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Abstract

The KRAS GTPase plays a fundamental role in transducing signals from plasma membrane
growth factor receptors to downstream signalling pathways controlling cell proliferation, survival
and migration. Activating KRAS mutations are found in 20% of all cancers and in up to 40% of
colorectal cancers, where they contribute to dysregulation of cell processes underlying oncogenic
transformation. Multiple KRAS-regulated cell functions are also influenced by changes in
intracellular Ca?* levels that are concurrently modified by receptor signalling pathways.
Suppression of intracellular CaZ* release mechanisms can confer a survival advantage in cancer
cells, and changes in Ca2* entry across the plasma membrane modulate cell migration and
proliferation. However, inconsistent remodelling of Ca2* influx and its signalling role has been
reported in studies of transformed cells. To isolate the interaction between altered Ca2* handling
and mutated KRAS in colorectal cancer, we have previously employed isogenic cell line pairs,
differing by the presence of an oncogenic KRAS allele (encoding KRASG13D), and have shown
that reduced Ca2* release from the ER and mitochondrial Ca2* uptake contributes to the survival
advantage conferred by oncogenic KRAS. Here we show in the same cell lines, that Store-
Operated Ca?* Entry (SOCE) and its underlying current, Icrac are under the influence of
KRASC13D_ gpecifically, deletion of the oncogenic KRAS allele resulted in enhanced STIM1
expression and greater CaZ* influx. Consistent with the role of KRAS in the activation of the ERK
pathway, MEK inhibition in cells with KRAS®G13D resulted in increased STIM1 expression.
Further, ectopic expression of STIM1 in HCT 116 cells (which possess the KRASG13D mutation)
rescued SOCE, demonstrating a fundamental role of STIM1 in suppression of Ca2* entry
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downstream of KRAS®13D, These results add to the knowledge of how ERK controls cancer cell
physiology and highlight STIM1 as an important biomarker in cancerogenesis.

Graphical Abstract
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1. Introduction

The small GTPase RAS is a molecular switch that couples receptor tyrosine kinase (RTK)
activation with downstream signalling pathways regulating cell proliferation, survival and
migration [1]. Somatic mutations at several levels in these pathways, for example in RTKSs
(EGFR), RAS itself, BRAF and PI3K, are highly prevalent in cancer and are responsible for
the constitutive activation of affected pathways observed [2,3]. Notably, underlining its
importance in oncogenic transformation, RAS is mutated in 20-30 % of all cancers and up
to 40% of colorectal cancer (CRC), which is the second and third most prevalent cancer in
women and men, respectively, affecting over one million patients per year globally [4]. Of
the three RAS isoforms, KRAS is most frequently mutated in cancer, and as the only
essential isoform it has the greatest impact on cell biology [1]. The importance of growth
factor signalling pathways in oncogenic transformation has placed them at the centre of
cancer drug development efforts. To date however, while drugs targeting RTKs, BRAF,
MEK and PI3K are at various stage of development or in use in the clinic, no effective drugs
targeting KRAS are available [5].

Constitutive activation of KRAS in cancer is brought about through missense point
mutations in the codons encoding Gly12, Gly13 or GIn61 [6,7]. Consequently, the activities
of pathways downstream of KRAS are increased. KRAS signals via four main pathways: the
RAF/MEK/ERK pathway, the PI3K/AKT pathway, the RAL pathway and the
PLCe/PKC/Ca?* pathway. These pathways do not act in isolation however but signal in
concert. Notably, Ca?* interacts with the KRAS-RAF-MEK-ERK pathway at multiple levels
as well as engaging overlapping downstream mediators [8—10]. For example, inhibition of
BRAF increases the expression of Ca?* ATPase isoform 4b (PMCAA4) [11] and facilitates

Cell Calcium. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pierro et al.

Page 3

endoplasmic reticulum (ER)mitochondrial Ca2* transfer [12], while opening of canonical
transient receptor potential 3 (TRPC3) non-selective cation channels is required for ERK
activation in B-lymphocytes [13]. Like KRAS, Ca2* signals have pleiotropic effects
controlling cellular life and death decisions [14-16]. As such, dysregulated Ca?* signalling
pathways contribute to the altered activity of cell processes underlying cancer [14,16-19].
Of particular note, Ca2* signals are necessary to sustain the cell cycle at specific checkpoints
such as G1/S and G,/M transitions [20,21] and mitochondrial Ca2* overload is a key event in
activating the apoptotic cascade [22]. Cell migration and invasion associated with tumour
metastasis are also regulated by Ca2* [23-26].

Ca?* signals are generated by release from intracellular stores and/or influx across the
plasmalemma. While Ca2* signalling pathways centred on the endoplasmic reticulum (ER)
have primarily been invoked in the altered cell physiology of cancer cells, a prominent role
for Ca2* influx across the plasmalemma is now also emerging [17,18]. Indeed, the Ca2*
influx pathway engaged following depletion of the ER Ca?* store (Store-Operated Ca?*
Entry; SOCE) is considered important in the regulation of cell proliferation, migration and
apoptosis [27-29] — cell processes modified in cancer cells [30,31]. Ca2* influx via SOCE
directly affects the proliferation of normal (non cancer cells) as well as cancer cell types
[32-34], including melanoma cells [35], renal cell carcinoma [36], cervical cancer cells [37],
glioblastoma cells [38—40], HEK 293 cells [41,42] and colorectal cancer [43,44]. As well as
acting to replenish a depleted ER Ca?* store to allow further Ca2* signalling, changes in
SOCE are likely to have broad implications for the phenotype of cancer cells [45-49].
Indeed, the mediators of SOCE, STIM1 and ORAIL, have been found to control G4/S
transition in cervical cancer SiHa cells [20]. Moreover, inhibition of STIM1 and ORAI1 via
siRNA impairs migration of breast [50,51] and cervical cancer cells [37], whereas
overexpression of STIM1 favours invasion [43]. Endothelial cell proliferation and tube
formation in renal cell carcinoma underlying tumour angiogenesis is also dependent on
SOCE [52].

Despite these advances in identifying altered Ca?* intracellular Ca2* regulation as a
hallmark of cancer, the link between Ca2* homeostasis/signalling and cellular
transformation induced by a particular oncogenic mutation remains poorly explored. While
analysis of tumour-derived and normal cells of the same tissue origin or neighbouring to the
tumour has provided important information [44,53], these controls may not adequately
reflect the cell type/genetic status of the cell type of origin. Further inconsistencies are
observed on analysis of transformed cells from tumours at different stages and origins as
well as whether the original tumour or its metastasis are analysed [54-56]. An approach
successfully used to circumvent these issues in cellular diversity has been to determine the
consequences of genetic deletion of specific mutated oncogenic alleles from a transformed
cell [57-59]. Comparison of isogenic cell line pairs thus generated provides specific
information regarding the interaction between the mutated allele and the phenotype studied.
Given the frequency of KRAS mutations in colorectal cancer, we have used this approach to
probe functional interactions between this GTPase and Ca?* handling. We previously
demonstrated that through suppression of inositol 1,4,5-trisphosphate receptor (InsP3R)
expression, cells harbouring a mutated KRAS allele exhibited a reduction in both Ca2*
signalling induced by an InsP3-generating agonist and mitochondrial Ca2* uptake, which
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together served to protect from death-inducing stimuli [60]. Given the growing body of
evidence supporting a role of Ca2* influx in cell proliferation and cell migration in cancer,
including in CRC, we here examined whether Ca2* entry mechanisms were also a target of
activated KRAS. As previously, we analysed CRC cell line pairs that were isogenic albeit for
a single copy of oncogenic KRAS (encoding KRASCG13D), which was deleted by
homologous recombination (Shirasawa et al., 1993). Use of these cell line pairs thus allows
the selective analysis of the influence of the oncogenic KRAS on cell phenotype without the
confounding effects observed in overexpression studies for example where oncogenic KRAS
is expressed at supraphysiological levels [61]. Using biochemical, fluorometric and
electrophysiological approaches, we demonstrate that KRASG13D expression in the isogenic
CRC cell model was associated with reduced SOCE and Icrac as well as remodelled
expression of STIM proteins. KRASC13D expression was also associated with a reduced
sensitivity to cell death induced by activation of SOCE. The lower Ca?* entry in KRASG13D
expressing cells was augmented to the levels in the KRAS-deficient cells by STIM1
overexpression, indicating that STIM1 expression is a direct downstream target of
KRASC13D jn CRCs. Targeting KRAS/Ca?* signalling interactions pathway may provide a
strategy to intervene in the development of CRC.

2. Methods

2.1

Materials

Salts for physiological recordings were of the highest grade and purchased from
SigmaAldrich, Fisher Scientific or BDH. Na-methanesulfonate, Adenosine 5” -triphosphate
magnesium salt and Cs-methanesulfonate and salts for internal solutions were from Sigma
(St. Louis, MO, USA). Cs-BAPTA and Ca%*-sensitive fluorescent indicators were from
Invitrogen (Eugene, OR, USA). Sources for other reagents used are indicated where
described.

2.2. Cell culture

2.3.

HCT 116 and DLD-1 cells (both KRASCI3DWT) and their respective isogenic derivatives
HKH-2 and DKO-4 (both KRAS™WT) were a kind gift of S. Shirasawa (Fukuoka University,
Japan) and have been previously described [57]. Cells were cultured in DMEM (Life
Technologies, Carlsbad, CA, USA), containing 10 % heat-inactivated foetal bovine serum
(FBS) (Invitrogen), 1 % penicillin/streptomycin solution (5 units penicillin, 55 pg
streptomycin) (Sigma, Dorset, UK). Cells were maintained at 37 °C with 5 % CO in
saturated humidity and passaged upon reaching 80-90 % confluency.

Imaging of cytosolic Ca?*

Cytosolic Ca%* was imaged as previously described [62]. Briefly, cells were seeded onto
polyL-lysine-coated coverslips at equivalent densities and imaged after 48 h. Imaging was
carried out using Ca2* containing and Ca2* free HEPES buffered solutions as previously
described [62] and included in the supplementary information. Prior to each experiment,
coverslips were mounted into stainless steel imaging chambers and loaded with fura-2 AM
diluted in Ca2* containing imaging buffer (Life Technologies; 2 uM for 30 min), followed
by de-esterification in CaZ*-free buffer for 30 min during which thapsigargin (Tg, 2 uM;
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SIGMA) was included for the final 15 min. Coverslips were imaged on the stage of a Nikon
Eclipse TE200 inverted epifluorescence microscope equipped with a Nikon PlanFluor 20x/
0.75 NA multi immersion objective (Nikon, Kingston Upon Thames, Surrey, UK).
Excitation light at 340 and 380 nm was selected using a motorised filter wheel (Sutter
Industries, Novato, CA, USA) at a frequency of 1 image pair every 3 s with an exposure of
200 ms and emitted light was selected using a 400 nm dichroic mirror and filtered through a
460 nm long pass filter. Images were captured using a Hamamatsu ORCA ER Charge-
Coupled Device (CCD) camera. Three coverslips per cell type were imaged per day on 3
separate days. Ca2* concentration values were calculated according to published methods
[63].

2.4. Whole-cell patch clamp electrophysiology

Whole-cell patch clamp recordings were performed at room temperature using an Axopatch
200B and Digidata 1440A (Axon Instruments) previously published [64,65]. Internal and
bath solutions were as previously described [64,65] and as provided in the supplementary
information. Clampfit 10.1 software was used for data analysis. Pipettes were pulled from
borosilicate glass capillaries (World Precision Instruments, Inc. Sarasota, FL) with a P-1000
Flaming/Brown micropipette puller (Sutter Instrument Company, Novato, CA) and polished
with DMF1000 (World Precision Instruments, Inc. Sarasota, FL) to a resistance of 2-4 MQ
when filled with pipette solutions. Immediately before the experiments, cells were washed
with bath solution. Only cells with tight seals (>16 GQ) were selected to break in. Cells were
maintained at a 0 mV holding potential during experiments and subjected to voltage ramps
from +100 to —140 mV lasting 250 ms every 2 s. “Reverse” ramps were designed to inhibit
Na* channels potentially expressed in these cells. High MgCl, (8 mM) was included in the
patch pipette to inhibit TRPM7 currents. All experiments were performed at room
temperature.

2.5. Transient transfection

For expression of STIM1 in HCT 116 cells, plasmids were used encoding YFP-STIM1 (kind
gift of Prof S. Muallem, NIDCR, Bethesda, USA) or YFP (purchased from Clontech). Cells
were transfected using JetPei (Polyplus Transfection) following the manufacturer’s
instructions 24 h post seeding the cells onto glass coverslips. Transfection efficiency was
~50 %.

2.6. Mn2* quench imaging

Cells were seeded as described for ratiometric imaging and imaged using an Olympus 1X81
inverted epifluorescence microscope equipped with an Olympus UPlanSApo 20x/0.75 NA
air objective. Wavelengths for excitation of fura-2 in its Ca2* free (380/10 nm), Ca2*-bound
(340/10 nm), and Ca2* insensitive isosbestic —2 (360/4 nm) forms were selected using a
Polychrome V monochromator. Emitted light was filtered through a 400 nm dichroic mirror
and an emission filter wheel. Images were captured using a Hamamatsu ORCA ER CCD
camera. The imaging system was controlled by the Olympus CelIR software. When imaging
YFP-transfected cells, a reference image of the YFP-positive cells was captured using 480
nm excitation and filtering through a 520 nm long-pass filter.
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2.7. Immunoblotting

Cells were seeded and harvested after 48 h or at the times specified. 15 to 30 pg of protein
lysate for each sample, quantitated using a bincinchoninic acid (BCA) protein assay kit
(Thermo Scientific), was loaded per lane onto 7 % SDS- polyacrylamide gels or 4-12 %
Bis-Tris gradient gels (NuPage). Proteins were transferred from the gels onto polyvinilidene
fluoride (PVDF) membranes and probed with the following antibodies: anti-STIM1 (dilution
1:1000, BD Bioscience), anti-STIM2 (dilution 1:1000, Sigma) and anti-calnexin (dilution
1:20000, Sigma).

Detection of bands was carried out after incubation with horseradish peroxidase
(HRP)conjugated secondary antibodies (dil. 1:10,000) using Enhanced Chemiluminescence
(ECL) reagent (Thermo Scientific) or using fluorescence-based detection (Li-Cor CLX)
using secondary antibodies conjugated to fluorophores excited at 680 nm and 800 nm. In the
case of Li-Cor detection, multiple primary antibodies conjugated to different species were
used at the same time, producing one set of loading control bands.

2.8. Immunofluorescence

Cells were seeded as described for cytosolic Ca2* imaging. 48 h post-seeding cells were
processed for immunofluorescence analysis as previously described [60] Briefly, after
washing in PBS, cells were fixed with 2% paraformaldehyde 0.05% glutaraldehyde. Cells
were then permeabilised in PBS containing 0.2 % TRITON X-100 after which non-specific
sites were blocked with Chemiblocker (5% in PBS/0.1% TRITON X-100; EMD Millipore).
Cells were then labelled with primary antibodies against STIM-1 (BD Bioscience; 1:100)
and calnexin (SIGMA; 1:500) diluted in blocking buffer overnight at 4 °C. After washing for
1 h, coverslips were incubated with Alexa-Fluor conjugated secondary antibody (dilution
1:500; Thermo Fisher). Coverslips were then mounted onto glass slides with Vectashield
mounting agent containing DAPI (Vector laboratories). Cells were imaged using an
Olympus FV1000 point-scanning confocal imaging system configured on an Olympus 1X81
inverted microscope equipped with an Olympus PlanSApo 60x/1.35 oil objective.

2.9. Flow Cytometry

Analysis of sub-G1 DNA content was performed as previously described [60,66] with minor
modifications. Cells in the medium were collected and pooled with cells that remained
attached to their substrate that were harvested by trypsinization. After washing in PBS, cells
were fixed with 70% ethanol and then treated with RNase and stained with propidium iodide
(PI). Stained cells were analysed with a Becton Dickinson Canto 11 AIG flow cytometer
(Oxford, UK). Single cells in suspension were excited at 488 nm by an argon laser and
analysed according to the intensity of emitted fluorescence at 572 nm.

2.10. Statistical analysis

Statistical analyses were performed using GraphPad Prism 6. Data represents a minimum of
3 independent biological replicates, sample humbers for each experiment indicated in the
figure legend. For testing statistical significance of three or more conditions, the means were
compared by analysis of variance (ANOVA) followed by post-hoc Holm-Sidak’s Multiple
Comparison test (for testing statistical significance between groups of the same dataset,
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illustrated with a line between groups). A one-sample Student’s #test was used for
establishing significance between two experimental conditions within a data set. Data was
taken as significant when P was less than 0.05, which was represented as *. P-values less
than 0.01, 0.001, 0.0001 were represented by **, *** and **** respectively.

3. Results

3.1. K-Ras®13D suppresses SOCE in colorectal cancer cell lines

Using the HCT 116 colorectal cancer cell line (possessing the oncogenic KRAS allele
encoding KRASC13D) and its isogenic derivative HKH-2 (oncogenic allele ablated by
homologous recombination), we previously identified an interaction between InsP3-
mediated Ca2* release from intracellular ER stores, mitochondrial Ca2* uptake and
oncogenic KRAS that was protective against apoptotic stimuli [60]. Given the importance of
SOCE in cancer cell processes and regulation of ER Ca2* levels, which are altered in KRAS
mutated cells, SOCE was examined in the same HCT 116 and HKH-2 cell pair. To this end,
experimental strategies that allowed isolation of SOCE from other Ca2* signalling
mechanisms were employed. SOCE was first investigated by measuring Ca2* influx across
the PM during a period of Ca2* re-addition following depletion of ER Ca?* with the
irreversible inhibitor of the SERCA pump thapsigargin (Tg). Application of Tg to cells
bathed in Ca2*-free imaging buffer induced a typical increase in cytosolic Ca2*
concentration [Ca%*]; due to uncovering of the passive leak of Ca* from the ER (Fig. 1A i
and as in Pierro et al. 2014). After 10 min treatment with Tg to allow depletion of the ER
Ca?* store, cells were superfused with Ca2*-containing imaging buffer, thereby initiating
SOCE. The resulting increase in [Ca?*]; reached a peak amplitude and magnitude (integrated
signal) that was no different between the two cell types (Fig. S1A). As the peak amplitude of
the entry Ca2* signal is influenced by feedback mechanisms, Ca2* buffering and clearance
mechanisms, the rate of rise of the Ca2* entry signal, which provides a more direct measure
of Ca?* flux [67,68], was also determined. To this end, the Ca2* entry signals in both HCT
116 and HKH-2 cells were normalized to the maximal [Ca2*]; level (Fig 1Aii) and the first
derivative was obtained (Fig. 1Aiii and iv). The maximal rate of CaZ* influx was
significantly greater in HKH-2 cells than in HCT 116 cells (Fig. 1Aiv). Consistent with the
reduced Ca2* entry following store depletion with Tg in HCT 116 cells, these cells were
protected against cell death resulting from chronic Tg application when compared to HKH-2
cells (Fig S1).

To further probe SOCE in isolation from the Ca?* homeostatic mechanisms described above,
we assessed the rate of manganese (Mn2*) influx following store depletion with Tg. MnZ*
serves as a surrogate for Ca?* permeating SOCE channels, but is a poor substrate for Ca?*
dependent ATPases, and as such is not efficiently extruded across the plasmalemma. The
influx of MnZ* was monitored through the quenching of fura-2 fluorescence, determined
when excited at its Ca?*-independent isosbestic point (~360 nm). ER stores were depleted of
Ca?* with Tg during the de-esterification step of fura-2 loading prior to imaging. Cells were
then imaged in Ca2*- and, MnCl,-free imaging buffer to obtain a baseline level of fura-2
fluorescence. To monitor the activity of SOCE, MnCl, (2 mM) in Ca?*-free imaging buffer
was then superfused over the cells. While MnCl, addition induced a mono-exponential
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decline in fura-2 fluorescence in both cell types (Fig. 1Bi), the rate of decline, illustrated by
the maximal derivative of the fura-2 quench by Mn2*, was significantly greater in HKH-2
cells than in HCT 116 cells (Fig. 1Bii and iii).

Basal CaZ* influx (i.e. Ca2* entry occurring in resting HCT 116 and HKH 2 cells with
replete Ca2* stores), and Ca?* influx following agonist application (partial store depletion)
were also assessed using Mn2* quench of fura-2, and found to be lower in the HCT 116 cells
than HKH-2 cells, further confirming an influence of KRAS®13D on SOCE (Fig S2B and
C).

KRASC13D suppresses Icrac in CRC cell lines

In non-excitable cells such as the colorectal cancer cells examined in this study, Ca2* entry
across the plasmalemma occurs via both SOCE dependent and independent pathways.
Experiments were therefore carried out to establish that SOCE was specifically affected by
loss of mutated KRAS. To this end, the defining and underlying current of SOCE, Icrac,
was measured in HCT 116 and HKH-2 cells by whole cell patch clamp electrophysiology.
Icrac Was induced by Ca?* store depletion with BAPTA (20 mM), included in the pipette
solution and cells were bathed in bath solution containing 20 mM Ca2* to maximize inward
Ca?* currents [40]. The recordings in Fig 2Ai and ii, from HCT 116 and HKH-2 cells
respectively, show a slowly developing inward current that was activated within 3—4 min of
whole cell configuration being achieved. The current was substantially augmented by
replacement of the Ca2* containing bath solution with divalent free (DVF) solution, which
results in Na* being the principal charge carrier. The recordings also show a rapid loss of
potentiation of the Na* current during the short time windows of exposure to DVF. This loss
of potential is experimentally observed as a rapid increase in inward current caused by
exposure to DVF (i.e. Na* influx), followed by a progressive decline in the current during
the DVF application. During the first exposure to DVF immediately after break-in, where
Icrac Was negligible, a small current which does not depotentiate, likely representing leak,
was observed. A second DVF pulse was applied after Icrac had fully developed resulting in
a relatively large Na* current that showed a rapid depotentiation during the short time
windows of exposure to DVF, a defining biophysical signature of Icrac [69] (Fig 2Ai and
ii). The sensitivity of the current recorded in both cell lines to Gd3* (5 uM) supports the
identity of the current as Icrac (Fig. 2A). Current-voltage relationships for the currents
recorded in HCT 116 and HKH-2 cells are also shown in Fig 2Aiii. These data indicate
inward rectification of the current and a positive reversal potential (+60 mV), which are
known features of Icrac [70]. Notably, the magnitude of the current recorded at —100 mV
was significantly greater in HKH-2 cells than in HCT 116 cells (Fig. 2Aiv).

To verify whether lesser Icrac Was a common feature of KRASG13D expressing cells, we
measured lcgrac in a second KRASC13D expressing cell line, DLD-1, and its isogenic
derivative DKO-4 (in which the oncogenic KRAS allele was also deleted by homologous
recombination, [57]) (Fig. 2B). Similar protocols were used for the DLD-1/DKO-4 cell line
pair as were used for HCT/HKH-2 in Fig 2A. Although currents were generally greater in
both DLD-1 and DKO-4 cells (Fig 2Bi-iii) compared to HCT 116 and HKH-2 cells,
characteristic features of Icrac (i.€. inward rectification, positive reversal potential and
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depotentiation in DVF solutions) were also observed in DLD-1 and DKO-4 cells. As shown
in Fig. 2Biv, Icrac Was lower in the KRASCG13D_expressing DLD-1 cells than in the DKO-4
cells (Fig. 2Biv).

Together, the data obtained from fura-2 measurements (Fig. 1) and electrophysiological
recordings of Icrac (Fig. 2) show that loss of the oncogenic KRAS allele in CRC cell lines
results in increased SOCE.

3.3. STIM1 and STIM2 expression is regulated by KRASG13D in CRC cell lines

STIM proteins are essential for coupling ER Ca2* store depletion with CaZ* entry channels
on the plasma membrane. To assess whether the enhanced SOCE observed following
deletion of oncogenic KRAS allele was due to altered STIM expression, STIM1 and STIM2
protein and mRNA levels were assessed by immunoblotting and RT-gPCR, respectively, in
HCT 116 and HKH-2 cells. STIM1 protein and mRNA levels were significantly greater in
HKH-2 compared to HCT 116 cells (Fig. 3Ai-iii). STIM2 protein levels were also
differentially expressed between HCT 116 and HKH-2 cells, although STIM2 levels were
significantly lower in the absence of KRAS®13P (Fig. 3Aiv and v). mRNA levels of STIM2
were however unchanged (Fig. 3Avi).

Given the greater Icrac in DKO-4 cells compared to their isogenic DLD-1 counterparts
harbouring an oncogenic KRAS allele, the expression of STIM1 and 2 was also investigated
in these cells. The expression profile of STIM1 and 2 in the DLD-1/DKO-4 cell line pair
was different than between the HCT 116/HKH-2 cell lines (Fig. 3B). Specifically, STIM1
protein expression was significantly greater in DLD-1 than DKO-4 cells (Fig. 3Bi and ii). In
contrast to that observed for HCT 116 and HKH-2 cells, STIMZ2 protein was more abundant
in DKO-4 cells compared to DLD-1 (Fig. 3Bi and iv). mMRNA levels of STIM1 and STIM2
were similar between DLD-1 and DKO-4 cell lines (Fig. 3Biii and v).

3.4. YFP-STIM1 expression is sufficient to elevate SOCE in the HCT 116 cells

The correlation between increased STIM1 expression, enhanced SOCE/Icrac and loss of
KRASC13D petween HCT 116 and HKH-2 cells suggested a causal role of STIM1 in
determining SOCE/Icrac activity. Whether increasing STIM1 levels was sufficient to bring
about an increase in SOCE/Icrac in HCT 116 was therefore tested. To this end, yellow
fluorescent protein (YFP)-tagged STIM1 (YFP-STIM1) was overexpressed in HCT 116
cells and SOCE was measured. HCT 116 cells were transfected with YFP-STIM1 or with
YFP alone, which was used as a transfection control (Fig. S3). YFP-STIM1 exhibited the
expected ER distribution, co-localising with ER-localised chaperone calnexin (FIG. S2 top
row, right panel). SOCE was analysed in YFP-STIM1- and YFP-expressing cells using
Mn2* quench of fura-2, as described above (Fig. 4) i. The maximal derivative of the rate of
Mn2* quench of fura-2 in HCT 116 cells was substantially increased by YFP-STIM1
expression (Fig. 4ii and iii), reaching levels approaching that observed in HKH-2 cells (Fig.
1B.). These data are consistent with the hypothesis that a difference in STIM1 expression
underlies the altered SOCE between HCT 116 and HKH-2 cells.
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3.5. Expression of STIM proteins is regulated by ERK signalling in the HCT 116 CRC cell

line

KRASC13D_expressing HCT 116 cells exhibit increased ERK pathway activation compared
to their HKH-2 isogenic derivatives [60,71,72]. Given the role of ERK signalling in
regulation of gene expression, we next investigated whether this signalling pathway
contributed to the regulation of STIM expression in HCT 116 cells. ERK signalling was
inhibited in HCT 116 cells by application of the MEK inhibitor (48 h with 5 pM PD184352;
an exposure duration and dose determined to be sufficient to elicit an increase in STIM1
expression, Fig. S4). Since MEK lies directly upstream of ERK1/2, inhibition of its
activation prevents ERK1/2 activation as well as downstream signalling [73]. PD184352
application resulted in a significant increase in STIM1 protein and mMRNA, reaching levels
comparable with those expressed by HKH-2 cells (Fig 5Ai-iii). Protein levels of STIM2 in
HCT 116 cells were also altered by PD184352 application, so that its expression was
reduced to levels comparable to that for HKH-2 cells (Fig. 5B). PD184352 treatment did not
influence MRNA abundance of STIM2 in HCT 116 cells.

Together, these data indicate that STIM expression and SOCE lie downstream of KRASG13D
in CRC cell lines.

4. Discussion

Here we established a functional interaction between oncogenic KRAS and SOCE in two
isogenic pairs of CRC cell lines. We determined that the presence of oncogenic KRAS was
associated with a suppression of SOCE and its underlying current Icgrac. Consistent with
these observations, the expression of the STIM proteins required for transduction of the state
of filling of the ER to the plasma membrane to activate Ca%* entry was remodelled in cancer
cells expressing mutated KRAS. Ectopic expression of STIM1 in KRASCG13D cells was
sufficient to enhance SOCE, demonstrating the role of reduced STIM1 in the Ca2* handling
phenotype of these cells.

SOCE is fundamental to intracellular Ca2* signalling and homeostasis and as such is
emerging as an important contributor to the hallmarks of transformed cells [17,18,74-77].
Indeed, SOCE is augmented and expression of its molecular mediators, STIM1 and ORAI1
are increased in a range of different cancer types [35-37,40,43,50,53,78-82]. Moreover, the
expression level of components of the SOCE pathway directly correlates with tumour cell
proliferation, aggressiveness and invasiveness in the above-mentioned reports, highlighting a
role for changes in expression, and not just activity, of SOCE and its regulators. In contrast
to these studies, we found that the presence of the oncogenic KRAS allele was associated
with reduced SOCE and its underlying current Icrac. Given the reported requirement for
Ca2* influx for cell migration and proliferation for example, these observations might seem
counterintuitive. However, divergent effects of Ca2* entry on cell proliferation, tumour
invasiveness and metastasis have been reported [83,84]. Possible explanations for these
discrepancies included cell type origin/tumour type, inappropriate controls, stage of
transformation or whether the original tumour or metastasis is analysed. Indeed, the
requirement for Ca2* signals during oncogenic transformation likely varies according to the
stage of differentiation and functional requirements of the cell [14,17,85]. Oncogenic
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transformation of cancer cells is a multi-stage process. Initially, cells exhibit increased
proliferation and invasive capacity: cell processes generally associated with increased Ca?*
entry. During the later stages, cell proliferation is reduced and resistance to death is
increased. Consistent with this idea, over the course of transformation, different types of
cancers remodel the abundance of SOCE components in different ways, thus altering the
ratios between the two STIM isoforms (STIM1 and STIMZ2) and the three ORAI isoforms
(ORAI1, ORAI2 and ORAI3). For example, in prostate cancer, an increase in the expression
of ORAI3 switches Ca?* entry from SOCE to non-SOCE via the sequestration of ORAI1
into ARC channels [86]. In colorectal cancer (CRC), STIM1 was differentially important
between colonic and rectal cancers [87].

The data showing repression of Ca2* influx in the presence of activated KRAS described
here are in line with the widely reported anti-apoptotic role of reduced ER-based Ca?*
signalling mechanisms observed in transformed cells. According to this paradigm, reduced
Ca?* release from the ER and lesser Ca2* transfer to the mitochondria acts as a mechanism
to protect transformed cells from apoptotic cell death. Several mechanisms have been
proposed to underlie the reduced ER Ca?* release, including a reduction in ER luminal Ca%*
and altered expression [60] or activity of InsP3Rs, for example by association with Bcl-2
family members [88-90]. Given that SOCE participates in maintaining ER store Ca2*
content, the reduction in SOCE described here could also contribute to reducing the pool of
releasable Ca2* [91-93]. Notably, in a previous study in which we analysed Ca?* handling
in the same isogenic cell line pairs as described here, activated KRAS expression
corresponded with reduced ER luminal Ca2* [60]. Comparison of CRC cells with normal
colon mucosa cells [44] also revealed that despite increased SOCE in the cancer counterpart,
store content was diminished, consistent with our previous results. Here we find that SOCE
contributes to the differences in sensitivity to cell death between the HCT 116 and HKH-2
cells. Cell death induced by Tg, which has previously been shown to induce apoptosis in a
SOCE-dependent manner [94] was greater in the HKH-2 cells than in the oncogenic KRAS-
expressing HCT 116 cells. A more direct link between Ca2* entry, mitochondrial Ca2*
uptake and cell survival has also recently been delineated. STIM proteins directly regulate
and are themselves regulated by the mitochondrial Ca* uniporter MCU. Specifically,
expression of MCU that mediates mitochondrial Ca2* uptake is decreased in cells with
reduced STIM1 [95] and in turn SOCE is lower following MCU silencing [93]. Moreover,
STIM1 regulates ER Ca?* signals through interaction with 1P3Rs [96]. In addition, Wang
and colleagues recently showed that STIM1 inhibition confers a survival advantage in
endothelial progenitor cells [97]. Indeed, whether STIM1 acts as tumour suppressor [98—
100] or oncogene [37,38,101,102] is debated.

STIM1 and 2 play different roles in regulation of Ca2* influx. As such, the relative
abundance of STIM1 and/or STIM2, as well as their association with ORAI1 [44,86,103],
define their effect on SOCE and cell function. Here we found that while STIM1 expression
was lower in oncogenic KRAS-expressing HCT 116 cells compared to their mutated KRAS
deficient isogenic derivatives, the expression of STIM2 was greater. This raises the
possibility that it is the reciprocal regulation of these two STIM isoforms, and not only a
change in STIM1, that contributes to the altered SOCE regulation observed. Indeed,
differences in the STIM-ORAIlactivating regions (SOAR) of STIM1 and 2 are responsible
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for the differential coupling of the two STIM isoforms with ORAIL, in which STIM1 acts as
a full ORAI1 agonist and STIM2 exerts an inhibitory effect [104]. Thus, the lower SOCE
observed in HCT 116 compared to HKH-2 cells may be due to not only lower STIM1-
mediated ORAI activation but also increased inhibition by STIM2. Overexpression of
STIM1 was however sufficient to enhance SOCE in HCT116 cells, indicating the
importance of its repressed expression in the phenotype of these cells. In accordance with
this notion, STIM2 was recently found to be overexpressed in melanoma [105,106] and in
CRC (Aytes et al. 2012), with its presence associated with a less invasive phenotype. It is
possible that, in HCT 116 cells and in cancers with a high STIM2/STIM1 ratio, SOCE is
decreased to a basal level, which impairs apoptosis yet provides the Ca?* necessary to
sustain the cell cycle [20].

The repressive effect of oncogenic KRAS on SOCE in both DLD-1 and HCT 116 cells
suggests reduced SOCE is a feature of CRC cells expressing mutated KRAS. However, a
different expression profile of STIM1 and 2 in the HCT 116/HKH-2 and DLD-1/DKO-4 cell
line pairs was observed that would possibly indicate different mechanisms for coupling
KRAS activity and expression of STIM1/2 between HCT 116 and DLD-1 cells. These
differences may in part be explained by the different signalling pathways engaged
downstream of activated KRAS in HCT 116 and DLD-1 cells. While the ERK pathway is
principally engaged in HCT 116 cells and as shown here to regulate STIM1/2 expression,
the PI3K-AKT pathway dominates in DLD-1 cells [71,107-109]. Despite these differences,
HCT 116 and DLD-1 cells exhibit properties of the transformed phenotype, including cell
proliferation, regulation of gene expression and avoidance of cell death. Consistent with this
hypothesis, Schmidt et al. reported that in ovarian cancer cells, STIM1 expression and
SOCE were under the control of AKT [110], which is increased in activity in DLD-1 cells.

In conclusion, our findings identify SOCE and its molecular components as targets of
oncogenic KRAS in colorectal cancer cells. Whether remodelled SOCE, altered expression
of STIM proteins, or other components of the SOCE machinery contribute to transformation
of other cancer types in which activated KRAS mutations are expressed remains to be
established however. It will also be important to determine the contribution of SOCE
remodelling and SOCE regulated processes during the different stages of oncogenesis.
Addressing these questions together with the knowledge of the role of SOCE in cancer
provided here will provide new STIM/SOCE-specific avenues for the design of cancer
therapeutics.
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Highlights

Oncogenic KRAS suppresses SOCE/Icrac in colorectal cancer cell (CRC)
lines.

STIM expression is remodeled in CRCs following oncogenic KRAS deletion.
STIML1 expression is sufficient to rescue SOCE in CRCs.
STIML1 expression is regulated by the MEK/ERK pathway in CRCs.
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Fig.1. SOCE isgreater in KRAS®S13D null HKH-2 cellsthan in KRASC13D_expressing HCT 116

cells.

A: i. Overview of the imaging protocol used to assess SOCE. ER Ca2* stores were depleted
by Tg application in Ca?*-free buffer, after which Ca2*-containing buffer was superfused
over the cells to induce SOCE. ii. SOCE response normalised to the peak [Ca2*]; level. iii.
Traces of the first derivative of the normalised data from ii. plotted over the time course of
the experiment. iv. Histogram showing the maximum first derivative of the SOCE signals for
HCT 116 and HKH-2 cells. The data represent the mean + SEM, obtained from four days of
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experiments, where three coverslips bearing either HCT 116 or HKH-2 cells were imaged on
each day. The fields of view chosen for imaging contained at least 60 HCT 116 or HKH-2
cells. *** indicates P < 0.001 (Student’s #test). B: i. Normalised traces of Mn2* quench of
fura-2 fluorescence during excitation at 360 nm in Tg-treated HCT 116 and HKH-2 cells. ii.
First derivative of the normalised Mn2* quench in i. iii. Histogram showing summary data of
the maximum first derivative of the MnZ* quench. The data represent the mean = SEM,
obtained from three days of experiments, where three coverslips bearing either HCT 116 or
HKH-2 cells were imaged on each day. The fields of view chosen for imaging contained at
least 100 HCT 116 or HKH-2 cells. *** indicates P < 0.001 (Student’s #test).
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Fig.2. CRAC currentsareincreased following KRASC13D ab|ation in the HCT116/HK H2 and
DL D-1/DKO4 cell line pairs.

Ai-ii and Bi-ii. Whole cell CRAC currents activated by 20 mM BAPTA dialysed via patch
pipette were measured in extra cellular solution containing 20 mM Ca%*. Na* CRAC
currents were recorded in divalent free (DVF) solution. Current density recordings over time
(pA/pF vs t) in HCT 116 (i) and HKH-2 cells (ii) and in DLD-1 (Bi) and DKO-4 (Bii) cells
were taken at =100 mV. Na* CRAC during 3 pulses of DVF solution are shown. The first
pulse was applied at break-in to gauge leak current, the second pulse was applied when
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current was maximal, and the third pulse was applied after current inhibition with 5 uM
Gd3*. Note rapid depotentiation of CRAC current during the second DVF pulse, a defining
characteristic of Icrac. Aiii and Biii. I/V relationships of Na* CRAC in the HCT 116/
HKH-2 and DLD-1/DKO-4 cell line pairs respectively. Aiv and Biv. Summary data of Na*
CRAC currents taken at =100 mV in the HCT 116/HKH-2 and DLD-1/DKO-4 cell line pairs
respectively. The mean + SEM and the number of cells are shown (n). * indicates P<0.05
and **P<0.01 determined by Student’s #test.
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Fig.3. Expression of STIM1 and STIM2 in isogenic CRC cell lines.
A. Analysis of STIM1 and STIM2 expression in the HCT 116/HKH 2 cell line pair. i.

Representative immunoblot of STIM1 in HCT 116 and HKH-2 cells. Calnexin was used a
loading control. ii. Fold change in STIML1 protein levels in HKH-2 cells with respect to HCT
116 cells. iii. Fold change of S7T/M1 mRNA expression in HKH-2 cells with respect to HCT
116 determined by RT-qPCR. iv. Representative immunoblot of STIM2 in HCT 116 and
HKH-2 cells. Calnexin was used a loading control. v. Fold change in STIM2 protein level in
HKH-2 cells with respect to HCT 116 cells. vi. Fold change in ST/M2 mRNA expression in
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HKH-2 cells with respect to HCT 116 determined by RT-gPCR. B. Analysis of STIM1 and
STIM2 expression in the DLD-1/DKO-4 cell line pair. i. Representative immunoblot of
STIM1 in DLD-1 and DKO-4 cells. Calnexin was used a loading control. ii. Fold change in
STIM1 protein levels in DKO-4 cells with respect to DLD-1 cells. iii. Fold change in ST/M1
MRNA expression in DKO-4 cells with respect to DLD-1 measured by RT-gPCR. iv. Fold
change in STIM2 protein levels in DKO-4 cells with respect to DLD-1 cells. v. Fold change
in ST/IMZ mRNA expression in DKO-4 cells with respect to DLD-1 measured by RT-qPCR.
All bar graphs represent the mean £ SEM of eight experiments for immunoblotting and six
experiments for RT-gPCR. *, ** and *** indicate P < 0.05, P < 0.01, and P < 0.001,
respectively (one-sample Student’s #test).
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Fig. 4. STIM 1 overexpression is sufficient to increase SOCE in HCT 116 cells.
i. Normalised fura-2 signal (when excited at 360 nm) in YFP and YFP-STIM1-transfected

HCT 116 cells prior and subsequent to addition of MnCl,. ii. First derivative of the
normalised Mn2* quench of fura-2 fluorescence. iii. Summary data showing the maximum
value of the derivative of Mn2* quench curve from iii. All graphs represent the mean + SEM
of data from three days of experiments, where 3 coverslips per cell type were imaged on
each day. Each coverslip contained at least 30 YFP- or YFP-STIM1-positive cells. ***
indicates P < 0.001 (Student’s #test).
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Fig.5. MEK inhibition with PD184352 resultsin remodelling of STIM 1/2 expression in HCT 116

cells.

Ai. Representative immunoblot of STIM1 expression in HCT 116 cells treated with
PD184352 or DMSO (vehicle control), and of untreated HKH2 cells, as indicated. GAPDH
was used as loading control. ii. Histogram showing quantification of STIM1 protein
expression. iii. mMRNA levels of S7T/M1in HCT 116 cells treated with DMSO or PD184352
determined by RT-gPCR. Bi. Immunablotting of STIM2 under the same conditions as in Ai.
ii. Quantification of STIM2 protein expression. iii. mMRNA levels of ST/M2 following
treatment of HCT 116 cells with DMSO or PD184352 determined by RT-qPCR. Histograms
of protein expression and for RT-gPCR show a mean + SEM of 6 experiment each.
*represents P<0.05 determined by Student’s £test.
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