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TMCO1 is upregulated in breast cancer and regulates the
response to pro-apoptotic agents in breast cancer cells
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The release of Ca2+ ions from endoplasmic reticulum calcium stores is a key event in a variety of cellular processes, including gene
transcription, migration and proliferation. This release of Ca2+ often occurs through inositol 1,4,5-triphosphate receptors and the
activity of these channels and the levels of stored Ca2+ in the endoplasmic reticulum are important regulators of cell death in
cancer cells. A recently identified Ca2+ channel of the endoplasmic reticulum is transmembrane and coiled-coil domains 1 (TMCO1).
In this study, we link the overexpression of TMCO1 with prognosis in node-positive basal breast cancer patients. We also identify
interacting proteins of TMCO1, which include endoplasmic reticulum-resident proteins involved in Ca2+ regulation and proteins
directly involved in nucleocytoplasmic transport. Interacting proteins included nuclear transport proteins and TMCO1 was shown to
have both nuclear and endoplasmic reticulum localisation in MDA-MB-231 basal breast cancer cells. These studies also define a role
for TMCO1 in the regulation of breast cancer cells in their sensitivity to BCL-2/MCL-1 inhibitors, analogous to the role of inositol
1,4,5-triphosphate receptors in the regulation of cell death pathways activated by these agents.
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INTRODUCTION
The endoplasmic reticulum is a key regulator of cellular protein
and lipid homeostasis. Extrinsic factors and events can trigger
endoplasmic reticulum stress responses, which may in turn
activate a variety of cell death pathways [1]. The endoplasmic
reticulum is also vital in intracellular free calcium (Ca2+) signalling
through its role as the major intracellular Ca2+ store in mammalian
cells. Endoplasmic reticulum Ca2+ stores are dynamic with well-
characterised mechanisms to release Ca2+ after cell activation
such as via inositol 1,4,5-triphosphate receptors (IP3Rs). IP3Rs
release stored intracellular Ca2+ from the endoplasmic reticulum
following activation of phospholipase C-coupled G-protein
coupled receptors and the subsequent generation of inositol
1,4,5-trisphosphate (IP3) [2].
In cancer cells, remodelling of endoplasmic reticulum Ca2+

homeostasis is particularly significant in the context of sensitivity
to death stimuli [3–5]. This remodelling may occur through
changes in the expression or activity of IP3Rs [5]. Many proteins
linked to cell death pathway alterations in cancer cells interact
with and modulate IP3R activity and subsequently endoplasmic
reticulum Ca2+ levels. These IP3R-interacting proteins and
modulators include members of the Bcl-2 family of anti-
apoptotic proteins [4, 6]. The binding of BCL-2 and MCL-1 to
IP3Rs enhances the sensitivity of these channels to IP3, increasing
the opening probability of these channels and facilitating Ca2+

loss or “leak” from the endoplasmic reticulum [7, 8]. Conse-
quences of this include a reduction in endoplasmic reticulum

Ca2+ levels that result in the generation of sub-maximal Ca2+

signals that are insufficient to activate apoptosis typically
induced by death-inducing stimuli [9, 10]. This remodelling of
endoplasmic reticulum Ca2+ levels could be therapeutically
exploited, as demonstrated in small cell lung cancer cell lines,
where a peptide inhibitor of the BCL-2-IP3R interaction enhances
the apoptotic effect of navitoclax (ABT-263), a BCL-2/BCL-xL
inhibitor [11].
A more recently identified regulator of endoplasmic reticulum

Ca2+ levels is transmembrane coiled-coil domains 1 (TMCO1).
TMCO1 facilitates the loss of Ca2+ when endoplasmic reticulum
Ca2+ store levels become excessive, effectively functioning as a
“leak” channel [12]. In the context of cancer, TMCO1 expression
appears to be cancer-specific, with higher expression in gliomas,
lung, colon and ovarian cancers and a downregulation in
urothelial cancers [13–17]. Although there has been increasing
interest in the possible roles of TMCO1 in various cell types, in
contrast to IP3Rs, little is known about the function, expression
pattern and interacting partners of TMCO1, particularly in breast
cancer cells. In many ways, TMCO1 mimics some of the features
of leaky IP3Rs, which are linked to the remodelling of cell death
pathways in cancer cells [10, 18]. Due to the recency of TMCO1’s
association with endoplasmic reticulum Ca2+ regulation and a
lack of studies in breast cancer, we sought to evaluate the
expression, interacting proteins and consequences of TMCO1
inhibition on Ca2+ signalling and cell death in breast
cancer cells.
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RESULTS
TMCO1 expression is increased in breast cancer and
associated with poorer survival in node-positive basal
breast cancer
We accessed several publicly available breast cancer patient
databases using a web-based gene expression analysis tool
(MERAV) [19] and showed that TMCO1 mRNA expression is higher
in breast tumours compared to normal breast tissues (Fig. 1A).
Approximately 70% of TCGA breast cancer patients had a gain in
at least one copy of the TMCO1 gene (Fig. 1B). TMCO1 expression
was higher in the TMCO1 copy number gain and amplified groups

compared to diploid and copy loss groups. This relationship
between TMCO1 gene expression and gene copy number was also
apparent in the METABRIC patient dataset (Supplementary Fig. 1A).
TMCO1mRNA expression was positively correlated with gene copy
number (Spearman’s correlation R-value= 0.6395) (Fig. 1C),
suggesting that the increased TMCO1 expression in breast cancers
is the result of gene copy number alterations.
Breast cancer subtypes differ not only in their gene and

molecular expression profile but are also predictive of patient
survival [20, 21]. We assessed if TMCO1 gene copy number and
expression was associated with any specific breast cancer

Fig. 1 TMCO1 gene copy number and expression are increased in breast cancer and higher levels are associated with poorer survival in
node-positive basal breast cancer. A TMCO1 gene expression in breast tumours compared to normal breast tissues using patient cDNA array
data derived from MERAV. ****P < 0.0001, Welch’s t-test B TMCO1 mRNA levels in TCGA breast cancer patients stratified to the gene copy
number status. Sample sizes for individual gene copy number groups are shown in the brackets. ****P < 0.0001 (one-way ANOVA, Kruskal-
Wallis test) C Spearman’s correlation analysis assessing the correlation between TMCO1 mRNA levels and TMCO1 copy number in the TCGA
dataset. D Proportion of TMCO1 copy number alterations within different breast cancer molecular subtypes in the TCGA dataset. HER2 - HER2-
enriched, LumA - Luminal A, LumB - Luminal B, N-like - Normal-like, Hom-Del - Homozygous deletion, Hemi-Del - Hemizygous deletion.
E TMCO1 gene expression levels in breast cancer molecular subtypes. F TMCO1 protein expression in breast cancer molecular subtypes
compared to normal breast tissue samples. ****P < 0.0001, **P < 0.01, *P < 0.05, ns not significant (one-way ANOVA, Tukey’s test) Error bars
represent mean ± S.D. G–I Kaplan-Meier plots showing the association between low or high TMCO1 expression (patient numbers within
brackets) with relapse-free survival in all breast cancers, all node-positive breast cancers and node-positive basal breast cancers respectively. P-
values and hazard ratios (HR) are shown in the graphs.
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molecular subtype. TMCO1 copy number gains were seen across
all molecular subtypes in both TCGA (Fig. 1D) and METABRIC
patient datasets (Supplementary Fig. 1B) with no clear association
with subtype. Basal breast cancers had a modest but significantly
lower level of TMCO1mRNA than Luminal A and Luminal B in both
data sets (Fig. 1E and Supplementary Fig. 1C), but there was no
strong association between TMCO1mRNA levels and breast cancer
molecular subtype. Indeed, TMCO1 protein was significantly
elevated in the luminal A, luminal B and basal breast cancer
subtypes compared to normal breast (Fig. 1F), indicating that
elevated TMCO1 may be a general feature of breast cancers.
Finally, we assessed whether TMCO1 expression was correlated
with breast cancer patient relapse-free survival using a log-rank
test. TMCO1 expression had a modest association with relapse-free
survival of all breast cancer patients overall (Fig. 1G) and in node-
positive breast cancer patients (Fig. 1H). To better identify subsets
of node-positive breast cancer patients for which TMCO1
expression had potential prognostic value, node-positive breast
cancer patients were further stratified into PAM50 molecular
subtypes. There was no correlation between TMCO1 expression
and relapse-free survival of breast cancer patients of the Luminal A
and B and HER2 subtypes (Table S1). However, higher TMCO1
expression was significantly correlated with poorer survival in
node-positive basal breast cancer patients (Fig. 1I). These results
suggest that while TMCO1 expression is not associated with any
specific breast cancer subtype, TMCO1 may play a more significant
role in the basal subtype given its association with poorer survival.
As such, we explored the functional role of TMCO1 using basal
breast cancer cell lines in the studies below.

Effect of TMCO1 silencing on calcium signalling in basal breast
cancer cells
TMCO1 functions as a Ca2+ load-activated Ca2+ leak channel in
HeLa cells and osteoblasts [12, 22]. To define the role of TMCO1 in
Ca2+ homeostasis in the highly metastatic MDA-MB-231 basal
breast cancer cells, we assessed the consequences of TMCO1
silencing (Supplementary Fig. 2) on Ca2+ signals associated with
endoplasmic reticulum Ca2+ stores. TMCO1 silencing increased
cytosolic Ca2+ increases induced by the Ca2+ ionophore and
endoplasmic reticulum Ca2+ mobilising agent ionomycin [23]
(Fig. 2A), i.e. increased area under curve (Fig. 2B) and prolonged
recovery to baseline Ca2+ levels (Fig. 2C). To more specifically
assess the effect of TMCO1 silencing on endoplasmic reticulum
Ca2+ levels, MDA-MB-231 cells were treated with cyclopiazonic
acid (CPA), a pharmacological inhibitor of the endoplasmic
reticulum Ca2+ reuptake pump - sarco/endoplasmic reticulum
Ca2+-ATPase (SERCA) [24]. TMCO1 silencing also increased the
endoplasmic reticulum Ca2+ levels with CPA treatment (Fig. 2D–F).
We also assessed the effect of TMCO1 silencing on G protein-
coupled endoplasmic reticulum Ca2+ release due to purinergic
receptor activation via ATP addition in the absence of extracellular
Ca2+ (extracellular BAPTA). TMCO1 silencing did not significantly
increase peak Ca2+ levels after ATP-mediated Ca2+ store release
(Fig. 2G–J) but did increase both the area under curve and
recovery rate (Fig. 2K, L). These results are consistent with the
literature, confirming the role of TMCO1 in regulating endoplasmic
reticulum Ca2+ signalling in breast cancer cells.

IP LC-MS/MS analysis identifies enrichment in nuclear
transport proteins interacting with TMCO1
To gain insights into the function of TMCO1 in basal breast cancer
cells we performed proteomic analyses. MDA-MB-231 cells stably-
overexpressing FLAG-tagged TMCO1 were generated, immuno-
precipitated with FLAG beads followed by mass spectrometry (LC-
MS/MS) (see Fig. 3A; method previously described in [25]).
Following removal of background, a total of 53 proteins were
obtained (see Table S2). As expected, several endoplasmic
reticulum-resident proteins involved in Ca2+ regulation, protein

processing and translocation were identified (ATP2A2, COG3,
COPZ2, CORO1C, ELOVL5, GCN1, LONP1, PSMD2, PTPN9). Proteins
directly involved in nucleocytoplasmic transport were also
identified as TMCO1 interactors (IPO4, IPO5, IPO7, IPO9, KPNB1,
TNPO1, TNPO3, XPO1, XPO5). In particular, highest peptide
numbers were identified for IPO7 and KPNB1. To further explore
biological processes associated with proteins interacting with
TMCO1, we performed gene ontology (GO) functional enrichment
analysis for the list of identified proteins using StringDB (Fig. 3B).
The GO analysis revealed a broad functional enrichment of the
TMCO1 interactome in nucleocytoplasmic carrier activity (FDR
0.0182). To further delineate the roles of all the interacting
proteins, we performed Markov clustering (inflation parameter 1.8)
[26] to the list and obtained 9 clusters (Fig. 3B), where 6 out of the
9 clusters are associated with GO functional enrichment with 3
genes and above. Cluster I comprised the 9 genes previously
mentioned, which are associated with nuclear transport. Cluster II
comprised genes of the Armadillo-type fold structural domain,
with broad roles in intracellular transport and localisation [27].
Meanwhile, Cluster III was enriched for genes involved in
regulation of plasma membrane repair (GO: 1905686), cluster IV
was involved in muscle cell and structure development (GO:
0055001), cluster V comprised genes associated with glycogen
storage disorders and cluster VI was associated with regulation of
the extrinsic apoptotic signalling pathway (GO:2001241). No
significant functional enrichments were detected for clusters VII
(comprising COPZ2 and QPCTL) and VIII (comprising PPA1 and
TUBB8). Finally, cluster IX was enriched in the SMN (survival motor
neuron) complex cellular component (GO:0032797), a multiprotein
complex essential in the processing and transport of ribonucleo-
proteins. These observations suggested that TMCO1 could be
involved in nuclear transport in breast cancer cells and further
exploration was warranted.

Assessing the role of TMCO1 in nuclear transport. Although
TMCO1 is mostly localised to the endoplasmic reticulum [12],
immunolabelling studies in the human ocular optic nerve and the
SH-SY5Y cell line reported that TMCO1 is co-localised with nucleoli
within the nucleus in these cell types [28]. This suggests that the
subcellular distribution of TMCO1 may be cell-type specific and/or
dynamic. Given our LC-MS/MS studies showed an enrichment in
the TMCO1 interactome in nuclear transport, we evaluated the
subcellular localisation of TMCO1 in parental MDA-MB-231 breast
cancer cells by performing cell fractionation studies. As shown in
Fig. 4A–D, minimal contamination between the different fractions
was observed in our fractionation experiments. TMCO1 was mostly
found in the membrane fraction with some TMCO1 also detected
in the nuclear fraction (Fig. 4A, E).
Our LC-MS/MS studies showed that TMCO1 interacts with

several nuclear import and export proteins, with the top
interacting protein being KPNB1 (karyopherin subunit beta 1)
and IPO7 (importin 7). IPO7 expression is elevated in breast cancer
and is associated with poorer patient survival and IPO7 expression
inhibition promotes the drug sensitivity of triple-negative breast
cancer cells [29]. IPO7 is involved in the non-canonical nuclear
import of cargo proteins including SMAD transcription factors [30].
SMAD2, SMAD3 and SMAD4, translocate to the nucleus when the
TGFβ signalling pathway is activated [31]. Given the link between
the TGFβ pathway and breast cancer invasion and metastasis [32],
we explored the possible role of TMCO1 in TGFβ-mediated nuclear
transport. We first assessed whether TMCO1 itself could be
induced to translocate to the nucleus in response to TGFβ. TGFβ
treatment significantly increased the translocation of SMAD2 from
the cytosol into the nucleus (Fig. 4F, G). However, there was no
significant increase in nuclear TMCO1 following TGFβ treatment
(Fig. 4F, H), suggesting that TMCO1 does not translocate to the
nucleus under these conditions. We next assessed the effect of
TMCO1 silencing on TGFβ-induced nuclear translocation of
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SMAD2. However, we did not observe a significant change in
SMAD2 nuclear translocation due to TMCO1 silencing compared to
control (Fig. 4I, J). To further assess whether TMCO1 had any effect
on TGFβ-mediated signalling, we assessed the mRNA expression

of SMAD7, a negative feedback regulator which is upregulated in
response to TGFβ [33]. SMAD7 mRNA levels are increased with
TGFβ treatment, however, there was no significant difference in
SMAD7 levels between TMCO1 silenced cells and NT control
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(Fig. 4K). Collectively, our data showed that TMCO1 is not involved
in TGFβ-mediated nucleocytoplasmic transport of SMAD2.

TMCO1 silencing promotes cell death in basal breast cancer
cells treated with selective apoptosis inducers
The LC-MS/MS studies identified a cluster of proteins associated
with regulation of the extrinsic apoptotic signalling pathway
(PPP2R1A, PPP2R1B, YWHAE). This along with extensive work
linking regulators of endoplasmic reticulum Ca2+ homeostasis and
cell death [8, 34–36], highlighted the importance of considering
TMCO1 in the regulation of cell death pathways in basal breast
cancer cells. Regulators of endoplasmic reticulum Ca2+ leak such
as Bax-inhibitor 1 (BI-1) have a cytoprotective role, whereby their
inhibition results in an increased sensitivity to cell death inducers

[37, 38]. An analogous role for TMCO1 has not yet been explored.
We therefore assessed the potential of TMCO1 silencing to
promote cancer cell death induced by agents that are sensitive
to endoplasmic reticulum Ca2+ levels. MDA-MB-231 cells were
treated with the BCL-2 inhibitor, navitoclax at increasing
concentrations. As shown in Fig. 5A, B, navitoclax significantly
induced cell death in MDA-MB-231 cells transfected with NT
control at concentrations of 3 µM ( ~ 20%) and 10 µM ( ~ 35%).
With TMCO1 silencing, the percentage of cell death significantly
increased at navitoclax concentrations of 3 and 10 µM. As
navitoclax is a known apoptosis inducer, we verified whether
the death-enhancing effect of TMCO1 silencing was via apoptosis
through immunoblot-based assessment of PARP-1 and caspase-3
cleavage. Navitoclax treatment induced PARP-1 and caspase-3

Fig. 2 Effect of TMCO1 silencing on calcium signalling in MDA-MB-231 breast cancer cells. A Trace shows the mean relative cytosolic
calcium ([Ca2+]CYT) increase as a result of ionomycin addition (3 µM) in GCaMP6m-MDA-MB-231 cells transfected with NT (siNT) or
TMCO1 siRNA (siTMCO1). B, C Area under curve of [Ca2+]CYT increase following ionomycin addition from 15 to 200 s and recovery time
following the maximum [Ca2+]CYT increase respectively. D Mean relative [Ca2+]CYT increase with CPA (10 µM) addition. E, F Area under curve of
[Ca2+]CYT increase following CPA addition from 15 to 600 s and recovery time following maximum [Ca2+]CYT increase respectively. G–I Traces
show mean relative [Ca2+]CYT increase following ATP 1 µM, 3 µM and 100 µM addition respectively. J–L Peak [Ca2+]CYT increase, area under
curve and recovery time following the maximum [Ca2+]CYT increase as a result of ATP addition respectively. All data points shown represent
mean of triplicate wells (n= 4). Statistical analyses for (B, C, E, F) were done using paired t-test and J,K,L were analysed using a two-way
ANOVA (Bonferroni’s test). **P < 0.01, *P < 0.05.

TMCO1

Fig. 3 IP-MS/MS analysis of TMCO1-interacting proteins. A Identification of proteins interacting with FLAG-TMCO1 expressed in MDA-MB-
231 cells. Lentiviral transduction was used to generate MDA-MB-231 cells overexpressing FLAG-tagged TMCO1 (1) Cells were lysed (2) and
FLAG-TMCO1 and interacting proteins were co-immunoprecipitated using anti-FLAG beads (3), trypsin digestion was performed (4) and
resulting peptides were analysed by liquid chromatography-tandem mass spectrometry (5). Acquired mass spectrometry spectra was
searched against human databases and TMCO1 interactome was identified (6). Figure was created using BioRender.com. B Gene clustering
analysis of proteins interacting with TMCO1 using StringDB (confidence level: medium (score 0.4), FDR= 5%). Nine clusters (I – IX) are
identified and visualised as interacting proteins with the same colour and same background shade. Nodes represent individual proteins
identified in the LC-MS/MS. Line thickness between proteins indicate the strength of the evidence for the interaction from available data.
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cleavage, and TMCO1 silencing enhanced this effect (Fig. 5C–E). To
confirm that these effects were not due to a clonal effect in the
GCaMP6m-MDA-MB-231 cell lines used in these studies, we
repeated these studies in parental MDA-MB-231 cells. TMCO1
silencing in the parental cells also significantly increased the
percentage of cell death with navitoclax (Supplementary Fig. 3A),
and increased PARP-1 and caspase-3 cleavage (Supplementary Fig.
3B–D). As shown in Fig. 5F–H, we also observed a promotion of
PARP-1 and caspase-3 cleavage with TMCO1 siGENOME siRNAs.
To further explore the ability of TMCO1 silencing to promote

death in basal breast cancer cells, we performed cell death studies
using other basal breast cancer cell lines that have been previously
assessed in the context of Bcl-2 inhibition [39–41]. MDA-MB-468

cells are less sensitive to navitoclax [42] and our studies indeed
showed no cell death at any concentration of navitoclax assessed
(Fig. 6A). TMCO1 silencing (Supplementary Fig. 4A) also did not
restore sensitivity to navitoclax in these cells. MDA-MB-468 cells are,
however, sensitive to MCL-1 inhibition [39, 41]. Like BCL-2, MCL-1
also facilitates pro-survival endoplasmic reticulum Ca2+ signals
through interaction with IP3R [8]. Thus, we evaluated the ability of
TMCO1 silencing to promote cell death mediated by the MCL-1
inhibitor, S63845 [43]. S63845 treatment had a concentration-
dependent effect on cell death in MDA-MB-468 cells (Fig. 6B).
TMCO1 silencing significantly increased cell death induced by
S63845. TMCO1 silencing also promoted PARP cleavage induced by
S63845 (Fig. 6C, D). To validate this phenomenon, we assessed the

Fig. 4 Assessment of TMCO1 subcellular localisation and role in TGFβ-mediated nuclear transport. A Cell fractionation of MDA-MB-231
breast cancer cells into cytosolic, membrane and nuclear fractions. Markers for fractions are: ERp72 – membrane, Lamin A/C – nuclear,
α-tubulin – cytosolic. Whole cell lysate was included for normalisation. B–E Densitometric analysis of cell fractionation blots for ERp72, Lamin
A/C, α-tubulin and TMCO1 respectively. (n= 3) F Representative blot shows the effect of 1 h TGFβ treatment (10 ng/mL) on SMAD2 and
TMCO1 nuclear translocation compared to control. Loading controls used were Lamin A/C (nuclear), ERp72 (membrane) and α-tubulin
(cytosolic). G, H Densitometric analyses showing the effect of TGFβ on SMAD2 and TMCO1 nuclear translocation. Nuclear SMAD2 and TMCO1
blots were normalised to corresponding Lamin A/C blots (n= 3) **P < 0.01 Unpaired t-test. I Representative blot showing the effect of
TMCO1 silencing (siTMCO1) on TGFβ-mediated SMAD2 translocation from the cytosol (C) to the nucleus (N) compared to non-targeting
control (siNT). J Densitometric analysis showing the effect of siTMCO1 on nuclear SMAD2. Each bar represents the fraction of nuclear SMAD2
of that treatment group relative to the total SMAD2, normalised to the fraction of Lamin A/C of the same treatment group. (n= 3) K Effect of
TMCO1 silencing on TGFβ-induced SMAD7 mRNA levels. Bar graph shows -ΔCT (left axis) and fold change in SMAD7 mRNA (right axis)
compared to control (siNT group). (n= 3) ***P < 0.001, **P < 0.01 two-way ANOVA with Tukey’s post-hoc test (J and K). Error bars represent
mean ± S.D.
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ability of TMCO1 silencing to promote apoptosis to MCL-1 inhibition
in another invasive basal breast cancer cell line, HCC1806
(Supplementary Fig. 4B). S63845 treatment induced apoptosis in
HCC1806 cells, as shown by increased PARP-1 and caspase-3
cleavage, and these effects were significantly increased with TMCO1
silencing (Fig. 6E–G). Collectively, these results show that the
endoplasmic reticulum Ca2+ leak channel TMCO1 is a regulator of
apoptosis in basal breast cancer cell lines induced by agents
previously linked to endoplasmic reticulum Ca2+ levels.

DISCUSSION
Regulators of endoplasmic reticulum Ca2+ homeostasis such as
IP3Rs represent important potential targets to induce cancer cell
death. In this study, we explored the role of the endoplasmic

reticulum Ca2+ leak channel TMCO1 in breast cancer. Consistent
with previous reports, we found higher TMCO1 expression in
breast cancer compared to normal breast tissues [15, 16]. Given
the prognostic relevance of breast cancer molecular subtypes, we
further explored the association between TMCO1 expression with
subtypes and found elevated TMCO1 expression in all subtypes.
We also showed a positive correlation between TMCO1 gene copy
number and mRNA expression levels. Finally, we observed that
higher TMCO1 expression is associated with poorer survival in
node-positive basal breast cancer patients but not other subtypes,
implicating a potential importance of TMCO1 in more advanced
basal breast cancers, for which there is a pressing clinical need for
more effective therapies [44]. Future studies assessing the
transcriptome profile of basal breast cancer patients with high
versus low TMCO1 expression could provide a gene signature

Fig. 5 TMCO1 silencing augments apoptosis induced by navitoclax in MDA-MB-231 cells. A Representative fluorescence microscopy
images showing increased cell death in TMCO1-silenced GCaMP6m-MDA-MB-231 cells after 24 h navitoclax (10 µM) treatment compared to
0.1% DMSO control. Cell nuclei were stained with Hoescht33342 (blue). Positive scoring for propidium iodide (PI; magenta) staining represents
cell death (annotated by white arrows in image inset). Scale bar = 150 µM B Concentration-effect curve showing %PI positivity at different
concentrations of navitoclax. Data points represent mean ± S.E.M (n= 3). C Representative immunoblots showing increased PARP-1 and
caspase-3 cleavage as a result of TMCO1 silencing in cells treated with navitoclax. D, E Densitometric analyses showing the effect of TMCO1
silencing on PARP-1 and caspase-3 cleavage with navitoclax treatment. F Representative immunoblots showing the effects of siGENOME
TMCO1 silencing on PARP-1 and caspase-3 cleavage in GCaMP6m-MDA-MB-231 cells. G, H Densitometric analyses of the siGENOME
immunoblots on PARP-1 and caspase-3 cleavage respectively. Bar graphs show mean ± S.D. (n= 3) *P < 0.05, ***P < 0.001, ****P < 0.0001 (two-
way ANOVA with Sidak’s post-hoc test).
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associated with TMCO1 overexpression, and new insights into the
possible contribution of TMCO1 to basal breast cancer metastasis.
TMCO1 functions as a Ca2+-load activated channel, which forms

active homotetramers and opens in response to overfilling of
endoplasmic reticulum Ca2+ load. However, under basal conditions,
TMCO1 also functions as a leak channel, even in the absence of an
overfilled Ca2+ store [12]. Indeed, our study showed that under
basal conditions, TMCO1 silencing increased endoplasmic reticulum
Ca2+ stores reflected by the increased amount of Ca2+ released
with ionomycin, CPA and ATP treatment in the absence of
extracellular Ca2+. These findings are consistent with observations
in other cell types [12, 14, 16, 22, 45]. We also found delayed
recovery of cytosolic Ca2+ levels back to baseline following IP3R
activation in TMCO1 silenced cells, which could also be a
consequence of increased endoplasmic reticulum Ca2+ store levels,
but would be further enhanced by decreased Ca2+ re-sequestration
by endoplasmic reticulum SERCA pumps. Recovery of Ca2+ signals
in prostate cancer cells is dependent on SERCA [46] and the activity
of SERCA could be altered with TMCO1 silencing as our LC-MS/MS
studies identified SERCA2 (ATP2A2) as an interacting partner with
TMCO1. This potential association between TMCO1 and SERCA2
activity should be explored in future studies.

Using FLAG-tagged TMCO1-overexpressing MDA-MB-231 cells
to identify potential interacting partners using LC-MS/MS revealed
a strong association with nucleocytoplasmic transport proteins. An
earlier study, screening for cargo proteins of the nuclear transport
protein importin-α in murine embryonic fibroblasts, also identified
TMCO1 as an interacting protein [47]. Two of the top interactors
identified in all three pulldowns, ANXA2 and IPO7 are also
implicated in invasive breast cancers [29, 48, 49]. Our cell
fractionation studies in parental MDA-MB-231 cells showed that
in addition to the membranous compartment, TMCO1 is also
localised to the nucleus under basal conditions, consistent with
another study showing that TMCO1 is co-localised within the
nucleoli in SH-SY5Y and human ocular nerve cells [28]. These
results further support our proteomics data that TMCO1 may have
nuclear-related functions. Given these findings, we then focused
our investigation on IPO7-related pathways, specifically SMAD2
nuclear translocation in response to TGFβ. However, our
investigations showed that the subcellular distribution of TMCO1
was not affected during TGFβ stimulation, nor did TMCO1
silencing affect TGFβ-mediated SMAD2 signalling. While these
data collectively suggest that TMCO1 is not involved in
TGFβ-mediated SMAD2 translocation, the possibility that TMCO1

Fig. 6 TMCO1 silencing promotes cell death to MCL-1 inhibition in MDA-MB-468 and HCC1806 basal breast cancer cells.
A, B Concentration-effect curve showing the effect of TMCO1 silencing on %PI positive cells in MDA-MB-468 cells treated with navitoclax
and S63845 (MCL-1 inhibitor) respectively. C, D Representative immunoblot and densitometric analysis showing increased PARP-1 cleavage
with TMCO1 silencing in MDA-MB-468 cells treated with S63845. E Representative immunoblots showing the effect of TMCO1 silencing on
PARP-1 and caspase-3 cleavage in HCC1806 cells treated with S63845. F, G Densitometric analyses of immunoblots on PARP-1 and caspase-3
respectively in HCC1806 cells. All bar graphs show mean ± S.D. (n= 3) *P < 0.05, **P < 0.01, ****P < 0.0001 (two-way ANOVA with Sidak’s post-
hoc test).
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is involved in other nuclear transport pathways cannot be
excluded. Indeed, in addition to SMAD transcription factors,
IPO7 is also a nuclear transporter for various other proteins
including extracellular-signal regulated kinase (ERK) and Yes-
associated protein (YAP) [50–52]. Future studies should focus on
characterising the role of TMCO1 in the nuclear transport of these
proteins. TMCO1 knockdown in mouse glial cells increases ERK
signalling [53]. However, as our LC-MS/MS studies showed that
TMCO1 interacts with various other nuclear transport proteins, it is
likely that TMCO1 itself is a cargo protein. Indeed, other proteins
that are transported via different importins have been identified
[54–56]. In addition, some nuclear transport receptors also
function as chaperones for proteins implicated in cancers such
as PTEN and eIF5A [57, 58]. Given the complexity and highly
redundant functions of the nuclear transport proteins identified as
TMCO1 interactors, more studies are clearly required to delineate
the functional association between TMCO1 and the nuclear
transport receptors identified in our study.
Our GO clustering analysis of the TMCO1 interactome also

revealed an association with other biological pathways largely
related to maintenance of cellular homeostasis and intracellular
protein/ribosomal transport, which is not surprising given
TMCO1’s role in maintaining Ca2+ homeostasis. We also identified
a cluster associated with the extrinsic apoptotic pathway involving
PPP2R1A, PPP2R1B and YWHAE, proteins dysregulated in breast
cancer [59, 60]. Consistent with a role in apoptosis, previous
studies showed that TMCO1 knockout or silencing directly induced
apoptosis in ovarian granulosa and cervical, colorectal and glioma
cancer cell lines [15, 16, 45, 61]. However, we found that TMCO1
silencing on its own did not induce apoptosis in MDA-MB-231 and
MDA-MB-468 cells. Instead, TMCO1 silencing enhanced apoptosis
to navitoclax in MDA-MB-231 cells, and to S63845 in MDA-MB-468
and HCC1806 basal breast cancer cells. The variable sensitivities of
these breast cancer cell lines to navitoclax or S63845 are
consistent with other studies showing a lack of correlation
between breast cancer subtype and BCL-2/MCL-1 dependencies;
instead sensitivity to these drugs are better correlated with the
expression profile of BCL-2 family proteins specific to each cell line
[39, 42]. Our finding that TMCO1 silencing only promoted
apoptosis to agents to which the breast cancer cells are already
sensitive to suggests a likely role for TMCO1 in regulating stress
tolerance responses in breast cancer cells. Consistent with this
explanation, previous studies showed that TMCO1 knockdown
increases levels of the endoplasmic reticulum stress sensor,
inositol-requiring enzyme 1 (IRE1α) in other cell types
[45, 61, 62]. Interestingly, members of the BCL-2 family can also
associate with IRE1α, constituting a model of “stress rheostat” in
which apoptosis may be triggered during irreversible cellular
stress conditions [63, 64]. Furthermore, in glioma cell lines and
ovarian granulosa cells, TMCO1 knockdown is associated with
decreased levels of BCL-2 [15, 45], potentially affecting the BH3
profile and therefore sensitivity to BCL-2 inhibitors used in our
study. In summary, we identified that TMCO1 gene and protein
expression is increased in all breast cancer subtypes and higher
TMCO1 expression is associated with poorer survival in more
advanced basal breast cancers. We also characterised the role of
TMCO1 in the regulation of endoplasmic reticulum Ca2+ signals in
a basal breast cancer cell line. Using LC-MS/MS proteomics, we
found a novel interaction between TMCO1 and nuclear transport
proteins, including KPNB1 and IPO7, which are associated with
several cancers. Finally, we also show that TMCO1 silencing can
promote apoptosis to navitoclax and S63845, inhibitors of the
BCL-2 anti-apoptotic protein family in basal breast cancer cell
lines. Given the increasing interest in the clinical use of BCL-2/
MCL-1 inhibitors, the findings from our study now provide another
avenue towards exploring potential combination treatment
involving BCL-2/MCL-1 inhibitors and TMCO1 inhibition for
treating basal breast cancers.

MATERIALS AND METHODS
Cell culture
Parental MDA-MB-231 cells were sourced from ATCC and MDA-MB-468
cells were obtained from the Brisbane Breast Bank, UQCCR, Brisbane,
Australia. Both cell lines were cultured in DMEM containing 10% FBS and
4mM L-glutamine. GCaMP6m-MDA-MB-231 were developed as previously
described [65] and cultured in DMEM containing 10% FBS, 4 mM
L-glutamine and 400 µg/mL hygromycin B. HCC1806 cells were a kind
gift from Kum-Kum Khanna (QIMR Berghofer, Brisbane, Australia) and were
cultured in RPMI-1640 containing 10% FBS. Cell line authenticity was
verified by short tandem repeats (STR) DNA profiling at QIMR Berghofer
using the GenePrint 10 System (Promega, Madison, WA, USA). Cells were
maintained at 37 °C in a 5% CO2 humidified incubator and tested for
mycoplasma contamination bi-annually using the MycoAlert Mycoplasma
Detection kit (Lonza, Basel, Switzerland).

Generation of FLAG-tagged TMCO1 overexpressing MDA-MB-
231 cells
Human TMCO1 variant D (# 46827061, Applied Biological Materials,
Richmond, Canada) was amplified and cloned with a N-terminal FLAG
sequence into pcDH-EF1-FHC lentiviral vector (Addgene #64874). Lentiviral
particles were generated in HEK293T cells transfected with second
generation plasmids (Addgene # 8455 and #8454) using Lipofectamine
2000. MDA-MB-231 cells were transduced in the presence of 8 µg/mL of
polybrene. The viral media was replaced after 24 h and cells were selected
with 2 µg/mL of puromycin 48 h post transduction.

TMCO1 gene copy number and expression analysis
TMCO1 gene expression in primary breast tumours compared to normal
breast tissues was assessed using normalised cDNA array data on the
Metabolic gEne RApid Visualizer web-based tool [19]. Analyses done using
this online tool were based on a collection of normal tissue and primary
breast tumour samples from the Expression Project for Oncology (GSE2109),
Human Body Index (GSE7307) and the Gene Expression Omnibus database
as described in their original paper [19]. TMCO1 protein expression in the
TCGA breast cancer database was stratified to the Prosigna Prediction
Analysis of Microarray 50 (PAM50) gene signature profiling of breast cancer
molecular subtypes using mass-spectrometry data generated by Mertins
et al. [66]. TMCO1 gene copy number data from the TCGA and METABRIC
patient cohorts were downloaded from cBioportal (https://
www.cbioportal.org/) and graphed using GraphPad Prism 9.0.

Kaplan-Meier survival analysis
Patient survival analyses were done using Kaplan-Meier Plotter (https://
kmplot.com/analysis/). Relapse-free survival curves of breast cancer
patients were stratified to high or low expression of TMCO1 (Affymetrix
ID: 208715_at) using the “auto-select best cut-off” function. Pooled patient
survival data from the following datasets were used in the analysis: E-
MTAB-365, GSE11121, GSE12276, GSE1456, GSE16391, GSE16446,
GSE16716, GSE17705, GSE19615, GSE2034, GSE20685 and GSE20711.
Patient sample sizes, log-rank P-values and hazard ratios (HR) are shown
in the figures or figure legends.

Immunoblotting
Protein lysates were prepared by incubating cells with cold protein lysis
buffer containing protease inhibitor mixture as described previously [65].
Gel electrophoresis was performed using Mini-PROTEAN TGX 4-15% Pre-
Cast Gels (#4561084, Bio-Rad, Hercules, CA, USA) and protein samples were
transferred onto a PVDF membrane. Membranes were blocked with 5%
skim milk in PBS containing 0.1% Tween-20 for 1 h. Proteins of interest
were detected using the following antibodies and dilutions: TMCO1
(1:1000, PA5-43350, Invitrogen, Waltham, MA, USA), ERp72 (1:1000, #5033,
Cell Signaling Technology (CST), Danvers, MA, USA), Lamin AC (1:4000,
#4777, CST), α-tubulin (1:1000, SC-5286, Santa Cruz Biotechnology, Dallas,
TX, USA), SMAD2 (1:1000, #5339, CST), PARP (1:1000, #9542, CST), caspase-3
(1:1000, #9662, CST), β-actin (1:10 000, A5441, Sigma-Aldrich, St. Louis, MO,
USA). All primary antibodies were incubated overnight at 4 °C, except for
β-actin and Lamin A/C, which were incubated for 1 h at room temperature.
Membranes were washed using phosphate buffered saline containing
0.1% Tween-20 before a 1 h incubation with either goat-anti-mouse (#170-
6516, Bio-Rad) or goat-anti-rabbit (#170-6515, Bio-Rad) HRP-conjugated
secondary antibodies (1:10 000 dilution). Protein bands were imaged using
a chemiluminescence reagent (SuperSignalTM West Dura Extended
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Duration Substrate, #34076, Thermo Fisher Scientific, Waltham, MA, USA)
and a ChemiDocTM Touch Imaging System (Bio-Rad). Protein band
quantification was done using the ImageLab software (ver. 6.1, Bio-Rad).

siRNA transfection
Dharmacon ON-TARGETplus SMARTpool siRNAs that comprise a mixture
of four rationally designed siRNAs against a single target gene were used
in this study. To validate the phenotypic effects of ON-TARGETplus
siRNAs, a chemically distinct set of SMARTpool siRNAs (siGENOME) were
also used. Cells were seeded into 96-well plates and transfected with
siRNA after 24 h. siRNAs used and transfection conditions were: SMART-
pool ON-TARGETplus Non-targeting ((NT) (D-001810-10-05, Dharmacon,
Horizon Discovery), SMARTpool ON-TARGETplus TMCO1 siRNA (L-013757-
02, Dharmacon Inc., Horizon Discovery Biosciences Ltd, Cambridge, UK) at
a final concentration of 100 nM using DharmaFECT4 (0.1 µL per well).
HCC1806 cells were transfected with 50 nM of ON-TARGETplus siRNA
using 0.05 μL of DharmaFECT4 per well. SMARTpool siGENOME TMCO1
siRNA (M-013757-01, Dharmacon) or SMARTpool siGENOME NT Control
siRNA (D-001206-13-05, Dharmacon) were transfected at a concentration
of 25 nM using 0.05 μL of DharmaFECT4 per well. RNA was isolated at 48 h
and protein was isolated 72–96 h post-transfection to verify TMCO1
knockdown.

Imaging and analysis of intracellular calcium changes
Changes in cytosolic Ca2+ levels were imaged using the Fluorescence
Imaging Plate Reader (FLIPRTETRA, Molecular Devices, San Jose, California,
USA). GCaMP6m-MDA-MB-231 cells were plated at a density of 4000 cells
per well in 96-well black-walled CellBIND microplates (CLS3340, Corning
Inc., NY, USA). Post-siRNA transfection (96 h), cells were washed and
incubated in physiological salt solution containing nominal Ca2+ [67] for
15min to allow equilibration to room temperature. Plates were loaded into
the FLIPR system and reagents containing BAPTA (100 µM) and Ca2+-
mobilising agents ATP (1, 3 and 100 µM; A6419, Sigma-Aldrich), ionomycin
(1 and 3 µM; ALX-450-006-M005, Enzo Life Sciences, Farmingdale, NY, USA)
and cyclopiazonic acid (CPA; 10 µM, C1530, Sigma-Aldrich) were added to
the cells. Fluorescence intensity (F) changes represent changes in cytosolic
Ca2+ levels and were measured at 470–495 nm excitation and 515–575 nm
emission wavelengths.
For analysis of Ca2+ traces, data were exported from ScreenWorks

software (Molecular Devices) into Microsoft Excel. Changes in [Ca2+]CYT
are shown as normalised values (ΔF/F0) and calculated using the formula
(F – F0) ÷ F0, where F0 represents baseline fluorescence. For assessment of
area under curve, individual Ca2+ traces for each biological replicate were
plotted in GraphPad Prism, and analysis was performed using the “area
under curve” function.

Assessment of cell death using propidium iodide staining and
immunoblotting
MDA-MB-231 cells were seeded at 4000 cells per well in FluoroBriteTM

DMEM media (A1896701, Thermo Fisher Scientific) into black-walled 96
well microplates (BD Falcon, Corning) and treated with navitoclax (S1001,
SelleckChem, Houston, TX, USA) 72 h after siRNA transfection. After 24 h,
cells were incubated with a stain solution containing propidium iodide
(1 µg/mL) and Hoecsht 33342 (10 µg/mL) for 15min at 37 °C before
imaging with the ImageXpress Micro (Molecular Devices) using the DAPI
(excitation: 377/50 nm; emission: 477/60 nm) and Cy3 filters (excitation:
531/40 nm and emission: 593/40 nm). Nuclear count and percentage of
cells staining positive for propidium iodide were analysed using the multi-
wavelength cell scoring module on the MetaXpress 6 software (Molecular
Devices). To confirm apoptotic cell death, protein was isolated 24 h after
cells were treated with apoptosis inducers (navitoclax in MDA-MB-231 cells
or S63845 (A8737, ApexBio Technology, Houston, TX, USA) in MDA-MB-468
and HCC1806 cells).

Quantitative real-time Polymerase Chain Reaction (qPCR)
RNA was isolated using the Qiagen RNeasy Mini Kit (Qiagen, Venlo,
Netherlands) and reverse transcribed using the Omniscript RT kit (Qiagen).
cDNA was amplified using the TaqMan Fast Universal PCR Master Mix
(Applied Biosystems, Thermo Fisher Scientific). Real-time PCR was performed
using the StepOne Plus Real-Time PCR System (Applied Biosystems). Taqman
gene expression assays used were TMCO1 (Hs00976965_m1), SMAD7
(Hs00998193_m1) and PGK1 (Hs99999906_m1). PGK1 was used as the
housekeeping gene.

Immunoprecipitation and liquid chromatography mass
spectrometry
Parental MDA-MB-231 cells (control) and MDA-MB-231 cells stably over-
expressing FLAG-TMCO1 were used for affinity purification and subsequent
MS analysis as previously described [68]. Briefly, cells were lysed in TAP buffer
(10% glycerol, 50mM HEPES-NaOH (pH 8.0), 150mM NaCl, 2mM EDTA, 0.1%
NP-40, 2mM DTT, 1X protease inhibitor, 1X phosphatase inhibitor). Cleared
protein lysate was incubated with pre-washed anti-FLAG-M2 beads (A2220,
Sigma-Aldrich) and incubated at 4 °C on a rotator for 16 h. Beads were then
washed 3 times with TAP buffer, 3 times with 50mM Ammonium
bicarbonate and resuspended in 50 µL of 50mM ammonium bicarbonate.
On-beads trypsin digestion was performed overnight and peptides were
dried by speed-vac. Samples were resuspended and desalted with C18 tip
(Pierce™ C18 Spin Tips, #84850, ThermoFisher Scientific) according to the
manufacturers’ protocol and dried by speed-vac. Samples were resuspended
in 26 µl of 1% (vol/vol) formic acid, and centrifuged at 13,200 RPM for 20min.
10 µl of digested peptides was used for analysis by liquid chromatography-
tandem mass spectrometry (LC-MS/MS) on a Thermo Q-Exactive HF
quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific). Acquired
spectra were searched against a FASTA file containing the human NCBI
sequenced on the Sorcerer platform. Three biological replicates of control
and FLAG-TMCO1 IPs were performed.

Subcellular fractionation and assessment of nuclear
translocation
Cell fractionation into cytosolic, membrane/organellar and nuclear-
enriched subcellular fractions were performed using the Subcellular
Protein Fractionation Kit for Cultured Cells (Thermo Fisher Scientific)
according to the manufacturer’s protocol. Subcellular fractions were
obtained using cell densities of approximately 1.5–2 × 106 cells and were
harvested from MDA-MB-231 cells seeded in T25 flasks. To assess SMAD2
translocation, cells were washed once with serum-free media and
incubated with either vehicle control (0.1% BSA) or TGFβ (10 ng/mL) for
1 h in serum-free media prior to cell fractionation. Cell fractionation
experiments involving TMCO1 siRNA transfections were done in 96-well
plates using optimised volumes of fractionation buffers from the
fractionation kit.

Quantification and statistical analysis
All data are presented as mean ± S.D. Data were organised in Microsoft
Excel and graphed and analysed using GraphPad Prism (ver. 9.5.1,
GraphPad Software). At least three biological replicates were used for
experiments. Statistical tests used and corresponding p-values are detailed
in the figure legends. P-values < 0.05 were considered significant. Any
normalised data shown are relative to control treatments at the start of
treatment, if applicable.

DATA AVAILABILITY
Relevant data related to this manuscript will be available upon request for non-
commercial uses. Mass spectrometry data generated in this study is publicly
available.

REFERENCES
1. McGrath EP, Centonze FG, Chevet E, Avril T, Lafont E. Death sentence: The tale of

a fallen endoplasmic reticulum. Biochim Biophys Acta Mol Cell Res.
2021;1868:119001.

2. Berridge MJ. The inositol trisphosphate/calcium signaling pathway in health and
disease. Physiol Rev. 2016;96:1261–96.

3. Pinton P, Giorgi C, Siviero R, Zecchini E, Rizzuto R. Calcium and apoptosis: ER-
mitochondria Ca2+ transfer in the control of apoptosis. Oncogene. 2008;27:6407–18.

4. Ando H, Kawaai K, Bonneau B, Mikoshiba K. Remodeling of Ca2+ signaling in
cancer: Regulation of inositol 1,4,5-trisphosphate receptors through oncogenes
and tumor suppressors. Adv Biol Regul. 2018;68:64–76.

5. Parys JB, Bultynck G, Vervliet T. IP3 receptor biology and endoplasmic reticulum
calcium dynamics in cancer. Prog Mol Subcell Biol. 2021;59:215–37.

6. Prole DL, Taylor CW. Inositol 1,4,5-trisphosphate receptors and their protein
partners as signalling hubs. J Physiol. 2016;594:2849–66.

7. Oakes SA, Scorrano L, Opferman JT, Bassik MC, Nishino M, Pozzan T, et al.
Proapoptotic BAX and BAK regulate the type 1 inositol trisphosphate receptor
and calcium leak from the endoplasmic reticulum. Proc Natl Acad Sci USA
2005;102:105–10.

A.H.L. Bong et al.

10

Cell Death Discovery          (2024) 10:421 



8. Eckenrode EF, Yang J, Velmurugan GV, Foskett JK, White C. Apoptosis protection
by Mcl-1 and Bcl-2 modulation of inositol 1,4,5-trisphosphate receptor-
dependent Ca2+ signaling. J Biol Chem. 2010;285:13678–84.

9. Pinton P, Ferrari D, Rapizzi E, Di Virgilio F, Pozzan T, Rizzuto R. The Ca2+ con-
centration of the endoplasmic reticulum is a key determinant of ceramide-
induced apoptosis: significance for the molecular mechanism of Bcl-2 action.
EMBO J. 2001;20:2690–701.

10. Boutin B, Tajeddine N, Monaco G, Molgo J, Vertommen D, Rider M, et al. Endo-
plasmic reticulum Ca2+ content decrease by PKA-dependent hyperpho-
sphorylation of type 1 IP3 receptor contributes to prostate cancer cell resistance
to androgen deprivation. Cell Calcium. 2015;57:312–20.

11. Greenberg EF, McColl KS, Zhong F, Wildey G, Dowlati A, Distelhorst CW. Syner-
gistic killing of human small cell lung cancer cells by the Bcl-2-inositol 1,4,5-
trisphosphate receptor disruptor BIRD-2 and the BH3-mimetic ABT-263. Cell
Death Dis. 2015;6:e2034.

12. Wang QC, Zheng Q, Tan H, Zhang B, Li X, Yang Y, et al. TMCO1 is an ER Ca2+ load-
activated Ca2+ channel. Cell. 2016;165:1454–66.

13. Li CF, Wu WR, Chan TC, Wang YH, Chen LR, Wu WJ, et al. Transmembrane and
coiled-coil domain 1 impairs the AKT signaling pathway in urinary bladder uro-
thelial carcinoma: a characterization of a tumor suppressor. Clin Cancer Res.
2017;23:7650–63.

14. Yang C, Wang Y, Bai JQ, Zhang JR, Hu PY, Zhu Y, et al. Mechanism of trans-
membrane and coiled-coil domain 1 in the regulation of proliferation and
migration of A549 cells. Oncol Lett. 2020;20:159.

15. Gao L, Ye Z, Liu JH, Yang JA, Li Y, Cai JY, et al. TMCO1 expression promotes cell
proliferation and induces epithelial-mesenchymal transformation in human
gliomas. Med Oncol. 2022;39:90.

16. Zheng S, Zhao D, Hou G, Zhao S, Zhang W, Wang X, et al. iASPP suppresses Gp78-
mediated TMCO1 degradation to maintain Ca2+ homeostasis and control tumor
growth and drug resistance. Proc Natl Acad Sci USA 2022;119:e2111380119.

17. Sun G, Gong S, Lan S, He Y, Sun Y, Zhang Z. TMCO1 regulates cell proliferation,
metastasis and EMT signaling through CALR, promoting ovarian cancer pro-
gression and cisplatin resistance. Cell Mol Biol. 2024;70:99–109.

18. Cardenas C, Muller M, McNeal A, Lovy A, Jana F, Bustos G, et al. Selective vul-
nerability of cancer cells by inhibition of Ca2+ transfer from endoplasmic reti-
culum to mitochondria. Cell Rep. 2016;15:219–20.

19. Shaul YD, Yuan B, Thiru P, Nutter-Upham A, McCallum S, Lanzkron C, et al.
MERAV: a tool for comparing gene expression across human tissues and cell
types. Nucleic Acids Res. 2016;44:D560–6.

20. Sorlie T, Perou CM, Tibshirani R, Aas T, Geisler S, Johnsen H, et al. Gene expression
patterns of breast carcinomas distinguish tumor subclasses with clinical impli-
cations. Proc Natl Acad Sci USA 2001;98:10869–74.

21. Fallahpour S, Navaneelan T, De P, Borgo A. Breast cancer survival by molecular
subtype: a population-based analysis of cancer registry data. CMAJ Open.
2017;5:E734–E9.

22. Li J, Liu C, Li Y, Zheng Q, Xu Y, Liu B, et al. TMCO1-mediated Ca2+ leak underlies
osteoblast functions via CaMKII signaling. Nat Commun. 2019;10:1589.

23. Morgan AJ, Jacob R. Ionomycin enhances Ca2+ influx by stimulating store-
regulated cation entry and not by a direct action at the plasma membrane.
Biochem J. 1994;300:665–72.

24. Inesi G, Sagara Y. Specific inhibitors of intracellular Ca2+ transport ATPases. J
Membr Biol. 1994;141:1–6.

25. Laver JD, Ly J, Winn AK, Karaiskakis A, Lin S, Nie K, et al. The RNA-Binding protein
Rasputin/G3BP enhances the stability and translation of its target mRNAs. Cell
Rep. 2020;30:3353–67.e7.

26. Brohee S, van Helden J. Evaluation of clustering algorithms for protein-protein
interaction networks. BMC Bioinforma. 2006;7:488.

27. Gul IS, Hulpiau P, Saeys Y, van Roy F. Metazoan evolution of the armadillo repeat
superfamily. Cell Mol Life Sci. 2017;74:525–41.

28. Sharma S, Burdon KP, Chidlow G, Klebe S, Crawford A, Dimasi DP, et al. Asso-
ciation of genetic variants in the TMCO1 gene with clinical parameters related to
glaucoma and characterization of the protein in the eye. Invest Ophthalmol Vis
Sci. 2012;53:4917–25.

29. Cai GX, Kong WY, Liu Y, Zhong SY, Liu Q, Deng YF, et al. Nuclear transport
maintenance of USP22-AR by Importin-7 promotes breast cancer progression.
Cell Death Discov. 2023;9:211.

30. Yao X, Chen X, Cottonham C, Xu L. Preferential utilization of Imp7/8 in nuclear
import of Smads. J Biol Chem. 2008;283:22867–74.

31. Hata A, Chen YG. TGF-beta signaling from receptors to Smads. Cold Spring Harb
Perspect Biol. 2016;8:a022061.

32. Drabsch Y, ten Dijke P. TGF-beta signaling in breast cancer cell invasion and bone
metastasis. J Mammary Gland Biol Neoplasia. 2011;16:97–108.

33. Nakao A, Afrakhte M, Moren A, Nakayama T, Christian JL, Heuchel R, et al.
Identification of Smad7, a TGFbeta-inducible antagonist of TGF-beta signalling.
Nature. 1997;389:631–5.

34. Giorgi C, Bonora M, Sorrentino G, Missiroli S, Poletti F, Suski JM, et al. p53 at the
endoplasmic reticulum regulates apoptosis in a Ca2+-dependent manner. Proc
Natl Acad Sci USA 2015;112:1779–84.

35. Hedgepeth SC, Garcia MI, Wagner LE 2nd, Rodriguez AM, Chintapalli SV, Snyder
RR, et al. The BRCA1 tumor suppressor binds to inositol 1,4,5-trisphosphate
receptors to stimulate apoptotic calcium release. J Biol Chem. 2015;290:7304–13.

36. Bononi A, Giorgi C, Patergnani S, Larson D, Verbruggen K, Tanji M, et al. BAP1
regulates IP3R3-mediated Ca2+ flux to mitochondria suppressing cell transfor-
mation. Nature. 2017;546:549–53.

37. Chae HJ, Kim HR, Xu C, Bailly-Maitre B, Krajewska M, Krajewski S, et al. BI-1
regulates an apoptosis pathway linked to endoplasmic reticulum stress. Mol Cell.
2004;15:355–66.

38. Lisak D, Schacht T, Gawlitza A, Albrecht P, Aktas O, Koop B, et al. BAX inhibitor-1 is
a Ca2+ channel critically important for immune cell function and survival. Cell
Death Differ. 2016;23:358–68.

39. Xiao Y, Nimmer P, Sheppard GS, Bruncko M, Hessler P, Lu X, et al. MCL-1 is a key
determinant of breast cancer cell survival: validation of MCL-1 dependency uti-
lizing a highly selective small molecule inhibitor. Mol Cancer Ther.
2015;14:1837–47.

40. Merino D, Whittle JR, Vaillant F, Serrano A, Gong JN, Giner G, et al. Synergistic
action of the MCL-1 inhibitor S63845 with current therapies in preclinical models
of triple-negative and HER2-amplified breast cancer. Sci Transl Med.
2017;9:eaam7049.

41. Campbell KJ, Dhayade S, Ferrari N, Sims AH, Johnson E, Mason SM, et al. MCL-1 is
a prognostic indicator and drug target in breast cancer. Cell Death Dis. 2018;9:19.

42. Goodwin CM, Rossanese OW, Olejniczak ET, Fesik SW. Myeloid cell leukemia-1 is
an important apoptotic survival factor in triple-negative breast cancer. Cell Death
Differ. 2015;22:2098–106.

43. Kotschy A, Szlavik Z, Murray J, Davidson J, Maragno AL, Le Toumelin-Braizat G,
et al. The MCL1 inhibitor S63845 is tolerable and effective in diverse cancer
models. Nature. 2016;538:477–82.

44. Milioli HH, Tishchenko I, Riveros C, Berretta R, Moscato P. Basal-like breast cancer:
molecular profiles, clinical features and survival outcomes. BMC Med Genomics.
2017;10:19.

45. Sun Z, Zhang H, Wang X, Wang QC, Zhang C, Wang JQ, et al. TMCO1 is essential
for ovarian follicle development by regulating ER Ca2+ store of granulosa cells.
Cell Death Differ. 2018;25:1686–701.

46. Wolf A, Wennemuth G. Ca2+ clearance mechanisms in cancer cell lines and
stromal cells of the prostate. Prostate. 2014;74:29–40.

47. Hugel S, Depping R, Dittmar G, Rother F, Cabot R, Sury MD, et al. Identification of
importin alpha 7 specific transport cargoes using a proteomic screening
approach. Mol Cell Proteom. 2014;13:1286–98.

48. Sharma MR, Koltowski L, Ownbey RT, Tuszynski GP, Sharma MC. Angiogenesis-
associated protein annexin II in breast cancer: selective expression in invasive
breast cancer and contribution to tumor invasion and progression. Exp Mol
Pathol. 2006;81:146–56.

49. Gibbs LD, Mansheim K, Maji S, Nandy R, Lewis CM, Vishwanatha JK, et al. Clinical
significance of Annexin A2 expression in breast cancer patients. Cancers.
2020;13:2.

50. James BP, Bunch TA, Krishnamoorthy S, Perkins LA, Brower DL. Nuclear locali-
zation of the ERK MAP kinase mediated by Drosophila alphaPS2betaPS integrin
and importin-7. Mol Biol Cell. 2007;18:4190–9.

51. Kimura M, Morinaka Y, Imai K, Kose S, Horton P, Imamoto N. Extensive cargo
identification reveals distinct biological roles of the 12 importin pathways. Elife.
2017;6:e21184.

52. Garcia-Garcia M, Sanchez-Perales S, Jarabo P, Calvo E, Huyton T, Fu L, et al.
Mechanical control of nuclear import by Importin-7 is regulated by its dominant
cargo YAP. Nat Commun. 2022;13:1174.

53. Yang KY, Zhao S, Feng H, Shen J, Chen Y, Wang ST, et al. Ca2+ homeostasis
maintained by TMCO1 underlies corpus callosum development via ERK signaling.
Cell Death Dis. 2022;13:674.

54. Baade I, Hutten S, Sternburg EL, Pörschke M, Hofweber M, Dormann D, et al. The
RNA-binding protein FUS is chaperoned and imported into the nucleus by a
network of import receptors. J Biol Chem. 2021;296:100659.

55. Bernardes NE, Fung HYJ, Li Y, Chen Z, Chook YM. Structure of IMPORTIN-4 bound
to the H3-H4-ASF1 histone-histone chaperone complex. Proc Natl Acad Sci USA
2022;119:e2207177119.

56. Pardal AJ, Bowman AJ. A specific role for importin-5 and NASP in the import and
nuclear hand-off of monomeric H3. Elife. 2022;11:e81755.

57. Aksu M, Trakhanov S, Görlich D. Structure of the exportin Xpo4 in complex with
RanGTP and the hypusine-containing translation factor eIF5A. Nat Comm.
2016;7:11952.

58. Chen M, Nowak DG, Narula N, Robinson B, Watrud K, Ambrico A, et al. The nuclear
transport receptor Importin-11 is a tumor suppressor that maintains PTEN pro-
tein. J Cell Biol. 2017;216:641–56.

A.H.L. Bong et al.

11

Cell Death Discovery          (2024) 10:421 



59. Calin GA, di Iasio MG, Caprini E, Vorechovsky I, Natali PG, Sozzi G, et al. Low
frequency of alterations of the alpha (PPP2R1A) and beta (PPP2R1B) isoforms of
the subunit A of the serine-threonine phosphatase 2A in human neoplasms.
Oncogene. 2000;19:1191–5.

60. Yang YF, Lee YC, Wang YY, Wang CH, Hou MF, Yuan SF. YWHAE promotes pro-
liferation, metastasis, and chemoresistance in breast cancer cells. Kaohsiung J
Med Sci. 2019;35:408–16.

61. Zhao S, Feng H, Jiang D, Yang K, Wang ST, Zhang YX, et al. ER Ca2+ overload
activates the IRE1alpha signaling and promotes cell survival. Cell Biosci. 2023;13:123.

62. Wang X, Wang QC, Sun Z, Li T, Yang K, An C, et al. ER stress mediated degradation
of diacylglycerol acyltransferase impairs mitochondrial functions in TMCO1
deficient cells. Biochem Biophys Res Commun. 2019;512:914–20.

63. Hetz C, Bernasconi P, Fisher J, Lee AH, Bassik MC, Antonsson B, et al. Proapoptotic
BAX and BAK modulate the unfolded protein response by a direct interaction
with IRE1alpha. Science. 2006;312:572–6.

64. Rodriguez DA, Zamorano S, Lisbona F, Rojas-Rivera D, Urra H, Cubillos-Ruiz JR,
et al. BH3-only proteins are part of a regulatory network that control the sus-
tained signalling of the unfolded protein response sensor IRE1α. Embo J.
2012;31:2322–35.

65. Bassett JJ, Bong AHL, Janke EK, Robitaille M, Roberts-Thomson SJ, Peters AA, et al.
Assessment of cytosolic free calcium changes during ceramide-induced cell
death in MDA-MB-231 breast cancer cells expressing the calcium sensor
GCaMP6m. Cell Calcium. 2018;72:39–50.

66. Mertins P, Mani DR, Ruggles KV, Gillette MA, Clauser KR, Wang P, et al. Proteo-
genomics connects somatic mutations to signalling in breast cancer. Nature.
2016;534:55–62.

67. McAndrew D, Grice DM, Peters AA, Davis FM, Stewart T, Rice M, et al. ORAI1-
mediated calcium influx in lactation and in breast cancer. Mol Cancer Ther.
2011;10:448–60.

68. Chiu CWN, Monat C, Robitaille M, Lacomme M, Daulat AM, Macleod G, et al.
SAPCD2 controls spindle orientation and asymmetric divisions by negatively
regulating the G-alphai-LGN-NuMA ternary complex. Dev Cell. 2016;36:50–62.

ACKNOWLEDGEMENTS
We thank the support of the Queensland Government and The University of
Queensland for an Advance Queensland Women’s Research Assistance Program fund
and UQ Research Stimulus Allocation Fellowship awarded to AHLB.

AUTHOR CONTRIBUTIONS
GRM, SJRT and AHLB conceptualised and designed the study. AHLB and MR
performed experiments. AMR and MM performed bioinformatics analyses. SL
provided experimental help and technical support for LC-MS/MS experiments and

SA provided funding support. GRM and SJRT acquired funding and project
administration. AHLB and GRM wrote the first draft of the manuscript. All authors
contributed to the reviewing and editing of the final manuscript.

FUNDING
This project was funded by a National Health and Medical Research Council Ideas
Grant (APP1181922) awarded to SJRT and GRM.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41420-024-02183-0.

Correspondence and requests for materials should be addressed to
Gregory R. Monteith.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

A.H.L. Bong et al.

12

Cell Death Discovery          (2024) 10:421 

https://doi.org/10.1038/s41420-024-02183-0
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	TMCO1 is upregulated in breast cancer and regulates the response to pro-apoptotic agents in breast cancer cells
	Introduction
	Results
	TMCO1 expression is increased in breast cancer and associated with poorer survival in node-positive basal breast cancer
	Effect of TMCO1 silencing on calcium signalling in basal breast cancer cells
	IP LC-MS/MS analysis identifies enrichment in nuclear transport proteins interacting with TMCO1
	Assessing the role of TMCO1 in nuclear transport

	TMCO1 silencing promotes cell death in basal breast cancer cells treated with selective apoptosis inducers

	Discussion
	Materials and methods
	Cell culture
	Generation of FLAG-tagged TMCO1 overexpressing MDA-MB-231 cells
	TMCO1 gene copy number and expression analysis
	Kaplan-Meier survival analysis
	Immunoblotting
	siRNA transfection
	Imaging and analysis of intracellular calcium changes
	Assessment of cell death using propidium iodide staining and immunoblotting
	Quantitative real-time Polymerase Chain Reaction (qPCR)
	Immunoprecipitation and liquid chromatography mass spectrometry
	Subcellular fractionation and assessment of nuclear translocation
	Quantification and statistical analysis

	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




