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Abstract

5-Fluorouracil (5-FU) has been the backbone of chemotherapy for solid tumours
such as colorectal cancer (CRC) for over 60 years. Despite advances in combinatorial
treatments, most patients experience innate or acquired resistance to 5-FU as well
as deleterious side effects. NUC-3373 is designed to overcome chemo-resistance by
addition of a phosphoramidate moiety to the 5-FU molecule. Currently in Phase
I clinical trials, NUC-3373 has a pharmacokinetic profile superior to 5-FU. The
primary mode of action of both NUC-3373 and 5-FU is to inhibit thymidylate
synthase (TS); resulting in a thymine-depleted state and impaired DNA replication
and repair. In view of the current contradicting literature regarding the value of T'S
as a predictive biomarker for 5-FU, this study sought to elucidate the dynamics of
TS in response to NUC-3373.

Two CRC cell lines were selected from a panel; one more sensitive (HCT116)
and one less sensitive (SW480) to NUC-3373 treatment. TS protein expression
and localisation were investigated by Western blot and immunocytochemistry.
Endoplasmic reticulum (ER) stress was assessed on a biochemical level in addition

to examining ultrastructure by Transmission Electron Microscopy (TEM).

Baseline TS was not predictive of response to NUC-3373 in cell lines. NUC-3373
treatment resulted in the formation of TS ternary complexes, a net increase in
TS and a nuclear to cytoplasmic translocation of TS. NUC-3373 induced ER stress,
detected by an upregulation of BiP protein and CHOP gene expression. Stereological
assessment of TEM images found that, in response to NUC-3373, HCT116 cells

undergo dilation of ER whereas in SW480 cells it proliferates.

X



These studies propose an additional mechanism of action for fluoropyrimidines that
is independent of DNA damage. The ability of a cell to overcome ER stress may
be a determinant of its resistance to fluoropyrimidines and a potential target for

combination therapies.
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Chapter 1

Introduction

1.1 5-Fluorouracil

The 1950s saw great advances in the knowledge of genetics and the structure of
DNA, thanks to Watson, J. and Crick, F., (1953). The identification of the ability
of cancer to replicate rapidly was to be its Achilles’ heel, as drug development
moved towards agents that could exploit this trait. In 1957, an experimental
study by Heidelberger, C., et al., (1957) described a new class of tumour inhibiting
compounds; the fluorinated pyrimidines. 5-Fluorouracil (5-FU) has now been the
backbone of chemotherapy regimens for various cancers, including head and neck,

breast and colorectal cancer (CRC) for over 60 years.

1.1.1 Mechanism of Action

) )
F
HN | HN |
o)\N O)\N
H H
5-FU

Uracil

Figure 1.1: Similarity in the chemical structures of uracil and 5-FU.



5-FU, an analogue of the nucleoside uracil, possesses a fluorine atom at the C-5
position instead of hydrogen (Figure 1.1). Upon administration of 5-FU, 80% is
degraded in the liver by dihydropyrimidine dehydrogenase (DPD) (Koopman, M., et
al., 2009), resulting in the formation of toxic metabolites such as a-fluoro--alanine
(FBAL) shown in (Figure 1.2). The 20% of administered 5-FU that reaches cancer
cells then must cross cell membranes, aided by the human equilibrative nucleoside
transporter 1 (hENT1) transporter. A portion of 5-FU is then further degraded
by intracellular DPD. The remaining 5-FU is then broken down to its active
metabolites: fluorodeoxyuridine monophosphate (FAUMP), fluorodeoxyuridine

triphosphate (FAUTP) and fluorouridine triphosphate (FUTP).
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Figure 1.2: 5-FU mechanism of action. 80% of 5-FU is degraded by DPD before reaching cells. The 20% of 5-FU
reaching cells is converted to its active metabolites; FAUMP,FAUTP and FUTP.

FUTP

Through the action of orotate phosphoribosyltransferase (OPRT), 5-FU is converted
to fluorouridine monophosphate (FUMP). FUMP can also arise via conversion of
5-FU by uridine phosphorylase (UP) and uridine kinase (UK). Phosphorylation
of FUMP results in fluorouridine diphosphate (FUDP) which can be further
phosphorylated to form (FUTP) which is capable of mis-incorporation into RNA



in place of uracil. It has been reported that FUTP is more readily incorporated
into RNA than uracil and that the toxicity of 5-FU is mainly dependent on this
(Pettersen, H.S., et al., 2011).

FdUTP

Alternatively, FUDP can be reduced by ribonucleotide reductase (RR) to
fluorodeoxyuridine diphosphate (FAUDP). FAUDP can then be phosphorylated to
form FAUTP which is capable of mis-incorporation into DNA in place of thymine.

FdUMP

Thymidine phosphorylase (TP) catalyses the phosphorylation of 5-FU to form
fluorodeoxyuridine (FUDR) which is further phosphorylated by the action of
thymidine kinase (TK) to form FAUMP. FAUMP targets the enzyme thymidylate
synthase (T'S) which is required to catalyse the de novo synthesis of deoxythymidine
monophosphate (dTMP) from deoxyuridine monophosphate (dUMP). FAUMP
forms a ternary complex with TS and a folate cofactor (CHyTHF), thus
preventing dUMP binding. This inhibition of TS causes depletion of dTMP and
therefore subsequent depletion of deoxythymidine triphosphate (dTTP). This has
a two-pronged effect in that it abolishes thymine and therefore hinders DNA
replication, as well as perturbing the deoxynucleotide (ANTP) pool balance along
with elevating levels of deoxyuridine triphosphate (dUTP) which in turn further
disrupts DNA synthesis and ultimately causes DNA damage (Yoshioka, A., et al.,
1987; Houghton, J.A., et al., 1995).

DNA repair mechanisms

The cell has different mechanisms through which mis-incorporated nucleotides in

DNA can be recognised and removed to repair DNA. One such pathway is Base



Excision Repair (BER) in which DNA glycosylase removes the inappropriate base,
then the phosphodiester back bone is cleaved at the apyrimidinic (AP) site, allowing
clean up of the 3’ or 5" terminal end, finally allowing replacement of the excised
nucleotide and sealing of the DNA (Wyatt, M., and Wilson, D., 2009). However,
due to inhibition of TS by FAUMP, nucleotide pools are disturbed and further
mis-incorporation can occur during the DNA resynthesis step of BER. This results
in a futile cycle of attempted repair, and the introduction of DNA lesions by unpaired
BER intermediates and eventually cell death. (Aherne, G., and Brown, S., 1999).
Another mechanism by the cell to protect DNA integrity is mismatch repair (MMR).
MMR recognises base:base mismatches in DNA and recruits exonucleases to degrade
the daughter strand containing the mismatch then completes the repair through the
action of polymerases and ligases. MMR can also signal to cell death machinery
to trigger apoptosis where DNA damage is beyond repair. Loss of or mutations in
genes involved in MMR can be tumorigenic and equip cancer with a tolerance to
DNA damage and, as a result, resistance to some cytotoxic agents such as 5-FU

(Meyers, M., et al., 2005).

1.1.2 Modulation and Combination Therapy

5-FU may be administered as a single agent, but its efficacy is enhanced in the

metastatic setting when combined with other agents.

Leucovorin

CH,THF is a folate cofactor required to stabilise the ternary complex formed with
TS and FAUMP. Leucovorin (LV) is a folate analogue which is transported into cells
via reduced folate carriers and anabolised to CHyTHF which can then contribute
to TS ternary complexes (Longley, D.; et al., 2003). CH,THF is polyglutamated
by folypolyglutamate synthetase, which increases its cellular retention and therefore

enhances the stabilisation of the TS ternary complex (Dolnick, B.J., and Cheng,



Y.C., 1978; Radparvar, S., et al., 1989). Leucovorin has been shown to positively
modulate the cytotoxic action of 5-FU. A meta-analysis of 3300 patients found that
those treated with 5-FU plus leucovorin had a 2-fold improved tumour response
rate and a small but significant improvement in overall survival (median survival for
5-FU-LV was 11.7 months vs 10.5 months for 5-FU alone, P= 0.004) compared with
those treated with 5-FU alone (Thirion, P., et al., 2004). However, resistance is still
experienced by many patients. It has been speculated that resistance to modulation
of 5-FU by leucovorin may be due to reduced stability of ternary complexes caused
by mutation(s) of TS (Lu, K., et al., 1997; Spears, C.P., et al., 1988; Omura, K.,
2008).

Capecitabine

Capecitabine is an orally administered pro-drug of 5-FU. It requires conversion
to 5-FU by the enzyme TP, of which higher levels are expressed in tumour cells
than in healthy cells (Wagstaff, A.J., et al,, 2003). This makes it more targeted
and therefore is indicated for use in metastatic colorectal cancer when single-agent
fluoropyrimidine therapy is preferred (Walko, C.M., and Lindley, C., 2005). A
randomised stage III clinical trial assessing oral capecitabine against intravenous
5-FU and leucovorin in the adjuvant treatment of stage III colon cancer found
capecitabine to be of equivalent efficacy, but a significantly higher proportion of
patients experienced grade 3 hand-foot syndrome when compared with those in the
5-FU /leucovorin arm (Twelves, C., et al., 2005). It is also important to consider the
issue of patient concordance with oral administration, with one study reporting
a decrease in adherence with increasing cycles of therapy as measured by the

Medication Adherence Report Scale (Timmers, L., et al., 2016).

Oxaliplatin

The most common combination chemotherapy regimen is ‘FOLFOX’; 5-FU,

Leucovorin and Oxaliplatin. Oxaliplatin, a platinum-derived alkylating agent, exerts
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its cytotoxic effect mainly through DNA damage in the form of DNA lesions, arrested
DNA synthesis and inhibition of RNA synthesis (Alcindor, T., and Beauger, N.,
2011). Compared to 5-FU alone, combination with Oxaliplatin has been found
to increase median progression-free survival and response rate (50.7% vs. 22.3%)
but not overall survival (de Gramont, A., et al., 2000; Giacchetti, S., et al.,
2000). Synergism has been found when oxaliplatin and 5-FU are combined but
the mechanism behind this is not fully elucidated. One explanation may be that

oxaliplatin reduces the catabolism of 5-FU by DPD (Fischel, J., et al., 2002).

Irinotecan

Irinotecan is a semi-synthetic pro-drug analog of camptothecin. It is converted to the
active metabolite ‘SW-38’ by de-esterification in the liver (Kawato, Y., et al., 1991).
SW-38 acts by inhibiting topoisomerase I, the enzyme required for relaxing of DNA
coils (Ma, M.K., and McLeod, H.L., 2003). The cleavable complex it forms collides
with the replication fork during S-phase leading to DNA replication arrest and
subsequent DNA fragmentation and apoptosis (Dancey, J., and Eisenhauer, E.A.,
1996). There is evidence that patients with disease refractory to treatment with
5-FU and leucovorin have significant clinical benefit from the addition of irinotecan
in the regimen termed ‘FOLFIRI’, with Douillard, J., et al. (2000) reporting an
increased median overall survival of 17.4 months, compared to 14.1 months in those

patients treated with 5-FU-LV (p=0-031).

Much uncertainty exists regarding the optimal first-line chemotherapy regimen for
metastatic CRC. A triplet regimen of 5-FU, leucovorin, oxaliplatin and irinotecan
‘FOLFOXIRI’ has been shown to have superiority in tumour shrinkage, but the
incidence of adverse events was much higher (Marques, R., et al, 2017). When
considering an appropriate line of therapy, it is vital for clinicians not only to consider

the clinical benefit but also the ‘fitness’, quality of life and preferences of the patient.



Targeted Therapies

Targeted monoclonal antibody therapies have been developed to exploit traits
of cancer which cause it to differ from healthy cells. Since many human
malignancies express aberrantly high epidermal growth factor receptors (EGFR),
targeted monoclonal antibody therapies such as cetuximab have been developed
to blockade these receptors and treat cancer effectively without the cytotoxicity
associated with other cancer treatments (Gullick, W., 1991; Herbst, R., and Shin,
D., 2002). However, it is imperative to note that cetuximab has only been found
to improve outcomes in those patients expressing the wild-type KRAS gene. Soeda,
H., et al. (2014) reported that, in a study of patients with metastatic CRC
treated with cetuximab in combination with irinotecan, response rate was 17.9%
in KRAS wild type vs 0% in KRAS mutant subgroups. Bokemeyer, C., et al.
(2012) pooled data from the CRYSTAL and OPUS randomised clinical trials which
investigated the addition of cetuximab to first-line chemotherapy in metastatic CRC
patients with wild-type KRAS. In a cohort of 845 patients, cetuximab was found to
significantly improve median overall survival (23.5 vs 19.5 months in the cetuximab

and non-cetuximab groups respectively, p=0.0062).

1.2 Resistance and Systemic Toxicity

Despite the advances in combination therapies and the development of targeted
therapies, the majority of cancer patients experience either innate or acquired
resistance to chemotherapy agents; this can be due to host factors as well as
specific genetic or epigenetic alterations within cancer cells (Gottesman, M.M., et
al., 2002). In patients with CRC detected at a metastatic stage, chemotherapy
resistance results in failure of treatment in over 90% of patients (Longley, D.B., and
Johnston, P.G., 2005), posing a great burden on overall survival. The elucidation
of the molecular mechanisms leading to drug resistance has been aided by advances

in DNA microarray and proteomic technology as well as characterisation of the



signalling pathways integral to regulating tumour cell response to chemotherapy.

There are multiple stages at which the efficacy of anti-cancer drugs can be altered.
Poor absorption, rapid metabolism or excretion of the drug can result in low serum
levels. Particularly in elderly patients, tolerance to cytotoxic drugs may be low,
resulting in the necessity to reduce dosage to below optimal levels which are no
longer therapeutic. In addition, Steele, S.R.,et al., (2014) identified that, in a cohort
of 7948 CRC patients, 77% of those were aged between 50 and 79. An issue facing
those in the older age demographic is the rise of polypharmacy, with Guthrie, B.,
et al., (2015) reporting that individuals aged 60-64 years are in receipt of at least
5 different medications. This can lead to adverse interactions as well as iatrogenic

effects.

Uptake of drugs into cancer cells can depend upon the transportation requirements
of the drug and the expression of necessary transporters in the cell membrane. Once
within the cell, many drugs require enzymatic activation to the active metabolite

form which depends on the expression of intracellular enzymes.

1.2.1 Resistance mechanisms

Upon administration, 80% of administered 5-FU is degraded by DPD in the liver
with DPD overexpression being related to poor patient outcomes (Koopman, M.
et al., 2009). 5-FU requires active uptake by the hENT1 to enter cells, as well
as multistep conversion to the active metabolite FAUMP before it can target TS.
Subsequently, low hENT1 expression is predictive of a poorer response to 5-FU
(Tsujie, M., et al., 2007). Once 5-FU is broken down to its active metabolites,
the stability of the ternary complex is dependent on availability of CH,THF as
a cofactor, with its absence resulting in an unstable FAUMP binary complex and
subsequent poor inhibition of TS. Leucovorin, described earlier, is administered

concomitantly with 5-FU to modulate this action.
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1.2.2 Systemic toxicity

There are many off-target effects associated with 5-FU, with systemic toxicity
or adverse side effects being a major factor in cessation of therapy in patients.
Hand-Foot-Syndrome (HFS) is a very common side-effect of 5-FU affecting 35%
of those receiving a continuous infusion (Revollo, J.L., et al, 2008). HFS is
characterised by painful red lesions on the palms of the hands and the soles of
the feet and can severely affect a patient’s quality of life, with it being the leading
cause of dose reduction, treatment interruption and even treatment cessation. The
exact mechanism behind the development of HFS is not clear but there is strong
evidence proposing that it is due to the degradation of 5-FU by DPD and further
catabolism by [-ureidopropionase to form toxic FBAL (Yen-Revollo, J.L., et al.,
2008). Evidence to support this comes from reports of DPD-deficient patients
treated with fluoropyrimidines who, whilst are at increased risk of severe toxicity,
rarely experience HFS (Saif, M.W., and Diasio, R., 2006). The degradation of
5-FU by DPD has been reported to cause other adverse effects such as diarrhoea
and neutropenia. A minority of patients experience cardiotoxicity, although the
underlying mechanisms for this are poorly understood but are likely related to

pre-existing disease of a cardiovascular aetiology (Polk, A., et al., 2013).
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1.3 Novel ProTide Drug NUC-3373
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Figure 1.3: The chemical structure of NUC-3373.

NUC-3373, a novel pyrimidine nucleotide analogue produced by NuCana plc is the
pre-activated form of anti-cancer metabolite FAUMP. ProTide technology, which
employs the addition of a phosphoramidate moiety (Figure 1.3) to a parental
nucleoside drug (McGuigan, C., et al., 2011), is reported to overcome the resistance
mechanisms faced by 5-FU. The addition of a phosphoramidate moiety allows
NUC-3373 to bypass degradation by DPD in the liver, resulting in a higher level of
drug reaching cells. Due to the addition of the phosphoramidate group, NUC-3373
can enter the cell independent of hENT1, with a study by Cavaliere, A., et al.,
(2017) demonstrating that its cytostatic potency was maintained in hENT 1-negative
tumour cell lines. The phosphoramidate moiety is then cleaved to produce FAUMP
which directly inhibits TS to induce apoptosis of tumour cells. By overcoming
these resistance mechanisms, NUC-3373 can be administered in much lower doses
than 5-FU, achieving superior results. NUC-3373 has now entered the clinic and
has progressed to phase Ib study NuTide:302 which aims to determine its safety,

efficacy and pharmacokinetics when combined with standard agents used in CRC
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chemotherapy such as leucovorin, oxaliplatin and irinotecan (Evans, T.R., et al.,
2019). It is hoped that NUC-3373 possesses the potential to replace 5-FU as the

backbone of colorectal cancer chemotherapy.

1.4 Colorectal Cancer

The colon is the terminal portion of the gastrointestinal tract and primarily functions
to process contents received from the small intestine. These functions include
storage, appropriate removal and secretion of water and electrolytes, compaction
and eventual expulsion of faecal matter from the rectum through the anus (Bassotti,
G., and Battaglia, E., 2015). Due to the rapid turnover rate of colonocytes, there is

greater scope for mutations to occur that result in the development of carcinoma.

1.4.1 Epidemiology

Incidence and Mortality

Colorectal cancer (CRC) is the third leading cancer in both males and females and
accounts for 12% of total cancer cases in the UK. 52-56% of cases are detected at later
stages (stages III and IV), with 23-26% of patients having metastases at diagnosis.
Prognosis has a very strong correlation to stage at diagnosis with the 5-year survival
rate for cases detected at stage I (localised) being 90-100%, decreasing to less than
10% in those detected at stage IV. All of the aforementioned incidence and mortality
statistics were acquired from Cancer Research UK (2016). These data highlight the

need for early detection for successful outcomes.

Risk Factors

The majority of CRC cases are preventable, but some risk factors are non-modifiable,

such as age, personal history of inflammatory bowel disease (IBD) and genetics. The
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risk of developing CRC increases after the age of 40, rising sharply after 50, with
90% of cases being in individuals over 50 (Jemal, A., et al., 2000). A history of
adenomatous polyps (the precursor lesions of CRC) was found to increase the risk
of developing CRC, in a study by de Jong, A.E., et al., (2005). Boardman, L.A.,
et al., (2007) established that the risk of developing CRC is increased by having a
1st degree relative with a history of adenomatous polyps or CRC, especially if that
individual is a sibling. This could perhaps be due to either inherited genetics, a
shared environment or indeed a combination of both. IBD such as Crohn’s disease
(CD) or Ulcerative Colitis (UC) present an 18- and 19-fold, respectively, increased
risk of developing CRC, as found in a study by Gillen, C.D., et al., (1994). 5-10%
of CRC cases are hereditary as opposed to sporadic (Jackson-Thompson, J., et al.,

2006 as cited by Haggar, F., and Boushey, R.P., 2009).

Amongst modifiable risk factors for developing CRC, diet and lifestyle practices
such as smoking and exercise (Botteri, E., et al., 2008), have been found to have
large influence. High intake of red and/or processed meat has been found to
significantly increase the risk of CRC (Chan, D.S.M., et al., 2011). Diets high
in red meat, a source of nitrogenous residues, have been shown to increase levels of
endogenously formed N-nitroso compounds reaching the colon, in a dose-dependent
manner (Hughes, R., et al., 2001). Some N-nitroso compounds are alkylating and
induce GC-AT transitions at the second base of codon 12 or 13 within the Kirsten rat
sarcoma 2 viral oncogene homolog (KRAS) gene, with these mutations ultimately
resulting in the development of carcinomas. Additional nutritional factors such as
high animal fat intake (Willett, W.C., et al, 1990) and low dietary fibre intake
(Aune, D., et al., 2011) have been found to positively correlate with increased risk
of CRC. In addition to these factors, excessive alcohol consumption has been found
to increase risk of CRC, particularly in onset in younger individuals (Fedirko, V., et
al., 2011). This could be due to the carcinogenic effects of alcohol metabolites such
as acetaldehyde, in addition to alcohol acting as a solvent to allow penetration of
other carcinogenic molecules into cells (Haggar, F., and Boushey, R.P., 2009). All of

the aforementioned nutritional factors have the capacity to significantly alter the gut
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microbiome and lead to inflammatory processes and possible cancer, with dysbiosis
more prevalent in the gut of individuals with CRC compared with healthy controls
(Zackular, J.P., et al., 2013). Dysbiosis favouring bacteria which produce hydrogen
sulfide, such as Fusobacterium, Desulfovibrio and Bilophila wadsworthia, leads
to DNA damage and chromosomal instability and subsequent CRC development
(Attene-Ramos, M.S., et al., 2006). These sulfidogenic bacteria have been found to
correlate positively with diets high in fat and animal protein (Dahmus, J., et al.,

2018), further highlighting the impact of diet on the risk of CRC development.

1.4.2 Pathophysiology

CRC can be hereditary or sporadic, both with differing mechanisms of
carcinogenesis. The inherited form accounts for 30% of all CRC cases, and
comprises several well-characterised conditions including Lynch syndrome and
Familial Adenomatous Polyposis (FAP). Lynch syndrome, accounting for 2-3%
of all CRC cases (Roper, J., and Hung, K., 2013), can be differentiated from
other inherited forms by microsatellite instability testing and the identification of
germline mutations in DNA mismatch repair genes. This important distinction
between Lynch syndrome and other CRCs determines the treatment and surveillance
regimens of patients by clinicians (Shia, J., 2008). The majority (70%) of CRCs are

sporadic, arising from somatic mutations not associated with a family history.

By the 1970s, it was becoming increasingly evident that adenomas were the
precursors to colorectal adenocarcinomas (Roper, J., and Hung, K., 2013). This
hypothesis was confirmed by Winawer, S.J., et al., (1993) who, in their analysis of
the National Polyp Study with reference to other published data, found that the
incidence of CRC following colonoscopic polypectomy was significantly less than

expected.
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Figure 1.4: The chromosomal instability pathway. Accumulation of mutations leads to increasing CIN and conse-

quently invasive cancer. Image from Pino, M., and Chung, D., 2010.

In 1990 Fearon, E., and Vogelstein, B., proposed a multi-step genetic model of
colorectal carcinogenesis (see Figure 1.4), describing the multiple genetic changes
required for progression of normal intestinal mucosa to adenomas and eventually to
adenocarcinomas; the adenoma-carcinoma sequence. The initial step in this process
is inactivation of the Adenomatous Polyposis Coli (APC) tumour suppressor gene,
causing activation of the Wnt pathway. Evidence for APC inactivation being of
importance in the earliest stages of adenoma formation came from sequence analysis
of tumours, finding that APC mutations were present in 60% of CRC tumours and
in 63% of adenomas. Furthermore, mutations were found in adenomas as small as
0.5 cm in diameter, with the frequency of mutation remaining constant as tumours

progressed to malignant stages (Powell, S.M., et al., 1992).
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Figure 1.5: Activation of Wnt signalling causes (-catenin accumulation and transcription of target genes. Image

from Roper, J., and Hung, K., 2013.

In the absence of Wnt signalling, a destruction complex formed by APC,
glycogen synthase kinase-33 (GSK-3/3) and casein kinase 1 alpha/e (CKlalpha/e)
on an axin-conductin scaffold targets the proteasome-dependent degradation of
cytoplasmic (-Catenin. However, when Wnt signalling is switched on, ie. a
Wnt ligand is present, this allows the receptors Frizzled (Frz) and co-receptor
low-density lipoprotein receptor-related protein (LRP) to be occupied. This
occupation triggers phosphorylation of the cytoplasmic tail of LRP by CK1 and
GSK-3p3 along with recruitment of axin on phosphorylated LRP in a dishevelled
(Dsh)-dependent manner. Phosphorylation of S-catenin is prevented, resulting in
increased cytoplasmic levels of 5-catenin to translocate to the nucleus. Subsequently,
transcription of target genes related to tumour progression and metastasis, such
as Zonula occludens-1 (ZO-1) and Urokinase-type plasminogen activator receptor
(uPAR) (Mann, B., et al, 1999) is initiated by displacement of Groucho and
interaction of [-catenin with T-cell factor (TCF)/lymphoid enhancer (LEF)
transcription factor family (Rubinfeld, B., et al., 1996).
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The progression to invasive carcinoma requires additional mutations; activation of
proto-oncogenes such as KRAS (Fearon, B., and Vogelstein, A. 1990) and loss of
anti-tumour genes such as TP53 (Jones, S., et al, 2008). There are three main
pathways of molecular pathogenesis of inherited and sporadic colorectal cancer; the
chromosomal instability (CIN) pathway, the microsatellite instability (MSI) pathway
and the CpG island methylator phenotype (CIMP) pathway (Colussi, D., et al.,
2013). The majority of CRCs develop via the CIN pathway, involving defects in
chromosomal segregation, telomere stability, the DNA damage response as well as

loss of heterozygosity (Pino, M.S., and Chung, D.C, 2010).

1.4.3 Intra-tumoural Heterogeneity

The ‘Big Bang’ model of CRC tumour growth (Sottoriva, A., et al., 2015) suggests
that the malignant potential of the tumour is determined early in its development.
Since tumour growth is an evolutionary process with ancestral history recorded
within tumour cell genomes, it is possible to gather information on the poorly
characterised early growth phase by studying patterns of genomic intra-tumoural
heterogeneity (ITH) in the final neoplasm. It has been proposed that the initial
events in neoplastic transformation occurs through step-wise accumulation of driver
alterations. So-called ‘public’ mutations are present in 100% of the tumour cells,
with acquired ‘private’ mutations occurring as the tumour expands and often present
in defined regions of the tumour. Only early-occurring private mutations have the
ability to expand to a detectable size in tumours due to spatial constraints, limiting
the selective forces that can drive tumour expansion. This model supports the
stem cell model, in that malignancy is driven by a small number of self-renewing
cells. This I'TH poses problems for treatment, with potentially aggressive sub-clones
remaining rare or possibly undetectable in the primary tumour, despite their relative

survival advantage, resulting in resistance to treatment.
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1.4.4 Diagnosis

In most countries with developed healthcare systems, screening programs are well
established. The National Health Service (NHS) offers a two-yearly faecal occult
blood test (FOBT) for men and women aged between 50-74 in Scotland and 60-74
in the rest of the UK. The sample is retrieved by the patient at home then sent
for analysis. If results are found to be abnormal (presence of blood in sample), the
individual will be offered a colonoscopy for further investigation, then any benign
polyps removed (Cancer Research UK, 2016). A meta-analysis of randomised clinical
trials (Mandel, J.S., et al., 1993; Hardcastle, J.D., et al., 1996; Kronborg, O., et al.,
1996; Hewitson, P., et al., 2007) found that screening programs reduce mortality
in CRC by 16% (NICE, 2014), most likely due to detection and removal of benign

polyps, preventing progression to malignant lesions.

Staging

When malignant lesions are identified during colonoscopy, the resected specimen
is subjected to pathological examination after which it is assigned a grade using
TNM classification (Table 1.1). TNM provides more detail and precision than other
systems such as Dukes staging, taking into account the depth of tumour penetration
into the intestinal wall and adjacent structures (T), regional lymph node involvement
(N) and the presence or absence of metastases (Egner, J.R., 2010). In addition
to TNM staging, specimens are assigned a histologic grade. The grade relates to
the differentiation of cells, with more poorly differentiated lesions indicating higher

abnormality of cells and predicting more aggressive disease.
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Primary Tumour (T)

TX Primary tumour cannot be assessed

TO No evidence of primary tumour

Tis Carcinoma in situ.: intraepithelial or invasion of lamina pro-
pria

T1 Tumour invades submucosa

T2 Tumour invades muscularis propria

T3 Tumour invades through the muscularis propria into the sub-
serosa,
or into a non-peritonealised pericolic or perirectal tissues

T4 Tumour directly invades other organs or structures and/or

perforates visceral peritoneum

Regional lymph nodes (N)

NX Regional lymph nodes cannot be assessed

NO No regional lymph node metastasis

N1 Metastasis in 1 to 3 regional lymph nodes

N2 Metastasis in 4 or more regional lymph nodes

Distant metastasis (M)

MX Distant metastasis cannot be assessed
MO No distant metastasis
M1 Distant metastasis

Table 1.1: TNM identifiers. Adapted from Egner, J.R., 2010

TNM stage, histologic type and grade in addition to other factors such as
residual disease after resection, serum carcinoembryonic antigen and cytokine levels,
extramural venous invasion and submucosal vascular invasion by carcinomas can all
be used to calculate a prognosis for disease progression or recovery. CRC diagnosed
when metastatic has a very poor 5-year survival rate of 5-7% (Egner, J.R., 2010),
with the most common sites of metastases being the lungs and liver (French, S.W.,

and DiSibio, G., 2008).

1.4.5 Treatment

The most common first line treatment for CRC, dependent on stage, is surgery.
Whether this is local excision, resection and anastomosis, or colostomy, depends on
the stage of the tumour. Localised lymph nodes are also removed and investigated for

malignancy. Alongside surgery, adjuvant chemotherapy (common agents described
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earlier) is usually administered to reduce the chance of local or systemic recurrence

or alternatively given prior to surgery to shrink tumour margins (NICE, 2014).

1.4.6 Biomarkers

Biomarkers can be objectively measured and evaluated to inform treatment of
patients and the most likely outcomes. Prognostic biomarkers are used to identify
the likelihood of a clinical event, disease recurrence or progression in an individual,
regardless of treatment received. Predictive biomarkers are used to identify the
individuals who are likely or unlikely to respond to a specific treatment (Oldenhuis,
C.N.A M., et al., 2008). A single biomarker can be both prognostic and predictive.
In CRC, there are a variety of biomarkers based on the genetic signature of a
tumour, such as MMR status, BRAF mutations or RAS mutational status, with
much of the value of these markers depending on stage of disease (Zarkavelis, G.,
et al., 2017). Molecular profiling platforms are available to guide clinicians on the
most appropriate treatment based on biomarkers. One such intelligence platform,
Caris, was evaluated by Carter, P., et al (2018). The Caris CODE database holds
tumour molecular profile data for the solid tumours of 841 patients, alongside
demographic information regarding any treatment patients had received before and
after molecular profiling. The evaluation used the platform algorithm to determine
the treatment recommended based on molecular profiling and compared this with the
treatment received by the patient, classifying cases as ‘matched’ if the recommended
treatment was the same as the actual treatment received, or ‘unmatched’ if it was
not. Analysis of colorectal cancer patient tumours (n=95) found that matched cases
had a significantly reduced mortality compared to unmatched cases (19% vs 49%,
p=0.0022) and identified TS as a significant predictive biomarker. However, there
was no detail for which drug TS was identified as a predictive biomarker. A caveat
of this study is that the unmatched group had a higher proportion of tumours that
were in advanced stages than the matched group, as well as the patient cohort
being relatively small. Many studies have evaluated TS as a predictive biomarker of

response to 5-FU, but the findings are very mixed, as will be described later. The
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clinical utility of molecular profiling has potential to improve patient outcomes,
however it must take a holistic approach and consider that acquisition of data
derived from living subjects comes with the caveat of an infinite number of variables.
These variables can be from co-morbidity, to patient adherence to treatment to the
method of sample collection and may account for some of the contradictory findings

of studies.

1.5 Aims and Objectives

Chemotherapy resistance remains a heavy burden in the treatment of metastatic
CRC with 5-FU. ProTide NUC-3373 shows great promise in overcoming the
resistance mechanisms of 5-FU but its mechanism of action and indeed that of
the parental drug are not fully understood. This thesis will address the dynamic
role of T'S as well as the effects of its inhibition by FAUMP and establish its value as
a predictive biomarker for response to NUC-3373 treatment. By elucidating further
the mechanisms of action of NUC-3373, a rationale can be provided to inform drug
targets or drug combinations which would be efficient in potentiating the effects of

NUC-3373 thus enhancing treatment outcomes.
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Chapter 2

Materials and Methods

2.1 Cell Culture

Throughout all cell culture, an aseptic technique was adopted. All reagents were
warmed to 37°C prior to use. All cell lines were cultured in Dulbecco’s Modified
Eagles Medium ‘DMEM’ 1x supplemented with 10% Foetal Bovine Serum ‘FBS’
and 1% Penicillin Streptomycin ‘PS’, all purchased from Gibco. Fully supplemented
medium will henceforth be referred to as ‘complete’ medium. Cells were frozen in a
freeze medium containing 10% dimethyl sulfoxide ‘DMSO’ (Sigma Aldrich) in FBS

and stored in gaseous phase liquid nitrogen.

Cells were passaged when they reached 80% confluence by aspirating media, washing
twice with Phosphate Buffered Saline ‘PBS’ then adding 6 mL Trypsin EDTA
(Gibco) to detach cells from flask. Cells were centrifuged to a pellet at 280 g for
5 minutes then re-suspended in either fresh complete DMEM to be seeded for an
experiment (see Table 2.1) or freeze medium as appropriate. Cells were not used
beyond 5 passages of their original passage numbers. All cell lines were regularly

tested for mycoplasma contamination (see Appendix for example).
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Cell Line Seeding density (cells/mL)

HT29 3,500
SK-CO-1 12,500
DLD-1 1,250
LoVo 7,500
HCT116 2,500
LS411N 5000
HCT116 p53-/- 1,250
SW480 7,500
SW620 12,500

Table 2.1: Cell line seeding densities

Cell densities were optimised prior to studies to achieve appropriate confluence for
each assay. A haemocytometer was used to count cells prior to dilution to the desired

density.

2.2 Drug Treatments

NUC-3373, supplied as powder by NuCana ple, was diluted in DMSO (warmed to
37°C) to a stock concentration of 40 mM and stored at -20°C in aliquots. 5-FU
(Sigma Aldrich) supplied as powder was diluted to 10 mM and stored in aliquots
at -20°C. NUC-3373 and 5-FU were diluted in complete DMEM to a working

concentration of 10 uM unless otherwise stated.

Thapsigargin (Sigma Aldrich, UK) supplied as powder was diluted in DMSO to
a concentration of 1 mM and stored at -20°C. Tunicamycin (Sigma Aldrich, UK)
supplied as powder was diluted to 5 mg/mL and stored at -20°C. Thapsigargin
and tunicamycin were diluted to working concentrations of 1 uM and 5 pg/mL
respectively in complete DMEM and incubated with cells for 5 hours prior to fixation

or lysis.

Thymidine (Sigma Aldrich, UK) supplied as powder was prepared to a stock
concentration of 50 pug/mlL by gently heating in sterile tissue culture grade dH,O
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then passing through a sterile filter. Thymidine was used immediately after

preparation by diluting in complete DMEM to a working concentration of 8 pug/mL.

2.3 Antibodies

Primary antibodies used are described in Table 2.2. Secondary antibodies used were

as follows:

For Immunocytochemistry (ICC) applications

All primary antibodies raised in rabbits were paired with Goat anti-Rabbit
Alexa-Fluor 488 secondary antibody (Invitrogen), except for Dcpla, which is
conjugated to Alexa-Fluor 594. All primary antibodies raised in mice were paired
with Goat anti-Mouse Alexa-Fluor 594 antibody (Invitrogen). Secondary antibodies
were prepared to a concentration of 1:1000 in the same serum used to dilute the
primary antibody. Hoechst (Invitrogen) was used as a nuclear stain in all ICC

experiments, diluted to a concentration of 1:10,000 in PBS.

For Western Blot applications

All primary antibodies raised in rabbits were paired with Donkey-anti-Rabbit
IRDye 800CW (Licor) secondary antibody. Those raised in rats were paired with
Goat anti-Rat IRDye 800CW (Licor). Those raised in mice were paired with
Donkey-anti-Mouse IRDye 680RD (Licor). All secondary antibodies were diluted
to a concentration of 1:10,000 in the same diluent used for the primary antibody

but with the addition of sodium dodecyl sulfate (SDS) to a concentration of 1:10,000.
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2.4 Cytotoxicity Assays

Cells were seeded according to densities detailed in Table 2.1 into the central wells
(200 pL per well) of 96-well plates (Corning 3596) and treated in the same way for
both the sulforhodamine B (SRB) assay and for Celigo confluence scans. PBS was
added to all outer wells to prevent evaporation from experimental wells. Cells were
seeded on day 0 in complete DMEM and allowed to grow for 48 hours. Any cells
intended for hypoxic studies were transferred to the hypoxystation (0.5% O,) on
day 1. Media was aspirated on day 2 and replaced with drug treatments diluted in
DMEM to the following concentrations: 0 (control), 0.1, 0.2, 0.5, 1, 2, 5, 10, 20 and
35 pM. Drug treatments were incubated for 24 hours then removed and replaced
with complete medium on day 3. Cells were allowed to grow for a further 3 days
before the endpoint SRB assay. Each plate included 6 technical replicates for each

condition assessed.

2.4.1 Sulforhodamine B Assay

Sulforhodamine B (SRB) assay measures total cellular protein and was used as a
surrogate of cell number as an end-point measure. On day 6, 50 uL 25% w/v
trichloracetic acid ‘TCA’ (Sigma Aldrich) was added to each well for 1 hour at 4°C
to fix cells. Plates were then washed 10x each under running tap water and left to
dry in an oven at 50°C. Once dry, 50 uL. SRB dye was added to each well and left
for 30 minutes at room temperature, after such time plates were washed 4x each in
1% glacial acetic acid then left to dry in an oven at 50°C. Once dry, 150 pL 10 mM
Tris (pH 10.5) was added to each well and placed on a rocker at room temperature
to dissolve material for 1 hour. Optical density of wells was measured by scanning
plates on the Biohit plate-reader at 540nm. Optical density values for test wells were
blanked by subtracting the average of the values for the outer wells. Values were
then normalised to the untreated control response and GraphPad Prism software

(Version 6.0, San Diego, CA) was used to determine the half maximal inhibitory
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concentration (ICso) values using a linear regression, variable slope, dose-response

curve analysis.

2.4.2 Celigo Confluence Scans

Plates were scanned using the Celigo Scanner on days 2, 3, 4, 5 and 6 then an
algorithm appropriate for each cell line’s morphology was applied to determine
confluence of cells for each individual well. This data was exported to Excel and
growth curves constructed using the average of 6 technical replicate values for each
drug concentration, normalised to control. Normalised values were used to calculate

ICsp values using GraphPad Prism software as described previously.

2.5 Western Blot

2.5.1 Whole cell lysis

Lysis Buffer supplementation

Note that for data detailed in Chapter 3, cells were lysed using RIPA buffer. Data
detailed in Chapters 4 and 5 used cell lysis buffer purchased from Cell Signalling as

it was found to yield a higher protein concentration.

Pre-prepared standard RIPA or cell signalling lysis buffer (6.5 mL) was
supplemented with the following:

1x Mini protease inhibitor tablet (Roche)
50 uL. Aprotinin (Sigma Aldrich)
100 puL Phosphatase inhibitor cocktail 2 (Sigma Aldrich)

100 puL Phosphatase inhibitor cocktail 3 (Sigma Aldrich)
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100 pL Triton X-100 (Sigma Aldrich)
After supplementing, buffer was referred to as ‘complete lysis buffer’.

Cells were lysed at the appropriate time points. Media was removed and cells rinsed
2x in PBS then left to sit at an angle on ice. PBS collected at the bottom of dishes
was removed with a pipette. Complete lysis buffer (200 pL) was added to each dish,
cells scraped to bottom with cell scrapers then left to lyse on ice for 5-10 minutes.
Lysed cell suspension was passed 3 times through a 20-gauge needle (BD) and added
to a 1.5 mL tube and centrifuged for 6 minutes at 14.8 gsm at 4°C. Supernatant

was transferred to a 0.6 mL tube and stored at -80°C until use.

2.5.2 Bicinchoninic Acid (BCA) Assay

Using the Thermo Fisher Pierce BCA assay kit, protein standards were prepared in
borosilicate glass tubes (Thermo Fisher) as described in Table 2.3.

Final Protein Concentration Volume 2mg/mL protein Volume dH,O (L)

(pg/mL) standard (uL)

0 0 150
100 2.5 47.5
150 3.75 46.25
200 5 45
500 12.5 37.5
1000 25 25
1500 37.5 12.5
2000 50 0

Table 2.3: BCA protein standard components

Protein lysates (5 pL per sample) were diluted in 1:10 in dH,O (45 pL per sample)
in separate borosilicate glass tubes. Working reagent was prepared by combining 1
part copper sulphate solution to 50 parts BCA solution. Prepared working reagent

was added to all tubes (1 mL each). Tubes were vortexed and incubated in a water
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bath for 15 minutes at 60°C. Tubes were allowed to cool then 200 pL per standard
and sample was added to a 96-well plate in triplicate. The plate was read at 540 nm
using the Biohit Plate reader and optical density values used to determine protein
concentration of each sample from the constructed standard curve. Samples were
then diluted in complete lysis buffer to provide 60 ug protein in 60 pL. 5x loading
buffer (see recipe in Table 2.4) was then added to samples (15 pL each), giving a
total volume of 75 pulL. This provided sufficient amounts of each sample to carry out

3 Western blots (20 pg protein in 25 uL for each).

5x Loading Buffer Recipe
12.5 mL 2M Tris pH 6.8
5 g SDS

50 mL glycerol

2.5 mL beta-mercaptoethanol

2.5 mL bromophenol-blue (saturated solution in dH50)
Up to 100 mL with dH,O

Table 2.4: 5x Loading Buffer Recipe

Samples were placed on a heat block for 60 minutes at 60°C to denature proteins

before being stored at -80°C until use.

2.5.3 SDS-PAGE

Glass plates were cleaned with 70% EtOH and assembled in casting racks.
Tetramethylethylenediamine ‘TEMED’ (Sigma) and ammonium persulfate ‘APS’
(Sigma Aldrich) were added to the resolving gel mixture (see Table 2.5) and poured
between plates. A little isopropanol was added to the top of the resolving gel to
remove any bubbles then these were left to set. Once set, the isopropanol was
washed out with dH,O. TEMED and APS were added to the stacking gel mixture
(see Table 2.6) which was poured on top of the resolving gel, with a comb being

inserted immediately afterwards. Bubbles were removed by tapping the top of the
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comb then gel was left to polymerise. Once set, the comb was removed gently and

wells washed with distilled water, ensuring no bubbles.

10% Resolving Gel Volume (mL)

Acrylamide 13.5
1M Tris pH 8.85 15.0
10 % SDS 04
dH->0 11.1
TEMED 0.1
10 % APS 0.1

Table 2.5: Resolving Gel Recipe, sufficient for 1 gel

3.6% Stacking Gel Volume (mL)

Acrylamide 3.6
0.375M Tris pH 6.8 10.0
10 % SDS 0.3
dH»O 16.0
TEMED 0.1
10 % APS 0.1

Table 2.6: Stacking Gel Recipe, sufficient for 2 gels

Gels were assembled in the running tank and running buffer, prepared as detailed
in Table 2.7, was added. Using gel loading tips, 10 L. Chameleon Duo Pre-stained
Protein Ladder (Licor) was added to the first lane of each gel. Thawed samples
were vortexed then 25 ul. added per well. The tank was connected to a cold water
supply and a power pack which was set to run at a constant current of 120 mA.
Once samples reached the border of the resolving gel, the current was set to 60 mA
and samples electrophorised until sufficient separation was achieved, indicated by

the pre-stained ladder marker.
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Component Running Buffer Transfer Buffer

Trizma Base (Sigma) 9.09 g 12.12 g
Glycine (Sigma) 43.26 g 57.68 g
10 % SDS 30 mL e
dH,O up to3 L upto4d L

Table 2.7: Running and Transfer buffer recipes

2.5.4 Transfer

Transfer Buffer was prepared as described in Table 2.7. Polyvinylidene difluoride
(PVDF) membranes (Millipore) were cut to 13x16 cm and activated by placing
in methanol for 2 minutes at room temperature followed by dH,O. Filter paper
(Whatman) was cut to 17x15 cm (4 pieces per gel to be transferred). Stacking gel

was trimmed from gel and transfer cassettes assembled as detailed in Table 2.8.

Wet pad (soaked in transfer buffer)

2 pieces filter paper (soaked in transfer buffer)
Gel

PVDF Membrane

2 pieces filter paper (soaked in transfer buffer)

Wet pad (soaked in transfer buffer)

Table 2.8: Transfer cassette assembly

Once the second pair of filter papers were placed on the membrane, a pipette was
used to gently roll the surface to ensure no bubbles were present between the gel
and the membrane. Prepared cassettes were placed in a transfer tank, connected to

a power pack and set to transfer overnight at 4°C at a constant pressure of 30 V.
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2.5.5 Antibody Probing

Membranes were transferred to a 50 % Licor Blocking buffer in PBS or Triz-buffered
saline (TBS) solution to block for 1 hour at room temperature on the rocker in the

dark.

Primary antibody cocktail was prepared. Blocking buffer was removed and primary
antibodies incubated on membranes overnight at 4°C in the dark on a slow oscillating

rocker.

Primary antibodies were removed and membranes washed 3x5 minutes in 0.1% PBS-

or TBS-Tween20

Secondary antibody cocktail was prepared and incubated for 45 minutes at room

temperature in the dark on a slow oscillating rocker.

Secondary antibodies were removed and membranes washed 3x5 minutes in 0.1%
PBS- or TBS-Tween20 followed by 3x 5 minutes in PBS or TBS. Membranes were

then transferred to an oven to dry.

2.5.6 Detection and Analysis with Licor Odyssey

Membranes were scanned on the Licor Odyssey scanner using the 700 and 800 nm
channels. Licor Image Studio software was used to quantify protein expression by
detecting the intensity of fluorescent bands. Background was subtracted from signal
values then protein of interest values were divided by the corresponding [-actin

signal to determine relative protein expression.
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2.6 Immunocytochemistry

2.6.1 Cytospin Preparation of Cells on slides

Cells were cultured and treated as appropriate then trypsinised, centrifuged and
resuspended in complete DMEM. Cells were diluted to 1,000,000 cells/mL complete
DMEM and 75 pli added to each slide assembled in a chamber cassette. Slides
were spun at 72.26 g for 5 minutes then cassettes removed and cells fixed in
4% paraformaldehyde (PFA) in 0.1 % PBS-Tween20 for 20 minutes at room
temperature. Slides were then washed 3x5 minutes in PBS before being stored

in fresh PBS at 4°C until use.

2.6.2 Cleaning and sterilisation of cover slips

Glass cover slips (22x22 mm) were placed in a beaker of 2M NaOH for 2 hours at
room temperature, with occasional stirring, then removed and rinsed thoroughly
with dH,O before being dipped in 100% EtOH and dried. Once dry, cover slips

were autoclaved.

2.6.3 Poly-l-lysine coating of cover slips

Clean 22x22 mm sterile glass cover slips were placed in a Petri dish and covered with
0.01% Poly-l-lysine (Sigma). Dishes were covered and placed in a 37°C incubator

for 5 minutes before removing cover slips and leaving to dry on racks.

2.6.4 Poly-d-lysine coating of cover slips

Poly-d-lysine (5 mg) was diluted in 50 mL sterile cell culture-grade dH,O to produce
a stock concentration of 0.1 mg/mL then stored in aliquots at -20°C between uses.

This stock was diluted 1:2 in sterile cell culture-grade dH,O immediately prior to
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use, producing a working concentration of 50 pg/mL. Clean sterile cover slips were
rinsed 2x in sterile dH,O then distributed to 6-well plates. Poly-d-lysine (400 uL)
was added to each well and swirled to ensure adequate coating of cover slips before
being incubated for 1 hour at 37°C. Poly-d-lysine was then aspirated and cover-slips

rinsed 2x in sterile dH,O. Cell suspension was added immediately.

2.6.5 Culturing and treating cells on cover slips

Cells were trypsinised and counted before being diluted to the appropriate cell
density in complete media. Cell suspension (4 mL) was added to each cover

slip-containing well of 6 well plates.

2.6.6 Fixation of cells on cover slips

Formaldehyde

Methanol-free Formaldehyde, 16%, (Fisher Scientific) was diluted 1:4 in PBS. Media
was aspirated from cover slips and replaced with 500 uL 4 % formaldehyde and cells
left to fix for 20 minutes before being rinsed 3x 5 minutes in PBS. Fixed cells on
cover slips were then stored in fresh PBS at 4 °C for no longer than 4 weeks if not

being used immediately.

Paraformaldehyde

Paraformaldehyde (16%) in PBS was prepared and frozen in aliquots. This was
diluted 1:4 in PBS immediately prior to use then used in the same way as described
for 4% formaldehyde. Fixed cells on cover slips were then stored in fresh PBS at 4

°C for no longer than 4 weeks if not being used immediately.
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2.6.7 Immunofluorescence

Cells were permeabilised for 10 minutes in 0.1 % Triton-X-100 (Sigma Aldrich)
in PBS at room temperature then washed 3x 5 minutes in PBS. Aldehyde sites
were blocked with 0.1M glycine for 5 minutes then washed 3x5 minutes in PBS.
Non-specific binding sites were blocked in 10 % goat serum (Sigma Aldrich) in PBS

for 10 minutes at room temperature.

Primary antibodies were prepared according to Table 2.2. Parafilm was stretched
over a Petri dish and 50 pl. primary antibody cocktail added as drops per cover
slip. Excess fluid was drained from the corner of each cover slip before being placed
cell-side down on antibody droplets and incubated for 1 hour at room temperature.

Cover slips were then washed 3x5 minutes in PBS.

Secondary antibodies were prepared according to Table 2.2. The same procedure
was followed as for primary antibodies described above with the exceptions that
secondary antibodies were incubated in the dark for 45 minutes. From this point
on, cells were kept in the dark to avoid any photo bleaching. Cover slips were
washed 3x 5 minutes in 0.1 % PBS-Tween20. Hoescht 33342 (Invitrogen) was diluted
1:10,000 in PBS and incubated on cover slips to stain nuclei for 10 minutes at room
temperature. This was followed by 3x5 minutes washes in 0.1 % PBS-Tween20,
5 minutes washing in PBS then 2x rinses in dH,O. Cover slips were then dried
and mounted to slides using Prolong Gold antifade mountant (Invitrogen). Slides
were stored in the dark until image acquisition using a Leica DM5500 fluorescence

microscope. Exposure times were kept constant for each comparative study.

2.6.8 Immunocytochemistry linked with a DAB-
Chromogen system
Permeabilisation and blocking of aldehyde sites was the same as described previously.

Non-specific binding sites in cells were blocked in 2 steps. First, slides were incubated
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in 3% H,0, for 5 minutes at room temperature in a humidified container. Slides were
then washed in 0.1% PBS-Tween20 for 5 minutes. Next, serum-free protein block
(Dako X0909) was applied to slides and incubated for 10 minutes. Primary antibody
cocktail (100 pL, as described in table 2.2) was applied per slide and incubated for
1 hour at room temperature in a humidified container. Slides were then washed
2x5 minutes in 01.% PBS-Tween20. Anti-rabbit HRP labelled polymer (Dako
K4003) was applied to slides and incubated for 30 minutes at room temperature in a

humidified container. Slides were then washed 2x5 minutes in 0.1% PBS-Tween?20.

DAB+Chromogen substrate (Dako), 1:50, was applied to slides for 10 minutes,
followed by rinsing in tap water. Slides were then soaked in haematoxylin for 15
seconds followed by a further tap water rinse. Slides were then placed in Scots
Tapwater until blue colour was observed. Slides were allowed to air dry in the dark

then coverslips applied using DPX.
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2.7 Transmission Electron Microscopy

Stain and embed
cell pellet in resin

—————————————————————————————————————————

Stereological
¥ e probing Mount pellet
T : i sections to grid

___________________

S ol N, j Micrograph
' acquisition

Figure 2.1: Transmission Electron Microscopy Workflow: Cell culture, fixation and preparation of sample for

mounting and image acquisition, followed by analysis.

Throughout the entire workflow for Transmission Electron Microscopy (TEM),
systematic uniform randomised sampling (SUR) was employed to ensure unbiased
stereological estimation of parameters, i.e. every part of the sample has an equal

chance of being counted in the final analyses (Howard, C.V., and Reed, M.G., 1998).

2.7.1 Culture, Treatment and Fixation of Cells

Cells were trypsinised, diluted in complete DMEM and seeded in 10 ¢m petri dishes

at the following densities:

HCT116 1x10° cells/mL
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SW480 1.5x10° cells/mL

Cells were allowed to grow for 24 hours then treated as desired with drugs diluted

in complete DMEM.

Following appropriate treatment times, media was aspirated from dishes and 10 mL
0.5% glutaraldehyde in 0.2M piperazine-N, N‘-bis (PIPES) was added to each dish
and left to fix cells for 1 minute. Fixative (9 mL) was removed from each dish and
cells scraped and transferred to 1.5 mL tubes. Tubes were centrifuged at 21.1 g for

25 minutes at room temperature before being stored at 4°C until use.

2.7.2 Osmium Tetroxide Staining

Prior to osmium tetroxide staining, pellets were cut with a sterile scalpel to 1 mm?

pieces to ensure full and even infiltration of stain and resin.

At this stage, samples were sent to the Electron Microscopy Suite of the Western
General Hospital in Edinburgh and kindly processed by Ms Fiona Young as follows:

1. Wash in 0.2M cacodylate buffer 15 minutes
2. Fix in 1% osmium tetroxide 30 minutes

3. Wash in 0.2M cacodylate buffer 10 minutes
4. Dehydrate in 10% alcohol 5 minutes x 3

5. Dehydrate in absolute alcohol 20 minutes x 3
6. Propylene oxide 10 minutes x 2

7. Embed in TAAB resin
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2.7.3 Pioloform coating of Grids

Pioloform in chloroform (Agar Scientific) was warmed to room temperature on a
magnetic stirrer for 15 minutes prior to use. A clean glass slide was placed inside
a flow-through vessel held by a clamp stand and, with the tap closed, pioloform
poured to just below the top of the slide. The tap was then opened, slide removed
with forceps and held to air dry. Using a fresh razor blade, the slide was scored
along the edges on both sides. The slide was breathed on lightly before being placed
vertically into a bowl of water, allowing the plastic to peel off the slide and float on
the surface. Using forceps, 150 hex-mesh grids were placed shiny side up onto the
pioloform with even spacing. Fresh parafilm was gently placed on top then lifted
out (grids and pioloform attached) and left to air dry. Grids were stored at 4°C

until use.

2.7.4 Sectioning of Samples

Samples were sectioned using an ultramicrotome with a diamond blade to a thickness
of 90 nm. Prepared hex-mesh grids were placed under the sample ribbon in milliQ

water and lifted out carefully then placed on filter paper to dry.

2.7.5 Lead Citrate Staining

Grids with samples were placed, sample-side down, on a droplet of lead citrate for 5
minutes then dipped 20x in each of 3 glass vials of milli-QQ water before being placed

on filter paper to dry.

2.7.6 Micrograph Acquisition and Quantification

Micrographs were taken on the Jeol 1200EX Electron Microscope using an 80, 000
V electron beam. SUR sampling was employed throughout with micrographs being
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captured every quarter turn where sample was present, starting at the top left corner
of a randomly-selected hexagon of the hex-mesh grid. 30 micrographs were acquired

for each sample.

2.7.7 Organelle Identification

Organelles and their presentation in TEM were studied extensively prior to
measurements. Key features of organelles were identified (Fawcett, D., 1981). Rough
endoplasmic reticulum in particular was distinguished by the presence of ribosomes

and will henceforth be referred to simply as ER.

2.7.8 Unbiased Stereology: Three-Dimensional Measure-

ment from Micrographs

Accuracy vs. Precision

Low accuracy
Low precision

Low accuracy
High precision

High accuracy High accuracy
Low precision High precision

Figure 2.2: Accuracy vs. Precision. Values that are close to the true value are ‘accurate’. Values close to each other

(small standard deviation) are precise. Self-generated figure.

41



As depicted in Figure 2.2, accuracy (unbiasedness) and precision (efficiency) are
entirely independent of one another. Accuracy refers to experimental values being

close to the ‘true’ value and precision refers to the closeness of a group of values.

| =

X
NS S

True value

>

Replications

Figure 2.3: As an experiment is replicated, the moving averages of an unbiased and biased estimator of N behave
differently. As replications increase, the average will reach a steady value. A biased estimator, X, may reach a
steady state more quickly than an unbiased estimator, Y. However, the value estimated may not be close to the true
value. The difference between the average of the biased estimator and the true value is referred to as the degree of

bias in the estimator (B). Self-generated figure.

An estimator can be efficient, in that it settles to a stable value very quickly with a
very small standard deviation (Figure 2.3), however this may be inaccurate. In this
study, the true value is unknown but to achieve measurement estimations with as

much accuracy as possible, utilisation of unbiased methods was paramount.

Sources of bias in microscopy can be either sampling or systematic. By employing
systematic uniform randomised (SUR) sampling, it is ensured that every part
of the sample has an equal chance of being selected to contribute to the final
measurement. SUR is applied throughout the entire work flow (as shown in Figure
2.1) from cell culture to micrograph acquisition and analysis. Systematic bias refers

to the tools being used to make measurements. For example, using a 100 mL
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measuring cylinder that was graduated in litres rather than millilitres would incur a 1
million-fold systematic bias. To reduce systematic bias, it is essential that the correct
measurement tools are used and that these are properly calibrated. As described
in Figure 2.3, the degree of bias in the estimator is not calculable as the true value
is unknown. However, by employing SUR and the appropriate measurement tools
one can be confident that the estimations of values are as close to the true value as

possible.

Stereology

Stereology allows quantitative estimates about the geometrical features of a
3-dimensional object to be made by applying a 2-dimensional geometric probe, in
this case a grid, to thin sections of a sample. For stereology to yield accurate
measurements, it requires sampling to be unbiased and random (Howard, C.V., and

Reed, M.G., 1998).
Estimation of Volume Density (Vv)

Volume density (Vv), also known as volume fraction, is defined as the volume
proportion of one phase within a reference volume. Estimation of volume density
using a stereological method was first proposed by the French geologist Delesse in
1847. Delesse showed that, on polished rock sections, the areal fraction of a phase
of interest was an excellent predictor of volume fraction of the phase of interest in

the whole rock, denoted in the following equation:
Vv=Aa
(Volume density is equal to area density)

Glagolev, A.A.; (1933), as cited by Cruz-Orive, L.M., (1997), further developed this
stereological method by using points as a probe to estimate volume. By placing a
grid of fixed points over a cross-section of sample, it is possible to count the points

intersecting with the phase of interest (eg. ER) and with the reference space (in
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this case the cytoplasm). The sum of these counts on multiple micrographs of the
section can then be used to estimate the area fraction of the phase of interest as a

surrogate of volume fraction. Therefore, Vv can be defined by the following formula:
Vv (Y, ref) = Sum of points on Y/Sum of points on ref space

Volume density of the phase of interest, Y, in the reference space is equal to the

sum of points falling on Y per sum of points falling on the reference space.
Overprojection

Overprojection occurs when a section is too thick, causing the projected image
to show a phase of interest larger than the true area of that cross-section due to
opaqueness and the phase of interest being darker. This then results in a systematic
overestimate of volume fraction. This can be avoided by using the thinnest sections

possible.
Estimation of Surface Density (Sv)

Surface density is a valuable measurement in the assessment of surface-limited
processes and is defined as the surface area of interface per unit volume of the
reference space. Surface density estimation requires linear test probes such as lines.
The number of intersections of the test probes (lines) with the surface of the feature
of interest increases as the surface area unit per volume of the feature of interest

increases, denoted by the following equation:
Sv(Y, ref)= area of interface of Y in ref space/Volume of ref space

Smith, C.S., and Guttman, L., (1953), through a study of geometric probability
developed this further. They showed that surface density is equal to twice the
number of intersections (I) between the surface and the linear probe, per unit length

of test line (1) in the reference space, denoted by the following equation:
Sv= 211

This relies on either the object or the probes having isotropy, uniform randomness,
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for unbiased estimations. To generate an isotropic direction in 3D, 2 random angles
are required. In this study, the nature of the preparation of samples (a cell pellet)

ensures random orientation.

Probes and Features

Figure 2.4: Examples of point and line intersections with organelles; A: Nucleus, B: Mitochondrion, C: Endoplasmic
Reticulum. Examples of line intersections with organelles; D: Mitochondrion, E: ER, F: Nucleus. Micrograph of

HCT116 sample was taken at 3000x magnification.

As in Figure 2.4, point intersections (A, B, C) are defined as the perpendicular

crossing of two lines over an organelle. Line intersections are defined as any line
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(horizontal or vertical) over an organelle. For membranous structures such as the
ER or mitochondria, a single line is counted as ‘2’ because it must pass 2 membranes.

In this study the parameters were counted on 30 micrographs per sample as follows:

Cytoplasm points, defined as any points falling on the sample which were not nuclear.
For this the 4x4 grid was used and counts multiplied by 25 (each square contains 25

smaller squares).
ER points and lines using the 20x20 grid
Mitochondria points and lines using the 20x20 grid

Contact points and lines, defined as any points or lines intersecting where ER and

mitochondria have contact, using the 20x20 grid.

The sums of these counts were then used to estimate volume density of ER in
cytoplasm and mitochondria in cytoplasm as well as surface density of ER in

cytoplasm, mitochondria in cytoplasm and ER in ER.

2.8 siRNA knockdown of TS

Lyophilised TYMS siRNA (20 nmole, Silencer Select, Ambion) was briefly
centrifuged then reconstituted in 400 puL. RNase free water to produce a stock
concentration of 50 M. The same was repeated for control (non silencing) siRNA
(Quiagen). All reconstituted siRNA was aliquoted and stored at -20°C then brought
to room temperature prior to use. Qiagen HiPerfect Transfection reagent (3 L,
lipofectamine-based) was added per 100 pL: serum- and antibiotic-free DMEM. Stock
siRNA (2 uL of 50 uM stock) was added per 98 uL. HiPerfect in DMEM to achieve
a siRNA concentration of 1 uM. These were incubated at room temperature for 10
minutes to allow complexes to form. This transfection mix was then added drop-wise
to freshly seeded cells to achieve a final concentration of 10 nM, and dishes gently

swirled to ensure sufficient mixing. This process was repeated every 24 hours during
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all experiments.

2.9 Quantitative reverse transcription poly-

merase chain reaction (RT-qPCR)

2.9.1 RNA extraction from cells

All RNA work was carried out in a working area that was previously cleaned
with RNAse wipes and 70% EtOH. Dishes (60mm) were washed 2x in cold PBS
then placed at an angle on ice and excess PBS aspirated. Lysis buffer (300 uL),
1:100 B-mercaptoethanol in Quiagen RLT buffer; was added to all dishes then cells
scraped. Cells were left to lyse for 10 minutes then transferred to 1.5 mL tubes and

vortexed for 1 minute each. RNA lysates were stored at -20°C until use.

2.9.2 RNA isolation and quantification

Samples were thawed on ice and transferred to spin column tubes. 300 puL 70%
EtOH in milliQ dH>O was added to each sample then centrifuged at 10 g for 15
seconds and flow-through discarded. RW1 wash buffer, 700 L, (Qiagen) was added
to each sample and centrifuged at 10 g for 15 seconds and flow-through discarded.
RPE buffer, 500 L, (EtOH added, Qiagen) was added to each sample, centrifuged
for 2 minutes at 10 g and flow-through discarded. Collection tubes were replaced
with fresh ones and samples centrifuged for 1 minute at 21.1 g then flow-through
discarded. Columns were placed in 1.5 mL tubes and 30 uL. RNase-free dH,O added
to the centre of each tube and samples centrifuged at 10 g for 1 minute before being

placed on ice.

Nucleic acid concentration was measured using Nanodrop and volumes containing

1 pg RNA were determined for each sample and made up to a total of 12 plb with
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RNase free dH2O in 0.6 mL tubes. gDNA wipeout buffer, 2 uL,(Qiagen) was added

to each tube to make a total volume of 14 uL (mix 2) and placed on ice.

2.9.3 Reverse Transcription

Mix 3 was prepared in 0.2 mL tubes as described in Table 2.9.

Component Volume/reaction (uL)

Quantitect Reverse Transcription 1
Quantitect RT Buffer 5x 4
RT Primer Mix 1

6

Final Volume

Table 2.9: Reverse Transcription Mix 3. Reagents purchased from Quiagen.

Mix 3 (6 pL per tube) was added to each sample and placed on the heat block at
42 °C for 15 minutes, then 3 minutes at 95 °C. Samples were then stored at -20 °C

until use.

2.9.4 SYBR Green qPCR

The reaction components, as detailed in Table 2.10, were mixed thoroughly and
appropriate volumes dispensed into PCR tubes. Template cDNA was added last to

individual labelled tubes containing the reaction mix.

Component Volume/reaction (zL) Final concentration
2x Rotorgene SYBR Green PCR master mix 12.5 1x

Quantitect primer assay 2.5 1x

Template cDNA (added last) 1 50 ng/reaction
RNase-free dH>O 9 —_—

Total reaction volume 25 —_—

Table 2.10: SYBR Green PCR reaction components. Reagents purchased from Quiagen.
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Samples were prepared and run in triplicate using the RotorGene qPCR machine

with cycling conditions as described in Table 2.11

Step Time Temperature (°C)

PCR Initial Activation Step b5min 95

Two Step Cycling

Denaturation s 95
Combined Annealing/Extension  10s 60
Number of cycles 40

Table 2.11: Cycling Conditions

2.9.5 Analysis of qPCR

Cycle Threshold (C;) values were used to determine fold change in target nucleic
acid relative to the untreated control using the formula: fold change = 2722¢*. The
difference in C; values for the gene being tested in experimental samples (TE) and
the housekeeping gene in in experimental samples (HE) was calculated as well as
between the gene being tested in control samples (T'C) and the housekeeping gene

in control samples (HC).
TE-HE= ACTE
TC-HC= ACTC

The difference between ACTE and ACTC is then calculated to provide the AACt
value. All values are in logarithm base 2, i.e. every time there is twice as much

DNA, C, values decrease by 1. Therefore expression fold change = 2744¢¢

In this study the housekeeping gene used was GAPDH and the gene tested was
CHOP.
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2.9.6 Enzyme-Linked Immunosorbent Assay: ELISA

The Invitrogen Human PD-L1 ELISA kit was used according to the manufacturer

mstructions.

Preparation of Reagents

All buffer concentrates were equilibrated to room temperature and diluted

immediately prior to the test procedure.

Wash buffer Wash buffer concentrate, 50 mL, (20x) was added to 980 mL dH,O
to produce 1000 mL of 1x wash buffer.

Assay buffer Assay buffer concentrate, 5 mL, (20x) was added to 95 mL dH,O to
produce 100 mL of 1x assay buffer.

Biotin-Conjugate A 1:100 dilution of concentrated biotin-conjugate solution was
prepared with assay buffer (1x). Diluted biotin-conjugate was then used within 30

minutes of preparation.

Strepdavidin-HRP A 1:200 dilution of concentrated streptavidin-HRP solution
was prepared with assay buffer (1x). Diluted streptavidin-HRP was used within 30

minutes of preparation.

Human PD-L1 Standard Human PD-L1 standard was reconstituted in dH,O
according to the vial instructions and mixed gently to ensure complete and
homogeneous solubilisation to a concentration of 600 pg/mL. The standard was
allowed to reconstitute for 10-30 minutes prior to use but then used immediately.
Serial dilutions of the standard were prepared to achieve reference concentrations

ranging from 9.4 pg/mL to 600 pg/mL.
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Test protocol

Microwell strips were washed twice in 400 uL. wash buffer per well then contents
thoroughly aspirated. Empty microwell strips were tapped on absorbent paper to
remove any excess wash buffer then used immediately. Standard diluent (100 pL)
was added in duplicate to all standard wells then 100 u of each prepared standard
was added to wells in duplicate. Final concentration of standards therefore ranged
from 4.7 pg/mL to 300 pg/mL. Sample diluent (100 pL) was added in duplicate
to blank wells. Sample diluent (50 uL) was added in duplicate to all sample wells
followed by 50 p of sample (40 ug total protein for whole cell lysates) in duplicate.
The plate was covered with adhesive film and incubated at room temperature for 2

hours on a microplate shaker.

Adhesive film was removed and wells aspirated. Microwell strips were then washed
4 times in wash buffer. Diluted biotin-conjugate (100 pL) was added to all wells,
including blanks. The plate was covered with adhesive film and incubated at room

temperature for 1 hour on a microplate shaker.

Adhesive film was removed and wells aspirated. Microwell strips were then washed
4 times in wash buffer. Diluted streptavidin-HRP (100 pL) was added to all wells,
including blanks. The plate was covered with adhesive film and incubated at room

temperature for 30 minutes on a microplate shaker.

Adhesive film was removed and wells aspirated. Microwell strips were then washed
4 times in wash buffer. 100 ul. TMB substrate solution was added to all wells,
including blanks. The microwell strips were incubated at room temperature for 30
minutes, avoiding direct exposure to light. During this time, the colour-development
of wells was monitored closely so that the reaction could be stopped before positive

wells were no longer properly recordable.

Once the highest standard had developed a dark blue colour, the enzyme reaction
was stopped by adding 100 pL of Stop solution to each well in quick succession to

ensure uniformity and complete inactivation of the enzyme. The absorbance of wells
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was then read immediately at 620 nm on an Optima plate reader.

Calculation of Results

The average of the duplicate blank wells was calculated and subtracted from the
absorbance values for all standards and samples. The average absorbances for
each set of duplicate standard and sample were calculated. A standard curve was
created by plotting the mean absorbance value for each standard concentration
against the known human PD-L1 concentration. A 5-parameter best fit curve was
applied through the points and PD-L1 concentrations of samples extrapolated by
substituting the mean absorbance values into the equation of the line. As samples
were diluted 1:2; the concentrations read from the standard curve were multiplied

by 2.

2.10 Statistics

Unless otherwise stated, 3 biological replicates were undertaken for each experiment,
with varying numbers of technical replicates for each biological replicate. Values

presented are the mean of replicate values.
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Chapter 3

Thymidylate Synthase

3.1 Introduction

TS is a key enzyme in the de novo synthesis of dATMP from dUMP, in which
5,10-methylenetetrahydrofolate (CH,THF) is the methyl donor (Carreras, C.W.,
and Santi, D.V., 1995). In its active state, TS usually exists as a dimer of two

identical subunits of 30-35 kDa each.

As described in Chapter 1, the majority of CRC patients have either innate or
acquired resistance to 5-FU-based adjuvant therapy. Amongst the plethora of
reported resistance mechanisms associated with 5-FU is T'S protein expression, but
the literature with regards to T'S being a predictive and prognostic biomarker is very
mixed. For example, some studies utilising immunohistochemical (IHC) detection
or RT-PCR for mRNA detection found that high T'S tumour expression is predictive
of a patient benefiting from 5FU-based adjuvant therapy (Edler, D., et al., 2002;
Inoue, T., et al., 2005). Another study utilising IHC and automated quantitative
analysis (AQUA) found that high tumour TS is prognostic of better overall survival
in stage II and III patients but was not predictive of benefit from a 5-FU-based
therapeutic regimen (Niedzwiecki, D., et al, 2017). Conversely, Johnston, P.G.,

et al. (1995) found that low tumoral TS gene expression was predictive of better
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response to 5-FU. TS is a vital component of both cancer cell proliferation and
5-FU-based chemotherapy regimens, but downstream effects of T'S inhibition have

yet to be fully elucidated.

3.1.1 Aims and Objectives

Due to the vital role of TS in the mechanism of action of 5-FU and NUC-3373,
its implication in resistance to treatment and the mixed literature on its value as
a predictive or prognostic marker, it was decided that initial studies would address
this dynamic protein. Firstly, cell line profiles in response to NUC-3373 should be
investigated and cell lines for future studies selected. This chapter will then assess
the value of TS protein expression as a predictive biomarker in an in vitro setting
as well as the dynamics of TS and TS complexes by utilising time-course studies.
To date, there have been very few studies of TS cellular localisation so this too will
be investigated in the hope that this could be informative of the downstream effects
of inhibiting T'S protein expression through interaction with the active metabolite

of both 5-FU and NUC-3373; FAUMP.

3.2 Results

Initial studies sought to establish appropriate CRC cell lines in which to further
study the action of NUC-3373. A panel of nine CRC cell lines were selected based
on their IC54s to 5-FU from previous chemosensitivity studies by Dr R. Briffa during
her PhD studies at the University of Edinburgh. The panel included cell lines with
a wide variation of sensitivities to 5-FU, varied MMR status and TP53 mutation
types. Initial experiments conducted were to optimise the starting cell densities for
use with the intended assays. These experiments determined the seeding densities

for all future experiments (see Appendices).
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3.2.1 Characterisation of cell line sensitivity to NUC-3373

Nine adherent CRC cell lines were selected and their sensitivity to NUC-3373 and
5-FU (not shown) under normoxic and hypoxic conditions assessed. Cell survival

was assessed using both SRB assay and Celigo cell confluence scans.
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Figure 3.1: Sensitivity of a panel of 9 CRC cell lines to NUC-3373. A: ICs0 concentrations (uM) for NUC-3373
under normoxic and hypoxic conditions. B: Log-dose response curve for NUC-3373 under normoxia. C: Log dose

response curve for NUC-3373 under hypoxia (0.5% Oz. Npioiogicai=3, 6 technical replicates for each biological.
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As detailed in Figure 3.1, ICs9s for NUC-3373 in the panel of nine CRC cell
lines under normoxic conditions ranged from 9.062 uM to 76.44 uM, whilst those
subjected to hypoxia ranged from 4.063 M to 213.5 uM. Interestingly, only three of
the cell lines were more resistant to NUC-3373 treatment under hypoxic conditions.
MMR status of cell lines did not appear to have any bearing on sensitivity to
NUC-3373. It was decided that two cell lines should be selected for further study-
one less sensitive (SW480) and one more sensitive (HCT116).
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Figure 3.2: Effect of NUC-3373 on the growth of HCT116 and SW480 cells. Treatment concentrations range from
2-35 pM. Growth was measured as cell confluence over 4 days. Cells were seeded on day 0 and drug added on day
2, then washed out on day 3, followed by 72 hours growth in culture medium). Nyioi0gicai=3, 6 technical replicates

for each biological.

In HCT116 cells, inhibition of growth was not observed until 24 hours post-drug
removal. This was also the case for SW480 cells, but with only the top concentration
of 35 uM having a minor inhibitory effect at this early time point. Although
NUC-3373 caused a net inhibition of growth in both cell lines, growth of SW480
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cells was much less susceptible to inhibition than that of HCT116 cells, requiring
much higher concentration of drug to produce a noticeable difference.
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Figure 3.3: Relationship between Celigo cell confluence (%) and optical density derived from SRB colorimetric assay

in HCT116 cells treated with various concentrations of NUC-3373.

The survival of HCT116 cells treated with a range of concentrations of NUC-3373
was assessed by both SRB assay (optical density) and by Celigo cell confluence (%).
When these two sets of values were plotted against each other as in Figure 3.3 they
were found to have a strong linear relationship indicating that data achieved from

both assays were reliable.

3.2.2 Thymidine Rescue

Cells were treated with a range of NUC-3373 concentrations plus or minus 8 pg/mL
thymidine to assess whether cells could be rescued from a thymine-depleted death.

Cell survival was assessed using SRB assay.
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Figure 3.4: The effect of 8 ug/mL Thymidine supplementation on NUC-3373-induced cell death, measured by SRB
assay. A: HCT116, B: SW480. Ny;oi0gicat=3, 6 technical replicates for each biological. Error bars are plotted as

plus and minus the standard deviation of 3 biological replicate means.

Thymidine rescued both HCT116 and SW480 cells from NUC-3373-induced death

in all treatment concentrations (Figure 3.4).

3.2.3 TS expression and sensitivity to NUC-3373

To explore the role of TS protein as a predictive biomarker for NUC-3373 treatment,
TS protein expression was measured in whole cell lysates from the panel of 9 CRC
cell lines by Western blot and assessed against each 1Csy for NUC-3373 as detected
by SRB assay.
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Figure 3.5: Endogenous T'S expression vs. sensitivity to NUC-3373 in a panel of 9 CRC cell lines. A: Representative
Western blot of T'S protein expression (36 kDa), with S-actin (45 kDa) as loading control, in whole cell lysates. B:
TS expression (as TS signal/actin signal) vs. NUC-3373 ICs¢ (uM).

TS protein expression varied greatly amongst the 9 cell lines studied, with SK-CO-1
having lowest expression and DLD-1 having the highest. When plotted against
their individual IC5ys for NUC-3373, no correlation between TS protein expression
and sensitivity was found, indicated by the wide scatter of points with no linear

relationship.

3.2.4 Dynamics of TS in response to 5-FU and NUC-3373

treatment

Due to no correlation being found between basal TS protein expression and
sensitivity to NUC-3373 in cell lines, it was decided that the dynamics of T'S and TS
ternary complex expression should be explored in response to NUC-3373 and 5-FU
treatment, with the hypothesis that sensitivity to NUC-3373 may be determined
by the ability to inhibit TS. Cells were treated with 5-FU and NUC-3373 for 6,
12, 24, 48 and 72 hours. Whole cell protein lysates were harvested and Western
blot used to assess T'S and TS ternary complex protein expression. The antibody
used, Abcam 108995, detects both free and ternary complex TS, with lower bands
corresponding to free TS and upper bands to ternary complex TS. As can be seen

in Figures 3.6 and 3.7, the antibody to TS was highly specific with no additional
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unexpected bands observed. Values for total TS protein expression are the sum of
the signal detected of both upper and lower T'S bands. The average of 3 biological
replicates was plotted as a bar with individual replicates plotted as scatter points
for full transparency. Although there was significant inter-replicate variability, the

expression trend remained similar over the time course.
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Figure 3.6: TS expression in protein lysates from HCT116 cells treated with either 10 pM 5-FU or 10 uM NUC-3373
for 6, 12, 24, 48 and 72 hours, with control being untreated. A: Representative Western Blot of T'S expression. Lower
green bands: Free TS (36 kDa), Upper green bands: TS ternary complex (~38 kDa), Red bands: B-actin (45 kDa)
as loading control. B: Total T'S expression (Sum of free TS signal and TS ternary complex signal). C: TS ternary
complex expression. D: Free TS expression. In B-D quantified protein expression is expressed as signal/actin signal.

Values are plotted as the average of 3 biological replicates and each individual replicate is plotted as a scatter point.

In 5-FU-treated HCT116 cells (Figure 3.6, total T'S protein decreased after 6 hours

then was quickly recovered after 12 hours. Total TS reached a peak after 24 hours,
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followed by a decline over the next 48 hours to achieve a signal that was less than that
detected in the untreated control. In NUC-3373-treated cells, there was no change
in total TS expression at the 6 hour time point but a clear increase after 12 hours
which was sustained through to the 72 hour time point. TS ternary complexes
(observed at 38 kDa) could be detected after 6 hours of 5-FU and NUC-3373
treatments in HCT116 cells and remained for 72 hours. No upper TS band was
detected in the control sample, confirming that the upper band corresponds to TS
only when in a ternary complex with FAUMP. Free TS was quantified by detecting
the fluorescence intensity of lower T'S bands. A decrease in free T'S protein expression
was observed after 6 hours in both 5-FU- and NUC-3373-treated cells but this was
quickly recovered after 12 hours. Under both drug treatments, free TS remained
consistent, with the signal detected comparable to that of the control sample for the
full 72 hours following treatment, with the exception of 5-FU-treated cells, in which
TS expression decreased to approximately 50% of the untreated control. Values were
not normalised to the untreated control because for TS ternary complex expression

the untreated control was equal to 0.
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Figure 3.7: TS expression in protein lysates from SW480 cells treated with either 10 uM 5-FU or 10 pM NUC-3373
for 6, 12, 24, 48 and 72 hours, with control being untreated. A: Representative Western Blot of T'S expression. Lower
green bands: Free TS (36 kDa), Upper green bands: TS ternary complex (~38 kDa), Red bands: B-actin (45 kDa)
as loading control. B: Total T'S expression (Sum of free TS signal and TS ternary complex signal). C: TS ternary
complex expression. D: Free TS expression. In B-D quantified protein expression is expressed as signal/actin signal.

Values are plotted as the average of 3 biological replicates and each individual replicate is plotted as a scatter point.

In SW480 cells treated with 5-FU (Figure 3.7), total TS protein expression increased
after 12 hours, reaching a peak at 24 hours at almost double the expression measured
in the untreated control. Total T'S expression decreased after 48 and 72 hours but
still remained higher than that detected in the control sample. A similar pattern
was observed in SW480 cells treated with NUC-3373 but TS expression did not
decrease after 48 hours, instead there was a marked increase in expression at 72
hours. However, this may be due to the third biological replicate at 72 hours

skewing the average. TS ternary complexes were detectable by 6 hours following
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both 5-FU and NUC-3373 treatment and continued to increase, reaching a plateau
between 24 and 48 hours. In 5-FU-treated SW480 cells, TS ternary complexes
remained consistent after 72 hours treatment but in NUC-3373-treated cells there
was a considerable increase. As mentioned for total TS levels, this third biological
replicate may have distorted the average. Free TS expression, in both 5-FU- and
NUC-3373-treated SW480 cells, decreased after 6 hours but was recovered after 12
hours to expression comparable to that of the control. In 5-FU-treated cells, free
TS expression continued to rise reaching a peak after 24 hours then fell back to
control-level expression by 72 hours. In NUC-3373-treated cells free T'S expression
was marginally higher than that of 5-FU-treated cells after 24 hours but was

consistent for the duration of treatment thereafter.

These data indicate that both 5-FU and NUC-3373 treatment result in the formation
of TS ternary complexes from as little as 6 hours, however the time taken for these to
form may be shorter and would require an earlier lysis time point to be detected. The
complexes formed by NUC-3373 treatment are more sustained than those formed
by 5-FU treatment. Interestingly, inhibition of free TS by both drugs is neither

long-lasting nor complete, contradictory to their believed mechanism of action.

3.2.5 TS Cellular Localisation

Due to the induction of TS ternary complexes and the finding that free T'S expression
is recovered quickly following the initial drug insult, the cellular localisation of TS

was assessed by ICC and IF (using the same anti-TS antibody).
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As observed in Figure 3.8, TS expression is predominantly nuclear in untreated
HCT116 cells with some diffuse cytoplasmic presence. NUC-3373 treatment resulted
in an increased cytoplasmic and decreased nuclear expression of T'S. In some cells,
this cytoplasmic expression was granular and punctate in nature. The degree of loss

of TS from the nuclear compartment was highly varied in this cell line.

Untreated SW480 cells had both nuclear and cytoplasmic expression of TS (Figure
3.9). When treated with NUC-3373, there was some loss of nuclear expression but
not as pronounced as that observed in HCT116 cells. NUC-3373 treatment did not
result in the punctate cytoplasmic TS expression that was found in some HCT116

cells.

In HCT116 cells especially, there was a high degree of inter-cellular heterogeneity of
TS expression therefore it was necessary to assess a larger population of cells in an
unbiased manner. Cells were prepared on slides by cytospinning following treatment
in order to flatten them and make TS localisation clearer. TS was detected using
immunocytochemsitry linked to DAB-chromogen, then slides scanned and 800 cells
from each condition (untreated control and NUC-3337) selected for assessment using

systematic uniform randomised sampling.
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Control NUC-3373

Figure 3.10: Representative images of TS expression and quantified TS expression in cytospinned HCT116 cells

either untreated (control) or treated with 10 uM NUC-3373 for 24 hours.
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Cells were studied and TS location classified as either nuclear only, or having
cytoplasmic presence (Figure 3.10). It was confirmed that the majority of untreated
HCT116 cells express nuclear TS, with a clear loss in those cells treated with

NUC-3373 in which it appeared to translocate to the cytoplasm.

Candidates proposed for localisation of cytoplasmic TS included, but were not
limited to, lysosomes as well as processing bodies. Lysosomes were detected using
anti-lysosomal associated membrane protein 1 (LAMP1) antibody and processing

bodies were detected using anti-Decapping mRNA protein la (Dcpla) antibody.

Lysosomes

Lysosomes are membrane bound vesicles containing enzymes capable of degrading
proteins, DNA, RNA, polysaccharides and lipids. Lysosomes also fuse with
autophagosomes to degrade internal organelles (Cooper, G.M., 2000). Integral to
lysosomes are the lysosomal associated membrane proteins or ‘LAMPs’. These are
heavily glycosylated lysosomal membrane proteins and are involved in preventing
intracellular proteolysis of the lysosomal membrane (Wang, Q., et al., 2017). LAMP1
has found to be abundantly expressed in colorectal neoplastic tissues (adenoma or
cancer) compared with non-neoplastic tissues (Furuta, K., et al., 2001) in addition

to being implicated in the metastatic potential of CRC (Saitoh, O., et al., 1992).

HCT116 and SW480 cells were treated with NUC-3373 for 24 hours, fixed in
4% paraformaldehyde and probed with both anti-LAMP1 antibody and anti-TS
antibody to assess whether TS was localising with lysosomes for degradation

following treatment.
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In untreated HCT116 cells, LAMP1 expression was cytoplasmic but not diffuse,
localising more prominently to the perinuclear region (Figure 3.11). There was no
co-localisation of LAMP1 and TS, indicating that TS is not lysosomal. After 24
hours of treatment with 10 uM NUC-3373 there was no change in the LAMP1
expression pattern compared with untreated HCT116 cells and there was still no

co-localisation with TS.

In untreated SW480 cells (Figure 3.12) LAMP1 expression was cytoplasmic, with
more diffuse distribution than the peri-nuclear expression observed in HCT116
cells.  After 24 hours treatment with 10 uM NUC-3373, SW480 cells had
upregulated LAMP1 expression when compared to control and displayed some
potential co-localisation with TS, indicated by yellow colour. Lysosomes were also

observed to be present in the extended projections of SW480 cells.

Processing Bodies

HCT116 and SW480 cells were treated with 10 pM NUC-3373 for 6, 12 or 24 hours,
fixed in 4% formaldehyde and probed with anti-Dcpla, conjugated to Alexa Fluor
594, as a marker of processing bodies. Due to this ant-Dcpla being raised in a
rabbit, the same species as the previously-mentioned anti-TS antibody, it was not

possible to co-probe to determine any co-localisation.
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Hoechst

NUC-3373 12h NUC-3373 6h Control

NUC-3373 24h

Figure 3.13: Dcpla expression in HCT116 cells treated with 10 uM NUC-3373 for 6, 12 or 24 hours. Blue: Hoechst
(nuclear stain), Red: Dcpla, Red: LAMP1. Arrows indicate processing bodies. 100x magnification.

In HCT116 cells, there was a very low basal cytoplasmic expression of processing
bodies, presenting in a highly punctate manner (Figure 3.13). NUC-3373 treatment
resulted in increased Dcpla expression after 6 hours which presented in both a
punctate as well as diffuse manner. By 12 hours and 24 hours treatment, Dcpla
expression was no longer diffuse, but the punctate bodies are larger and more
plentiful. It may be that processing bodies undergo disassembly after 6 hours of
treatment, indicated by the diffuse expression of Dcpla at this time point, then are

reassembled after 12 hours as Dcpla is sequestered back to processing bodies.
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Figure 3.14: Dcpla expression in SW480 cells treated with 10 M NUC-3373 for 6, 12 or 24 hours. Blue: Hoechst
(nuclear stain), Red: Dcpla, Red: LAMPI1. Arrows indicate processing bodies. 100x magnification.

In SW480 cells, there was much weaker expression of Dcpla than observed in
HCT116 cells, but an increase in punctate bodies was still detected following
NUC-3373 treatment (Figure 3.14). This indicates that NUC-3373 also induces
processing body formation in SW480 cells.
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3.3 Discussion

3.3.1 Sensitivity of Cells to NUC-3373

When assessing the chemo-sensitivity of cell lines to anti-cancer agents, it is pertinent
to question the meaning and use of the terms IC59, EC50 and LD5y. LDj5o (half
maximal lethal dose) refers to the dose of a drug that would result in the direct death
of 50% of the original population of cells and thus would be inappropriate to use in
this case due to the nature of cells proliferating and it being impossible to identify
those from the original population. ECj;, (half maximal effective concentration)
refers to the concentration of a drug that is effective in 50% of the population. 1Csq
is the concentration of a drug required to inhibit 50% of the population, in this case
inhibiting the growth of cells as a whole population (Rang, H.P. et al., 2012). From
the studies of cell growth using Celigo cell confluence scans it was observed that
NUC-3373 treatment results in a net inhibition of cell growth and not a net death
of cells. That is to say that some cells may be dying but not necessarily as fast as
those proliferating. Alternatively, it could simply be that the rate of proliferation
is slowed. Further studies would be required to determine this. It was decided that
IC5y was the most appropriate term to use for these reasons and that it would be

estimated using the SRB assay.

The SRB assay has been used widely in the measurement of IC;ps since its
development by Skehan, P.; et al, (1990). When subjected to mildly acidic
conditions, one of the sulfonic groups of SRB dye binds to basic amino acid residues
on proteins in TCA-fixed cells. This can then be dissolved by Tris and optical
density measured. Whilst this method is inexpensive, quick and reproducible, it is
important to note that it is a measure of total cellular protein and not of cellular
activity. In this study, the Celigo scanner was used to measure confluence of cells
concurrent to the SRB end-point assay. The two methods, as in Figure 3.3, were
shown to have a strong linear correlation and therefore SRB was deemed to be

reliable, therefore other available assays of cellular viability such as Alamar Blue
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and MTT were not considered.

The panel of cell lines tested exhibited a very wide range of sensitivities to NUC-3373
and were varied in terms of their MMR and TP53 status. Of these, HCT116 and
SW480 were chosen to study further. This was in part due to their monolayer
phenotype allowing for more accurate observations to be made using Celigo. Most
importantly was their ICsq values being significantly different, with HCT116 chosen
to represent tumours more responsive to NUC-3373 and SW480 those less so. The
concentration chosen for future studies with these cell lines was 10 M as, although
this is lower than the ICsq values, it was sufficient to reduce growth in both cell lines
as measured by Celigo cell confluence scans and therefore in theory would bring
about some of the pre-apoptotic events that were desired to elucidate further the

mechanisms of action of NUC-3373.

3.3.2 Thymidine rescue of cells

By treating cells with NUC-3373 in the presence and absence of thymidine
supplementation, it was demonstrated that cells could be saved from a thymine-less
death. This is likely due to the utilisation of the salvage pathway for dTMP
production (Chu, E., and Allegra, C., 1996) when the de novo pathway was inhibited

by the formation of TS ternary complexes (Figure 3.15).
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Figure 3.15: Inhibition of de novo synthesis of dTMP by TS ternary complexes.

If thymidine can rescue cells from a NUC-3373-induced death, could patient
thymidine levels influence treatment outcome or pose a resistance mechanism? Early
in vitro and animal studies found that inhibition of thymidine salvage potentiates
the cytotoxicity of TS inhibitors such as 5-FU and capecitabine (Lehman, N.L., and
Danenberg, P.V., 2000; Smith, P.G., et al., 2000). However, it has been found that
there is no significant difference in basal plasma thymidine concentration between
normal subjects and CRC patients (with thymidine in the 7-15 nmol/L range), in
contrast to the 100- and 300-fold higher concentrations in rats and mice (Li. K.M., et
al., 2005). Furthermore, it was found that pre- and post-treatment thymidine serum
levels demonstrated no correlation between response or toxicity to TS inhibitor
treatment (Li, K.M., et al., 2007). However, it must be noted that Li et al. did not
specify the time course of blood collection for measurement of plasma thymidine
levels, which could vary greatly. Despite this, the concentration of thymidine used
in these experiments (8 ug/mL) was still much higher than that found in patients so
is not representative of the in vivo condition. Therefore, these data merely highlight

that NUC-3373 is targeting the de novo pathway of dTMP synthesis.
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3.3.3 Hypoxic studies

In preliminary studies, cells were cultured and treated under both normoxic and
hypoxic conditions (0.5% O3) in order to assess the efficacy of NUC-3373 in
oxygen-deprived areas of tumours. 5-FU has previously been reported to be less
effective under hypoxic conditions (Li, J., et al, 2017; Yoshiba, S., et al., 2009;
Déster, S., et al., 2017). Wang, L. et al., (2016) found that both HCT116 and
SW480 cells were less sensitive to growth inhibition by 5-FU when subjected to
hypoxia (1% O2) compared with normoxia, with SW480 being the more resistant
of the two. The main mechanism of action of 5-FU is thought to be the inhibition
of DNA replication in S phase. When Wang et al. sorted HCT116 and SW480
cells by flow cytometry, it was discovered that there was a higher proportion of cells
in G1 phase and fewer in S phase when under hypoxic conditions compared with
normoxic. This indicates that hypoxic stress may cause G1/S arrest in CRC cells,
thus inducing chemo-resistance to 5-FU. In the preliminary studies of the effect of
hypoxia on NUC-3373 chemo-sensitivity in this chapter, there was a mixed response
throughout the cell line panel. Like the afore-mentioned study by Wang et al.
utilising 5-FU, SW480 cells exhibited increased resistance to NUC-3373 (3.8-fold)
under hypoxic conditions. However, it was found that HCT116 cells were more
sensitive to NUC-3373 under hypoxic conditions, contradictory to studies by Wang
et al. These data were interesting to inform but further hypoxic studies did not lead
to any data of functional significance so were excluded from future experiments.
Additionally, studying hypoxia in cancer cell culture is not representative of the

heterogeneity of Oy deprivation in cells within tumours in wvivo.

3.3.4 5-FU vs NUC-3373

It was important to be aware that a direct comparison between 5-FU and NUC-3373
made in an in wvitro setting would not be representative of their efficacies in wvivo.
Although their active metabolites are the same, the in vitro model lacks the vital

components that elucidate their differences in the clinic, such as the liver. NuCana
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ple. have conducted investigations into the difference in the pharmacokinetic (PK)
profiles of NUC-3373 and 5-FU (see Figure 3.16) both in wvitro and in vivo. In
the CRC cell line HT29, mass spectrometry studies revealed a 366-fold increase in
concentration of the active metabolite FAUMP (also known as FUDR-MP) when
treated with NUC-3373 compared with 5-FU. In peripheral blood mononuclear cells
extracted from patients in the phase I study NuTide:301, NUC-3373 was found
to have a much more favourable PK profile than 5-FU. The plasma half -life of
NUC-3373 is much longer than that of 5-FU, TS inhibition was stronger (likely due
to the greater concentration of FAUMP), dTMP pools were depleted and no toxic
metabolite (dhFU) was detected.

NUC-3373 generates significantly higher levels of intracellular FUDR-MP
in HT29 human CRC cell line compared with 5-FU A

366x increase in
active metabolite

! l FUDR-MP |
:\\}‘- -]..E:,.-.f —‘
I T T T T T T T —— ]
40 & 100 20 4 140 o
NUC-3373 PK profile comparison with 5-FU B
Plasma t, 2 9.7 hours 8-14 minutes
FUDR-MP [in PEMCs) Detected [dose proportional Undetected®
TS inhibition Sirong Weak
Intracellular levels of dTMP Depleted No change
Toxic metabolite [dhFu) Undetected High levels

Figure 3.16: Comparison of NUC-3373 and 5FU. A: Active metabolite FAUMP (FUDR-MP) levels in HT29 cells
following NUC-3373 or 5FU treatment, detected by mass spectrometry. B: NUC-3373 Pharmacokinetic profile
comparison with 5FU in PBMCs derived from phase I clinical trial patients. From Blagden, S., et al., 2018.

3.3.5 Thymidylate Synthase

Due to the vast difference in performances of NUC-3373 and 5-FU in vivo, which is
in large part due to the degradation by DPD in the liver, this thesis avoided direct
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comparisons between the two. Instead, focus was placed on the mechanism of action
relating to the active metabolite of both these drugs; FAUMP. Investigations in this
chapter focussed on the dynamics of the target of the active metabolite of both
5-FU and NUC-3373; TS. Due to the mixed literature regarding TS expression
as a predictive biomarker of response to 5-FU, the chemosensitivity of the cell
lines in the panel were first assessed against endogenous (treatment-naive) TS

protein expression, which was found to have no bearing on the chemosensitivity

to NUC-3373.

It was then hypothesised that the determining factor in sensitivity of cell lines to
NUC-3373 or 5-FU treatment could be the ability to inhibit TS, but this was found
not to be the case. The finding that free TS increases with exposure to both 5-FU
and NUC-3373 in both cell lines is supported by previous work by Chu, E. and
Allegra, C.J., (1996). They presented the first evidence to suggest that a possible
resistance mechanism to 5-FU may be its acute induction of TS. In agreement with
the data presented in this study they demonstrated that, although a proportion of
TS was in its ternary complex form with FAUMP, much of the increase was due to
‘free” unbound TS. Their work elucidated the negative autoregulatory mechanism

in which translation of TS mRNA is regulated by its own protein product.

TS ternary
freeTS complex
AUG UAA
5 ‘ 3

480-550

Figure 3.17: The negative self-autoregulatory mechanism of TS mRNA translation. Adapted from Chu, E. and
Allegra, C.J., (1996).
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TS binds to its own mRNA, resulting in translational inhibition. As demonstrated
in Figure 3.17, free TS interacts with high affinity to two cis-elements of TS mRNA.
The first is a 30-nt sequence in the 5’"UTR which includes the AUG start site. The
second site is a 70-nt sequence within the coding region corresponding to nt 480-550.
This site transpired to be critical for protein recognition, as a series of mutations that
abolished the stem loop resulted in RNA sequences that were unable to interact with
TS protein (Liu, J., et al., 2002). This binding activity is dependent on TS being
ligand-free so when bound in a ternary complex with FAUMP this translational
inhibition is lost, resulting in an increase in TS protein production. This effect was

found in several cell lines (see appendices), even those highly sensitive to NUC-3373.

Interestingly, the TS complexes and free TS induced by NUC-3373 treatment appear
more sustained than those induced by 5-FU, which decrease after 72 hours. This
could be due to either the longer half-life of NUC-3373 or a higher concentration of
FAUMP, although mass spectrometry would be required to assess metabolite levels

to confirm this.

These data led to the question of where induced TS was located within the cell.
It was found that NUC-3373 treatment resulted in a translocation of TS from the
nucleus to the cytoplasm. Previous work has found both HCT116 cells in wvitro
(Bissoon-Haqqani, S. et al., 2006) and CRC cells in vivo (Wong, N.A.C.S., et al.,
2001) to have a strong nuclear T'S expression in agreement with this work, but studies
have yet to fully elucidate the dynamics of TS intracellular localisation following

treatment with 5-FU.

It is unclear whether the TS translocated from nuclei to cytoplasm with NUC-3373
treatment is in its free or ternary complex form. The antibody specific to the
TS ternary complex (MABE370) has only been validated for use in western blot.
When IF was attempted using this antibody, it could not be validated as a high
level of background fluorescence was present in untreated cells. The epitope of
this antibody is not detailed so it is unclear what conformation TS protein must

present to bind. It was successful in detecting TS ternary complex specifically in
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western blot (see appendix), with no detection in untreated lysates under denaturing
conditions. TS undergoes a conformational change between its active (free) and
inactive (ternary complex) states (Luo, B., et al., 2011). In its ternary complex,
TS-FAUMP-CHyH,folate, there is a covalent bond between Cys198 and C-6 of the
bound nucleotides. Under denaturing conditions, T'S ternary complexes retain the
covalent bonds with cofactors (agreeing with the weight at which drug-bound TS is
detected in western blot). It remains unclear as to why the MABE370 antibody is

not specific in IF.

In 2001, Wong, N., et al. reported that high nuclear TS predicted poorer response
to 5-FU. Similarly, Gustavson, M.D., et al., (2008) reported that a higher nuclear
to cytoplasmic ratio of TS expression significantly correlated with poorer 5-year
survival in two large cohorts, n=599 and n=447, of CRC patients. The localisation
of de novo dTMP synthesis may be responsible for these findings. During G1,
de novo dTMP synthesis takes place in the cytoplasm. Upon S phase, serine
hydroxymethyltransferase 1 (SHMT1), TS and dihydrofolate (DHFR) undergo
small ubiquitin-like modifier (SUMO)-dependent translocation to the nucleus.
MacFarlane, A., et al., (2011) demonstrated that uracil incorporation into DNA was
heightened when de novo dTMP synthesis was restricted to the cytoplasm. 5-FU
causes G1 arrest of cells (Tokunaga, E., et al., 2000), which may provide a basis for
the finding that a higher proportion of cells expressed cytoplasmic TS when treated
with NUC-3373. When considering the data here in this study, the high levels of
intercellular heterogeneity of TS localisation between nuclei and cytoplasm may be
explained by the cell cycle-regulation of dTMP synthesis. Quantitative analysis
found an overall translocation of TS to the cytoplasm with NUC-3373 treatment
which, according to the findings by MacFarlane’s group, encourages elevated uracil
incorporation into DNA, possibly contributing to NUC-3373-induced cell death.
Further work to synchronise cell cycle by flow sorting prior to treatment with

NUC-3373 could further illustrate more precisely the effect on TS localisation.

The sequestration of TS to the punctate cytoplasmic expression observed in some

NUC-3373-treated cells was investigated further by immunofluorescence in order to
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establish any co-localisation with other organelles or vesicles. None of the candidates
investigated showed any co-localisation with TS. Whilst not localising with TS
expression, the expression of lysosomes (detected by an antibody against LAMP1)
was more pronounced in SW480 cells. Additionally, their intracellular distribution
extended to peripheral sites of the cell, unlike in HCT116 cells where lysosomes
were localised to the cytoplasmic region to the periphery of the nucleus. Saitoh,
O., et al., (1992) reported that highly metastatic cancer cell lines have a higher
expression of LAMP proteins. It may be that SW480 cells are less sensitive to
NUC-3373 treatment due to their lysosomal degradation ability, presenting as a
further mechanism gaining an advantage for SW480 cells over NUC-3373 treatment.

However, this would require further investigation including functional studies.

Processing bodies, detected by an antibody against Dcpla, appeared to be the
most promising candidate for TS localisation. In response to environmental stress,
such as heat, UV radiation or exposure to some drugs, a signalling cascade is
activated within cells to shut down protein translation in order to conserve energy
required for repair of stress-induced damage. This results in the formation of
cytoplasmic aggregates of stalled translational preinitiation complexes termed stress
granules (SGs) and cytoplasmic sites of mRNA degradation termed processing
bodies (P-bodies) (Anderson, P., and Kedersha, N., 2007; Kedersha, N.; et al.,
2005). Stress granule expression was assessed in this study by immunocytochemistry
linked with fluorescence using an antibody against eukaryotic initiation factor 3
(elF3) but no expression was found. This may be due to the very transient nature
of SGs and not measuring at the correct time point, so positive controls (such as
aresnite-treated cells) would have been useful in this study. However, visualisation
of p-bodies was successful. Due to the absence of co-probing with anti-TS antibody;,
their co-localisation can only be speculated against. If they do co-localise, it could
be postulated that p-bodies play the role of storing T'S bound to mRNA. The diffuse
appearance observed with 6 hours of NUC-3373 treatment in HCT116 cells may be
due to p-bodies disassembly. When TS is bound by FAUMP, this necessitates the

requirement for TS mRNA to become translationally active again to replenish the
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cellular level of TS.

3.3.6 Chapter Summary

To summarise, this data chapter has found that basal TS protein expression does
not determine sensitivity to NUC-3373 treatment in an in vitro setting. Indeed,
NUC-3373 treatment to inhibit TS protein expression results in the formation
of TS ternary complexes but also a recovery of TS expression and an apparent
translocation to the cytoplasm. Although co-localisation of punctate cytoplasmic
TS was not confirmed, it was demonstrated that NUC-3373 increases the appearance
of p-bodies. Taken together, these data point towards additional mechanisms of cell

death by NUC-3373 that are independent of the DNA damage pathway.
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Chapter 4

Endoplasmic Reticulum Stress

4.1 Introduction

The previous chapter found that NUC-3373 treatment results in increased TS protein
expression accompanied by a nuclear to cytoplasmic translocation of TS. It was
hypothesized that either the increased synthesis of TS protein or presence of TS
ternary complexes in cytoplasm may induce endoplasmic reticulum (ER) stress.
Furthermore, Yadunandam, A.K., et al., (2012) found evidence that 5-FU can induce
ER stress in hepatocellular carcinoma Sk-Hepl cells, indicated by an increase in

CCAAT-enhancer-binding protein homologous protein (CHOP) expression.

4.1.1 The Unfolded Protein Response and ER Stress

Cells communicate with their environment through a variety of signalling proteins
which convey crucial information relating to the health of the organism. For
example, these signals determine whether a cell should divide, migrate, differentiate
or die. The majority of these proteins are assembled in the ER before being
translocated to the appropriate cellular location for their function. Only proteins

that are correctly folded are permitted to exit the ER, whilst misfolded proteins
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are retained in the ER and delivered for proteasomal degradation after retrograde

translocation into the cytosol (Walter, P., and Ron, D., 2011).

Ca?* disruption and increased traffic of unfolded or misfolded proteins places stress
on the ER. In order to restore homeostasis and ensure the survival of the cell, the
unfolded protein response (UPR) is induced. The UPR acts to both reduce the load
of proteins entering the ER and activate genes to increase the folding capacity of
the ER. Accumulation of misfolded proteins in the ER lumen causes dissociation
of the master regulator of the UPR, immunoglobulin binding protein (BiP), from
ER-resident transmembrane components which are linked to three mechanistically
distinct arms of the UPR. Dissociation of BiP from protein kinase RNA-like ER
kinase (PERK), inositol-requiring enzyme 1 (IRE1) and activating transcription
factor 6 (ATF6), activates a signalling cascade which attempts to regain proteostasis
in the ER (see Figure 4.1). Proteostasis is achieved by increasing ER volume,
increasing the production of ER chaperones as well as transient attenuation of
global protein translation (Ron, D., and Walter, P., 2007). However, if ER stress
is prolonged and unmitigated, cells respond by increasing transcription of proteins
such as CHOP (Nishitoh, H., 2012) which promote apoptosis. The fine balance of
expression between pro-survival and pro-apoptotic determines the fate of cells when

subjected to ER stress conditions.
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Experimentally, ER stress can be induced using a number of agents. Two classical
inducers of ER stress, thapsigargin and tunicamycin, cause accumulation of mis-
or unfolded proteins in the ER. Thapsigargin acts by increasing the concentration
of cytosolic free Ca?t due to inhibition of the Ca?T-dependent ATPase pump in
the ER (Thastrup, O., et al., 1990). This results in a decrease in Ca’*" storage
and thus decreased activity of Ca?t-dependent chaperones and consequently an
accumulation of unfolded proteins in the ER lumen (Backer, M.V., et al., 2011).
Tunicamycin, a naturally occurring antibiotic (Guha, P., et al., 2017), induces ER
stress by inhibiting the initial step required for biosynthesis of N-linked glycans;
lipid-linked oligosaccharide synthesis in the ER (Banerjee, A., et al.,, 2011). This
impedes the protein-folding activity of the ER resulting in the accumulation of mis-
or unfolded proteins in the ER and subsequent ER stress. If ER stress is prolonged
or unmitigated, pro-apoptotic CHOP is upregulated.

4.1.2 Aims and Objectives

This chapter will seek to underpin the impact of NUC-3373 treatment on ER
stress-related pathways. The ER is a very dynamic and plastic organelle that is
often observed to be dilated under under stress conditions (Oslowski, C., and Urano,
F., 2011). Like ER, mitochondria are very responsive to cellular stress and plays a
role in the coordinated response to recover from ER stress and achieve proteostasis
(Kornmann, B., et al., 2009). ER distension can be detected in cells undergoing ER
stress by TEM, having been extensively studied in pancreatic beta cells (Akiyama,
M., et al., 2009; Riggs, A.C., et al., 2005; Wang, J., et al., 1999). Therefore, ER
stress will be assessed both by ultrastructure using TEM and stereological analysis
of ER and mitochondria, as well as biochemical markers of unfolded protein response
activation. Direct measurement of the master regulators of the UPR (IRE1, PERK
and ATF6) is particularly challenging due to their low endogenous expression being
difficult to detect using commercially available antibodies (Oslowski, C.M. and
Urano, F., 2011), therefore downstream markers such as phospho-elF2-o, ATF6

cleavage, and CHOP will be measured as surrogates of their activation.
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4.2 Results

4.2.1 Effect of ER stress on cell growth

HCT116 and SW480 cell lines were subjected to treatment with classical ER
stress inducers, thapsigargin and tunicamycin and growth assessed daily by Celigo

confluence scans.
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Figure 4.2: Sensitivity of HCT116 and SW480 cells to classical ER stress inducers, Thapsigargin and Tunicamycin.
Treatment concentrations range from 1-500 nM. Growth was measured daily as cell confluence, with cells treated
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In HCT116 cells, thapsigargin has a more pronounced inhibition of cell growth than
tunicamycin (see Figure 4.2 A and C). The only concentrations of Thapsigargin
sufficient to completely inhibit the growth of HCT116 cells were 250 nM (obscured
in graph) and 500 nM. No concentration of tunicamycin was proficient in completely
inhibiting growth of HCT116 cells. In SW480 cells treated with thapsigargin,
considerable inhibition of growth was achieved at concentrations of 10 nM and
above and in those treated with tunicamycin this was achieved at concentrations
of 100 nM and above. SW480 cells are more sensitive to the effects of tunicamycin,
displaying increased inhibition of growth compared to that observed in HCT116
cells. This indicates that HCT116 cells may be more reliant on calcium-dependent
chaperones than SW480 cells and that SW480 cells are more reliant on lipid-linked
oligosaccharide synthesis than HCT116 cells.

4.2.2 Ultrastructural Changes

TEM and stereological methods were used to assess ultrastructural changes in
ER and mitochondria in response to treatment with thapsigargin, tunicamycin
as well as 10 uM NUC-3373 for various time points. 30 SUR micrographs were
acquired for each condition and quantified. It is important to note that this study
focussed on the quantification of rough ER, identifiable by the presence of ribosomes,
which henceforth shall just be referred to as ‘ER’. Figures 4.3, 4.4 and 4.5 show

representative photo micrographs for cells under different treatments and timepoints.
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Control

igargin

Thaps

Tunicamycin

Figure 4.3: Representative micrographs of the effect of ER stress inducers on ultrastructure in HCT116 and SW480
cells. Cells were treated with either 1 yM Thapsigargin or 5 pug/mL Tunicamycin for 5 hours. Red arrows: mito-

chondria, yellow arrows: ER. Images taken at 3000x magnification on TEM.
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HCT116

NUC-3373 6h

NUC-3373 12h

Figure 4.4: Representative micrographs of the effect of NUC-3373 on ultrastructure in HCT116 and SW480 cells.
Cells were treated with either 10 uM NUC-3373 for 6 or 12 hours. Red arrows: mitochondria, yellow arrows: ER,

green arrows: contact points between ER and mitochondria. Images taken at 3000x magnification on TEM.
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Figure 4.5: Representative micrographs of the effect of NUC-3373 on ultrastructure in HCT116 and SW480 cells.
Cells were treated with either 10 uM NUC-3373 for 24, 48 or 72 hours. Red arrows: mitochondria, yellow arrows:

ER, green arrows: contact points between ER and mitochondria. Images taken at 3000x magnification on TEM.

96



Observations of micrographs were not made until after stereological assessment
of parameters was complete. Thapsigargin treatment induced an increase in the
appearance of mitochondria as well as ER in both HCT116 and SW480 cells (Figure
4.3. Tunicamycin-treated cells had an increase in ER but not as much of an effect
on mitochondria as observed with thapsigargin treatment. In NUC-3373-treated
HCT116 cells, the ER is visibly increased in diameter, whereas in SW480 cells there

is more ER present.
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Figure 4.6: Effect of ER stress inducers and NUC-3373 on the volume density of ER in cytoplasm in HCT116 (A
and C) and SW480 (B and D) cells. Cells were treated with either 1 pM Thapsigargin or 5 pg/mL Tunicamycin
for 5 hours (A and B), or 10 uM NUC-3373 for 6, 12, 24, 48 or 72 hours. Values are the average of two biological
replicates for all treatments with the exception of 6, 12 and 72 hour time points for which only one biological sample

was assessed. Raw counts for individual photomicrographs can be found in the appendix.

In untreated cells, the volume density of ER in cytoplasm was higher in HCT116
then SW480 cells (Figure 4.6). Treatment with ER stress inducers, thapsigargin

and tunicamycin, caused an increase in ER volume density in cytoplasm in both
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cell lines but was more marked in SW480 cells. Thapsigargin caused a more potent
increase in ER volume density in HCT116 cells than tunicamycin whilst there was
very little difference between the effects of thapsigargin and tunicamycin in SW480
cells. SW480 cells experienced almost a two fold increase in ER volume density in

response to tunicamycin, compared to only a 20% increase induced in HCT116 cells.

10 uM NUC-3373 was capable of producing changes in ER volume density equalling
those of the classical ER stress inducers; thapsigargin and tunicamycin. Treatment
of cells with 10 uM NUC-3373 causes a rapid increase in ER volume density in
cytoplasm, detectable after only 6 hours (see Figure 4.6). In HCT116 cells this
increased volume density remains stable for 48 hours then decreases after 72 hours,
although still increased compared to that of the untreated time 0 sample. In SW480
cells, the increase in ER volume density in cytoplasm is more marked, reaching more
than double the volume density of the time 0 untreated sample after 6 hours. Unlike

HCT116 cells, there is a further increase in volume density after 72 hours.
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Figure 4.7: Effect of ER stress inducers and NUC-3373 on the surface density of ER in cytoplasm in HCT116 (A
and C) and SW480 (B and D) cells. Cells were treated with either 1 pM Thapsigargin or 5 pg/mL Tunicamycin
for 5 hours (A and B), or 10 puM NUC-3373 for 6, 12, 24, 48 or 72 hours. Values are the average of two biological
replicates for all treatments with the exception of 6, 12 and 72 hour time points for which only one biological sample

was assessed. Raw counts for individual photomicrographs can be found in the appendix.
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In untreated cells, the surface density of ER in cytoplasm is higher in HCT116 than
SW480 cells. Positive inducers of ER stress, thapsigargin and tunicamycin, caused
an increase in ER surface density in cytoplasm in both cell lines with HCT116 being
more sensitive to the effects of thapsigargin than tunicamycin (Figure 4.7). However,
the increase in surface density of ER in response to ER stress inducers was more
pronounced in SW480 cells than in HCT116 cells with thapsigargin producing a
2-fold increase in SW480 cells compared with only a 50% increase in HCT116 cells.

Treatment with 10 uM NUC-3373 increased the surface density of ER in cytoplasm
after 6 hours in both HCT116 and SW480 cells (Figure 4.7). In HCT116 cells this
decreased over the next 18 hours, followed by a sharp increase at 48 hours, returning
to the surface density similar to control (time 0) after 72 hours treatment. In SW480
cells, the increase in surface density of ER was not recovered. It remained over 2-fold

increased with a small decrease at 48 hours, followed by a sharp increase at 72 hours.
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Figure 4.8: Effect of ER stress inducers and NUC-3373 on the surface density of ER in ER in HCT116 (A and C)
and SW480 (B and D) cells. Cells were treated with either 1 uM Thapsigargin or 5 ug/mL Tunicamycin for 5 hours
(A and B), or 10 uM NUC-3373 for 6, 12, 24, 48 or 72 hours. Values are the average of two biological replicates
for all treatments with the exception of 6, 12 and 72 hour time points for which only one biological sample was

assessed. Raw counts for individual photomicrographs can be found in the appendix.

99



In untreated cells, the surface density of ER in ER is very similar in both cell lines
(Figure 4.8. Treatment with ER stress inducers had no significant effect on surface

density of ER in ER in either cell line.

NUC-3373 treatment caused a small decrease in ER surface density in ER between
6 and 72 hours in HCT116 cells (Figure 4.8). In SW480 cells there was an initial
increase over the first 12 hours, which then decreased and plateaued between 24 and

72 hours to less than that of time point 0.
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Figure 4.9: Effect of ER stress inducers and NUC-3373 on the volume density of mitochondria in cytoplasm in
HCT116 (A and C) and SW480 (B and D) cells. Cells were treated with either 1 pM Thapsigargin or 5 pg/mL
Tunicamycin for 5 hours (A and B), or 10 uM NUC-3373 for 6, 12, 24, 48 or 72 hours. Values are the average of
two biological replicates for all treatments with the exception of 6, 12 and 72 hour time points for which only one

biological sample was assessed. Raw counts for individual photomicrographs can be found in the appendix.

Untreated HCT116 cells have a higher volume density of mitochondria in cytoplasm
than SW480 cells. ER stress induction had very minor effects on mitochondria

volume. In HCT116 cells only thapsigargin increased mitochondrial volume density,
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whilst in SW480 cells the increase evoked by thapsigargin and tunicamycin were

both were small.

NUC-3373 had very little influence on the volume density of mitochondria in
HCT116 cells, with a small decrease after 12 hours treatment that was recovered
by 48 hours. Conversely, in SW480 cells mitochondria volume was constant for the
first 12 hours of treatment then increased considerably after 24 hours. Mitochondria

volume then recovered to similar to that of time 0 by 72 hours.
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Figure 4.10: Effect of ER stress inducers and NUC-3373 on the surface density of mitochondria in cytoplasm in
HCT116 (A and C) and SW480 (B and D) cells. Cells were treated with either 1 pM Thapsigargin or 5 pg/mL
Tunicamycin for 5 hours (A and B), or 10 uM NUC-3373 for 6, 12, 24, 48 or 72 hours. Values are the average of
two biological replicates for all treatments with the exception of 6, 12 and 72 hour time points for which only one

biological sample was assessed. Raw counts for individual photomicrographs can be found in the appendix.

Untreated, the surface density of mitochondria in cytoplasm is marginally higher
in HCT116 than SW480 cells. Application of thapsigargin and tunicamycin caused
a small increase in HCT116 cells, with no distinction between the two ER stress
inducers, whilst SW480 cells were more sensitive to treatment with tunicamycin

indicated by a larger magnitude of increase in mitochondrial surface area.
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In both cell lines, NUC-3373 appeared to produce a response pattern consisting of
two peaks in mitochondria surface density, with the second being larger than the
first. The first peak in both cell lines occurred at 6 hours. The second peak occurred
at 48 hours in HCT116 cells and 24 hours in SW480 cells. After the second peak,

mitochondria surface density decreased in both cell lines.
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Figure 4.11: Effect of ER stress inducers and NUC-3373 on the surface density of mitochondria contact points
with ER in cytoplasm in HCT116 (A and C) and SW480 (B and D) cells. Cells were treated with either 1 pM
Thapsigargin or 5 ug/mL Tunicamycin for 5 hours (A and B), or 10 pM NUC-3373 for 6, 12, 24, 48 or 72 hours.
Values are the average of two biological replicates for all treatments with the exception of 6, 12 and 72 hour time
points for which only one biological sample was assessed. Raw counts for individual photomicrographs can be found

in the appendix.

When untreated, the surface density of contact points between mitochondria and
ER is similar in both HCT116 and SW480 cells. ER stress inducers cause a marked
increase in both cell lines but with HCT116 cells being more sensitive to thapsigargin

and SW480 cells being more sensitive to tunicamycin.

NUC-3373 treatment causes a considerable increase in the surface density of contact
points with ER in both cell lines. The most pronounced change was in HCT116 cells

which experienced a three-fold increase after 48 hours which was maintained at 72
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hours. In SW480 cells there was over two-fold increase after 24 hours which then

decreased slightly but remained double that observed under control conditions.

4.2.3 Biochemical Changes in Markers of UPR

Activation of the unfolded protein response as a whole was measured by BiP
protein expression in whole cell lysates by Western blot. Thapsigargin (Tg) and

Tunicamycin (Tu) were used as positive inducers of ER stress (not shown).
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Figure 4.12: BiP expression in whole HCT116 AND SW480 cell lysates. Representative Western blots and quantifi-
cation of BiP expression in cells treated with 10 uM 5-FU or NUC-3373 for 6, 12, 24, 48 or 72 hours. Red: B-actin
loading control, Green: BiP. A and C: NUC-3373-treated HCT116 cells, B and D: NUC-3373-treated SW480 cells,
E and G: 5-FU-treated HCT116 cells, F and H: 5-FU-treated SW480 cells. Data presented is representative with

the average of 3 biological replicates plotted as a bar whilst each biological replicate is displayed as a scatter point.

Basal BiP expression in HCT116 is very low but still detectable by western blot
(Figure 4.12). Treatment with 10 M 5-FU results in a small increase in BiP protein
expression after 12 hours (less than 20% increase from control) which then decreases

until 48 hours with a small increase at 72 hours. Treatment with 10 yM NUC-3373
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causes more pronounced induction of BiP protein compared with 5-FU. After 12
hours there is a sharp increase, which peaks at 24 hours to almost double that
expressed in the control. BiP expression then falls to levels comparable to the

untreated control for the rest of the treatment duration.

Similar to HCT116 cells, there is a very low basal expression of BiP in SW480
cells. Treatment with 10 M 5-FU causes a small decrease in BiP expression after
6 hours which is then recovered, reaching peak expression after 12 hours. This
small but detectable induction of BiP is maintained until 24 hours then decreases
to expression levels less than 50% of that observed in untreated cells by 48 and 72
hours. NUC-3373 causes a much larger induction of BiP compared with 5FU. After
6 of hours treatment, BiP expression is double that detected in the control. This is
maintained for 48 hours them falls to expression levels comparable to control at 72

hours.

The UPR induced by NUC-3373 is much more potent than that of 5-FU. In HCT116
cells, the UPR is not as sustained for as long as it is in SW480 cells.
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Figure 4.13: CHOP gene expression in (A)HCT116 cells and (B) SW480 cells treated with 10 pM NUC-3373 for 6,
12, 24, 48 and 72 hours. CHOP expression was measured as fold change relative to untreated control, derived from

Ct values. Housekeeping gene used was GAPDH. Ny;i010gicai=1, Niechnicai=3

In HCT116 cells, treatment with 10 uM NUC-3373 causes a prominent increase
in CHOP gene expression over the duration of 72 hours treatment (Figure 4.13).

After 6 hours, CHOP gene expression is doubled then rises between 12 and 48 hours
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before reaching over 5x the expression observed in control by 72 hours treatment.
In contrast, NUC-3373 treatment has very minor effects on CHOP gene expression
in SW480 cells. There is doubling in expression after 6 hours, after which point
expression is suppressed until the 72-hour time point at which it increases. These
data would suggest that the ER stress induced by NUC-3373 in HCT116 cells drives
cells further towards apoptosis whilst in SW480 cells there is a pro-survival response.

This can also be reflected in the BiP expression described previously, with a more

prolonged UPR in SW480 cells.

4.3 Discussion

The volume of ER in comparison to cytoplasm increases in both cell lines but the
effect is more profound in SW480 cells. In HCT116 cells this is not accompanied by
the vast increase in surface area of ER in cytoplasm observed in SW480 cells. By
combining these parameters to measure ER packing density (the surface density of
ER in ER) it is evident that SW480 cells undergo initial swelling of the ER which
is followed by a sharp decrease in packing density indicative of proliferation of ER.
These changes in HCT116 are not so pronounced, indicating that they adapt to ER
stress by distension of the ER (Figure 4.14). Proliferation of the ER membrane
in SW480 cells may be serving to accommodate more protein folding machinery,
thus increase protein folding capacity, allowing recovery from ER stress. This may
account for their lesser sensitivity to NUC-3373 and could present as a potential

resistance mechanism for future drug insult.
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Figure 4.14: Distension in HCT116 cells versus proliferation in SW480 cells of the ER membrane in response to ER

stress.

4.3.1 Ultrastructural Changes

To date, the mechanism by which the ER lumen distends remains elusive. Ueda, M.,
et al., (2016) found evidence for polyglutamine expansion protein being embedded
in the ER membrane. In these cells there was ER distension as well as lengthening of
the mitochondrial contact points with ER, however it remains unclear whether there
is a direct relationship between these distortions and embedding of polyglutamine
expansion protein. Prevalence of cancers has been reported to be lower in patients
with polyglutamine diseases (Coarelli, G., et al., 2017) but skin cancer was an

exception to this finding where instance was higher.

Like distension, there is not an abundance of literature available regarding
proliferation of rough endoplasmic reticulum (RER). Ultrastructural studies have
instead focussed on hypertrophy of the smooth endoplasmic reticulum (SER)
membrane in liver cells in response to drug administration, the most classic inducer
being phenobarbital. TEM has been used to detect these changes from as early as
1966 (Meldolesi, J., et al.). It has been found that SER in hepatocytes is dynamic
in nature and proliferates in response to various drugs to meet demands with excess
then being degraded by autophagy upon removal of the drug and recovery of the
cell (Pavelka, M. and Roth, J., 2010).

It is yet to be established whether distension or proliferation of ER membrane

precedes UPR or vice versa. The ER membrane is composed of a phospholipid
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bilayer, with the most abundant phospholipid being phosphatidylchoine (Lykidis,
A., and Jackowski, S., 2000). The UPR controls transcription of many enzymes
involved in phospholipid synthesis, including phosphatidylcholine. Sriburi, R., et
al. (2004) found that overexpression of the spliced variant of XBP-1 (XBP-1(s))
in NIH-3T3 fibroblasts induces synthesis of phosphatidylcholine (see Figure 4.15).
In cells overexpressing XBP-1(s) an increased surface area and volume of RER was
detected, as well as enhanced activity of the cytidine diphosphocholine pathway of
phosphatidylcholine biosynthesis, suggesting that XBP1(S) is the link between UPR
and ER biogenesis.
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Figure 4.15: Overexpression of XBP-1(s) induces synthesis of phosphatidylcholine and increases RER content in
fibroblasts. TEM analysis of ER. Taken from Sriburi et al., 2004.

Activation of the IRE-1 branch of the UPR results in the splicing of a 26-nucleotide
intron from XBP-1 mRNA in the cytosol which encodes a functionally active protein:

XBP-1(s) (Yoshida, H., et al., 2001). XBP-1(s) acts as a potent transcriptional
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activator of UPR-related genes (Calfon, M., et al, 2002; Lee, K., 2002) by
translocating to the nucleus and binding to target sequences in regulatory regions
of the chaperone genes (Shen, X., et al., 2001). Lee, A., et al. (2003) reported that
XBP1 regulates the expression of only a subset of UPR target genes such as ERdj4,
p58IPK, EDEM, RAMP-4, PD1-P5 and HEDJ. It is therefore not surprising that
XBP-1(s) has been reported to be implicated in tumorigenicity, tumour invasion, as

well as evading cancer from the immune system.

Mhaidat, N.M., et al., (2015) assessed the expression of vascular endothelial growth
factor (VEGF)-R2 and XBP-1(s) expression in relation to invasiveness. Knockdown
of XBP-1(s) using siRNA down-regulated invasiveness of HCT116 and SW480 cells.
In addition, knockdown of XBP-1(s) was accompanied by down-regulated protein
expression of VEGF-R2, suggesting a role for XBP-1(s) in the transcriptional
regulation of VEGF-R2 and therefore angiogenesis. However, this is contrary to
the conclusions drawn by Romero-Ramirez, L., et al. (2004), who reported that loss
of XBP1 had little effect on the secretion of VEGF and therefore is not a determinant
of the angiogenic capability of cancer. The comparison of these two studies does
not make either redundant, however, as one reported whole cell lysate expression of
VEGF-R2 and the other secretion of VEGF by ELISA on cell supernatant samples.
Linking the methodologies used in both studies would hopefully prove informative
in elucidating this debate. Interestingly, in the selection of CRC cell lines studied by
Mhaidat et al., HCT116 was found to have the lowest XBP-1(s) protein expression
and SW480 the highest. Taking this into account, alongside the finding by Sriburi
(2004) that XBP-1(s) may be responsible for RER proliferation, compliments the
ultrastructural data obtained in this thesis regarding the proliferation of SW480 ER
and not HCT116. This may indicate that a cell’s phospholipid synthesis capability
and the consequences this has for proliferation of ER may be a determinant of its
invasiveness, metastatic potential and sensitivity to drugs that elicit an ER stress

response.

Due to the major roles of ER in the cell including (but not limited to) protein folding,
phospholipid biosynthesis and Ca?* storage and buffering, it requires the ability
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to communicate with other organelles, especially during a coordinated response to
stress (van Vilet, A., and Agostinis, P., 2017). Through the action of non-vesicular
specific lipid-transfer-proteins ‘LTPs’, shuttling of phospholipids over the 10 nm
cytosolic gap between the ER and an acceptor compartment can occur. It is believed
that these LTPs may have specific targeting determinants that interact with other

membrane components on the donor and acceptor compartments.

It has been long-known that there is a connection between the membranes of
mitochondrial and ER membranes. In 1969, Ruby, J.R. et al., described instances
of continuity between mitochondrial and ER membranes, establishing an open
channel between these two organelles. Since, the functional significance of this
connection has been extensively studied. By 1990, so-called mitochondria-associated
membranes or ‘MAMs’ had been fully discovered as a biochemical entity after being
isolated through cell fractionation (Vance, J.E., 1990). In this study, the most
notable ultrastructural change observed and quantified in mitochondria was the
increase in surface density of mitochondria contact points with ER, which could
be described as MAMs. The observation by Sriburi (2004) that overexpression
of XBP1(s) induces synthesis of PtdCho and increases RER would implicate
MAMs. The majority of phospholipid biosynthesis takes place on ER membranes
(Vance, J.E., and Vance, D.E., 1988; van Golde, L.M.G., et al., 1971; van Golde,
LM.G., et al., 1974; Jelsema, C.L. and Morré, D.J., 1978), however there are a
number of phospholipid-biosynthetic enzymes that are expressed exclusively in the
mitochondria (van Meer, G., 1989; Daum, G., 1985; van de Bosch, H., 1974). This
indicates that some cross-talk is required between ER and mitochondria in order
to synthesise phospholipids. Depicted in Figure 4.16, Phosphatidylserine ‘PtdSer’
is formed in the ER then transported to mitochondria. It is then transported
to the inner mitochondrial membrane (IMM) where it becomes the substrate for
PtdSer-decarboxylase to produce Phosphatidylethanolamine ‘PtdEth’. PtdEth is
shuttled back to the ER where the synthesis of Phosphatidylcholine ‘PtdCho’ can
be completed by the action of PtdEth-methyltransferases 1 and 2 (Voelker, D.R.,
1989).
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Figure 4.16: Phospholipid Biosynthesis takes place in the ER and mitochondria.

The most widely known role of mitochondria is probably as the ‘powerhouse’ of
the cell. Adequate folding of proteins in the ER demands high energy in the
form of ATP. It has been shown that tunicamycin-induced ER stress results in
mitochondria relocating to associate with rough ER (Bravo, R., et al., 2011).
This complements the data shown in this thesis, with tunicamycin-treated cells
exhibiting a potent increase in mitochondrial contact points with ER. Interestingly,
NUC-3373 induced an increase in contact points comparable to that of the classical
ER stress inducer. Whether increased mitochondrial contact points with ER is
pro-survival or pro-apoptosis may depend on which arm of the UPR is predominant.
Although increased ATP provision may allow the demands of the stressed ER to
be met, it has been shown that activation of the PERK-ATF4 axis of the UPR
may favour apoptosis. Chami, M., et al., (2008) showed that a truncated variant of
the sarco/endoplasmic reticulum Ca?t ATPase 1 (S1T) localises to MAMs during
ER stress, causing mitochondrial Ca?* overload and inhibition of mitochondrial
movement and eventual apoptosis. This induction of S1T required activation of the
PERK-ATF4 arm of the UPR. Further confirming the involvement of PERK-ATF4

in mitochondrial contact site-mediated apoptosis, Verfaillie, T., et al., (2012) found
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that genetic ablation of PERK in MEF cells interrupted ER MAMs and provided

protection from apoptosis induced by ER stress-causing agents.

4.3.2 Biochemical changes complement ultrastructure

In NUC-3373-treated HCT116 cells, mitochondria and ER contact points are
dramatically increased at 48 and 72 hours. It has been said that increase in MAMs
is a response during the early adaptive phases of ER stress but, considering the
findings of Chami et al. and Verfaillie et al., it may be that this adaptation is
in response to the PERK-ATF4 axis. ATF4 expression would need to be assessed
to confirm this. Indeed, when considering data for BiP expression at these time
points, in which there is a decrease, it supports mitochondrial contact sites with ER
being pro-apoptotic. Further corroborating this is the rich expression of CHOP, the
pro-apoptotic marker downstream of ATF4. Additional studies would be required

to confirm this, but the evidence is quite compelling.

The expression of BiP and CHOP in both cell lines in response to NUC-3373
treatment appeared to have a complementary relationship, mirroring each other’s
expression. This suggests a fine balance between pro-survival activities, such as
ER proliferation in SW480 cells, and apoptosis. As this study only measured the
UPR activation (by BiP protein expression) and terminal ER stress (by CHOP gene
expression), little can be said regarding the arms of the UPR that are predominant
and mediating the cellular response to NUC-3373-induced ER stress. Therefore,
downstream molecular targets for combination therapy to potentiate these effects
could not be addressed at present. However, phospho-elF2a and ATF6 expression
were studied by Western blot (data not shown), but with no success. It is unclear
whether no signal was detected due to the expression being too low or it being
a methodological problem such as failure of antibodies, therefore positive controls

should be used to validate these antibodies prior to probing samples.

Future studies should investigate the individual axes downstream of the UPR
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activation, in order to complement and underpin the mechanisms which may harness
ultrastructural changes. Unveiling these factors could lead to the possibility of
identification of targets for combination therapy to potentiate ER stress induced
by NUC-3373. Targeting the UPR in cancer is problematic due to the dual roles
of the signalling axes in preventing or potentiating apoptosis (Ojha, R., et al.,
2017). Further complicating matters is the apparent context-dependent nature of
their actions, meaning that treatment would require to be highly personalised and

targeted in order to achieve any therapeutic benefit.

4.3.3 Chapter Summary

The response of ER to stress conditions has been frequently studied by TEM,
however very few studies utilise unbiased stereology in their assessments. This lends
the possibility to biased and inaccurate reporting of results. Here, it has been shown
that robust, extensive and unbiased sampling can be used to reliably identify changes
in ultrastructure. It must, however, be noted that this study is only based on two
biological replicates with 30 micrographs for each condition. It would be prudent to
carry out more biological replicates in order to ensure parameter measurements are
as close as possible to the (unknown) true value, which could also be established by
the study of serial sections. In addition, assessment of features relies on the ability of
the observer to accurately identify organelles which in some micrographs can be more
obscure. This could potentially lead to inter observer variability so future studies
could utilise a second observer. Also, it would be beneficial to design an algorithm
in automated image analysis software to recognise organelles, however this would
require rigorous testing due to the heterogeneity of morphology/angles/sections etc.
Manual counting of line and point intersections with organelles is laborious and
time-consuming so this could save valuable time, allowing more replicates to be

conducted and therefore more robust and reliable measurements.

A previously mentioned, study by Yadunandam, K., et al., (2012) demonstrated ER

stress induced by 5-FU in Sk-Hepl Hepatocellular carcinoma cells. However, the
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concentration of 5-FU used was 50 pug/mL (384 puM). This study has shown that
ER stress is inducible by NUC-3373 at clinically translatable concentrations which
releases the potential for a host immune response to cancer cells, to be explored in

the next chapter.
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Chapter 5

The Distressed Cancer Cell

5.1 Introduction

The previous chapters have established that NUC-3373 treatment results in an
induction of TS protein that appears to translocate to the cytoplasm, as well as
a profound induction of the UPR in response to ER stress which differs between
the sensitive (HCT116) and less sensitive (SW480) cell lines. This chapter will set
out to address these aspects to further elucidate the apparent additional mechanism
of action of NUC-3373 and the possibilities this may lend itself to, particularly an

immune response.

5.1.1 Damage Associated Molecular Patterns and Immuno-

genic Cell Death

Activation of the UPR has been linked to inflammatory pathways by activation of
NF-xB through PERK-elF2a-mediated translational attenuation (Cubillos-Ruiz.,
J.R., et al., 2017) as well as the culmination of secreted pro-inflammatory cytokines
such as the Interleukin family and tumour necrosis factor (Grivennikov, S.I., et al.,

2010).
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The type of cell death induced by agents has consequences for the outcome of
therapy. For example, apoptosis is deemed to be an immunologically disparate
process thus termed ‘physiological apoptosis’.  Conversely, a necrotic death
implicates a pro-inflammatory pathway which facilitates pro-tumorigenic processes
(Poon, LK., et al., 2014). Some chemotherapeutic agents, such as oxaliplatin, have
now been reported to heighten the immunogenic potential of dying cancer cells by a
so-called ‘immunogenic cell death’, with induction of ER stress being a prerequisite

(Tesniere, A., et al., 2008).

-, Phagocyte

9 Calreticulin

P2XR receptor

o V)

Dendritic Cell

Figure 5.1: The release of DAMPs to induce ICD. Self-generated figure.

Damage-associated molecular patterns ‘DAMPs’ are distinct molecules, usually
with housekeeping roles, that are released or expressed on the cell surface to
act as a danger signal (see Figure 5.1). They elicit an immune response by
binding to pattern recognition receptors, often on dendritic cells. DAMPs are
spatiotemporally sensitive during cell death. During the early apoptotic phase, cell
surface exposure of the ER chaperone calreticulin presents as an ‘eat-me’ signal to
Alpha-2-macroglobulin (CD91) receptors on phagocytes thus inducing engulfment of
dying cancer cells. Heat shock proteins-70 and -90 can also act in this manner (Garg,
A.D., et al., 2014). During pre-apoptotic or early/mid-apoptotic phases, active or

passive secretion of ATP has a two-pronged role. It can either be perceived as a
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‘find-me’ signal for monocytes or it can act as a pro-inflammatory molecule through
binding to purinoceptor 7 (P2X7) receptors on immune cells (Ghiringhelli, F., et
al., 2009). During late apoptosis, high mobility group box protein 1 ‘HMGB1’
is passively released and binds to toll-like receptors ‘TLR’-2 and -4 on dendritic
cells, resulting in the production of pro-inflammatory cytokines as well as antigen

presentation (Apetoh, L., et al., 2007).

The establishment of this juxtaposition between the dying cancer cells and the
immune system creates a milieu ideal for the invocation of T-cell-mediated immune
responses which are capable of eliminating residual cancer cells and endowing an

immunological memory (Krysko, D.V.; et al., 2012).

5.1.2 PD-L1

Tumours must adapt to their hostile micro-environment to survive.  This
includes mechanisms to avoid immune surveillance, such as exploitation of immune
checkpoint pathways.  One mechanism in which cancer cells can evade an
immune-mediated death is by expressing programmed death ligand ‘PD-L1" on their
surface which binds to PD-1 receptors on T cells. PD-L1 normally acts as an ‘off
switch’ to protect healthy cells from attack by the immune system. Interaction of
PD-1 with PD-L1 on tumour cells causes T-cell dysfunction and exhaustion and
subsequent weakened cytotoxic activity (Sun, Z., et al., 2015). Over-expression
of PD-L1 by cancer cells therefore functions to protect against cytotoxic T-cell
(CD8+4)- mediated cell killing (Zou, W., and Chen, L., 2008). Monoclonal antibody
therapies have been developed to target either PD-1 or PD-L1 in order to prevent
this mechanism of evasion of the immune system by cancer cells. Nivolumab and
Pembrolizumab were approved by the FDA in 2014 (Gong, J., et al., 2018) with
research and development into anti-PD-1/PD-L1 therapies gaining interest since. If
NUC-3373 is capable of inducing an immunogenic cell death, then this effect could
be abolished by the expression of PDL-1 on the cancer cell surface. Therefore, it

is pertinent to investigate this and to consider combination with PDL-1 checkpoint
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inhibitors if this is the case.

5.1.3 Aims and Objectives

This chapter will seek to establish whether free TS or TS ternary complexes are
responsible for NUC-3373-induced ER stress. This will be investigated by using
short interfering RNA against TYMS, the gene that encodes for TS protein. In order
to ensure that the thymine-depleted state is not responsible for ER stress induction,
cells will be supplemented with thymidine to allow dTMP to be synthesized via the

salvage pathway.

To investigate the release of DAMPs, the expression of HMGB1 will be assessed by
immunocytochemistry linked to fluorescence to determine whether there is a nuclear
loss of the protein. Calreticulin and HSP70/90 surface expression on cells will also

be investigated in the same way.

PDL-1 expression will be assessed both by ICC and IF as well as by Western blot
and ELISA on whole cell lysates and conditioned medium from NUC-3373-treated

cells.

5.2 Results

5.2.1 Effect of TS knock-down on ER stress

siRNA against TYMS, the gene encoding TS protein, was used to knock down TS
in order to assess whether it, or its ternary complexes, play a role in the ER stress
induced by NUC-3373 treatment. Cells were supplemented with 8 yg/mL thymidine
in order to prevent death and to assess ER stress independently of a thymineless
state and DNA damage. Non-silencing 'scrambled’ siRNA was used as a transfection

control. The transfection protocol was adapted from a single transfection on day
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0 to transfection every 24 hours to accommodate for the proliferation of cells and

resultant transient knock-down.
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Figure 5.2: BiP in HCT116 cells subjected to siRNA knock-down of T'S. A: Representative Western blot of TS
protein expression in cells treated with 10 uM NUC-3373 for 12, 24, or 48 hours in the presence and absence of T'S
knock-down. Red: [-actin loading control, Green: TS. B: Representative western blot of BiP protein expression
in cells treated with 10 uM NUC-3373 for 12, 24, or 48 hours in the presence and absence of TS knock-down. C:
quantified free TS expression, D: quantified BiP expression, E: quantified TS complex expression, F: BiP vs. TS
and TS complex expression. Averages of biological replicates are displayed as bars. Individual biological replicates

are plotted as individual scatter points. Nyio10gicai=2; Ntcchnical=2

Considerable knock-down of TS was achieved in HCT116 cells (Figure 5.2).
Re-transfection every 24 hours achieved sufficient knock-down of T'S for the duration
of the longest NUC-3373 treatment time of 48 hours. BiP protein expression is
considerably down-regulated in HCT116 cells subjected to TS knock-down, when
compared with scrambled siRNA controls. When quantified BiP was plotted against
TS ternary complex expression, a positive linear relationship was found, indicated

by an R? value of 0.9686. There was a positive relationship between BiP and TS
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expression, however the correlation was very weak. This suggests that T'S complexes
may play a role in the induction of UPR by NUC-3373 in HCT116 cells. An
additional observation was that BiP expression was up-regulated in untreated cells in
the presence of non-targeting siRNA, indicating that the transfection procedure may
have induced an unfolded protein response. Furthermore, T'S knock-down abolished
the UPR in response to NUC-3373-induced ER stress instead of reducing it, as
indicated by the lack of BiP induction with NUC-3373 treatment of these cells.
This proposes that, regardless of treatment with NUC-3373, TS may play a role in

BiP regulation.
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Figure 5.3: BiP in SW480 cells subjected to siRNA knock-down of TS. A: Representative Western blot of TS
protein expression in cells treated with 10 uM NUC-3373 for 12, 24, or 48 hours in the presence and absence of TS
knock-down. Red: B-actin loading control, Green: TS. B: Representative western blot of BiP protein expression
in cells treated with 10 uM NUC-3373 for 12, 24, or 48 hours in the presence and absence of TS knock-down. C:
quantified free TS expression, D: quantified BiP expression, E: quantified T'S complex expression.F: BiP vs. TS and
TS complex expression. Averages of biological replicates are displayed as bars. Individual biological replicates are

plotted as individual scatter points. Ny;oi0gical=2; Ntechnical=2

120



In SW480 cells, knock-down of TS was also successful (Figure 5.3). However,
in contrast to HCT116, BiP did not appear to be affected by loss of TS or TS
ternary complexes, with there being very little linear correlation between the two
sets of values. It is important to note that the pattern of BiP protein expression
in the scrambled control samples here is different to that observed in non-siRNA
experiments of Chapter 4. This indicates that the transfection itself may have
an effect on the unfolded protein response. In future studies, non-siRNA samples
should be prepared in tandem to ensure trasnfection is not producing any unintended
modifications to cells. Regardless, the UPR of cells to NUC-3373 is not altered by
depleting TS and TS complexes, pointing to other factors relating to NUC-3373

treatment contributing to ER stress in these less sensitive cells.

5.2.2 Damage Associated Molecular Patterns

High mobility group box protein 1

HMGBI protein can be passively released from cells in the late stages of apoptosis so
was assessed in HCT116 and SW480 cells treated with 10 pM NUC-3373 for 24 or 48
hours by immunofluorescence. All images are representative of the cell population

studied.
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Figure 5.4: HMGB1 expression in HCT116 cells treated with 10 M NUC-3373 for 24 or 48 hours. Green: HMGB1,

Blue: Hoechst (nuclear stain). 100x magnification. Photomicrographs are representative.

HMGBI has an intense nuclear expression in untreated HCT116 cells (detected by
co-localisation with hoechst stain), which is noticeably weaker after 24 hours of
treatment with NUC-3373 (Figure 5.4). After 24 and 48 hours NUC-3373 treatment
there is also a diffuse cytoplasmic expression of HMGB1. Loss of nuclear HMGB1
continues after 48 hours. However, this loss is not conserved amongst all cells,
with inter-cellular expression being fairly heterogeneous. Additionally, nuclei were
observed to be significantly enlarged, which was most evident after 48 hours of

NUC-3373 treatment.
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Figure 5.5: HMGBI1 expression in SW480 cells treated with 10 uM NUC-3373 for 24 or 48 hours. Green: HMGBI,

Blue: Hoechst (nuclear stain). 100x magnification. Photomicrographs are representative.

Like HCT116 cells, HMGB1 also has a strong nuclear expression in SW480 cells
under basal conditions (Figure 5.5). Conversely, HMGB1 expression appears
stronger in some cells after 24 hours of NUC-3373 treatment with some cytoplasmic
localisation also evident. By 48 hours of NUC-3373 treatment, HMGB1 expression
was similar to that in control cells. Overall, there was no significant loss of HMGB1

in SW480 cells but nuclear enlargement was again present after 48 hours.

Calreticulin

As described earlier, calreticulin is an ER chaperone protein that is said to present
on the cell surface as an ‘eat me’ signal during early apoptosis. Therefore, its
cellular localisation was examined by immunofluorescence in cells treated with 10

uM NUC-3373. All images are representative of the cell population studied.
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Figure 5.6: Calreticulin expresion in HCT116 and SW480 cells treated with 10 uM NUC-3373 for 48 hours. Green:

Calreticulin, Blue: Hoechst (nuclear stain). 100x magnification. Photomicrographs are representative.

In HCT116 cells, calreticulin expression was relatively weak when compared to that
of SW480 cells (Figure 5.6). The difference following NUC-3373 treatment was
negligible in HCT116 cells, with calreticulin appearing to localise to nuclei and
weakly to cytoplasm. In SW480 cells, the expression of calreticulin was strong in
the perinuclear region, most likely to be rough endoplasmic reticulum. NUC-3373
treatment caused an increase in calreticulin expression with the same localisation

pattern. This finding complements the ER ulstrastructural changes in Chapter 4,
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with SW480 having proliferated rough ER. In both cell lines there was no apparent
cell surface expression of calreticulin but this may be due to the methodology used. It
may be that permeabilisation prevents the detection of this protein when cell surface
bound. In addition, surface exposed calreticulin is an early apoptosis DAMP so it

may be that the time of detection (48 hours) was too late.

5.2.3 Programmed death-ligand 1

PDL-1 protein expression was initially investigated by Western blot on whole cell
lysates from HCT116 and SW480 cells. However, PDL-1 was not detectable in these
lysates. In order to assess whether this was a true finding or due to experimental
protocol, a positive control was required. Breast cancer cell line MDA-MB-231 has
been reported in a previous study to express PDL-1 abundantly (Rom-Jurek, E., et

al., 2018), thus it was selected for use in these PDL-1 studies as a positive control.
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Figure 5.7: Representative Western blot of PD-L1 expression in MDA-MB-231 cells treated with 10 pM NUC-3373

for 24 or 48 hours. Green bands: PD-L1, Red bands: actin as loading control. Npg;oiogicai=1-

In MDA-MB-231 whole cell lysates, PD-L1 protein expression decreased after 24
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hours of 10 M NUC-3373 treatment then increased after 48 hours (Figure 5.7).
Since PD-L1 protein could not be detected in HCT116 or SW480 cells by Western
blot, enzyme-linked immuno-assay (ELISA) was utilised as it may be that expression
was either too low in these cells or that it was released to cell supernatant. Whole
cell lysates as well as cultured medium from NUC-3373-treated cells was assessed by
ELISA. Interferon-gamma (INF-v) is known to induce PD-L1 expression (Mandai,
M., et al., 2016) so was used to induce expression in HCT116 and SW480 cells.

Figure 5.8: PDL-1 expression in A: HCT116, B: SW480 and C: MDA-MB-231 whole cells treated with either INF-~,
10 uM or 40 pM NUC-3373 for 48 hours. PDL-1 protein was detected by ELISA with values expressed as the

average of 2 technical replicates. Npg;oiogical=1-

In conditioned media from treated cells, PD-L1 was not detected (data not shown).
ELISA was able to detect PD-L1 protein in both SW480 and HCT116 whole cell
lysates in the picogram range (Figure 5.8). In HCT116 cells, INF-y caused an
almost three-fold increase in PD-L1 protein expression, whilst NUC-3373 did not
cause any considerable change in expression. In SW480 cells, INF-vy treatment
resulted in a small decrease in PDL-1 expression, whilst NUC-3373 had no effect.
MDA-MB-231 cells had double the basal expression of PD-L1 detected in the other
cell lines. Interestingly, 10 uM NUC-3373 caused a potent increase in PD-L1 protein
expression in MDA-MD-231 cells that was comparable to that produced by INF-v

treatment.

These data obtained for PD-L1 detection by Western blot and ELISA are

preliminary as only one biological sample was assessed.
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5.3 Discussion

5.3.1 ER Stress: TS or ternary complexes?

Knocking down TS protein expression abolished the UPR in NUC-3373-treated
HCT116 cells but not in SW480 cells, suggestive of TS being responsible for
activation of the UPR in these cells. Previous studies have explored the relationship
between TS and BiP. Powell, C.M.H., et al., (2000) demonstrated that inhibition
of the transcription factor Late SV40 factor (LSF) resulted in downregulation of
TS expression and S-phase-dependent apoptosis with 5-FU treatment. Gu, Y., et
al. (2015) reported that overexpression of BiP activates phosphorylation of c¢-Src,
resulting in an elevated LSF /TS axis in hepatocellular carcinoma cells. These studies
demonstrate the potential link between TS and BiP proteins. However, this thesis
suggests a bidirectional relationship between TS and BiP, whereby TS can also
regulate BiP expression. There may be more dynamic interplay between these two
proteins than once thought. The unfolded protein response may also provide more
arsenal in the battle of the cancer cell against a NUC-3373-induced death by using
BiP upregulation to elevate depleted TS levels. Furthermore, BiP overexpression
has been known to cause resistance of tumours to various chemotherapies, including
5-FU. Further exploration of this relationship should include functional studies
of BiP knockdown to establish whether this can potentiate NUC-3373-induced
apoptosis by inhibiting TS production further, as well as more extensive study of

timepoints to establish early events.

5.3.2 HMGB1

As previously mentioned, the additional mechanism of action of NUC-3373 to
induce ER stress in CRC cells demonstrates a potential for an immune-mediated
host response by the release of DAMPs from stressed cells. One such DAMP is

HMGBI; a small (22 kDa) chromatin-associated protein consisting of three distinct
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domains with both intranuclear as well as extracellular functions (Tang, D., et al.,
2010). In this study, the more sensitive HCT116 cells had a very strong nuclear
expression of HMGB1 under basal conditions with NUC-3373 inducing a nuclear
loss and appearance of cytoplasmic HMGBI1. In unstressed conditions, HMGB1 has
been reported to have nuclear localisation, where it can bind to and bend DNA to
modulate gene transcription, DNA repair and chromatin remodelling (Lotze, M.T.,
and Tracey, K.J., 2005). Interestingly, the less sensitive SW480 cell line presented
an increase in nuclear HMGBI1 expression along with some weaker cytoplasmic
expression in response to NUC-3373 treatment. A previous study found that
HMGBI1 contributes to a nuclear protein complex with p53, HMGB2, Hsp70, ERp60
and GAPDH which can recognise DNA damage induced by nucleoside analogues
such as 5-FU (Achanta, G.,et al., 2001) and provide a link to genotoxic stress-induced
apoptosis signalling (Krynetskaia, N., et al., 2007). It may be that in SW480 cells,
HMGBI1 plays a protective role against NUC-3373-induced DNA damage.

The role of HMGB1 in cancer is multifaceted, with its cytoplasmic expression being
implicated in protective autophagy, as well as regulation of mitochondrial function
(Tang, D., et al., 2010; White, E., 2012). The appearance of cytoplasmic HMGB1
in both cell lines indicates that it may mediate autophagy or mitochondrial function
in these cells. However, further studies would be required to determine this, such
as immunofluorescent detection of autophagosomes using markers such as ATGH or

ATGT or investigation of co-localisation with mitochondria.

The diffuse expression of HMGB1 in the cytoplasm of HCT116 cells does not appear
strong enough to account for all HMGBI1 loss from the nucleus, pointing to possible
release from the cell. When released from cells, HMGB1 can act as a DAMP by
initiating a pro-inflammatory cytokine and immune response through binding to

TLRs on dendrites (Kang, R., et al., 2013).

A meta-analysis found overexpression of HMGB1 to be associated with poorer
overall survival and shorter progression free survival, which was significant regardless

of tumour type (Wu, T., et al., 2016). The paradoxical roles of HMGBI1 appear to
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be pro-survival or pro-death depending on its location. Taken together, it could
be hypothesised that NUC-3373 treatment causes HMGB1 to act as a DAMP
in HCT116 cells but not in SW480 cells, where its nuclear expression could be

protective from DNA damage-induced apoptosis.

5.3.3 Calreticulin

Another well-characterised DAMP is calreticulin; a Ca?*-binding chaperone protein
which is mostly found in the ER but can be present in other cellular compartments
as well as on the cell surface. Its main function is to bind to, buffer and maintain
intracellular Ca?" homeostasis (Wang, W.A., et al., 2012). In fact, the C-domain
binds to more than 50% of the Ca?" present in the ER, making it the main site of
Ca?* storage (Nakamura, K., et al., 2001).

It has been established that surface exposed calreticulin (ecto-CRT) is required for
the engulfment of apoptotic cells by phagocytes (Gardai, S., et al., 2005), acting as an
‘eat me signal’, with knockdown of calreticulin by siRNA in cancer cells suppressing
this immunogenic cell death (Obeid, M., et al, 2007). The aim of investigating
calreticulin expression and localisation in this study was to determine if it was
induced as a DAMP with NUC-3373 treatment. However, in both cell lines no
ecto-CRT was detected. It is unclear as to whether this is a true finding, however,
as any ecto-CRT may have been lost due to the permeabilization of cells. Ecto-CRT
would be better detected by flow-cytometry should it be pursued in future studies.

Despite this, the finding that calreticulin was mainly nuclear in HCT116 cells
and that it increased in cytoplasmic expression in SW480 cells was surprising.
Calreticulin, through its N- and P-domains, acts as a "folding checking unit’ to ensure
the proper folding of newly synthesised glycoproteins. By interaction with calnexin
and ERp57 in the calreticulin/calnexin cycle, calreticulin guides inappropriately
folded glycoproteins to the degradation pathway (Michalak, et al., 2009). It would
be reasonable to hypothesise that SW480 cells cope better with ER stress by
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accompanying their proliferated rough ER with an increase in the expression of
calreticulin to effectively fold proteins and regain proteostasis. Furthermore, it has
recently been shown that calreticulin expression is required to overcome ER stress.
Yang, Y., et al., (2018) showed that knockdown of calreticulin prevented recovery
from ER stress and that the increase in calreticulin expression with induction of ER
stress was accompanied by an increase in expression of and punctate appearance
of autophagy marker LC3. This suggests that overexpression of calreticulin may
ameliorate ER stress by promoting an autophagic flux through association with LC3.
With this in mind, future studies of ER stress in SW480 cells would benefit from the
addition of the study of autophagy by immunofluorescence detection of LC3 as well
as the study of calreticulin protein expression in subcellular fractions by Western
blot. If calreticulin-dependent autophagy is a potential resistance mechanism to
NUC-3373 treatment, then it would be useful to investigate combination with

inhibitors of autophagy, such as chloroquine.

In HCT116 cells there was very little cytoplasmic expression of calreticulin, with
the majority being nuclear. Nuclear localisation of calreticulin has been a subject
of controversy, with some arguing that there is no reasonable mechanism for it
to relocate to the cytosol (Johnson, S., et al., 2001), and suggesting its nuclear
expression is an artefact of immunostaining (Michalak, M., et al., 1996). Roderick,
H., et al. (1997) provided evidence alluding to calreticulin having nuclear expression
due to interaction of its N-domain with glucocorticoid receptors, despite its
possession of ER targeting and retention signals. However, the immunofluorescence
they present is very weak and may simply represent calreticulin present in the outer
membrane of the nuclear envelope, which is continuous with the rough ER (Pavelka,
M., and Roth, J., 2010). It is difficult to ascertain the true localisation of calreticulin
in HCT116 cells in this study, but what can be gleaned is that NUC-3373 does not

have any apparent effect on its intracellular localisation or expression.

When considering the increase in calreticulin expression in SW480 cells alongside
the ultrastructural findings, calreticulin overexpression seems a probable mechanism

of recovery from NUC-3373-induced ER stress and should be investigated further.
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When considering calreticulin as a DAMP, these data have been inconclusive and

would require detection by flow cytometry to investigate further.

5.3.4 PD-L1

It cannot yet be concluded whether NUC-3373 has the potential to induce an ICD.
With only one molecule, HMGBI1, found to act in a DAMP-like manner this may
not be enough to induce an immune response. However, as explained previously
it is necessary to employ other techniques such as flow-cytometry to assess the
surface expression of molecules such as calreticulin as well as perhaps Hsp70. For
the moment, ICD induction by NUC-3373 will not be ruled out. Therefore, it is

important to consider the impact of PD-L1 in evading immunosurveillance.

The only cell line in which NUC-3373 induced an induction of PD-L1 expression in
was MDA-MB-231 cells. The decreased expression detected at 24 hours in Western
blot could be explained by PD-L1 being released from cells then upregulated to
replenish intracellular expression, detected by the increase at 48 hours. However, no
PD-L1 was detected in the conditioned medium from treated cells. Alternatively,
PD-L1 may be expressed on the surface of cells and require flow cytometry detection.
The studies of PD-L1 in this thesis are considered preliminary and should be
approached with caution until further biological replicates have been carried out.
At this stage, it cannot be confirmed whether the combination of NUC-3373 with
PD-1 or PD-L1 inhibitors may have clinical benefit.

5.3.5 Chapter Summary

Whilst the data in this chapter strongly suggest T'S complexes may be responsible
for activation of the UPR in HCT116 cells, it remains unclear whether this is a direct
relationship. With there being no correlation between the two in SW480 cells, it
would indicate that it is not the TS or TS complexes that are responsible but

perhaps a downstream event of their formation. Further work is needed to ascertain
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this. The pathways involved in ER stress are complex as well as context- and
location-dependent so investigations must consider this, especially in experimental
design with regard to time points. Whilst much of the data generated in this chapter
was preliminary, it provided the groundwork and indications of where to focus future
studies and the techniques which should be employed, such as flow cytometry. Loss
of HMGBI1 strongly suggests that NUC-3373 confers a distressed cancer cell and
this could be exploited to achieve maximal efficacy of treatment. Additionally, this
study highlights the necessity for a better pre-clinical screening tool for anti-cancer

drugs, due to the lack of immune system to assess any immune-mediated processes.
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Chapter 6

Final Discussion

Cancer cells possess an impressive repertoire of mechanisms which permit them to
evade the immune system and adapt to hostile environments, including insult by
chemotherapeutic agents. Subsequently, much research has focussed on identifying
predictive biomarkers to inform the potential response of tumours to anti-cancer
agents and identify markers of resistance. NUC-3373 has been shown, in vivo, to
bypass a major resistance mechanism faced by 5-FU; degradation by DPD in the
liver to produce higher levels of the active metabolite FAUMP in cells to inhibit
TS. Currently, it would appear that the difference in efficacy between 5-FU and
NUC-3373 is due to the elevated level of active metabolite reaching cells for the
same given dose. However, the downstream events of TS inhibition and TS ternary

complex formation by FAUMP are not fully understood.

There are mixed findings of other studies with regard to the value of TS as a
predictive biomarker of response. Therefore, the initial studies of this thesis sought
to explore this in an in vitro setting. The data from this body of work suggest that
TS is not predictive of response to NUC-3373 treatment and that there is instead
a complex and dynamic cellular response to inhibition of this protein by FAUMP.
One cell line more sensitive to death induced by NUC-3373 was selected; HCT116,
and another less so; SW480. These cell lines were selected with the aim to expose

differences in less sensitive cells, which may confer their survival advantage. By
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identifying these, it can provide the rationale for future combination therapies that
would enhance the efficacy of NUC-3373 (and indeed 5-FU). The inhibition of TS
by NUC-3373 was not sustained in either cell line, yet NUC-3373 was still effective
in killing cells. This necessitated the presence of further downstream events that

could contribute to apoptosis of cells, indicating an additional mechanism of action.

6.0.1 An additional mechanism of action

The recovery of TS as well as its cytoplasmic translocation provided the basis for
the hypothesis that NUC-3373 may be inducing ER stress. Indeed, it was found
that the UPR was profoundly invoked in both cell lines in response to NUC-3373.
However, the UPR in HCT116 cells was not as sustained as that of SW480 cells.
When coupling this with the dynamic of apoptotic marker CHOP, it revealed that
cells more sensitive to NUC-3373 were unable to surmount ER stress, whereas less
sensitive cells elicited a pro-survival response. Previous studies have implicated 5-FU
in the induction of ER stress but have lacked the ability to be clinically translated
due to the supra-pharmacologically high concentrations of drug used. This study
demonstrated that NUC-3373 was proficient in ER stress induction at much lower
doses and thus had the potential to execute this in a clinical setting. This study,
through ultrastructural analysis, also elucidated a potential mechanism by which
some cells can overcome this ER stress, by proliferation of the RER membrane.
Upregulation of the spliced and therefore active XBP1(S) protein has been found
to be necessary to produce phospholipids required to proliferate RER (Sriburi,
R., et al., 2004). Previous studies have shown that XBP1(S) promotes CRC cell
proliferation (Ji, H., et al., 2019) as well as invasiveness (Jin, C., et et al., 2016).
Considering the findings of this study with the current literature, further study of
XBP1(S) as a potential drug target is warranted. Targeting the UPR in cancer can
pose as a double-edged sword due to its complexity and context-dependence as well
as the ability of cancer to adapt to a hostile environment. Therefore, UPR~inhibiting
drugs could benefit from being administered concomitantly with other cytotoxic

drugs such as NUC-3373 which are able to overcome other hallmarks of cancer.
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6.0.2 Implications for clinical utility

This study revealed an expression pattern of HMGB1 in NUC-3373-treated HCT116
cells that was consistent with it acting as a DAMP, which could have the ability
to invoke an immune response. Further work is required to determine the potential
of NUC-3373 as an ICD-inducing agent. If NUC-3373 were confirmed to induce
an immune response, the dosing of patients would need to be considered. A key
objective of phase I oncology clinical trials is to establish the maximum tolerated
dose (MTD) with acceptable side effects in patients (Sachs, J., et al., 2015). Whilst
the objective of cytotoxic drugs is to kill cancer cells, they inevitably result in
damage to and death of immune cells (Rébé, C., and Ghiringhelli, F., 2015). Due
to the current practice of using MTD to inform recommended dose for phase II
(RDP2), any potential for cytotoxic drugs to induce an immune-mediated death of
cancer cells is masked. For an ICD-inducing drug to work effectively, it must be
administered at a dose sufficient to illicit a response but not impair the immune
system. However, challenging the MTD concept would pose an ethical debate with
concern that the patient may be under-treated. NUC-3373 generates a higher level
of FAUMP in cells for an equimolar dose of 5-FU, therefore would be the superior
fluoropyrimidine for use in the context of ICD. Oxaliplatin has already been shown to
improve the outcome of 5-FU in the chemotherapy regimen ‘FOLFOX’. In addition,
Tesniere, A., et al. (2010) demonstrated the ability of oxaliplatin to induce ICD,

making it a promising candidate for combination therapy with NUC-3373.

6.0.3 Caveats and Limitations

Cell Line Selection

One sensitive and one less sensitive cell line were selected from a screen of nine CRC
cell lines for further study. This model, whilst providing a basis for the mechanism
of action of NUC-3373 to be studied in, fails to represent the heterogeneous nature of

real tumours. This study could have benefitted from using a wider range of cell lines
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with differing genetic mutations and MMR statuses, as well as cell lines with different
sensitivities to NUC-3373. The use of explant culture to create patient-derived
organoids could have provided an in vitro environment closer mirroring the n vivo

reality.

Dose-response

In the assessment of biological responses of cells to chemotherapy agents, events are
typically both time- and dose-dependent. Whilst this study utilised time points,
these could have been more extensive. For example, had a 6-hour time point not
been incorporated into this study, the initial inhibition of T'S would not have been
detected. The inconclusive results from the study of both calreticulin expression and
PD-L1 may be due to time-dependent events. Similarly, using 10 uM NUC-3373 may
have masked some important processes that could have been identified by using a

wider range of concentrations.

DNA damage

This study identified some new areas of importance in the mechanism of action of
fluoropyrimidines but failed to capture and investigate the wider range of cellular
events in response to NUC-3373. The main mechanism of action of 5-FU is believed
to be its ability to induce DNA damage. Whilst this body of work does not discount
DNA damage as a vital component of NUC-3373’s anticancer effects, it suggests that
additional mechanisms of action are present which serve to support the dynamic

interplay of events culminating in cell death.

The Cell Culture Model

Pre-clinical screening of drug candidates relies heavily on data acquired through

in vitro cell culture models. This model is cheap, convenient and allows for high
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through-put screens but it lacks the vital components that affect the activity of
a drug in vivo, such as the immune system and blood supply. The inability of
the cell culture model to predict the response of different tissues and organs to new
compounds often leads to withdrawal of drugs from the clinic due to side effects such
as liver and cardiotoxicity (Astashkina, A., et al., 2012). Of specific significance
to this study is the inability to assess the interaction with the immune system.
Rodent models are routinely used in the pre-clinical assessment of anti-cancer drugs.
When considering rodent models in the study of NUC-3373, it is important to
note the disparities in enzymatic activity between humans and rodents. Rodents
have extremely high carboxylesterase activity compared to humans, in which it
is minimal (Rudakova, E.V., et al, 2011), so would hydrolyse the ester group
of the phosphoramidate moiety of NUC-3373 thus abolishing its prime in wvivo
advantage over 5-FU. In addition, rodents have a 10-fold higher plasma thymidine
concentration than humans (Nottebrock, H., and Then, R., 1977) so would not be

as effective in inducing DNA damage by creating a thymineless state.

6.0.4 Future Work

As well as ER stress, the main mechanism of action for FAUMP is to induce DNA
damage. Investigation of intracellular metabolites using mass spectrometry as well
as nucleotide misincorporation into RNA and DNA by qPCR should be undertaken.
In addition, DNA damage could be measured using the gel electrophoresis-based

comet assay.
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Figure 6.1: Cellular events over a time-course of NUC-3373 treatment in HCT116 vs SW480 cells.
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Figure 6.1 illustrates the dynamic nature of elements of the UPR and ER stress
in response to NUC-3373 inhibition of TS and formation of TS ternary complexes
in sensitive and less sensitive cells. This further highlights the need for studies to
consider the time-sensitive nature of cellular events. These data would benefit from
the inclusion of more functional studies such as knockdown of key players in the UPR
eg. BiP because there is currently no causative link established between T'S complex
formation and ER stress. As discussed in chapter 4, XBP1(S) is a requirement for
the ER proliferation in SW480 cells and studies suggest its overexpression to be
pro-tumorigenic. Therefore, future studies should assess its expression, with a view
to down-regulating its expression in order to induce sensitivity by preventing the

protective proliferation of ER membrane.

This study has only incorporated preliminary studies of DAMP release. It
became evident that cell-surface expressing DAMPs such as calreticulin and
HSP70/90 required detection by flow cytometry. Further exploring the realms of
ICD, combination of NUC-3373 with known ICD-inducer oxaliplatin could prove
beneficial. If there is sufficient evidence for DAMP release using a cell model,
there may be a basis for in vivo studies to validate the effect. Whilst assessing
the direct effect of NUC-3373 in rodents would not be representative of its action in
humans (described earlier), mouse models can be used to effectively validate ICD
induction, as detailed by Humeau, J., et al., (2019). In their experimental protocol,
syngenic murine tumour cells are treated with the cytotoxic agent in vitro until 50
to 70% of the cells are dead, at such point any non-dead cells should be dying.
Cytotoxicant-treated tumour cells are then injected to a mouse, with control mice
receiving tumour cells that have been treated with a non-ICD-inducing cytotoxic.
Mice are rechallenged with living tumour cells one week later, with mice that
were vaccinated by tumour cells treated with an ICD-inducing drug demonstrating
increased tumour-free survival in contrast to control mice. If NUC-3373 is confirmed
as a bona fide ICD-inducer, PD-L1 surface expression or release need to be
investigated to establish whether PD-L1 or PD-1 inhibitors would enhance treatment

outcome.
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6.0.5 Conclusion

To conclude, this thesis provides strong evidence for ER stress induction being an
additional mechanism of action, independent of the DNA damage pathway, for novel
ProTide NUC-3373. The use of ultrastructural studies identified proliferation of ER
as a potential resistance mechanism which could be exploited. Further work is
required to fully elucidate this complex story and its implications for NUC-3373 in

the clinic.
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Appendix

6.1 Micoplasma Testing
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Figure 6.2: Mycoplasma test of cell lines.

As previously mentioned, cell lines were regularly tested for mycoplasma infection,

an example of which is shown in Figure 6.2.
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6.2 Cell Line information

Cell Line Stage Disease Patient Derived from MMR status TP53 status
DLD-1 Dukes’ C  Colorectal adenocarcinoma  Male Primary tumour MSI wt
HCT116 p53~/~ Dukes’ D  Colorectal carcinoma 48 year-old male Primary tumour MSI -/-
HCT116 Dukes’ D Colorectal carcinoma 48 year-old male Primary tumour MSI wt
HT29 Dukes’ C  Colorectal adenocarcinoma 44 year-old female Primary tumour MSS mt
LoVo Dukes’ C  Colorectal adenocarcinoma 56 year-old male Left supraclavicular region MSI wt
LS411N Dukes’ B Colorectal carcinoma 32-year-old male Primary tumour MSS mt
SK-CO-1 unknown  Colorectal adenocarcinoma  65-year-old male Ascites MSS wt
SW480 Dukes’ B Colorectal adenocarcinoma 50 year-old male Primary tumour MSS wt
SW620 Dukes’ C  Colorectal adenocarcinoma 51 year-old male Lymph node metastasis MSS wt

Table 6.1: Cell Line information



6.3 TS and TS-complex in other cell lines
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Figure 6.3: TS and T'S-complex protein expression in other cell lines. Whole lysates of DLD-1, SW620 and HCT116
p53-/- cells treated with 10 uM 5-FU.

Figure 6.3 displays representative western blots of other cell lines that T'S dynamics
were studied in. Also shown in western blots utilising the antibody specific to
TS-ternary complexes (MABE370), confirming the correspondence of the upper TS
bands (using antibody ab108995) to the ternary complex.
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HCT116 control rep. 1

Micrograph | Cytoplasm | ER ER Contact Contact Mitochondria | Mitochondria
points points | lines | points | lines lines points
1 1 2 10 0 0 0 0
2 5 2 8 0 0 18 7
3 7 2 60 0 1 50 21
4 9 5 68 0 1 100 64
5 3 1 8 0 0 0 0
6 5 2 22 0 0 58 26
7 1 2 54 0 0 18 10
8 4 7 40 0 0 0 0
9 1 1 30 0 0 8 4
10 7 7 98 0 5 70 32
11 0 3 26 0 0 0 0
12 2 4 50 0 0 8 2
13 5 4 50 0 0 12 8
14 5 9| 102 1 5 26 11
15 8 7 80 2 4 100 46
16 1 4 60 0 2 32 9
17 2 4 32 0 0 0 0
18 3 6 54 0 0 10 4
19 2 4 30 0 0 0 0
20 4 1 12 0 0 0 0
21 1 2 44 0 0 0 0
22 0 1 14 0 0 0 0
23 3 2 34 0 0 20 8
24 6 5 96 2 5 50 22
25 7 10 118 1 2 48 26
26 3 2 30 0 0 0 0
27 1 3 52 0 0 0 0
28 2 1 28 0 0 34 14
29 5 3 46 0 1 64 24
31 7 2 70 0 1 56 27
TOTAL 110 108 @ 1426 6 27 782 365
(adjusted 2750

for grid)




Volume density/fraction
(Vv)

Vv ER, Cyt 0.03927273
Vv Mit, Cyt 0.13272727

Surface density (Sv)

Sv ER, Cyt 2.5099256
Mit, Cyt 0.23499576
Contacts, Cyt 0.00811366

1 micron 9.7
1 division 10.02
real L 1 div 1.032989691

Average spacing of ER

ER, ER 63.9101427 | 2/Sv 31.2939373 membrane
Surface Ratio (Sr)
Sr Contacts,
Mit 0.03452685
HCT116 Thapsigargin rep. 1
Micrograph | Cytoplasm | ER ER Contact | Contact Mitochondria | Mitochondria
points points | lines | points | lines lines points
1 5 11 112 2 4 42 17
3 5 0 0 0 0 52 27
4 8 6 68 2 5 104 97
6 0 1 24 0 0 18 7
7 1 3 22 0 4 24 7
9 3 9 52 0 0 14 8
10 1 8 50 0 0 16 8
11 0 5 42 0 0 30 10
12 3 13 110 3 9 34 11
13 1 3 26 0 6 18 12
15 3 0 0 0 0 0 0
16 0 0 2 0 0 0 0
17 1 3 28 1 2 4 0
18 5 7 | 110 0 0 0 0
19 4 6| 102 4 13 78 37
20 1 3 26 0 0 0 0
21 2 3 42 1 3 22 10
22 1 7 42 1 6 24 7
23 3 4 44 1 3 10 4
24 9 12 | 150 0 0 14 3
25 6 19 | 190 2 7 42 17
27 0 5 54 0 0 0 0
28 5 5 66 0 0 0 0
29 7 6 44 1 4 20 7
30 6 13 90 0 0 20 6



31 9 1 32 0 0 72 31
32 5 2 30 0 0 50 19
33 9 14| 132 1 6 90 44
34 2 0 4 0 0 0 0
TOTAL 105 169 | 1694 19 72 798 389
(adjusted 2625
for grid)
Volume density/fraction
(Vv) 1 micron 9.7
Vv ER, Cyt 0.064381
Vv Mit, Cyt 0.1481905 1 division 10.02
Surface density (Sv)
Sv ER, Cyt 3.1236194 real L 1 div 1.032989691
Mit, Cyt 0.2512231
Contacts, Cyt 0.0226667
ER, ER 48.517757 | 2/Sv 41.22202072 Average spacing of ER membrane
Surface Ratio (Sr)
Sr Contacts,
Mit 0.0902256
HCT116 Tunicamycin rep. 1
Micrograph | Cytoplasm | ER ER Contact | Contact | Mitochondria | Mitochondria
points points | lines | points | lines lines
1 9 14| 234 3 14 130 49
2 6 7 68 0 0 20 7
3 2 12 1 2 26 10
4 4 16 104 0 2 30 10
5 7 17 214 0 0 102 35
6 8 76 1 6 48 19
7 4 60 0 0 24 7
8 5 10 108 3 8 52 20
10 0 2 16 0 1 22 8
11 0 4 26 0 0 4 1
12 4 7 78 0 2 22 5
13 1 3 28 0 0 28 10
14 9 15 102 0 0 10 3
15 7 9 158 1 2 18 6
16 8 9 102 1 4 38 18
17 2 1 14 2 8 44 15



18 8 5 126 5 10 48 22
19 4 6 68 0 0 0 0
20 6 0 42 0 3 90 38
21 1 3 30 1 2 14 4
22 4 2 48 1 3 44 13
23 4 0 14 0 1 10 2
24 3 1 22 0 2 70 25
25 0 0 8 0 0 0 0
26 4 7 50 0 2 86 27
27 9 3 130 0 0 12 4
28 5 3 20 0 0 0 0
30 8 4 84 1 4 36 16
31 9 13 132 2 16 190 62
TOTAL 141 172 | 2174 22 92 1218 436
Adjusted 3525
for grid
Volume density/fraction
(Vv) 1 micron
Vv ER, Cyt 0.0487943
Vv Mit, Cyt 0.1236879 1 division
Surface density (Sv)
Sv ER, Cyt 2.9852069 real L 1 div 1.032989691
Mit, Cyt 0.2855447
Contacts, Cyt 0.0215682
ER, ER 61.179385 | 2/Sv 32.6907501 Average spacing of ER membrane
Surface Ratio (Sr)
Sr Contacts,
Mit 0.0755337
HCT116 NUC-3373 6 hours rep. 1
Micrograph | Cytoplasm | ER ER Contact | Contact | Mitochondria | Mitochondria
points points | lines
1 8 13 94 0 0 28 15
2 7 21 112 1 4 32 12
3 3 5 64 2 6 16 5
4 6 5 68 2 6 96 31
5 5 4 66 1 4 26 11
6 0 0 0 0 0 0 0
7 0 0 0 0 0 0 0
8 3 6 66 2 9 56 21
9 6 10 86 3 6 60 21
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HCT116 NUC-3373 12 hours rep. 1

Micrograph | Cytoplasm | ER ER Contact Contact Mitochondria | Mitochondria
points points | lines | lines lines lines points
1 7 15 172 0 1 52 20
2 5 19 142 1 4 44 13
3 7 14 162 0 4 58 26
4 3 7 78 0 1 4 1
5 0 4 34 0 1 8
6 3 3 24 0 1 36 11
7 9 7 50 0 0 58 30
8 6 14 168 1 2 30 10
9 3 6 70 1 2 24 14
10 2 3 54 0 0 4 1
15 6 6 108 2 4 72 24
16 0 5 38 0 1 14 5
17 0 0 0 0 0 0 0
18 8 8 66 1 4 22 10
19 5 4 50 1 5 60 29
20 2 9 62 0 1 4 1
21 6 3 38 0 2 22 13
22 7 11 112 5 10 102 42
23 6 10 136 1 9 66 24
24 0 0 0 0 0 0 0
25 2 4 24 0 0 0 0
26 9 17 | 208 1 6 56 25
27 3 8 82 0 1 6 2
28 8 2 56 0 1 14 4
29 9 10 88 2 4 50 22
30 6 4 36 0 0 8 3
TOTAL 122 193 | 2058 16 64 814 333
Adjusted 3050

for grid




Volume density/fraction (Vv) 1 micron 9.7
Vv ER, Cyt 0.063278689
Vv Mit, Cyt 0.109180328 1 division 10.02
Surface density (Sv)
real L1
Sv ER, Cyt 3.266025326 div 1.032989691
Mit, Cyt 0.220551766
Contacts, Cyt 0.017340679
Average spacing of ER
ER, ER 51.6133536 | 2/Sv 38.749662 membrane
Surface Ratio (Sr)
Sr Contacts, Mit 0.078624079
HCT116 NUC-3373 24 hours rep. 1
Micrograph | Cytoplasm | ER ER Contact | Contact | Mitochondria | Mitochondria
points points | lines | points | lines lines points
1 7 8 66 1 4 110 50
2 2 5 34 0 0 0 0
3 3 7 58 0 0 12 4
4 6 8 94 3 7 58 25
5 6 14 78 0 0 0 0
6 9 10 88 0 0 0 0
7 4 4 84 1 2 26 7
8 8 6 40 0 0 12 4
9 6 11 126 0 6 68 25
10 0 3 26 0 0 8 4
11 8 8| 122 0 3 30 8
12 2 3 38 0 1 24 7
13 1 4 34 0 0 0 0
14 7 14 96 3 7 40 13
15 6 12 112 2 9 68 30
16 6 6 60 2 8 8 4
17 7 11 184 2 11 104 39
18 5 8| 120 0 4 30 11
19 0 1 18 0 0 0 0
20 4 13 108 1 6 38 12
21 4 9 72 0 0 0 0
22 3 3 22 2 7 38 13
23 7 5 72 1 3 34 11



24 3 10 84 2 4 26 8
25 3 72 2 7 62 24
26 4 3 42 1 6 68 23
27 4 50 0 0 16 2
29 7 11 138 0 0 0
30 2 2 40 0 0 0 0
31 3 4 62 0 4 76 23
TOTAL 137 215 | 2240 23 99 956 347
Adjusted 3425
for grid
Volume density/fraction (Vv) 1 micron 9.7
Vv ER, Cyt 0.062773723
Vv Mit, Cyt 0.101313869 1 division 10.02
Surface density (Sv)
real L1
Sv ER, Cyt 3.165639524 div 1.03299
Mit, Cyt 0.230665844
Contacts, Cyt 0.023886944
Average spacing of ER
ER, ER 50.42937381 | 2/Sv  39.659426 membrane
Surface Ratio (Sr)
Sr Contacts, Mit 0.103556485
HCT116 NUC-3373 48 hours rep. 1
Micrograph | Cytoplasm | ER ER Contact | Contact | Mitochondria | Mitochondria
points points | lines | points | lines lines points
1 8 12 72 1 16 130 46
2 5 6 96 2 6 52 11
3 2 40 0 14
4 1 2 44 0 1 4
5 5 10| 110 2 12 60 12
6 4 14 | 116 0 0 0 0
7 0 4 50 1 20 4
8 3 6 52 2 15 92 22
9 2 1 28 0 0 16 5
10 0 1 12 0 0 0 0
11 5 6 58 1 3 38 13
12 3 3 42 2 4 16 5
13 5 8 92 1 6 56 18



14 0 1 34 0 0 0 0
15 6 8| 174 1 7 76 32
16 4 10 | 116 2 10 72 23
17 2 2 32 0 0 12 7
18 9 13 | 208 1 3 48 17
19 2 1 34 1 3 32 9
20 1 1 12 0 0 0
21 5 5 68 0 4 38 11
22 2 2 8 0 0 22 5
23 4 5 72 1 3 32 8
24 1 7 52 0 2 20 6
25 1 1 16 0 0 14 3
26 7 4 50 2 5 22 9
27 2 1 26 0 0 58 10
28 6 16 | 150 2 10 80 23
29 1 2 12 0 0 0 0
30 7 20| 170 1 4 24 8

TOTAL 103 176 | 2046 23 122 1048 310

Adjusted 2575
for grid
Volume density/fraction (Vv) 1 micron 9.7
Vv ER, Cyt 0.06834951
1
Vv Mit, Cyt 0.12038835 division 10.02
Surface density (Sv)
real L1

Sv ER, Cyt 3.84593919 div 1.032989691

Mit, Cyt 0.33633342

Contacts, Cyt 0.03915332

ER, ER 56.2687126 | 2/Sv 35.54373 Average spacing of ER membrane

Surface Ratio (Sr)

Sr Contacts,

Mit 0.11641221




HCT116 NUC-3373 72 hours rep. 1

Micrograph | Cytoplasm | ER ER Contact | Contact | Mitochondria | Mitochondria
points points | lines | points lines lines points
1 6 8 | 160 0 3 60 17
2 1 0 0 0 0 0 0
3 3 0 16 0 0 34 8
4 9 5 66 1 10 154 52
12 6 3 18 0 0 44 12
13 9 2 12 0 2 72 20
14 1 9 82 1 6 28 6
15 3 4 32 1 8 64 17
16 3 7 36 0 0 0 0
17 5 5 78 0 4 74 23
18 8 9 94 3 9 130 32
19 9 26 | 146 2 7 66 27
20 3 8 26 0 0 0 0
21 2 2 18 0 0 0 0
22 6 12 110 0 2 38 10
23 3 6 32 0 0 6 2
24 9 16 | 130 1 5 26 7
25 5 7 66 1 4 74 28
26 1 8 50 1 2 34 13
27 4 5 84 0 0 14 5
28 0 5 38 0 0 0 0
29 0 1 18 0 3 18 4
31 9 4 68 1 2 44 18
32 9 14 | 104 0 0 0 0
33 7 16 | 136 2 6 80 26
34 3 0 0 0 0 6 1
35 4 1 44 0 2 116 33
36 7 16 | 156 0 1 40 13
37 5 4 60 4 7 96 30
38 4 3 40 1 8 64 17
TOTAL 144 206 | 1920 19 91 1382 421
Adjusted 3600
for grid




Volume density/fraction (Vv)

Vv ER, Cyt 0.05722222
Vv Mit, Cyt 0.11694444
Surface density (Sv)

Sv ER, Cyt 2.58150366
Mit, Cyt 0.31724261

Contacts, Cyt 0.02088935

ER, ER 45.1136562

Surface Ratio (Sr)

Sr Contacts, Mit  0.0658466

SW480 control rep. 1

1 micron 9.7

1 division 10.02

realL1div  1.0329897

Average spacing of ER

2/Sv  44.3324742 membrane

Micrograph | Cytoplasm | ER

points points
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32 4 7 26 2 4 18 9
33 2 1 8 0 0 0 0
34 9 4 44 1 3 30 12
35 6 9 88 2 6 34 13
36 1 1 10 0 0 0 0
TOTAL 145 83 880 12 54 888 354
Adjusted 3625
for grid
Volume density/fraction
(Vv) 1 micron 9.7
Vv ER, Cyt 0.0228966
Vv Mit, Cyt 0.0976552 1 division 10.02
Surface density (Sv)
Sv ER, Cyt 1.1750293 real L 1 div 1.032989691
Mit, Cyt 0.2024375
Contacts, Cyt 0.0123104
Average spacing of ER
ER, ER 51.319049 | 2/Sv 38.97188379 membrane
Surface Ratio (Sr)
Sr Contacts,
Mit 0.0608108
SW480 Thapsigargin rep. 1
Micrograph | Cytoplasm | ER ER Contact = Contact | Mitochondria | Mitochondria
points points | lines | points | lines lines points
2 3 1 14 0 0 18 7
3 7 7| 102 0 0 16 4
4 8 0 0 0 0 0 0
5 1 0 0 0 0 0 0
6 3 1 72 0 0 18 3
7 2 0 0 0 0 0 0
9 1 0 8 0 0 0 0
10 0 1 12 0 0 0 0
11 5 1 36 0 0 10 4
12 2 2 32 0 0 16 1
14 0 0 0 0 0 0 0
16 9 7 94 1 9 118 40
17 4 4 58 0 4 22 10
18 2 0 0 0 0 0 0
19 2 2 18 0 0 0 0
20 0 1 6 0 0 0 0



21 4 3 26 0 5 54 21
22 0 0 8 0 0 8 2
23 6 0 18 0 0 16 7
24 4 0 0 0 0 0 0
25 2 2 26 0 0 0 0
26 2 3 70 0 2 10 4
27 1 5 48 0 0 0 0
28 1 0 0 0 0 0 0
29 3 0 24 0 0 0 0
31 4 3 46 0 6 48 20
33 0 1 20 0 0 0
34 3 2 22 0 1 10
35 0 2 10 0 0 0
36 2 3 28 0 2 8 3
TOTAL 81 51| 798 1 29 372 127
Adjusted 2025
for grid
Volume density/fraction (Vv) 1 micron 9.7
Vv ER, Cyt 0.02518519
Vv Mit, Cyt 0.06271605 1 division 10.02
Surface density (Sv)
real L1
Sv ER, Cyt 1.90744437 div 1.03299
Mit, Cyt 0.15181123
Contacts, Cyt 0.01183475
Average spacing of ER
ER, ER 75.7367618 | 2/Sv  26.407255 membrane
Surface Ratio (Sr)
Sr Contacts,
Mit 0.07795699
SW480 Tunicamycin rep. 1
Micrograph | Cytoplasm | ER ER Contact | Contact | Mitochondria | Mitochondria
points points | lines | points | lines lines points
2 4 4 44 0 2 48 16
4 2 2 74 0 58 19
5 3 2 44 0 0 0 0
6 6 7 116 1 10 48 15
8 9 6 70 4 7 74 28
9 4 7 86 2 9 72 18
10 6 2 20 0 2 10 2
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31
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35
36
TOTAL 103

Adjusted 2575
for grid
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Volume density/fraction
(Vv)

1 micron

Vv ER, Cyt 0.0407767

Vv Mit, Cyt 0.09126214

1
division

Surface density (Sv)

Sv ER, Cyt 2.92862818
Mit, Cyt 0.2638035
Contacts, Cyt 0.02150223
ER, ER 71.8211197

realL1
div

Surface Ratio (Sr)

Sr Contacts,
Mit 0.08150852
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SW480 NUC-3373 6 hours rep. 1

Micrograph | Cytoplasm | ER ER Contact | Contact | Mitochondria | Mitochondria
points points | lines | points | lines lines points
2 4 10 78 0 2 74 20
3 2 7 68 2 6 18 3
4 1 8 88 0 0 0 0
5 2 4 30 0 2 6 0
6 5 8 94 0 6 34 8
7 1 2 24 0 0 0 0
8 3 7| 106 0 0 4 0
10 5 2 84 2 5 68 18
11 0 2 24 0 2 30 15
12 4 3 44 0 2 14 3
13 7 10 | 114 0 0 0 0
14 3 2 20 0 0 12 0
15 1 3 26 0 0 8 2
16 7 7| 144 0 2 18 5
17 3 3 36 0 1 18 4
18 2 6 50 1 2 10 1
19 8 7 64 0 0 26 6
20 6 7| 106 0 3 38 12
22 1 0 0 0 0 0 0
23 9 5 68 2 6 148 54
25 2 0 0 0 0 0 0
27 3 4 98 0 4 76 25
28 1 4 30 0 0 20 5
29 2 1 12 0 2 10 3
30 4 6 82 2 8 36 10
31 4 0 50 0 0 0 0
32 6 6 88 2 10 96 24
34 6 2 28 0 4 52 16
35 1 0 8 0 14 4
36 3 3 40 2 28 7
TOTAL 106 129 | 1704 13 73 858 245
Adjusted 2650

for grid




Volume density/fraction (Vv)

Vv ER, Cyt 0.04867925
Vv Mit, Cyt 0.09245283
Surface density (Sv)

Sv ER, Cyt 3.11241668
Mit, Cyt 0.26756382

Contacts, Cyt 0.02276475

1 micron 9.7
1 division 10.02
real L 1 div 1.032989691

Average spacing of ER

ER, ER 63.9372418 | 2/Sv  31.2806737 membrane

Surface Ratio (Sr)

Sr Contacts,
Mit 0.08508159

SW480 NUC-3373 12 hours rep.1

Micrograph | Cytoplasm | ER

points points
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ER Contact | Contact | Mitochondria | Mitochondria

lines | points lines lines points

32 1 3 10
112 4 8 38
40 0 0 12
164 4 16 120
48 0 0 12
58 1 7 52
64 0 0 0
8 0 2 22
86 0 0 6
236 0 5 50
62 2 7 26
70 1 2 56
26 0 0 28
34 0 0 0
198 0 9 36
62 1 5 118
68 0 0 18
78 1 4 52
96 1 4 42
68 0 0 6
104 0 0 28
0 0 0 14
36 0 0 18
34 0 1 6
64 0 3 12
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30 7 4 58 2
31 6 5 62 0
32 0 3 22 1
33 3 2 58 0
34 6 4 78 0
TOTAL 132 153 | 2126 19
Adjusted 3300
for grid
Volume density/fraction (Vv) 1 micron
Vv ER, Cyt 0.04636364
Vv Mit, Cyt 0.08545455 1 division
Surface density (Sv)
Sv ER, Cyt 3.11833908 real L 1 div
Mit, Cyt 0.24441162
Contacts, Cyt 0.02454133
ER, ER 67.2582939 | 2/Sv
Surface Ratio (Sr)
Sr Contacts,
Mit 0.10040984

SW480 NUC-3373 24 hours rep. 1

vuiw unn o o
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10.02

1.0329897

Average spacing of ER

29.7361096 membrane

32

11
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Micrograph | Cytoplasm | ER

points points
2 3 6
3 0 4
4 5 6
5 7 11
6 3 9
7 3 6
8 2 1
9 3 13
10 0
11 4
12 7 29
13 1 3
14 5 7
15 1 4
16 3 4
17 2 5
18 2 3

ER
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19 5 14 138 2 5 50 10
20 0 1 16 0 1 8 3
21 4 7 92 0 1 68 20
22 3 0 26 0 0 10 3
23 3 8 90 2 13 56 24
24 3 1 28 0 0 0 0
25 1 1 28 0 0 0 0
26 1 4 62 0 0 20 5
28 2 1 30 0 1 54 12
29 3 6 82 2 6 32 10
30 3 13 | 110 2 9 34 17
31 5 4 68 0 0 0 0
32 2 1 14 0 0 0 0
TOTAL 86 177 | 2042 17 93 948 298
Adjusted 2150
for control

Volume density/fraction (Vv) 1 micron 9.7

Vv ER, Cyt 0.08232558

Vv Mit, Cyt 0.13860465 1 division 10.02

Surface density (Sv)

Sv ER, Cyt 4.59717774 real L 1 div 1.0329897

Mit, Cyt 0.36438111

Contacts, Cyt 0.03574625
Average spacing of ER
ER, ER 55.8414245 | 2/Sv  35.8157052 membrane

Surface Ratio (Sr)

Sr Contacts,
Mit 0.09810127

SW480 NUC-3373 48 hours rep. 1

Micrograph | Cytoplasm | ER ER Contact | Contact | Mitochondria | Mitochondria
points points | lines | points | lines lines points
1 6 17 | 108 0 1 54 25
2 5 3 90 1 7 116 42
3 3 7 64 0 0 0 0
4 4 8 96 1 3 30 10
5 7 2 42 1 7 148 49
6 9 3 44 0 0 38 15
7 6 5 72 1 5 60 24



8 5 8 62
9 1 1 16
10 1 3 38
11 6 3 52
12 7 5 164
13 9 17 128
14 6 6 50
15 0 3 18
16 9 21| 198
17 6 23 | 188
18 9 19 224
19 4 9 90
20 9 9 130
21 3 8 70
22 2 2 22
23 8 19 | 208
24 4 2 22
25 3 0
26 7 3 46
27 9 21 182
28 3 52
29 0 1 16
30 9 35| 266
TOTAL 160 269 | 2758
Adjusted 4000
for grid
Volume density/fraction (Vv) 1 micron
Vv ER, Cyt 0.06725
Vv Mit, Cyt 0.12575 1 division
Surface density (Sv)
realL1
Sv ER, Cyt 3.3374002 div
Mit, Cyt 0.29295588
Contacts, Cyt 0.02375876
ER, ER 49.6267688
Surface Ratio (Sr)
Sr Contacts,
Mit 0.08110014
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SW480 NUC-3373 72 hours rep. 1

Micrograph | Cytoplasm | ER ER Contact | Contact | Mitochondria | Mitochondria
points points | lines | points | lines lines points
1 5 11 34 0 0 0 0
2 1 0 16 0 0 0 0
3 9 25| 290 0 1 14 9
4 7 24 | 292 3 8 32 12
5 2 4 50 2 7 28 8
6 2 7 74 0 3 52 14
7 3 9 98 1 6 34 14
8 4 6 70 0 3 48 15
9 8 12 | 154 0 4 62 15
10 8 12 190 0 2 22 5
11 6 0 54 0 13 148 53
13 0 1 28 0 2 10 3
14 4 6 52 2 8 52 13
15 5 1 28 0 1 52 22
16 5 0 4 0 0 0 0
17 0 2 34 0 0 0 0
18 1 10 52 0 0 4 1
19 6 8| 102 1 5 62 28
20 8 5 60 2 9 86 42
21 1 0 14 0 0 18 5
23 5 14 | 120 3 8 56 16
24 3 9 40 1 4 48 24
26 7 15 | 170 0 2 22 8
27 2 2 20 0 1 12 3
28 1 0 12 0 0 0 0
29 3 4 52 0 1 8 3
31 4 17 | 174 0 0 6 1
32 0 14 0 0 0 0
33 2 44 1 2 12 3
34 5 11 86 0 0 0 0
TOTAL 117 221 | 2428 16 90 888 317
Adjusted 2925

for grid




Volume density/fraction
(W)

Vv ER, Cyt 0.07555556
Vv Mit, Cyt 0.10837607
Surface density (Sv)

Sv ER, Cyt 4.01787877
Mit, Cyt 0.25088406
Contacts, Cyt 0.02542744
ER, ER 53.1778073

Surface Ratio (Sr)

Sr Contacts,
Mit 0.10135135

HCT116 control rep. 2

2/Sv

1 micron

1 division

real L1 div

Average spacing of ER

37.6096741 membrane

9.7

10.02

1.03299

Micrograph | Cytoplasm | ER

points points
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26 1 8 42 0 0 0 0
27 1 0 12 0 0 8 3
28 6 2 24 0 2 24 4
29 2 1 22 0 0 6 2
30 9 4 32 0 1 48 13
TOTAL 115 99 | 1054 9 45 816 353
Adjusted 2875
for grid
Volume density/fraction
(Vv) 1 micron 9.7
Vv ER, Cyt 0.0344348
Vv Mit, Cyt 0.1227826 1 division 10.02
Surface density (Sv)
realL1
Sv ER, Cyt 1.7745032 div 1.0329897
Mit, Cyt 0.2345515
Contacts, Cyt 0.0129348
Average spacing of ER
ER, ER 51.532289 | 2/Sv 38.810618 membrane
Surface Ratio (Sr)
Sr Contacts, Mit 0.0551471
HCT116 Thapsigargin rep. 2
Micrograph | Cytoplasm | ER ER Contact | Contact | Mitochondria | Mitochondria
points points | lines | points lines lines points
1 4 2 38 0 0 16 6
2 5 17 134 1 4 56 16
3 0 2 46 0 0 20 5
4 4 5 44 0 1 28
5 3 5 84 1 2 42 14
6 7 8| 114 2 11 92 40
7 3 8 120 2 15 42 9
8 1 5 66 0 6 40 14
9 4 5 80 0 0 50 19
10 1 9 74 1 6 22 8
11 1 0 4 0 0 0 0
12 6 5 68 2 6 102 36
13 5 12 | 158 0 2 60 33
14 3 2 56 1 3 30 8
15 7 13| 190 1 5 90 20
16 8 10 | 116 2 12 66 34



17
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26
27
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34
TOTAL 135

Adjusted 3375
for grid
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Volume density/fraction
(VW)

Vv ER, Cyt 0.06755556

Vv Mit, Cyt 0.14074074

Surface density (Sv)

Sv ER, Cyt 4.04722407
Mit, Cyt 0.34426868
Contacts, Cyt 0.02840339

ER, ER 59.9095668

Surface Ratio (Sr)

Sr Contacts,
Mit 0.08250356
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228

146 1 4 64
132 4 9 124
18 1 3 6
68 0 0 42
84 0 1 48
152 0 3 48
72 0 1 54
74 1 3 46
16 0 1 72
218 4 13 100
92 0 2 6
230 0 3 36
36 0 0 4
92 0 0 0
2822 24 116 1406
1 micron 9.7
1
division 10.02
real L1
div 1.03299

Average spacing of ER

2/Sv  33.38365 membrane
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HCT116 Tunicamycin rep.

Micrograph | Cytoplasm | ER ER Contact | Contact | Mitochondria | Mitochondria
points points | lines | points lines lines points
1 4 0 20 0 1 44 18
2 7 8| 120 0 3 66 21
3 1 4 46 0 1 18 4
4 4 1 20 0 1 20 7
5 2 11 84 0 2 46 12
6 4 13 94 0 3 52 15
7 4 5 96 0 2 4 1
8 4 1 24 0 3 48 19
9 0 1 14 0 0 0 0
10 6 6 68 0 0 42 17
11 7 3 82 0 0 58 19
12 4 7 84 0 0 2 0
13 7 5 98 1 5 52 12
14 4 6 86 0 2 56 18
15 0 4 50 0 1 26 11
16 4 1 38 0 0 32 7
17 1 2 8 1 2 8 2
18 3 8 48 1 3 48 11
19 1 1 18 0 0 0 0
20 2 3 30 0 2 14 5
21 5 15 70 2 4 54 24
22 2 5 32 0 0 8 3
23 5 6 46 2 5 64 28
24 3 2 14 0 1 72 22
25 1 3 14 0 0 4 1
26 1 2 28 0 0 12 4
27 9 5| 122 0 4 90 26
28 9 11| 204 3 17 106 43
29 6 6 50 0 0 50 16
30 4 4 26 1 2 26 8
TOTAL 114 149 | 1734 11 64 1122 374
Adjusted 2850

for grid




Volume density/fraction
(W)

Vv ER, Cyt 0.0522807
Vv Mit, Cyt 0.1312281

Surface density (Sv)

Sv ER, Cyt 2.9449522
Mit, Cyt 0.3253374
Contacts, Cyt 0.0185576

ER, ER 56.329623

Surface Ratio (Sr)

Sr Contacts,
Mit 0.057041

1 micron 9.7
1 division 10.02
realL1

div 1.03299

Average spacing of ER

2/Sv  35.505297 membrane

HCT116 NUC-3373 24 hours rep. 2

Micrograph | Cytoplasm | ER

points points

1 2 2
2 1 3
3 5 10
4 0 4
5 9 8
6 3 1
7 9 6
9 5 6
10 6 12
11 2 4
12 9 24
13 4 6
14 7 9
15 3 3
16 6 4
17 4 6
18 4 5
19 4 6
20 4 12
21 2 4
22 1 5
23 5 4
24 3 6

ER Contact | Contact | Mitochondria | Mitochondria

lines | points | lines lines points
28 0 0 30
48 1 2 8
80 0 0 18
22 0 1 16
88 0 0 44
28 0 0 34
36 0 2 176
64 0 0 18
96 0 3 14
40 0 1 38
120 3 8 54
58 0 3 16
76 0 0 14
70 1 6 40
60 1 7 62
56 0 1 28
44 1 2 46
74 1 4 52
88 1 2 28
28 1 3 20
44 0 0 10
48 1 2 20
52 2 6 32
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28
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13
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11
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25
26
27
28
29
30
31
TOTAL

Adjusted
for grid

N P 0|00 00 ©

137
3425

Volume density/fraction
(Vv)

Vv ER, Cyt 0.0610219
Vv Mit, Cyt 0.1489051

Surface density (Sv)

Sv ER, Cyt 2.5918674
Mit, Cyt 0.2933992
Contacts, Cyt 0.01882
ER, ER 42.474381

7 72 1 7
7 66 0 0
25 178 2 8
6 40 0 0
9 66 1 5
1 8 0 0
4 56 1 5
209 | 1834 18 78
1 micron
1 division
realL1
div

Surface Ratio (Sr)

Sr Contacts, Mit 0.0641447

HCT116 NUC-3373 48 hours rep. 2

Average spacing of ER

2/Sv  47.087207 membrane

156 64
32 16
66 30

0 0

76 33

0 0

68 24

1216 510
9.7
10.02
1.03299

Micrograph | Cytoplasm | ER
points points
1 4 18
2 1 7
3 3 7
4 2 3
5 6 9
6 2 6
7 5 11
8 4 7
9 5 11
10 1
11 1
12 4 10
13 4 4
14 7 10

ER
lines
196
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200

Contact Contact

points lines lines
0 2
0 0
2 6
0 7
0 4
0 1
2 8
1 6
2 10
1 3
0 0
2 11
0 2
0 1

Mitochondria
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15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
TOTAL 108

Adjusted for 2700
grid
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Volume density/fraction
(Vv)

Vv ER, Cyt 0.09185
Vv Mit, Cyt 0.16

Surface density (Sv)

Sv ER, Cyt 4,78654
Mit, Cyt 0.40095
Contacts, Cyt 0.0355
ER, ER 52.1115

Surface Ratio (Sr)

Sr Contacts,
Mit 0.08855
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SW480 control rep. 2

Micrograph | Cytoplasm | ER ER Contact Contact Mitochondria | Mitochondria
points points | lines | points | lines lines points
1 2 0 6 0 0 0 0
2 5 2 26 0 4 24 10
3 2 0 0 0 0 0 0
4 1 1 4 0 0 6 2
5 2 1 20 0 2 22 8
6 6 2 22 0 1 98 30
7 2 1 10 0 2 8 1
8 3 1 64 1 3 8 3
9 0 4 24 0 0 0 0
10 3 4 94 0 5 38 13
11 7 6 66 0 2 20 8
12 2 3 42 1 2 26 14
13 3 0 24 0 1 14 4
14 2 1 38 0 2 28 7
15 6 1 34 0 0 44 11
16 2 9 40 0 0 0 0
17 3 2 20 1 3 50 12
18 5 2 26 0 0 6 1
19 3 1 20 0 1 24 5
20 8 2 30 0 2 90 25
21 3 0 0 0 0 14 5
22 1 1 10 0 0 30 6
23 3 4 30 0 0 0 0
24 8 4 56 0 1 14 4
25 2 0 10 0 0 0 0
26 6 0 38 0 0 12 3
27 2 1 14 0 0 10 3
28 5 3 30 0 0 46 19
29 3 0 0 0 0 10 2
30 5 1 38 0 0 36 13
TOTAL 105 57 | 836 3 31 678 209
Adjusted 2625

for grid




Volume density/fraction
(W)

Vv ER, Cyt 0.02171429
Vv Mit, Cyt 0.07961905

Surface density (Sv)

Sv ER, Cyt 1.54152647
Mit, Cyt 0.21344518
Contacts, Cyt 0.00975929
ER, ER 70.9913506

Surface Ratio (Sr)

Sr Contacts,

Mit 0.04572271

SW480 Thapsigargin rep. 2

1 micron

1 division

realL1

div

9.7

10.02

1.03299

Average spacing of ER
2/Sv 28.172446 membrane

Micrograph | Cytoplasm | ER ER

points points | lines

1 5 3 36
2 0 1 10
3 3 4 34
4 6 16 | 172
5 1 4 50
6 1 7 52
7 3 8 70
8 0 0 0
9 6 11 | 150
10 5 4 56
11 3 3 34
12 1 1 22
13 3 7 64
14 0 0 30
15 2 1 12
16 2 6 84
17 5 7| 104
18 1 0 12
19 6 3 14
20 4 9 84
21 5 2 56
22 1 2 12
23 4 13 76
24 3 9| 116
25 9 7 82

Contact | Contact

points
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lines
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Mitochondria | Mitochondria

lines points

26 42
16 7
46 17
64 15
18 4
38 18
34 8

0 0
88 29
40 14
16 4
10 5
70 26
34 10
76 36
62 15

0 0
10 6
32 9
32 7
82 21

0 0
18 8
16 6
20 6



26 5 6 36 0 0 60 21
27 0 5 28 0 2 12 3
28 4 9 68 0 98 35
29 8 22 184 1 12 88 26
30 3 6 74 0 1 40 12
TOTAL 99 176 | 1822 11 65 1146 410
Adjusted 2475
for grid
Volume density/fraction
(Vv) 1 micron 9.7
Vv ER, Cyt 0.0711111
Vv Mit, Cyt 0.1656566 1 division 10.02
Surface density (Sv)
realL1
Sv ER, Cyt 3.5632573 div 1.03299
Mit, Cyt 0.3826444
Contacts, Cyt 0.0217032
Average spacing of ER
ER, ER 50.108306 | 2/Sv 39.913542 membrane
Surface Ratio (Sr)
Sr Contacts, Mit 0.056719
SW480 Tunicamycin rep. 2
Micrograph | Cytoplasm | ER ER Contact | Contact | Mitochondria | Mitochondria
points points | lines | points | lines lines points
1 1 1 30 1 4 22 6
2 3 1 26 0 3 46 11
3 5 9 86 2 10 82 24
4 1 3 18 0 0 4 1
5 3 2 42 1 3 118 35
6 0 5 40 0 0 0 0
7 8 24 | 190 0 2 76 19
8 8 15 174 5 14 86 28
9 5 16 | 124 2 9 94 28
10 7 4 12 0 0 58 19
11 3 5 60 0 5 80 21
12 8 5 92 1 5 72 27
13 3 0 8 0 3 26 9
14 3 1 24 1 5 64 23
15 0 2 18 0 0 0 0



17
18
19
20
21
22
23
24
25
26
27
28
30
31
32
TOTAL 123

Adjusted for 3075
grid

PO O NN NW WY OO

Volume density/fraction
(W)

Vv ER, Cyt 0.05430894
Vv Mit, Cyt 0.1404878

Surface density (Sv)

Sv ER, Cyt 2.75150512
Mit, Cyt 0.37409344
Contacts, Cyt 0.03036822
ER, ER 50.6639416

Surface Ratio (Sr)

Sr Contacts,
Mit 0.08117816
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1 micron

1 division

realL1
div

Average spacing of ER

39.475807 membrane
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90
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1392

9.7

10.02
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15
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14
16
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SW480 NUC-3373 24 hours rep. 2

Micrograph | Cytoplasm | ER ER Contact  Contact Mitochondria | Mitochondria
points points | lines | points | lines lines points
1 6 4 72 2 5 60 29
2 4 6 56 1 4 24 8
3 2 5 18 0 1 16 6
4 2 3 22 0 2 20 6
5 1 4 38 0 0 6 1
6 2 1 10 0 0 28 6
7 1 0 0 0 0 20 6
8 5 2 20 0 0 56 18
10 2 7 38 0 1 38 13
11 3 0 0 0 0 62 39
12 5 4 56 0 1 8 3
13 4 3 22 0 0 18 5
14 5 0 12 0 0 8 3
15 7 4 42 0 3 54 22
16 3 2 20 0 3 26 12
17 2 2 8 0 0 0 0
18 0 1 10 0 0 0 0
19 1 1 20 0 0 8 5
20 2 3 28 0 0 16 6
21 4 5 48 0 4 78 25
22 8 5 88 1 4 48 17
23 5 6 70 0 1 16 3
24 9 7 88 2 18 212 116
25 1 1 8 0 2 10 4
26 1 0 0 0 0 8 4
27 3 1 24 1 3 30 21
28 4 9 56 0 0 0 0
29 0 0 0 0 0 0 0
30 2 3 56 0 3 42 16
31 3 4 66 0 3 54 14
TOTAL 97 93 | 996 7 58 966 408
Adjusted 2425

for grid




Volume density/fraction (Vv)

Vv ER, Cyt 0.03835052
Vv Mit, Cyt 0.16824742

Surface density (Sv)

Sv ER, Cyt 1.98802395
Mit, Cyt 0.32919358
Contacts, Cyt 0.01976525

ER, ER 51.838259

Surface Ratio (Sr)

Sr Contacts,
Mit 0.06004141

1 micron 9.7
1 division 10.02
real L1

div 1.03299

Average spacing of ER

2/Sv  38.581543 membrane

SW480 NUC-3373 48 hours rep. 2

Micrograph | Cytoplasm | ER

points points

1 2 0
2 4 3
3 1 0
4 2 2
5 9 7
6 2 0
7 0 2
8 4 0
9 2 0
10 1 0
11 6 6
12 1 0
13 7 0
14 5 4
15 3 7
16 9 19
17 2 3
18 1 0
19 1 3
20 1 1
21 0 1
22 5 2
23 6 11
24 0 1

ER Contact | Contact = Mitochondria | Mitochondria

lines | points | lines lines points

2 0 0 36
20 1 7 42
6 0 0 0
30 0 0 0
68 0 8 82
10 0 0 0
8 0 3 28
6 0 0 0
12 0 0 64
8 0 1 44
42 1 2 10
4 0 0 8
24 0 2 138
48 0 0 18
44 0 1 38
102 0 2 92
36 0 2 40
8 0 1 26
26 1 4 46
18 0 0 38
2 0 0 6
12 0 0 0
68 1 2 12
34 0 2 6

64

17
29
10

21
15

RlW ON



25 6 10
26 3 3
27 9 0
28 9 1
29 9 7
30 8 9
TOTAL 118 102
Adjusted 2950
for grid

Volume density/fraction (Vv)

Vv ER, Cyt 0.034576271

Vv Mit, Cyt 0.143050847

Surface density (Sv)

Sv ER, Cyt 1.529212761

Mit, Cyt 0.293579172

Contacts, Cyt 0.015407304

ER, ER 44.22723181

Surface Ratio (Sr)

Sr Contacts, Mit  0.052480916

72 0 0
24 0 3
24 0 1
4 0 0
70 0 0
100 3 14
932 7 55
1 micron
1 division
realL1
div

16
98

38

122
1048

9.7

10.02

1.03299

Average spacing of ER

2/Sv  45.221008 membrane

38

14
58
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Ethics Committee (UTREC) and has approved this ethical amendment application. The particulars of this approval
are as follows —

Original MD9202 Approved on: 16/10/2012
Approval Code:
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