staining solution was removed, the plate placed under running
tap water for 3 min and then left to dry. Colonies were counted by scanning the plate
and using ImageJ to analyse the number of cells and size of the colonies. Colonies
with cell number less than 50 were not included in the analysis (Franken et al., 2006).

The assay was carried out in triplicate.

2.8 Three-Dimensional Models

Human primary salivary gland cells at low passage number (0-4) were used to
develop 3D organoids cultured on inserts at an air-liquid interface (ALI). Explanted
tissue samples were obtained from surgical biopsies which had been previously
processed by Dr Zulaiha Rahman (previous PhD student), Dr Lynne Bingle and Miss
Rachel Furmidge (undergraduate placement student) under ethical approval number
13/NS/0120. Human primary salivary gland cells transfected with CRTC1-MAML2
fusion construct were used to grow 3D organoid fusion positive models and MEC cell
lines (NCI-H292, UM-HMC 2, and A-253) to grow the 3D models of cancer cell lines.
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2.8.1 Developing 3D Organoid model of salivary glands

The organoid models were prepared from normal cell cultures, maintained in KGM
medium. When the cells had reached 80% confluency, they were trypsinised, counted
as described in section 2.2.6 and resuspended with freshly prepared DMEM/F12
media, supplemented with 10% R-Spondin, 50% Wnt3a conditioned media and other
growth factors (table 2.22). Y-27632 (Sigma) was added to the cells for the first three

days only.

8x10°c el Il s in 100 ¢l cel | medi a was ,withowted gent
producing bubbles, wi t h 2 0 0 -cooled basément m@&mbrane extract (BME)
Mat r i ghésimikture was sufficient for four inserts (figure 2.7). The cell/matrix
suspension was seeded into a pre-warmed 12-well plate with 0.4 pm pore, PET
transwel | inserts (FALCONE). 500 ¢l of fres
el was pl aensert beforg being inchbated at 37°C with 5% CO.. After
four days the culture media was removed from the insert so that the organoids were
now at an ALl and the media under the insert replenished; this was counted as day
zero. The exhausted media was replaced every 2-4 days and the model inspected
daily by inverted bright field microscopy. Growth was continued for up to two weeks

(figure 2.8).

2.8.2 Developing 3D Organoid models of CRTC1-MAML2 transfected salivary
glands cells

The organoid model was prepared from monolayer cells transfected with FLAG-
Tagged CRTC1-MAML2 pCR3.1 construct. The method described in section 2.8.1

was used to establish 3D transfected cell models.
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2.8.3 Developing 3D models of Mucoepidermoid Carcinoma cell lines

MEC 3D organoid modes were developed from monolayers of A-253, UM-MEC-2 and
NCI-H292 MEC cell lines, maintained in growth culture media specific to each cell
type (Table 2.23). The method described in section 2.8.1 was used to establish 3D

MEC cell models (figure 2.9).

Matrigel cell suspensionon the insert

I

[

|
Yo

|

Ice

Figure 2.7 Schematic diagram of seeding the cells with the Matrigel. Cells were mixed
with Ice-cooled Matrigel using a cooled pipette tip. Cells-ECM suspension were then seeded
on the middle of a pre-warm 12-well plate insert and incubated for 30 min at 37°C with 5%

CO2to allow the Matrigel to solidify. Diagram was created using bio-RENDER software.

Submerged Culture

RS1 Wnt3aCM + ALI Culture
RS1 +Wnt3a CM

RoKi
Dayl (-3) D‘=3|y 0 D?Ty 3 Day 1‘4
| | | 1
HuSL mixed ALl induction Organoid Termination of
with Matrigel on HuSL in model starts the 3D
and seeding matrigel to appear organoid in
on trans-well ALl culture
at2 x 103 Media level RNA extraction
Cell/ transwell and fixation of
the model.
u l—j
Submerged media ALI culture

Figure 2.8 Developing 3D organoid model of salivary glands Human primary salivary
gland cells (mixed populations of epithelium and connective tissue cells) with low passage
number (0-4) were mixed with Matrigel and grown in freshly prepared media which mainly

depended on the presence of R-Spondin and Wnt3a on insert at air-liquid interface (ALI). After
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one to three days of growing the organoid structure was noticed and after 14 days was

successfully developed. Diagram was created using bio RENDER software.

Table 2.22 Compositions of the freshly prepared media used to grow the organoid 3D

Model

Component

Final concentration

Supplier

Dul beccods modi fi
(DMEM) low glucose
Nutrient mixture F12 HAM

Penicillin/Streptomycin

L-Glutamine

N-2 supplements

Epidermal Growth Factor (EGF)
Rh-FGF2 fibroblast growth factor
recombinant human

Human Insulin

Dexamethasone

*Y-27632 (RHOKI) Protein Kinase
Inhibitor

R-Spondinl (4645-R5)

Whnt3a (50.6-WN

(3:1)

DMEM: F12

(1:3) F12: DMEM
100i.u./ml penicillin and
100¢eg/ ml
1%

1%

20 ng/ml

10 ng/ml

stre

10eg/ ml
1 M
10 &M

10%
50%

Sigma-Aldrich®

Sigma-Aldrich®
Sigma-Aldrich®

Sigma-Aldrich®
Gibco®

Sigma-Aldrich®
R&D SYSTEMS

Sigma-Aldrich®
Sigma-Aldrich®
Sigma-Aldrich®

Conditioned media

Conditioned media

*Note: Y-27632 additive was only added to the first preparation of the media
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Submerged Culture

Growth media

ALI Culture
Growth media

Day‘ (-3) D'aly 0 DETV 3 Day 1|4
\ [ [ |
HTB-41, H292, ALl induction Organoid Termination of
UM-HMC mixed on Cells in model starts the 3D
with Matrigel and matrigel to appear organoid in
seeding on ALl culture
transwell @ 2 x 103 Media level RNA extraction
Cell/ transwell and fixation of
the model.

-

Submerged media

-

ALI culture

Figure 2.9 Mucoepidermoid carcinoma cell lines 3D model. Human mucoepidermoid

carcinoma cell lines (A-253, NCI-H292, UM-HMCZ2) were mixed with Matrigel and grown in

culture media on insert at air-liquid interface (ALI). After one to three days of growing the

organoid structure was noticed and after 14 days was successfully developed. Diagram was

created using bio-RENDER software.

Table 2.23 Compositions of the media used to grow the MEC organoid 3D Model

Cell type Growth Medium Supplements Supplier
A-253 Mc Coy d6s 5|10%FBS, 1% L-G, Sigma-Aldrich
medium modified 1% P/S
UM-HMC-2 High 10% Sigma-Aldrich
glucose FBS, 1% P/S, 1%L-G,
Dul becco6|(180 &M aden
modi fied eg [/ ml hydr
medium (DMEM) 10 ng/ml EGF
NCI-H292 Low glucose 10% FBS, 1% L-G, Sigma-Aldrich
Dul beccod|1%P/S
modi fied
medium (DMEM)
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2.8.4 Fixation, processing and sectioning of 3-D models

On day 14, the 3D models were inspected under microscopy to confirm development.
Models were fixed in 10% neutral buffered formalin (NBF) for 24 hrs, processed and
sections prepared for H&E and IHC staining. For immunofluorescence staining, wells
were fixed in 100% ice-cold methanol for 20-30 minutes at -20°C, washed three times

with 200 €1 PBS and stored in PBS at 4AC.

Samples were processed overnight using a Citadel 2000 (SHANDON) benchtop
tissue processor. The processed samples were embedded perpendicular to the
bottom surface of the mould in molten paraffin wax using a LEICA EG1150 H
embedding station so that they could be cut in the correct orientation. 5 pm sections
were mounted onto SuperFrost Plus slides and left to air dry. Before use the slides
were baked at 60°C for at least 30 minutes, to ensure adherence of the sections to

the slides.

For Haematoxylin and Eosin staining, an automated linear stainer (LEICA ST 4040)
was used. Slides were mounted with DPX mounting media, visualised and imaged

with Cell*D software (Olympus soft imaging solutions, GmbH, Minster, Germany).

2.8.5 Periodic Acid Schiff staining of three-dimensional organoid models
Periodic Acid Schiff staining was performed on 3D MEC cell models. Slides were
deparaffinised, hydrated, washed with distilled water, immersed in 0.5% periodic acid
solution for 5 minutes and washed three times with distilled water. Slides were then
placed in Schiff reagent for 15 minutes until they became light pink and were then
washed in lukewarm tap water for 5 minutes to a dark pink colour. Slides were
counterstained with Harris Haematoxylin for 1 minute and washed with tap water for
5 minutes. Slides were dehydrated with alcohol and coverslipped using DPX
mountant media.
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2.8.6 Immunofluorescence staining of 3D organoid models

Models were fixed with 4% paraformaldehyde, washed twice with 200 pl of PBS,
permeabilised with 0.2% Triton x-100 in PBS for 30 minutes at room temperature and
washed twice with PBS. Phalloidin conjugated green fluorescent solution (Abcam®)
was added to the models and incubated overnight at 4°C in the dark. After aspirating
the Phalloidin solution models were washed three times with PBS and DAPI was
added (1:1000 dilution in PBS) for 30 minutes in the dark. Models were washed three
times with PBS and the membrane removed from the plastic support, mounted on a
glass slide (model facing up) in DAPI-FREE ProlongGold antifade mountant and kept
in the dark at room temperature for 24 hours. The slides were sealed with nail polish

and stored at 4°C to be examined under a fluorescence microscope.
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2.9 Online Resources

All online software tools used in this study are summarised in table 2.24.

Table 2.24 online analysis tools used in the study

Analysis Tool Purpose Software URL Link

NCBI VecScreen | Screen a Sequence for https://www.ncbi.nlm.nih.gov/tools/vecscree
Vector Contamination n/

NCBI blastn Search query https://blast.ncbi.nim.nih.gov/Blast.cqi?PRO
sequence with GRAM=blastn&PAGE_TYPE=BlastSearch
nucleotide database &LINK_LOC=blasthome

NCBI Blastx Search protein https://blast.ncbi.nim.nih.gov/Blast.cqi?LINK
databases using a LOC=blasthome&PAGE TYPE=BlastSear
translated nucleotide ch&PROGRAM=Dblastx
query

NEBcutter V2.0 Search for Restriction http://nc2.neb.com/NEBcutter2/
Enzyme Mapping

NCBI 6 ORF| Finding Open reading https://www.ncbi.nlm.nih.gov/orffinder/

finder frames in unknown

nucleotide sequence

Clustal W Multiple sequence https://www.ebi.ac.uk/Tools/msa/clustalo/
alignment

Primer3 Primer design tool http://bioinfo.ut.ee/primer3-0.4.0/

Clustal Omega Multiple sequence | https://www.ebi.ac.uk/Tools/msa/clustalo/
alignment

2.10 Statistics

GraphPad Prism 8 software was used to determine statistical significance. An
unpaired t-test was used to compare two groups. One-way analysis of variance was
used to analyse more than two groups. A two-way ANOVA test was used to determine
the effect of two nominal predicated variables on a continuous outcome variable. A
P-value of < 0.05 was considered to be statistically significant. The number of

bi ol ogical repeats is shown as ON=06.
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Asterisks denote statistical significance (*P <0.05; **P <0.01; **P <0.001; ****pP

<0.0001, and NS P >0.05).

2.11 Ethical Consideration

Ethics approval for use of clinical data of MEC cases and fixed tissues was in
accordance with NREC (Ref number: 05/Q2305/127) and Santa Rita Hospital of the
Santa Casa de Misericordia, Porto Alegre, Brazil (Human Research Ethics
Committee approval: 74754317.5.0000.5335). Isolation and the use of the primary
salivary gland cells were in accordance with NREC (Ethical approval number

13/NS/0120).
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Chapter 3
In Situ Detection of the CRTC1-MAML2 Translocation Expression in

Mucoepidermoid Carcinoma

3. Chapter 3

3.1 Introduction

The heterogeneity of salivary gland neoplasms, within and between histological
types, presents a major challenge for accurate diagnosis (Speight and Barratt, 2020).
As indicated in chapter 1, several cytogenetic analyses have indicated that more than
50% of salivary gland MEC are associated with the CRTC1-MAML2 translocation
(Anzick et al., 2010, Shinomiya et al., 2016). In addition to the salivary glands, the
CRTC1-MAML2 fusion has also been identified in MEC in other tissues including lung,

breast, cervix, thyroid and skin (Amelio et al., 2014).

Determination of fusion gene expression in MEC cases could assist in diagnosis,
especially in more difficult cases, or for the exclusion of other entities. An alternative
fusion of MAML2 with CRTC3 has been documented in the literature but with
relatively low abundance, as discussed in chapter 1, and so this study will focus only
on the CRTC1-MAML2 translocation (Fehr et al.,, 2008, Nakayama et al., 2009).
Currently expression of CRTC1-MAML2 fusion is detected either by RT-PCR or FISH
(Bell and Hanna, 2012) (figure 3.1), however, there are weaknesses associated with
these techniques. For example, the Fluorescence In Situ Hybridization (FISH)
MAML2 DNA break-apart technique is complicated, does not provide specific
information about the fusion event or the partner gene involved and there is
considerable uncertainty about its application in the clinic. Furthermore, RT-PCR only
measures the transcript in solution, without any histological details. Thus, an
alternative and accurate diagnostic test that can be routinely performed on Formalin

Fixed Paraffin Embedded (FFPE) tissues is needed.
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Figure 3.1 Current techniques used to detect the CRTC1-MAMLZ2 translocation. A) Real-
time RT-PCR shows amplification of CRTC1-MAML2 fusion product. B) Fluorescence in Situ
Hybridisation (FISH) for MAML?2 rearrangements (arrows) indicate break-apart separation of

the red and green signals within the cells.

In the present study, we have developed an RNA In Situ Hybridisation (RISH)
detection method targeting the fusion transcript junction. RNA probes are single-
stranded and offer several advantages over DNA probes including improved signal
or hybridization blots. We applied this technique to detect and quantify expression of
the CRTC1-MAML2 transcript, using a specific probe straddling the junction between
exon 1 of CRTC1 and exon 2 of MAML2. Following validation of the detection of
junction-specific CRTC1-MAMI2 transcripts in cell lines and in FFPE specimens from
MEC patients, we quantified CRTC1-MAML2 transcript expression in positive cases.
We present, for the first time, the visualisation of CRTC1-MAML2 fusion transcripts in
morphologically intact tissue and demonstrate, again for the first time, a specific and
quantifiable CRTC1-MAML2 RNA in situ hybridisation test for detection of the fusion

in MEC patients.
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3.2 Aim and Objectives
The aim of this study was to detect the expression of CRTC1-MAML2 translocation

in MEC and | achieved this by;

1 Designing a novel BaseScope probe targeting the exon-exon junction in the
CRTC1-MAML2 fusion transcript.

1 Identifying specific cell types harbouring the translocation.

1 Determining expression levels of the transcript and quantifying the positive

signals.

3.3 Methods
The relevant materials and methods utilised in this chapter are detailed in chapter 2,

under heading 2.1 as indicated below:

1 Patient samples and clinical data is presented in section 2.1.1.

i Probe design, sample preparation and pretreatment were performed as
described in section 2.1.2 and 2.1.3.

1 Probe Hybridization and amplification were performed as described in section
2.1.4,

I BaseScope assay signal detection and analysis were assessed using a semi-

gquantitative histological methodology based on ACD scoring criteria.
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3.4 Results

3.4.1 Histopathological findings

A retrospective cohort of 30 MEC cases from 2007- 2016 was examined in this study.
The clinicopathological characteristics of the patient cohort are presented in figure
3.2. The histological features and classification of the cases were reviewed with H&E
sections; all histological findings are summarised in table 3.1. The tumours consisted
predominantly of epidermoid cells, intermediate cells and mucous secreting cells of
variable proportion, however, six (20%) of the 30 cases were clear-cell variants of
MEC (figure 3.4). The most common histological type was cystic, 18 of 30 (60%),
varying between macro and micro cysts. Of these cases, 10 (33.3%) of 30
demonstrated solid growth patterns. Two (6.6%) of the 30 cases had a mix of solid
and cystic components. Twenty-one of the cases (70%) were low grade, 13.3% (4/30)
were intermediate grade and 16.7% (5/30) were high grade (figure 3.3). Necrosis and
perineural invasion were seen in 3/30 (10 %) and 4/30 (13.3%) of the cases,
respectively. Notably, none of the cases demonstrated an angiolymphatic invasion.
The mitotic rate was low, with most of the cases showing a 0 mitotic rate per 10 high
magnification fields. Ten cases showed mitosis of 1 to 2 per 10 high power fields and

only two cases showed mitosis of 5 to 6 per 10 high power fields.
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Anatomical site of MEC
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Figure 3.2 The anatomical site, average age and histological grades of MEC cohort. A)
Anatomical location of MEC displays that most of the carcinomas (50%) were developed in
the Parotid (major salivary glands), followed by the palate (20%, minor salivary glands). 13.3%
of MEC cases arose from the submandibular glands (major salivary glands) and 6.7% of MEC
cases initiated in the buccal mucosa (minor salivary glands). B) Average age of MEC cases
(Mean + SD) shows a broad age range of female patients compared to male cases. (C)
Histological grading of MEC cases indicates that 70% of the cases were low grade, 13.3%

were intermediate grade and 16.7% were high grade.
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Figure 3.3 Haematoxylin and Eosin staining of MEC. Low grade MEC consists of large
proportions of mucous-secreting cells (arrows), intermediate cells (dashed lines) and large
cyst formations (A and D). Intermediate grade MEC showing small size cyst with a mixture of
intermediate cells, epidermoid cells (arrows) and lower proportions of mucous cells (B and E).
High-grade MEC showing solid growth of epidermoid and intermediate cells with lack or little
presence of mucous cells, lack of microcytic formation and the presence of cellular atypia

(arrows in C) and mitotic figures (arrows in F).
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Table 3.1 Histopathological findings of MEC cases including histological type, grade
and the presence of other histological parameters

Case Histologic Histologic Necrosis Angio- Perineural Mitotic

type grade (AFIP) lymphatic  invasion count/10
invasion high-power
field

1 Cystic Low No MNo Mo 0

2 Cystic Low Mo Mo Mo 2

3 Clear cell Low Mo Mo Mo 2

4 Cystic Low Mo MO Mo 1

5 Solid clear  Low Mo Mo Mo 0
cell

& Cystic Low MNo MNo Mo 0

7 Solid Low Mo MNo Mo 0

& Solid clear  Low Mo Mo Mo 1
cell

9 Cystic Low Mo MO Mo 0

10 Cystic Low Mo MO Mo 0

11 Solid Intermediate  Yes MNO Mo 1

12 Solid Intermediate  No No Mo 1
Clear

13 Solid/ Low Mo MNo Mo 0
cystic/ clear

14 Solid Low Mo MO Mo 0

15 Clear Intermediate Mo MO Yes 0

16 Solid Low Mo MO Mo 1
microcystic

17 Cystic Low No MNo Mo 0

18 Solid High Mo No” Yes 5

19 Cystic Low Mo MO Mo 0

20 Cystic Low Mo Mo Mo 0

21 Cystic Low Mo MO Mo 0

22 Cystic Intermediate Mo Mo Yes 0

23 Cystic Low MNo MNo Mo 0

24 Cystic Low MNo Mo Mo 0

25 Cystic Intermediate  No MNo Mo 0

26 Cystic High Mo MO Mo 2

27 Cystic High Mo MO Mo [

28 Cystic High Yes MO Mo 2

29 Solid clear  High Mo Mo Mo 0
cell

30 Solid High Yes MNo Mo 1

107
An Investigation into the Expression and the Role of the CRTC1-MAML2 Fusion Protein in Mucoepidermoid
Carcinoma



Chapter 3 In Situ Detection of the CRTC1-MAML2 Translocation Expression in MEC

Figure 3.4 Clear cell MEC. Large cystic cavity lined with mucous and epidermoid cells with

clear cell differentiation across the tumour.
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3.4.2 Assessment of the integrity of the mRNA in MEC cases

Before applying the fusion BaseScope assay to the MEC cases, the integrity of the
MRNA in the FFPE samples was examined using the probe against the housekeeping
gene (PPIB), BA-Hs-PPIB-1zz, and the bacterial gene probe, DapB-1ZZ. Positive
signals were detected as punctate red dots in the cytoplasm or nucleus (figure 3.5).
Across the cases examined, an average of 95.6% showed positive signals with the
positive control probe (BA-Hs-PPIB-1zz) and none were positive for the negative
control probe (DapB) (figure 3.5). One sample was excluded from the study as it did
not meet the mRNA quality criteria (no signal with the BA-Hs-PPIB-1zz positive
control probe). Notably, the positive signals were detected in normal tissues, lining
epithelia, tumour islands and associated stroma (figure 3.5). However, the expression
level varied, possibly due to variability in the degree of MRNA degradation, which may
have occurred during sample fixation and processing, and the inter-tumour

heterogeneity of the expression level of BA-Hs-PPIB-1zz mRNA.
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Figure 3.5 Validation of the BaseScope assay in tumour samples. Representative images
of BaseScope assay performed on FFPE MEC samples using the BA-Hs-PPIB-1zz RNA
quality control probes to examine the integrity of the mRNA among the clinical samples before
conducting the assay using the target probe and DapB-1ZZ negative control probe. The
integrity of the mRNA was preserved in the majority of the clinical samples, with the expression
of the control probe showing distinct sharp red dots in tumour areas (A, B and D), stroma cells
(B) and normal lining epithelium (C). Images (E-H) show no positive signals for the negative

control probe (DapB).
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3.4.3 Validation of CRTC1-MAML2 1ZZ probe in human cell lines

To validate the specificity of the BaseScope assay probe, well-characterised human
MEC cell lines known to be fusion positive (NCI-H292 and UM-HMC2) and an
unknown fusion status MEC cell line (A-253) were used. To validate the assay
workflow, human HelLa cell pellets were used as a control with each run to confirm
that the assays were working efficiently as was recommended and provided by the
manufacturer. All assays included a probe targeting the fusion sequence (BA-Hs-
CRTC1-MAML2-FJ), together with positive and negative RNA quality controls
(bacterial mMRNA DapB, positive control: housekeeping gene Hs-PPIB-177). As
shown in figure 3.6 the BaseScope signals were readily distinguishable as punctate
red dots within cells, either in the cytoplasm or in the nucleus. Across the cell lines
tested, both of the known fusion positive MEC cell lines were positive but no positive

signals were detected in the A-253 cell line.
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PROBES
_BAHs-PPIB-zz

Cell lines
HelLa
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Figure 3.6 Validation of the BaseScope assay in the cell lines. The exon junction assay
was performed on the MEC cell lines (UM-HMC2, NCIH292 and A-253) and non-MEC cells
(HeLa) prepared as FFPE cell pellets using BA-Hs-CRTC1-MAML2-FJ probe for the fusion

positive cell images (A-D), the positive control probe, BA-Hs-PPIB-1zz (E), and a negative

control probe, DapB-1ZZ (F) for HeLa cells.
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3.4.4 Application of CRTC1-MAML2 1ZZ probe in human tumours

BaseScope probe technology was used on archived MEC tumour cases. Overall,
34% of the cases in this retrospective group were shown to harbour the CRTC1-
MAML2 fusion (table 3.2), with 38% of the low-grade tumours being positive, 25% of
the intermediate grade and 20% of the high-grade cases. When present, the CRTC1-
MAML2 fusion was limited to the tumour cells but noted in all cell types: mucous cells,
intermediate cells and epidermoid cells (figure 3.7). Notably, we detected the fusion
transcript in clear cell variants of MEC (figure 3.8). No positive staining was seen in
the normal tissue or surrounding stroma, which suggests that the probe is very
specific to CRTC1-MAML?2 fusion events in MEC. No signals were detected in any
normal salivary glands (major and minor). Of the negative cases, no unique
morphological features were noted. Similarly, the expression level of the CRTC1-
MAML2 transcript was variable among the cases, with expression levels varying

among the tumour cells within and between tumours.
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Table 3.2 Detection of the CRTC1-MAML2 fusion transcript in MEC

Case number

CCDH-01
CCDH-02
CCDH-03
CCDH-04
CCDH-05
CCDH-06
CCDH-07
CCDH-08
CCDH-09
CCDH-10
SCDM-11
SCDM-12
SCDM -13
SCDM -14
SCDM -15
SCDM -16
SCDM -17
SCDM -18
SCDM -19
SCDM -20
SCDM -21
SCDM -22
SCDM -23
SCDM -24
SCDM -25
SCDM -26
SCDM -27
SCDM -28
SCDM -28
SCDM -29

BA-Hs-CRTC1-MAML2-FJ
Probe

Positive Score +2
Positive Score 1
Positive Score +2
Negative
Positive Score 1
Positive Score 1
Positive Score 1
Negative
Negative
Positive Score 1
Negative
Positive Score 1
Negative
Negative
Negative
Negative
Positive Score 1
Positive Score 3
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative

Negative

CRTC1-MAML2 Fusion positive cells

Intermediate and mucous cells
Intermediate cells

Clear cells

Epidermoid cells

Intermediate cells

Intermediate cells

Intermediate cells

Epidermoid cells

Epidermoid cells

Intermediate cells
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Figure 3.7 Detection of the CRTC1-MAML2 fusion transcript in MEC. Representative
microscopic images of the BaseScope exon junction detection assay, performed on FFPE
MEC using the BA-Hs-CRTC1-MAML2-FJ. Expression of the fusion transcript was detected
in the three cell types: mucous secreting cells (A, B), Intermediate cells (C, D), and epidermoid

cells (E, F).
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50 pm
Figure 3.8 Detection of the CRTC1-MAMLZ2 fusion transcript in MEC. Representative
microscopic images of the BaseScope exon junction detection assay performed on FFPE
MEC BA-Hs-CRTC1-MAML2-FJ probe. Expression of the fusion transcript was noted in the

clear cell variant (A) and higher power (B).
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Figure 3.9 Specificity of BaseScope BA-Hs-CRTC1-MAML2-FJ probe to MEC areas.
Representative microscopic images of MEC stained with standard haematoxylin and eosin
showing an island of tumour cells lying in the stroma (A) and the same case with the
BaseScope assay indicating positive signals were limited to tumour cells, being negative in
the surrounding stroma (B). Representative microscopic images of BaseScope assay using
BA-Hs-CRTC1-MAML2-FJ probe for normal major and minor salivary glands showing no

signals (C & D) respectively.
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3.4.5 Specific architectural expression of CRTC1-MAML2 transcript in MEC
cases

Two MEC cases in our cohort presented an interesting pattern of CRTC1-MAML2
expression and require further explanation. In both cases the transcript signal was
not equally expressed in all tumour cells. In the first case, an intermediate-grade
MEC, intense signals for the CRTC1-MAML2 fusion gene were noted in the external
layers of neoplastic islands in direct contact with the surrounding stroma (figure 3.10).
In the second case, a high grade MEC, the expression of the CRTC1-MAML2 fusion
transcript was intense in the tumour cells surrounding the nerve (figure 3.10-3.11).
Notably, the custom probe showed no non-specific signals and robustly detected the

specific architectural expression pattern among these two cases.
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Figure 3.10 Specific architectural expression of the CRTC1-MAML?2 transcript in MEC.
Representative microscopic images of BaseScope assay using custom probe BA-Hs-CRTC1-
MAML2-FJ targeting exon to exon junction showing specific architectural expression of
CRTC1-MAML2 mRNA. A higher percentage of positive tumour cells was noted in the external
layers of the neoplastic islands, in contact with the stroma (A) and at higher magnification
power (B). Also, showing high expression of CRTC1-MAML?2 fusion transcript in tumour cells

invading a nerve (black lines) in (C) and at higher magnification power (D).

125
An Investigation into the Expression and the Role of the CRTC1-MAML2 Fusion Protein in Mucoepidermoid
Carcinoma



Chapter 3 In Situ Detection of the CRTC1-MAML2 Translocation Expression in MEC

Figure 3.11 Specific architectural expression of the CRTC1-MAML?2 transcript in MEC.
Representative microscopic images of high grade MEC case stained with haematoxylin and
eosin showing tumour cells (black arrow) surrounding the nerve tissue (black line) (A).
Representative microscopic images of BaseScope assay using BA-Hs-CRTC1-MAML2-FJ
probe showing specific architectural expression of fusion expression in tumour cells (black

arrow) invading the nerve (black line) (B).
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3.4.6 Quantification of CRTC1-MAML2 fusion expression in MEC cases

Having established the BaseScope assay to detect the exon-to-exon junction of the
CRTC1-MAML2 fusion it was possible to quantify expression of the fusion transcript
in situ. BaseScope technology is semi-quantitative, with each of the dot signals
corresponding to a single mRNA transcript. Analysis was carried out as prescribed
by the assay manufacturer based on a guantitative assessment of the signal. A
scoring system from 0-4 was used by three pathologists to assess the transcriptional
activity of the rearrangement genes in MEC cases (table 2.4). As demonstrated earlier
the expression pattern was heterogenous among the cases and the majority of cases
scored 1 (1 dot/cell). Three cases scored above 1, two scored 2 (2i 3 dots/cell and
none or very few dot clusters) and one scored 3 (41 10 dots/cell), surprisingly, this last

case was one of the high-grade cases (figure 3.12).
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Figure 3.12 BaseScope assay semi-quantitative scoring system for MEC cases. (A)
Representative microscopic images of mMRNA in situ hybridisation using custom probe BA-Hs-
CRTC1-MAML2-FJ targeting CRTC1-MAML?2 fusion with higher magnification (inset). Scale
bar at 50 um. (B) Table (3.3) showing the quantification analysis of the CRTC1-MAML2
junction specific BaseScope assay of the UK and Brazilian cohorts. (C) Graph showing the
number of cases in two MEC tumour tissue cohorts utilised in this study (UK cohort comprises
10 cases and Brazilian cohort consists of 19 cases). 70% (7/10) of the UK cohort harboured
the CRTC1-MAMLZ2 fusion, with five of the positive cases scoring 1 and two scoring 2. 16% of
the cases from the Brazilian cohort were fusion positive and of these two cases scored 1 and

one case scored 3.
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