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ABSTRACT

Breast cancer is the second most frequently diagnosed cancer in the world and
the most frequently diagnosed cancer in women. Triple-negative breast cancer
(TNBC), a subtype of breast cancer, is characterised by the lack of expression of
the oestrogen receptor, progesterone receptor and a lack of overexpression of
the human epidermal growth factor receptor 2. Therapeutic options targeting
TNBCs are limited, and since it can be more aggressive compared to other breast
cancer subtypes, research into its progression is necessary. A number of
genome-wide association studies have identified an association between the
fibroblast growth factor receptor (FGFR) 2 and the risk of breast cancer. This
receptor is alternatively spliced, and a switch in the mutually exclusive inclusion
of either the !"#$% &&&'or the !"#3$% &&&(exons is associated with
epithelial-to-mesenchymal transition (EMT) and mesenchymal-to-epithelial
transition (MET). A nuclear proteomic analysis comparing an epithelial TNBC
cell line to a mesenchymal one revealed that the RNA binding protein, KH-type
Splicing Regulatory Protein (KSRP), is overexpressed in the basal cell line
compared to the mesenchymal cell line; these cell lines preferentially include
I"1#$%&&8&And "1#$%&&Efespectively.

This project aimed to investigate the role of KSRP in the !"'#$ splicing
mechanism in the context of triple-negative breast cancer progression using
epithelial and mesenchymal cell line models. In addition, this project aimed to
discover the genome-wide consequences of KSRP knockdown.

The epithelial and mesenchymal phenotypes, preferential "1#$ isoform
inclusion, differential expression of KSRP and alteration of !"'#$ isoform
expression in MDA-MB-468 (epithelial) and MDA-MB-436 (mesenchymal) cells
were confirmed using fluorescent microscopy, semi-quantitative polymerase
chain reaction, quantitative real-time PCR (qRT-PCR), and western blotting.
qRT-PCR was used to determine whether the expression of !"!#$%&&&nd !"#$%
&&&ecame altered in response to changes in the expression of KSRP (either up-
or downregulation). Fluorescent microscopy was used to determine if changes in
the phenotypes of the epithelial and mesenchymal cells were the consequence of

the KSRP mediated changes in !"l#$% &&&'and !"#$% &&&E€xpression. The
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ultraviolet cross-linking and immunoprecipitation (UV-CLIP) technique was used
to investigate whether KSRP binds directly to I"'#$ mRNA in epithelial cells. We
report that the role of KSRP in I"!#$ splicing involves the tissue-specific control
of the expression of !"#$%&&&And !"1#$%&&&KSRP up- and downregulation in
MDA-MB-436 causes an upregulation of "#$% &&&and !"#$% &&8&€xpression.
KSRP up- and downregulation in MDA-MB-468 cells causes a downregulation of
"#$% &&&and !"#$% &&&€xpression. The efficiency of the upregulation (in
MDA-MB-436 cells) and downregulation (in MDA-MB-468 cells) in "#$% &&&'
expression is different to that of I"l#$%&&8dxpression, this is dependent on the
level of KSRP expression. A clear switch from the splicing of !"l#$%&&8& 0 !"#$%
&&&pr vice versa, in response to manipulation of KSRP expression, was not
observed in epithelial and mesenchymal cells, indicating that this protein does
not control the mutually exclusive splicing nature of this gene. We also show that
KSRP does not control EMT or MET in epithelial or mesenchymal cells and that
KSRP directly binds to !"'#$ mRNA at exon 9 (!"#$%&&4&'in epithelial cells.
This role of KSRP in !"'#3$ isoform inclusion and the direct binding of KSRP to
I"I#$  mRNA have not been previously reported.

The Affymetrix GeneChip® Human Transcriptome Array 2.0 was used to
identify the genome-wide consequences of KSRP knockdown in epithelial cells.
Numerous significant changes in gene expression in response to KSRP
knockdown were observed. In particular, three genes involved in the canonical
Wnt pathway namely )*(+,-%./ ())0./ 1 .,(22345% 607% 8,9-:+,-9% ;:<=>:*%
&-=,",<3?% AA@L and ;?3<B,-% ;=3C4=:<:CB% $D% #B9E+:<3?*% 8E'E%% FD% GB<
H;;$#@G 1 were upregulated in response to KSRP downregulation, suggesting
a regulatory role of KSRP in this pathway. ))0./ , .AA@ and ;;;$#¥@G were
chosen for further analysis and the change in their expression in response to
KSRP downregulation was validated using qRT-PCR. A possible direct interaction
between KSRP and the selected targets was predicted using STRING and
investigated using confocal fluorescence microscopy. KSRP was not predicted to
interact with any of these proteins but interestingly co-localises with DKK1. This
suggests that KSRP and DKK1 directly interact and that KSRP could antagonise
Wnt signalling. This link between KSRP, DKK1 and the Wnt pathway has not

been previously reported.
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Figure 1.1 — The central dogma of molecular biology, describing the transfer of
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this RNA is post-transcriptionally processed. The processed RNA is then exported to the

cytoplasm and finally translated into protein. 1

Figure 1.2 — A simplified pre-mRNA splicing reaction [2]. 1) The splicing reaction involves the
5[ exon, the intron with the internal branch point adenosine and the 3 [ exon. 2) The
branch point adenosine in the intron attacks the 5 [ splice site of the exon and cleaves the
sugar-phosphate backbone at this site. 3) The 5[ end of the intron covalently binds the
branch point adenosine, thereby forming a loop and the 3 [ -OH end of the cleaved exon
reacts with the 5[ end ofthe 3[ exon. 4) This causes the joining of the two exons and the

release of the intron in the form of a lariat. 5

Figure 1.3 — The location of the primary splicing signals in the pre-mRNA [13]. GU and AG
nucleotides designate the location of the 5 [ ss and the 3 [ ss, respectively. The adenine
residue in the intron designates the branch point and downstream from this is the location

of the polypyrimidine tract. 6

Figure 1.4 — The assembly of spliceosomal elements on pre-mRNA to achieve splicing [10].
Splicing of pre-mRNA is dependent on the activity of a number of components that
assemble on the transcript through a series of steps. The binding of the U1-snRNP to the 5

[ ssforms complex E and the U2-snRNP then binds the 3 [ ss and interacts with the U1-
snRNP, forming complex A. The addition of the U4-, U5- and U6-snRNPs (the tri-snRNP) to
complex A forms complex B, which becomes activated through conformational and
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recycled. 8
Figure 1.5 — Alternative splicing events describing the possible outcomes of each [25]. a)
Exon inclusion/skipping results in the presence or absence of a particular exon in the final
transcript. b) Alternative 3 [ ss involves the usage of differential 3 [ splice sites thereby
altering the final transcript. c) Alternative 5 [ ss involves the usage of differential 5 [
splice sites thereby altering the final transcript. d) Mutually exclusive exons involve the
exclusive inclusion of only one of two exons in the final transcript. ) Intron retention
involves either the presence or absence of the intron sequence in the final transcript. f)

Alternative promoters involve the use of different promoters thereby altering the final
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appropriate exon. 39
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Figure 4.1 — Visualisation of epithelial and mesenchymal markers presentin MDA-MB-436
cells. A) The epithelial marker, Cytokeratin 19, was not visible in MDA-MB-436 cells. B) The
mesenchymal marker, Vimentin, was visible in MDA-MB-436 cells. The monoclonal rabbit
anti-Cytokeratin 19 and monoclonal mouse anti-Vimentin primary antibodies as well as
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DyLight 649 secondary antibodies were used. Images were captured using the Olympus
IX71 Fluorescence Microscope. Included images are representative of similar ones

obtained; n = 3. 67

Figure 4.2 - Visualisation of epithelial and mesenchymal markers present in MDA-MB-468
cells. A) The epithelial marker, Cytokeratin 19, was visible in MDA-MB-468 cells. B) The
mesenchymal marker, Vimentin, was not visible in MDA-MB-468 cells. The monoclonal
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as polyclonal goat anti-Rabbit IgG (H+L) Rhodamine Red and polyclonal goat anti-Mouse
IgG DyLight 649 secondary antibodies were used. Images were captured using the Olympus
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Figure 4.8 —- KSRP knockdown (siKSRP) and overexpression (pKSRP) at the mRNA level in
MDA-MB-436 (436) and MDA-MB-468 (468) cells. The mRNA expression levels of KSRP
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when it was down- (siKSRP) or upregulated (pGFP) were expressed relative to the mRNA

expression levels of KSRP in the knockdown (siScr) and overexpression (pGFP)

S festocte Lte— i Zed Thett L —THZ5A o 2 {A e—fetfUt £ fr1 +§ ™eg

0,001. 76
Figure 4.9 — Confirmation of KSRP knockdown at the protein level in MDA-MB-436 (436)
and MDA-MB-468 (468) cells. A) Western blots detecting KSRP and Histone-3 (loading
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was reported as a percentage of siScr band density, which was set at 100%. In MDA-MB-
436 KSRP knockdown cells, KSRP protein expression was decreased by 100% and in MDA-
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image is representative of similar ones obtained; n = 3; standard deviations are shown.....77

Figure 4.10 — Confirmation of KSRP overexpression at the protein level in MDA-MB-436
(436) and MDA-MB-468 (468) cells. A) Western blots detecting KSRP and Histone-3
(loading control). B) Image] analysis of KSRP band density. For each cell line, pKSRP band
density was reported as a percentage of pGFP band density, which was set at 100%. In
MDA-MB-436 KSRP overexpressed cells, KSRP protein expression was increased by 578%
and in MDA-MB-468 KSRP overexpressed cells, KSRP protein expression was increased by
256%. Included image is representative of similar ones obtained; n = 3, standard deviations
are shown. 78

Figure 4.11 — The effect of *+#, knockdown (siKSRP) on !"l#$%&&&(I1Ib) and !"#$%&&&(
(IlIc) mRNA expression levels in MDA-MB-436 (436) cells. The mRNA expression level
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(IIIc) mRNA expression levels in MDA-MB-468 (468) cells. The mRNA expression level

of A8#;, I"#3$%&&&ind "#$%&&&hen A8#; was downregulated (siKSRP) were

expressed relative to the mRNA expression levels of these genes in the knockdown
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&&&({IIc) mRNA expression levels in MDA-MB-436 (436) cells. The mRNA expression
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expressed relative to the mRNA expression levels of these genes in the upregulation
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Figure 4.14 — The effect of *+#, overexpression (pKSRP) on !"#$%&&&(11Ib) and !"1#$%
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Figure 4.15 — Comparing the effect of *+#, knockdown (siKSRP) on !"!#$%&&&(11Ib) and
I"#$%&&&(11Ic) mRNA expression levels between MDA-MB-436 (436) and MDA-MB-
468 (468) cells. The mRNA expression levels of A8#;, I"#$%&&&ind !"1#$%&&&(hen
A8#; was downregulated (siKSRP) were expressed relative to the mRNA expression levels
of these genes in the knockdown transfection control (siScr). n = 9; standard errors are
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Figure 4.16 — Comparing the effect of *+#, overexpression (pKSRP) on !"#$%&&&(111b)
and !"#3$%&&&(11Ic) mRNA expression levels between MDA-MB-436 (436) and
MDA-MB-468 (468) cells. The mRNA expression levels of A8#;, I"l#$%&&8&nd !"1#$%&&&(

when A8#; was upregulated (pKSRP) were expressed relative to the mRNA expression
levels of these genes in the upregulation transfection control (pGFP). n = 9; standard errors
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Figure 4.17 — Comparing the effect of *+#, knockdown (siKSRP) to the effect of *+#,

overexpression (pKSRP) on the mRNA expression levels of !"1#$%&&&(11Ib) and
I"#$%&&&(11Ic) in MDA-MB-436 (436) cells. The mRNA expression levels of A8#;, I"l#$%
&&&ind !"1#$%&&&(hen A8#; was downregulated (siKSRP) and upregulated (pKSRP) were
expressed relative to the mRNA expression levels of these genes in the knockdown (siScr)
and upregulation (pGFP) transfection controls, respectively. n = 9; standard errors are
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Figure 4.18 — Comparing the effect of *+#, knockdown (siKSRP) to the effect of *+#,
overexpression (pKSRP) on the mRNA expression levels of !"1#$%&&&(11Ib) and
I"#$%&&&(11Ic) in MDA-MB-468 (468) cells. The mRNA expression levels of A8#;, !"1#$%
&&&ind "1#$%&&&hen A8#; was downregulated (siKSRP) and upregulated (pKSRP) were
expressed relative to the mRNA expression levels of these genes in the knockdown (siScr)
and upregulation (pGFP) transfection controls, respectively. n = 9; standard errors are
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Figure 4.19 - Cytokeratin 19 visualisation in MDA-MB-436 cells expressing pEGFP-N1
(GFP) or pEGFPC1-6XHis-FLKSRP (GFP-KSRP). A) Cytokeratin 19 was not visible in
MDA-MB-436 cells expressing GFP. B) Cytokeratin 19 was not visible in MDA-MB-436 cells
expressing GFP-KSRP. The monoclonal rabbit anti-Cytokeratin 19 primary and polyclonal
goat anti-Rabbit IgG (H+L) Rhodamine Red secondary antibodies were used. Images were

captured using the Olympus IX71 Fluorescence Microscope. Included images are

representative of similar ones obtained; n = 3. 89

Figure 4.20 — Vimentin visualisation in MDA-MB-436 cells expressing pEGFP-N1 (GFP) or
pPEGFPC1-6XHis-FLKSRP (GFP-KSRP). A) Vimentin was visible in MDA-MB-436 cells
expressing GFP. B) Vimentin was visible in MDA-MB-436 cells expressing GFP-KSRP. The
monoclonal mouse anti-Vimentin primary and polyclonal goat anti-Mouse IgG DyLight 649
secondary antibodies were used. Images were captured using the Olympus [X71

Fluorescence Microscope. Included images are representative of similar ones obtained; n =
3. 90
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Figure 4.21 — Cytokeratin 19 visualisation in MDA-MB-468 cells expressing pEGFP-N1
(GFP) or pEGFPC1-6XHis-FLKSRP (GFP-KSRP). A) Cytokeratin 19 was visible in MDA-
MB-468 cells expressing GFP. B) Cytokeratin 19 was visible in MDA-MB-468 cells
expressing GFP-KSRP. The monoclonal rabbit anti-Cytokeratin 19 primary and polyclonal
goat anti-Rabbit IgG (H+L) Rhodamine Red secondary antibodies were used. Images were

captured using the Olympus IX71 Fluorescence Microscope. Included images are

representative of similar ones obtained; n = 3. 91
Figure 4.22 — Vimentin visualisation in MDA-MB-468 cells expressing pEGFP-N1 (GFP) or
PEGFPC1-6XHis-FLKSRP (GFP-KSRP). A) Vimentin was not visible in MDA-MB-468 cells
expressing GFP. B) Vimentin was not visible in MDA-MB-468 cells expressing GFP-KSRP.
The monoclonal mouse anti-Vimentin primary and polyclonal goat anti-Mouse IgG DyLight
649 secondary antibodies were used. Images were captured using the Olympus 1X71
Fluorescence Microscope. Included images are representative of similar ones obtained; n =

3. 92

Figure 4.23 — UV-CLIP primers. The binding positions of the six designed UV-CLIP primers on

I"I#$ mRNA are illustrated on the top image. The primer sequences and the sequences of

I"I#$ mRNA they amplify are shown in the bottom image. 95
Figure 4.24 — Gradient semi-qPCR analysis used to determine the optimal melting
temperature of the six UV-CLIP primer pairs. Gradient semi-qPCR using A) FGFR2_i81
(primer pair 1) yielded a 195 bp PCR product; B) FGFR2_i82 (primer pair 2) yielded a 163
bp PCR product; ¢) FGFR2_i83 (primer pair 3) yielded a 166 bp PCR product; D)
FGFR2_i8e9 (primer pair 4) yielded a 247 bp PCR product; E) FGFR2_e9 (primer pair 5)
yielded a 197 bp PCR product; F) FGFR2_i9 (primer pair 6) yielded a 238 bp PCR product. A
gradient of melting temperatures was used: lane 1) 55 °C; 2) 55,4 °C; 3) 56,3 °C; 4) 57,5 °C;
5) 59,2 °C; 6) 61,4 °C; 7) 63,9 °C; 8) 66,1 °C; 9) 67,7 °C; 10) 68,9 °C; 11) 69,7 °C.vevsssssssssasns 96
Figure 4.25 — UV cross-linking and immunoprecipitation of KSRP in MDA-MB-468 cells.
MDA-MB-468 cells were UV cross-linked, lysed, the lysate incubated with an anti-KSRP
antibody bound to magnetic beads (an anti-IgG antibody was used as a control), and the
anti-KSRP antibody (with bound RNA) eluted. An aliquot of the input lysate (In), the flow-
through (FT) and the elution (IP) was analysed using western blotting. The RNA bound to
the eluted KSRP and IgG was extracted, reverse transcribed into cDNA and used for
absolute qRT-PCR quantification. A) In the control samples, western blot analysis
confirmed the presence of KSRP in the input (In) and flow-through (FT) fractions but the
absence of KSRP in the immunoprecipitation (IP) fraction. In the KSRP samples, western
blot analysis confirmed the presence of KSRP in the In, FT and IP fractions; U2AF65 was
used as a loading control. B) 41% the mRNA bound to immunoprecipitated KSRP from the
KSRP IP fraction belonged to !"l#$%exon 9 (this was calculated relative to the amount of

I"I#$%exon 9 amplified in the control IP fraction). n = 3; standard deviations shown. ........ 97
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Figure 4.26 — Hierarchical clustering of genes regulated in KSRP downregulated (siKSRP)
MDA-MB-468 (468) cells compared to transfection control (siScr) 468 cells. Each row
represents the relative expression levels of a single gene and each column represents the
gene expression levels in a specific sample. Green and red colours represent relatively low
and high gene expression, respectively. Hierarchical clustering was reported by A) Gene

intensities and B) Distance to mean. n = 3. 99

Figure 4.27 — Venn diagrams summarising Affymetrix GeneChip® Human Transcriptome
Array 2.0 data comparing MDA-MB-436 KSRP knockdown (siKSRP) cells to MDA-MB-

468 transfection control (siScr) cells. A) Regulated genes overlapping regulated
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Figure 4.28 — Wnt pathway adapted from KEGG. The positions of DKK (DKK1) and cyD
(CCND3) proteins regulated by KSRP in the Wnt signalling pathway are bordered in red.
The location of the TGF- 