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1. German Language Summary

Maligne Tumoren stellen heutzutage, gemeinsam mit kardiovaskulären Erkrankungen, die

bedeutsamste  Todesursache  in  Industrienationen  dar1,2.  Epidemiologische  Studien

prognostizieren darüber hinaus einen Anstieg der diesbezüglichen Krankheitslast um bis zu

50% innerhalb der nächsten 20 Jahre3. Während Neoplasien in allen Stadien eine erhebliche

Morbidität  und  Reduktion  der  Lebensqualität  verursachen,  sind  etwa  90%  der  Tumor-

bedingten Todesfälle auf metastasierte Erkrankungsstadien zurückzuführen4,5. Da der hoch

komplexe Prozess der Metastasierung zugleich den am wenigsten verstandenen Aspekt der

Krebsbiologie  darstellt6,  müssen  Prävention,  Diagnostik  und  Therapie  von  Stadium  IV

Tumoren auf Grundlage eines besseren molekularen und zellulären Verständnisses stetig

weiterentwickelt werden.

Zu den Phasen der Disseminierung von Krebszellen zählen die Loslösung vom Primärtumor,

die  lokale  Invasion  des  Tumor-umgebenden  Stromas,  das  Eindringen  in  Blut-  und

Lymphgefäße, sowie die Extravasation in entfernten Geweben7. Eine Vielzahl von zellulären

Subsystemen  muss  außerdem  koordiniert  zusammenspielen,  um  diese  Prozesse  zu

ermöglichen. Dabei spielen diejenigen Signalwege eine zentrale Rolle, die zu einer erhöhten

Zellmotilität  führen, denn beinahe alle Stadien der Metastasierung setzen eine gerichtete

Bewegung voraus4,8. Im Hinblick auf die physiologische Migration von Zellen ist seit langem

bekannt,  dass  Calcium  eines  der  wichtigsten  Sekundärsignale  darstellt,  die  Zellen  zur

Wanderung bewegen9–11.  Zuletzt  ist  Calcium jedoch in  zunehmendem Maße auch in  der

Krebsbiologie als Treiber von Motilität erkannt worden und eine Fülle von Kanälen, Pumpen

und  Calcium-bindenden  Proteinen  besitzt  die  Fähigkeit,  physiologischerweise  eng

kontrollierte,  intrazelluläre  Calciumspiegel  in  Tumoren  zu  dysregulieren12.  Das  Calcium-

bindende Protein Neuronal Calcium Sensor 1 (NCS-1) ist diesbezüglich von besonderem

Interesse, da es  eine wichtige physiologische Funktion für die Calciumhomöostase besitzt13,

Calciumsignale in verschiedensten Krankheiten dysreguliert14 und eine erste Untersuchung

einen präliminären Zusammenhang von NCS-1 mit Tumormetastasierung und reduziertem

Patientenüberleben herstellen konnte15.

In  der  vorliegenden  Studie  wurde  deshalb  einerseits  der  Einfluss  von  NCS-1  auf  das

Metastasierungsverhalten von Tumorzellen untersucht16,  auf  der  anderen Seite fand eine

Korrelation von NCS-1 Leveln mit  klinischen Parameter,  insbesondere der  Mortalität  von

Patienten mit  hepatozellulärem Karzinom (HCC),  statt17.  Auf  diese Weise konnte gezeigt

werden, dass eine hohe NCS-1 RNA Expression in einer öffentlich verfügbaren HCC Kohorte

mit  einer  ungünstigen  Prognose  assoziiert  ist,  wobei  dies  interessanterweise  jedoch
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ausschließlich auf Patienten asiatischer Abstammung zutraf. Dieses Ergebnis wurde in einer

weiteren Kohorte validiert und um eine bioinformatische Analyse ergänzt, die LIM-Domain

Kinase  1  (LIMK-1)  als  Protein  identifizierte,  das  potentiell  den  Mittelpunkt  eines  NCS-1-

abhängigen  Signalnetzwerks  darstellt.  Da  LIMK-1  Inhibitoren  gegenwärtig  in  klinischer

Erprobung  sind18,  ist  diese  Signalachse  ein  vielversprechender  pharmakologischer

Angriffspunkt.

Um die Motilitätseffekte von NCS-1 zu untersuchen, wurde ein Zellmodell hergestellt, das

NCS-1  stabil  überexprimierte.  Es  zeigte  sich  im  Vergleich  zu  der  unveränderten

Kontrollzelllinie  nicht  nur  eine  signifikante  Änderung  der  Morphologie  hin  zu  einem

amöboiden Phänotypen. Auch die Migration in 2- und 3-dimensionalen Experimenten wurde

durch NCS-1 deutlich verstärkt. Um den Prozess der Metastasierung zuletzt auch  in vivo

nachvollziehen zu können, wurden diese Zellen in die Schwanzvenen von gesunden Mäusen

injiziert  und  deren  Lungen  bezüglich  der  Ausbildung  von  Filiae  monitoriert.  Unter  dem

Einfluss hoher  NCS-1 Expression kam es zu einer  deutlich verstärkten Absiedelung von

Krebszellen mit  größeren und vitaleren Tumoren nach 4 Wochen Wachstum. Mit  diesen

Experimenten ist erstmals gezeigt, dass NCS-1 nicht nur vielversprechendes Potential als

klinischer  Biomarker  besitzt,  sondern  auch  funktionell  zur  Metastasierung  beiträgt.

Zukünftigte Studien müssen erweisen, ob dysregulierte Calciumsignale oder die physische

Interaktion von NCS-1 mit seinen Bindungspartner mechanistisch verantwortlich sind.
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2. Introduction

Cancer  is  among  the  leading  causes  of  disability  and  death  world-wide19,20.  Driven  by

changes in demographic structure and facilitated by risk factors like smoking and obesity21,

chronic cardiovascular disease and cancer are now responsible for up to 50% of all deaths in

the Western world1,22. According to data from the German cancer registry2, about 500,000

new cases were diagnosed in 2016 alone. In the same year, almost 230,000 fatalities were

directly attributed to a malignant tumor. It is estimated that the burden of cancer will continue

to rise globally, with a projected increase in prevalence of 47% between 2020 and 20403.

The role of prevention and early detection for counteracting these developments cannot be

overstated22,23. However, many neoplasms are difficult to detect clinically or utilizing any one

of the established screening tests24.  A definitive diagnosis can oftentimes be made at an

advanced stage only. This is especially true for certain malignancies of the GI tract25,26 and

ovarian cancer24. Even in cases of early diagnosis and after complete surgical resection of

the primary tumor, the presence of nodal micro-metastasis is associated with a considerable

risk of relapse compared to node-negative cases27. Because detection of nodal metastases <

2 mm in size is a major challenge for pathologists28, effective treatment options for these

patients  are  urgently  needed.  Nevertheless,  and  despite  considerable  advances  in  the

treatment of metastatic tumors through the introduction of tyrosine kinase inhibitors29 and,

more recently, immunotherapy30, survival of patients with stage IV disease remains poor6. 

Considering  all  of  this,  the  furthering  of  our  understanding  of  metastasis  formation  and

dissemination of tumor cells throughout the body is of paramount importance. To that end,

this study examines the Calcium- (Ca2+) binding protein Neuronal Calcium Sensor 1 (NCS-1)

as a dysregulator of cellular Ca2+ signaling, contributor to metastatic spread and predictor of

an adverse disease outcome in certain patients. 

2.1 Tissue Invasion and Metastatic Dissemination are Hallmarks of Cancer

As described above, local tissue invasion and the spread of tumor cells to distant sites is

among  the  clinically  most  relevant  of  the  eight  “Hallmarks  of  Cancer”  as  proposed  by

Weinberg  and  Hanahan8.  Nevertheless,  the  complex  processes  involved  are  often

considered the least understood area of cancer research5. Cancerous colonization of remote

tissue constitutes the final step of an entire sequence of events, each requiring the interplay

of multiple,  aberrant molecular pathways to overcome the body’s defensive measures7,31.

Importantly,  cell  motility  has  been identified  as  a  key  prerequisite  for  most  of  the  steps

involved, notably the  invasion of the tumor-surrounding stroma, intravasation (i.e. the ability
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of  cells  to  enter  blood  and  lymphatic  vessels),  migration  through  the  bloodstream  and

extravasation (i.e. the capability of cells to exit the vascular system)7,11,31.  In the following

section, a range of pathways that confer a motility advantage to cancer cells will be reviewed.

2.1.1. A  Wide  Range  of  Molecular  Pathways  Contributes  to  Metastasis

Formation via Increased Cell Motility

Studies using cultured cancer cells, organoids, and simple model organisms like Drosophila

melanogaster  and  zebrafish11 have  elucidated  the  contribution  of  various  molecular

mechanisms to malignant cell migration, invasion, and ultimately metastatic spread. One of

the earliest incidents in the chain of events is the redistribution of cytoskeletal proteins, which

polarizes cells and prepares them for migration. This morphological transformation can be

induced by chemokine signaling via G-protein coupled receptors (GPCRs) and cAMP32, by

increases in intracellular Ca2+ and IP3
33 or by dysregulation of the PIP3-PI3K-PKB cascade34.

All three pathways are frequently altered in neoplastic cells11 and inhibitors of the PI3K-AKT

signaling axis are actively investigated with regards to their anti-tumor activity35.

Whereas different modes of single- and multi-cell migration have been identified, amoeboid

motility is proposed to be a feature of especially malignant tumor cells with high metastatic

potential36,37. A key regulator of the amoeboid migratory phenotype is the RHO-associated

protein kinase (ROCK)18,36,38 and its downstream target LIM-domain kinase 1 (LIMK-1)39,40.

ROCK orchestrates a plethora of cellular processes including the phosphorylation and thus

remodeling of the actin cytoskeleton, the formation of focal and cellular adhesions, and the

buildup of stress fibers38,39,41,42, all of which are prerequisites for directional cell movement.

Consequently,  inhibiting  this  signaling  network  whenever  it  is  highly  expressed  or  its

components are mutated, is proposed as a promising therapeutic opportunity38. 

To be able to penetrate the basement membrane and invade into the underlying stroma,

transformed epithelial cells were observed to form so-called invadopodia43. These actin-rich

protrusions  then  secret  matrix  metalloproteinases  (MMPs)44,  which  are  Ca2+-dependent

enzymes capable of degrading laminin and other components of the basement membrane.

Like  in  amoeboid  cell  movement,  RHO  GTPases  like  RhoA38,45 and  Rac146 are  core

components of the underlying machinery that leads to the necessary restructuring of the

actin cytoskeleton. The latter together with RHO GTPase activity and focal adhesion protein

turnover is tightly regulated by intracellular Ca2+ signaling47–49.

Whereas  differentiated  epithelial  cells  are  programmed  to  undergo  apoptosis  when  not

attached  to  a  basement  membrane50,  epithelial-to-mesenchymal  transition  (EMT)  is
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controversially discussed51 as a mechanism by which neoplastic cells can survive long after

detachment4. In addition, a mesenchymal phenotype is accompanied by increased motility

and possibly  chemotherapy resistance36.  On a  molecular  level,  EMT can be induced by

various extracellular as well as intracellular signals and is characterized by high expression

levels of the key transcription factors SNAIL1, TWIST, ZEB1 and ZEB24. On the other hand,

the adhesion protein cadherin 1 (CDH-1), which is pivotal to the coherence of epithelia, is

expressionally suppressed52. The plasticity and aggressiveness that EMT confers to tumor

cells makes it an attractive target for therapeutic interventions and promising approaches are

currently being investigated53. Finally, there is considerable overlap between EMT and Ca2+

signaling. Peaks in cytoplasmic Ca2+ can actively induce EMT54 and simultaneously promote

motility and invasiveness. Because it  is such a vital component of most of the pathways

described, the next section discusses Ca2+ as a driver of physiological and metastatic cell

movement.

2.1.2. Calcium is an Important Downstream Effector of Motility Pathways And

Frequently Dysregulated in Aggressive Tumors

Ca2+ gradients play a role in almost all cellular processes, including programmed cell death,

transcriptional regulation, cell-to-cell signaling, membrane electrophysiology, and motility10.

Mammalian cells possess a sophisticated apparatus of Ca2+ binding proteins, pumps and

channels that work together to keep the intracellular Ca2+ concentration at levels as low as

~100nM9. The canonical mechanism leading to transient bursts in free Ca2+ is the ligand-

dependent  activation  of  GPCRs,  followed  by  the  production  of  IP3,  which  activates  IP3-

receptors  (IP3R).  IP3Rs  are  Ca2+ channels  that  are  localized  in  the  membrane  of  the

endoplasmic reticulum (ER) and they activate the Ca2+-sensitive ryanodine receptors (RYR),

another ER Ca2+ channel that further amplifies the spike in concentration55–57. In addition to

this  highly  conserved  cascade,  a  diverse  set  of  signaling  pathways  can  give  rise  to

fluctuations in Ca2+. Figure 1 provides an outline of the components involved, including many

of  the  molecules  discussed  in  the  previous  section  as  well  as  downstream  effectors

described in the following paragraph.

Free Ca2+ above the resting level binds troponins in skeletal and cardiac muscle10,  elicits

smooth  muscle  contraction  by  the  activation  of  myosin  light-chain  kinase  (MLCK),  and

modulates shape and movement of various cell types through motor proteins like myosin,

dynein and kinesin58. Additionally, Ca2+-binding proteins like calmodulin (CALM) and S100

proteins mediate a large subset of the cellular effects of Ca2+  upon binding. Downstream

pathways are responsible for the regulation of gene expression via calcineurin and the Ca2+-
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dependent transcription factor NFAT, for cell growth, differentiation and proteolysis, and for

the dynamics of the cytoskeleton59.

Motivated by these crucial physiological functions of Ca2+ signals, their dysregulation has

naturally been investigated in the context of malignancy. Indeed, it has been found that up-

or down-regulation of almost all parts of the cascade can contribute to carcinogenesis and

metastasis via the perturbation of Ca2+ homeostasis12. Examples of dysregulators of the latter

are  transient  receptor  potential  (TRP)  and  store-operated  Ca2+ (SOC)  channels60–62,  the

IP3R63, the S100 family of Ca2+-binding proteins64,65, calmodulin66,67, GPCRs68, and, as focus of

attention of this study, NCS-115–17.

2.2 Neuronal Calcium Sensor 1 Regulates Calcium Signaling in Health and

Disease

As delineated in the preceding sections, Ca2+ is of great physiological importance, with far

reaching implications for cancer biology. In the ensuing sections, NCS-1 is introduced as a
14

Figure  1:  Intracellular  Ca2+ signaling  pathway.  The  schematic  is  derived  from  the  Kyoto

Encyclopedia of Genes and Genomes111 as well as the references mentioned throughout the

introduction.  Only  those components  are  shown that  are  most  relevant  to  this  study.  The

mitochondria  represent  an  additional  important  intracellular  Ca2+ store  but  are  omitted  to

improve readability.



player on both sides of the Ca2+ signaling spectrum. Particular emphasis is placed on well-

established disease associations.

2.2.1. Molecular and Cellular Characteristics of Neuronal Calcium Sensor 1

NCS-1 is a small (22kDa), highly conserved, almost ubiquitously expressed, cytosolic Ca2+-

binding protein14. Subsequent to the initial discovery of frequinin, the equivalent of human

NCS-1 in Drosophila69,  homologs were identified in a diversity of organisms ranging from

mammals to yeast70. The resolved crystal structure of NCS-1 (see figure 2) revealed features

similar to other members of the NCS protein family like recoverin and neurocalcin71, most

notably four helix-loop-helix motifs, so-called EF-hand domains, and an N-terminal myristoyl

group72.  Three  of  the  four  EF-hands  are  capable  of  binding  Ca2+ at  low concentrations,

whereas  the  fourth  pseudo-EF-hand  domain  functions  as  a  stabilizer  of  overall  protein

conformation. The effects of protein myristoylation are diverse and actively investigated73,

most likely allowing for Ca2+-dependent association of NCS-1 to membranes as well as co-

localization with downstream signaling targets74.

In vitro investigation of purified NCS-1 demonstrated its high affinity but low capacity for Ca2+

binding75, hinting towards a role as a signaling molecule rather than a buffer of free Ca2+. And

indeed, NCS-1 is implicated in various pathways. For historical reasons, NCS-1 function has

been explored most extensively in neural cells and models of the brain. Studies found that
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Figure 2: Molecular structure of NCS-1 (PDB identifier 4GUK, illustration created using PyMOL

v2.5.0). Helices are colored in red, sheets in yellow, and loops in green. Blue Ca2+ ions are

complexed by the three functional EF hand domains which consist of a short loop between two

alpha helices.  In  addition,  a  fourth,  stabilizing  pseudo-EF-hand motif  is  located below the

leftmost Ca2+ atom.



neuronal plasticity, i.e. axon and dendrite development as well as regeneration from injury76–

78, critically depends on NCS-1, as does the secretion of neurogranules via exocytosis79,80,

intracellular  vesicle  trafficking  between  Golgi  network  and  plasma  membrane81,82,  and

therefore  overall  synaptic  function13.  In  NCS-1  knockout  mice,  motivation,  learning,  and

memory  are  consistently  and  significantly  diminished  and  overall  neurodevelopment  is

impaired83,84. In terms of a molecular mechanism, collective evidence suggests that NCS-1

elicits its effects in part through the physical modulation of the Dopamine D2 receptor, a

transcriptional network of differentially expressed genes, and the overall disruption of Ca2+

homeostasis85–88.

Furthermore, NCS-1 physically interacts with the IP3R89, a key component of Ca2+ signaling

that was reviewed above. Upon binding of IP3-activated channels, the influx of Ca2+ increases

in  a dose-dependent manner90. Studies in cardiac myocytes confirmed this modulatory effect

in tissues outside of the nervous system91.  Beyond that, NCS-1 modulates the activity of

downstream targets of Ca2+ like calmodulin92 and the PI3K/PKB pathway93. 

Many more interactions of NCS-1 with cellular proteins like Interleukin-1 receptor accessory

protein-like  1  (IL1RAPL),  Adenosine  A2  receptor  (ADORA2A),  and  G-Protein  coupled

receptor kinase 2 (GRK2) are described in a growing body of literature14, but their specific

biological functions need to be clarified in future research endeavors.

2.2.2. NCS-1 is Implicated in Multiple Neurological and Psychiatric Diseases

Originating from its vital role for development and plasticity of the nervous system, NCS-1

was investigated in the context of several neurological and psychiatric diseases. It has been

found that alterations of NCS-1 contributes to a wide spectrum of conditions, from addiction94,

autism95,96,  and  Parkinson’s  disease97 to  bipolar  disorder  and  schizophrenia98,99.

Chemotherapy-induced peripheral neuropathy (CIPN), a condition in which peripheral nerves

are damaged by cancer therapeutics like paclitaxel, can be aggravated by the interaction of

NCS-1 with the responsible cytotoxic agent90,100. Clarification of the underlying mechanisms14

has facilitated the development of a promising therapeutic approach that re-purposes the

psychiatric drug lithium and that is currently in early pre-clinical and clinical testing101. In light

of these insights, the role of NCS-1 in chemotherapy-induced cognitive decline is actively

being researched as well102.

2.2.3. High Levels of NCS-1 are Associated with Poor Breast Cancer Outcome

Previous to the present study, first evidence linking NCS-1 to the promotion of metastasis

and tumor aggressiveness was presented by Moore and colleagues15.  The authors firstly
16



examined the effects of  stable NCS-1 overexpression on the MCF-7 and MB-231 breast

cancer cell lines. Compared to the wild-type, NCS-1high cells showed a marked increase in

migratory activity and reduced cell-matrix adhesion. This phenotype could be reversed by

knocking  down  the  overexpressed  NCS-1  using  an  shRNA  approach.  Secondly,  two

independent  cohorts  comprising  515  and  301  breast  cancer  patients  respectively,  were

histologically  assessed.  Immunohistochemical  staining  for  NCS-1  revealed  significantly

higher  protein levels  in  tissue from patients with  poor  disease outcome and unfavorable

clinical characteristics like lymph node positivity and larger tumor size.

Collectively, the presented data provides strong evidence that NCS-1 renders breast cancer

cells more motile and might serve as a prognostic biomarker. Further studies are warranted

to validate these findings in other tumor entities and establish a molecular mechanism by

which NCS-1 elicits its effects. The present study makes an attempt at both.

2.3 Research Questions

To conclude, the fast-paced increase in the global burden of cancer as well as insights from

tumor  biology  underscore  the  pressing  need to  more  deeply  understand  the  process  of

metastasis formation. Whereas many biological mechanisms facilitate cancer cell  spread,

increased motility  has been proven to contribute to multiple of  its phases. Based on the

established  importance  of  Ca2+ for  cell  movement,  on  the  role  of  NCS-1  as  a  Ca2+

dysregulator, and on previous laboratory and clinical observations15, this study aims to:

1. Measure NCS-1 RNA in tumor samples versus normal tissue to confirm an increase

of expression beyond physiological levels during carcinogenesis,

2. Retrospectively investigate the capacity of NCS-1 expression levels to predict cancer

patient outcome in a tumor type other than breast cancer,

3. Leverage an unbiased bioinformatics analysis  to  put  NCS-1 into the context  of  a

broader signaling network, potentially discovering novel therapeutic targets,

4. Assess the effects of NCS-1 overexpression on cellular and mouse models of cancer

to consolidate the link between dysregulated Ca2+ signaling and increased tumor cell

spread.
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3. Materials and Methods

Materials and methods that were used to produce the results discussed below are published

elsewhere16,17.
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4. Results

The results discussed below are published elsewhere16,17.
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5. Discussion

As outlined in the introduction, a metastatic phenotype is not only a hallmark of cancer cells

but also of utmost clinical importance, considering the fact that approximately 90% of tumor

related deaths7 occur in the context of stage IV (i.e. metastatic) disease. It was highlighted

that cellular motility, a process that is oftentimes driven by Ca2+ signals60, contributes to most

of the biological steps leading to tumor cell dissemination11. Thus, the research question was

posed  whether  the  Ca2+-binding  protein  NCS-1  with  its  diverse  biological  and  disease

implications might favor the spread of tumor cells throughout the body. More precisely, it was

asked whether high NCS-1 expression levels are firstly associated with poor patient outcome

and secondly lead to an invasive phenotype in vitro and in vivo. To investigate these issues,

two studies were conducted which are discussed in the following sections. 

5.1 High  NCS-1  Expression  Levels  are  Associated  with  Poor  Patient

Outcome

Because a link between patient outcome and NCS-1 protein levels was already established

for breast cancer15, the first study17 focused on hepatocellular carcinoma (HCC) as another

tumor  entity  with  similarly  high  demand  for  clinical  biomarkers  and  novel  therapeutic

strategies103.

5.1.1. NCS-1 Expression Levels are Upregulated During Carcinogenesis

Data  from  publicly  accessible  sources  was  used  to  test  the  hypothesis  that  NCS-1

expression levels  are  comparatively  low in  physiologically  differentiated hepatocytes  and

subsequently up-regulated during carcinogenesis. And indeed, analyzing RNA sequencing

data of 348 HCC cases from The Cancer Genome Atlas (TCGA)104 and comparing NCS-1

expression  levels  to  measurements  done  in  healthy  liver  tissue  (likewise  retrieved  from

external databases) revealed significantly higher NCS-1 in the malignancies. Interestingly,

the  distribution  of  data  points  was much wider  for  samples  from the TCGA,  suggesting

considerable heterogeneity between individual cases in the cohort.

To validate this finding, a commercially available micro array comprising 47 histological HCC

specimens as well as 41 matched, adjacent non-neoplastic tissue cores was examined using

immunohistochemistry  (IHC).  Again,  NCS-1  protein  levels  were  significantly  higher  in

neoplastic  samples,  reinforcing  the  presented  hypothesis.  Furthermore,  IHC  scores  of

carcinomas did not correlate with protein levels of their matched stromal samples, making
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high baseline expression in healthy hepatocytes an unlike prerequisite for NCS-1 increases

during tumor development.

5.1.2. Survival of Asian HCC Patients is Retrospectively Associated with NCS-1

Levels

To assess the ability of NCS-1 to predict disease outcome in HCC, clinical data provided by

the TCGA was included into the analysis.  Whereas expression levels were not generally

higher  in  patients  surviving  beyond  the  follow-up  period,  stratification  according  to  race

yielded the following results: Asian patients who succumbed to their tumor were more likely

to  have  exceptionally  high  NCS-1  levels  than  Asians  surviving  the  disease.  Due  to  the

relatively  small  size  of  this  subgroup,  significant  p-values  were  only  observed  for  Asian

males. To better understand possible differences in NCS-1 expression between Asian and

white patients, the latter being the only subgroup in the dataset with a sample size sufficiently

large for proper analysis, a binary classification of samples into an NCS-1high and NCS-1low

group was established. A receiver operating characteristic curve was utilized to establish an

appropriate cutoff for continuously distributed expression values. While patients that were

subsequently categorized as NCS-1low presented with the consistently low expression levels

as expected (levels that were independent of race and also virtually free of variability), NCS-

1high Asians presented with much higher average NCS-1 compared to their white counterparts

(p = 0.056). Additionally, contingency tables partitioning patients according to NCS-1high/low

and survival status revealed significantly higher odds of death in the presence of high NCS-1

in the Asian sub-population. The same analysis performed for white patients proved to be

non-significant.

Finally,  time series analyses were performed using Kaplan-Meier plots. To achieve greater

external validity, an additional cohort of 231 Asian HCC patients was retrieved from the ICGC

database105. The subgroup of NCS-1high patients exhibited significantly worse survival over

time, an observation that was made for Asians from the TCGA cohort as well as all patients

from the ICGC cohort. Here again, NCS-1 status did not correlate with outcome when only

white patients were considered.

One  explanation  for  the  observed  race-dependent,  non-uniform  role  of  NCS-1  in  HCC

carcinogenesis  is  provided  by  the  fact  that  multiple  risk  factors  like  exposure  to  toxins

(especially  to  ethyl  alcohol  and  aflatoxin),  chronic  virus  hepatitis,  metabolic  factors  like

diabetes and fatty liver disease, and many more contribute to carcinoma development. It is

well  known  throughout  the  literature  that  the  distribution  of  these  risk  factors  varies
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significantly with race and geographic location106 and that these differences are reflected in

distinct genomic profiles of the eventual HCC107,108. 

In conclusion, this study identifies an especially lethal subgroup of hepatocellular carcinomas

that is characterized by high NCS-1 expression levels.  Due to its retrospective nature,  it

suggests NCS-1 as a predictive biomarker that needs to be validated in prospective trials.

Furthermore, additional studies are called for to better understand how NCS-1 up-regulation

is linked to clinical attributes like subgroup-specific risk factors and genomic features. This

way, NCS-1 might not only prove useful as a biomarker but also for targeted prevention.

5.1.3. A Co-Expression Network Demonstrates the Relationship of NCS-1 with

Motility Pathways

Even though high expression of NCS-1 is associated with poor patient survival, the molecular

mechanisms through which it operates remain to be elucidated. To provide a starting point

for future studies, linear regression techniques were employed to systematically correlate

NCS-1 with 60 483 transcripts across all 348 cases in the TCGA HCC dataset. This unbiased

bioinformatics approach showed that LIMK-1 was most strongly co-expressed with NCS-1 by

a large margin (Pearson’s r = 0.76, p < 0.0001), a finding that could be reproduced in the

ICGC  cohort  of  Asian  HCC  patients  (Pearson’s  r  =  0.72,  p  <  0.0001).  To  maximize

robustness of the analysis, 3 additional cohorts of breast cancer, lung adenocarcinoma and

lung squamous cell carcinoma patients were retrieved from the TCGA and co-expression

networks  were  constructed.  Across  these  different  entites,  NCS-1  was  consistently  co-

expressed with proteins from cellular motility pathways like (actin) cytoskeleton regulation,

focal adhesion and cell junction organization, RHO GTPase signaling (including LIMK-1 as a

downstream target),  and  microtubule-based  processes.  Figure  3  summarizes  the  crucial

parts of the newly discovered signaling axis.

Lastly, Broad Institute’s Cancer Cell Line Encyclopedia (CCLE) database was queried for

expression data of 1019 cancer cell lines. Not only did LIMK-1 correlate positively with NCS-

1 in breast and liver cancer-derived CCLE cell lines, thus validating the previous findings.

There was also no observable correlation of the two genes in lymphoma and leukemia cell

lines.

5.1.4. Conclusion

Taken together, the conducted in silico experiments suggest that NCS-1 elicits its effects via

an entire network of motility pathways, most importantly the ROCK/LIMK-1 signaling cascade
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and actin polymerization dynamics (see figure 3 for an overview). Interestingly, lymphoma

and leukemia cells which originate from highly motile precursor cells that have an inherent

capacity  to travel  through the blood stream, do not  seem to exploit  this  newly identified

signaling axis.

Again,  a major limitation of  the above approach is its retrospective,  correlative nature.  It

remains to be shown that NCS-1 is causally linked to the genes that were found to be co-

expressed. As pointed out in the introduction, NCS-1 might physically interact with some of

them  while  affecting  the  expression  or  activity  of  others  via  dysregulated  Ca2+ signals.

Because LIMK-1109 and ROCK inhibitors18 are readily available and considering the scarcity

of effective therapies for advanced HCC103, future studies are needed to evaluate the activity

of these inhibitors in NCS-1high models of HCC.
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Figure 3: NCS-1 co-expression network derived from the more extensive network in Schuette et

al.17.  All  genes  displayed  are  consistently  co-expressed  with  NCS-1  across  different  tumor

entities.  The software tool  EGAN112 was used to  compile  pathway information from various

databases and RNA sequencing data into this association network.



5.2 Overexpression  of  NCS-1  Induces  a  Motile,  Metastatic  Phenotype  in

Cellular and Mouse Experiments

After retrospectively investigating its utility as a biomarker, a second study16 was conducted

to causally link NCS-1 overexpression to increased invasiveness, motility  and metastasis

formation. As discussed below, a 3-dimensional cellular model was employed alongside a

mouse  xenograft  to  expand  on  the  experiments  by  Moore  and  colleagues,  which  were

conducted using a 2-dimensional in vitro design only15.

5.2.1. NCS-1 Induces Morphological Changes and a Motility Phenotype Without

Increasing Proliferation

Because acquisition of an amoeboid phenotype is one route via which cancer cells become

more  motile  and  aggressive,  the  morphology  of  NCS-1  overexpressing  cells  was

systematically assessed. To this end, the triple-negative MDA-MB-231 breast cancer cell line

was  virally  transduced  with  an  NCS-1  plasmid  and  stable  overexpression  (OE)  was

confirmed  by  immunoblotting  as  well  as  quantitative  RT-PCR  analysis.  Subsequent

brightfield microscopy revealed a significant increase in cell size (as measured by aspect

ratio) and reduced circularity of these NCS-1OE cells compared to the wildtype (NCS-1wt). On

the other hand, a proliferation assay monitoring cellular ATP content over a period of 5 days

did not show differences in growths rates between NCS-1OE and NCS-1wt cell  lines. This

finding suggests that NCS-1 overexpression is sufficient to transform cellular morphology

without  negatively  impacting  survival  signaling,  thus  conferring  an  overall  evolutionary

advantage to  cancer  cells.  The  previously  established hypothesis  that  NCS-1 elicits  its

effects via interaction with LIMK-1 and the actin cytoskeleton was further substantiated by

confocal microscopy. In both lines of MDA-MB-231 cells, NCS-1 localized primarily to cellular

protrusions and to actin filaments at the leading edge but not to stress fibers or cytoplasmic

actin puncta. Because tightly controlled spatiotemporal Ca2+ signals at the leading edge are

of paramount importance for cell movement, colocalization of NCS-1 with these components

might hint at a functional relationship.

As a next logical step, the cell model was cultivated in 2 dimensions. In line with previously

published results15, MDA-MB-231 cells expressing high levels of NCS-1 covered petri dishes

faster in a colony formation experiment and closed wounds more quickly in a scratch assay.

To  be  able  to  recreate  the  3-dimensional  context  of  in  vivo tumor  metastasis  more

realistically, NCS-1OE and NCS-1wt cells were then cultivated in collagen gels and time-lapse

confocal microscopy was used to measure average movement speed and distance over a

period of 8 hours. And indeed, NCS-1OE cells moved significantly farther distances and did so

more quickly. It can be concluded that high levels of NCS-1 are sufficient to make cancer
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cells  more motile  in  2  and 3 dimensions,  without  degrading cellular  health  in  ways that

reduce proliferation.

5.2.2. Cancer  Cells  Harboring  High  Levels  of  NCS-1  are  More  Capable  of

Forming Distant Metastases in a Mouse Xenograft Model

In an attempt to model in vivo metastasis even more closely, a mouse xenograft model was

established. MDA-MB-231 NCS-1OE and NCS-1wt cells that also carried a luciferase reporter

gene  were  injected  into  the  tail  veins  of  otherwise  healthy  mice  and  photon  flux  was

measured over the lungs at specific time points as a surrogate for tumor size. Finally, lung

tissue was harvested after euthanization of  all  animals on day 28 of  the experiment.  As

would be expected from the in vitro studies, lung metastases formed more rapidly from NCS-

1OE cells. The most profound difference in lung tumor size could be observed between days 1

and 7. After 7 days however, established lung tumors grew at identical rates. Thus, here too,

a  significant  effect  of  NCS-1  on  motility  and  invasiveness  could  be  observed.  High

expression levels positively impacted the ability of MDA-MB-231 cells to extravasate and

locally  invade into  healthy  lung tissue.  On the other  hand,  whereas fewer  NCS-1wt cells

succeeded in  these early  phases of  metastasis,  proliferation rates of  established tumors

were virtually identical, irrespective of NCS-1 status.

Finally,  histopathological  examination  of  build-up  lung  tumors  after  28  days  of  growth

provided additional support for this interpretation. Malignancies stemming from NCS-1wt cells

displayed large areas of necrosis in almost all mice, with practically no signs of cell death in

NCS-1OE metastases.  Considering the imaging data,  NCS-1 therefore seems to  facilitate

survival  during early  engraftment  by  a  yet  unknown mechanism.  Future studies need to

investigate the processes by which NCS-1 aids tumor cells in surviving the first expansion

phase.

5.2.3. Conclusion

In conclusion, the pro-metastatic role of NCS-1 seems to be consistent across all in vitro and

in vivo models of neoplastic dissemination that were examined. With this study, important

starting points for an investigation into the underlying molecular mechanisms are established.

However, further research is certainly required, not least because the present study was

limited to one highly aggressive, triple-negative breast cancer cell line. Considering the Ca2+

dependent regulation of LIMK-1110, its important role for actin cytoskeleton organization, and

the  consistent  co-expression  with  NCS-117,  LIMK-1  inhibition  constitutes  a  promising

therapeutic approach that needs to be studied in depth. Last but not least, up to the present
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the genomic alterations that cause NCS-1 overexpression were not looked into. Structural

knowlegde about the NCS-1 locus might improve its usefulness as a biomarker in times,

where genomic data is becoming increasingly accessible in routine clinical practice.
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7. Appendix

7.1 List of Figures

Figure  1: Intracellular  Ca2+ signaling  pathway.  The  schematic  is  derived  from the  Kyoto

Encyclopedia of Genes and Genomes111 as well as the references mentioned throughout the

introduction. Only those components are shown that that are most relevant to this study. The

mitochondria represent  an additional  important  intracellular  Ca2+ store but  are omitted to

improve readability.

Figure  2: Molecular  structure  of  NCS-1  (PDB identifier  4GUK,  illustration  created  using

PyMOL v2.5.0). Helices are colored in red, sheets in yellow, and loops in green. Blue Ca2+

ions are complexed by the three functional EF hand domains which consist of a short loop

between two alpha helices. In addition, a fourth, stabilizing pseudo-EF-hand motif is located

below the leftmost Ca2+ atom.

Figure 3: NCS-1 co-expression network derived from the more extensive network in Schuette

et al.17. All genes displayed are consistently co-expressed with NCS-1 across different tumor

entities. The software tool EGAN112 was used to compile pathway information from various

databases and RNA sequencing data into this association network.
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Research Article

Hepatocellular Carcinoma Outcome Is Predicted
by Expression of Neuronal Calcium Sensor 1
Daniel Schuette1, Lauren M. Moore1, Marie E. Robert2, Tamar H. Taddei3, and
Barbara E. Ehrlich1

Abstract

Background: Hepatocellular carcinoma (HCC) is the
second leading cause of cancer-related death worldwide.
There is an urgent demand for prognostic biomarkers that
facilitate early tumor detection, as the incidence of HCC has
tripled in the United States in the last three decades. Bio-
markers to identify populations at risk would have signif-
icant impact on survival. We recently found that expression
of Neuronal Calcium Sensor 1 (NCS1), a Ca2þ-dependent
signaling molecule, predicted disease outcome in breast
cancer, but its predictive value in other cancer types is
unknown. This protein is potentially useful because
increased NCS1 regulates Ca2þ signaling and increased
Ca2þ signaling is a hallmark of metastatic cancers, confer-
ring cellular motility and an increasingly aggressive pheno-
type to tumors.

Methods: We explored the relationship between NCS1
expression levels and patient survival in two publicly

available liver cancer cohorts and a tumor microarray using
data mining strategies.

Results: High NCS1 expression levels are significantly asso-
ciatedwithworsediseaseoutcome inAsianpatientswithin these
cohorts. In addition, a variety of Ca2þ-dependent and tumor
growth-promoting genes are transcriptionally coregulated
with NCS1 and many of them are involved in cytoskeleton
organization, suggesting that NCS1 induced dysregulated Ca2þ

signaling facilitates cellular motility and metastasis.
Conclusions: We found NCS1 to be a novel biomarker in

HCC. Furthermore, our study identified a pharmacologically
targetable signaling complex that can influence tumor pro-
gression in HCC.

Impact: These results lay the foundation for using NCS1 as a
prognosticbiomarker inprospective cohortsofHCCpatientsand
for further functional assessment of the characterized signaling
axis. Cancer Epidemiol Biomarkers Prev; 27(9); 1091–100. �2018 AACR.

Introduction
Hepatocellular carcinoma (HCC) is one of the deadliest cancer

types worldwide (1), with rapidly increasing rates in the United
States (2, 3). Currently, options to cure or palliateHCCare limited
to resection, transplantation, and ablative and transarterial ther-
apies,with therapeutic choices dictatedbyboth tumorburdenand
the extent of hepatic dysfunction. There is only one FDA-approved
first-line, palliative systemic chemotherapeutic agent, an oral
tyrosine kinase inhibitor (sorafenib). This treatment is reserved
for patients who have failed or progressed after local therapies,
offering an overall survival advantage of 3 months with a signi-
ficant adverse side effect profile (4). To develop and optimize new
treatment modalities for HCC, novel biomarkers are needed that
can predict tumor aggressiveness and identify druggable targets
that can be exploited to create innovative therapies.

Calcium is long known to be a major regulator of cell-cycle
progression and cellular proliferation, events promoted by
growth factors that often cause oscillatory patterns of Ca2þ release
from ER stores and Ca2þ entry from the extracellular space (5–7).
Furthermore, recent clinical and basic research evidence impli-
cates a Ca2þ-driven pro-metastatic phenotype in aggressive
tumors with an unfavorable prognosis (8–10). To date, only one
component of Ca2þ-signaling pathways has been proposed as a
potential biomarker for HCC. High expression of S100 Ca2þ-
binding proteins is reported to confer an aggressive phenotype in
undifferentiated liver cancers (11–14). Although less well char-
acterized, othermembers of the Ca2þ-signaling cascade have been
implicated in cancer progression (15).

Neuronal Calcium Sensor 1 (NCS1) is a clinically validated
prognostic biomarker in two independent breast cancer
cohorts, that is closely related to states of dysregulated Ca2þ-
signaling (10). NCS1, a member of the calmodulin superfamily
of EF-hand Ca2þ-sensing proteins, is involved in various cellular
processes, including exocytosis (16), regulation of voltage-gated
Ca2þ-channels, neuroplasticity (17), and calmodulin-mediated
signaling (18). NCS1 interacts with inositol 1,4,5-triphosphate
receptor type 1 (InsP3R1) and leads to an increase in InsP3-
dependent Ca2þ-release (19), especially in an overexpression
scenario (20, 21). NCS1 also is upregulated in injured neu-
rons, acting as a survival factor via activation of PI3K/AKT
pathway (22). These functional properties and its expression
in different extra-neuronal tissues (23–26) together with
its likely role in breast cancer development make NCS1 a
possible contributor to carcinogenesis in other tumor types
as well.
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To investigate the possible role of NCS1 in Ca2þ-mediated
tumor progression and metastasis in HCC, we analyzed The
Cancer Genome Atlas (TCGA) Liver Hepatocellular Carcinoma
(LIHC) dataset to determine whether there is an association of
NCS1 with patient survival and whether NCS1 can distinguish
among patients, either by sub-population or etiologic risk factor.
In addition, we built a regression model to test for significant
coexpression of NCS1 using the approximately 60,000 RNA-
sequenced transcripts included in the TCGA LIHC dataset. Using
information from the regression model, we identified pathways
involved in Ca2þ and NCS1 signaling that influence tumor
progression and can be pharmacologically manipulated.

Materials and Methods
Data download

The results shownhere are in part basedupondata generated by
the TCGA Research Network: http://cancergenome.nih.gov/.
TCGA LIHC, breast cancer (BRCA), and lung cancer (LUAD and
LUSC) expression data and clinical annotations were download
from the NIH's Genomic Data Commons (GDC) Data Portal
(https://portal.gdc.cancer.gov) on October 10, 2017. Plain text
files with FPKM values for 60 483 transcripts per patient were
joined with corresponding clinical annotations and gene names
were added using unique ENSG identifiers (ensembl.org,
GRCh38.p11). NCS1 and LIMK1 expression values and clinical
annotations related to the International Cancer Genome consor-
tium (ICGC) LIRI-JP liver cancer cohort were downloaded
from the ICGC data portal (https://icgcportal.genomics.cn) on
February 22, 2018. All data transformation and analyses were
performed with R Statistical Programming Language, Version
3.4.0 (2017-04-21; ref. 27). Additional information regarding
sample processing, patient characteristics, data acquisition and
global mutational and expressional analyses are available with
The Cancer Genome Atlas Research Network's publications of
these datasets (28–31). Data for NCS1, GAPDH, RPS18, HPRT1
and ACTB expression levels in various tissues that lack HCC
(assumed to be healthy for the purposes of this study) were
accessed through the websites of The Genotype-Tissue Expression
(GTEx) Project (https://www.gtexportal.org/home/) as well as
The Human Protein Atlas (HPA; https://www.proteinatlas.org)
(bothonNovember1,2017).Pre-processedgeneexpressiondataof
1,019 cancer cell lines are publicly available through Broad Insti-
tute's Cancer Cell Line Encyclopedia (CCLE; https://portals.broad
institute.org/ccle) and were downloaded on January 10, 2018.

Bioinformatics and statistical analyses
The between-group comparisons of overall survival were per-

formed by means of two-sided log-rank tests stratified according
to NCS1 (<75% vs. � 75%), WDR5 (<80% vs. � 80) and LIMK1
(<60% vs. >60%) expression levels. Cutoff values for dichoto-
mizing continuous expression values to "high" and "low" were
derived from receiver operating characteristics (ROC) curves using
Youden's J statistic. A Cox proportional-hazards model that
included dichotomized NCS1, LIMK1, and WDR5 expression as
covariates was used to estimate hazard ratios (HRs) and their
associated 95% confidence intervals (CIs). The Kaplan–Meier
method was used to estimate survival curves and a log-rank test
to compare survival between distinct expression subgroups.
Survival plots and forest plots were generated using the "survmi-
ner"Rpackage (32). In all analyses, patient sampleswere excluded

whenever survival data or expression values were missing (<10%
per cohort and analysis).

To assess transcriptional coregulation of the 60,482 transcripts
with NCS1 expression in LIHC, BRCA, LUAD, and LUSC datasets,
simple linear regression analysis was performed. P values derived
from these analyses were corrected using Bonferroni's method
and top hits were identified by means of corrected P values. We
pre-specified a threshold for Pearson's correlation coefficient of
0.6 or higher to indicate a strong correlation, mainly to reduce the
false positive rate (33). Again, a univariate linear regressionmodel
was used to compute the relationship between NCS1 and LIMK1
or WDR5 in the TCGA, ICGC, and CCLE datasets.

Exploratory Gene Association Networks (EGAN; ref. 34) soft-
ware was used to combine NCS1-correlated genes and database-
derived gene and pathway annotations into meaningful network
plots. A list of 40 genes, comprising the top 10 hits from all 4
datasets, was examined for overlaps with pathways from the
Molecular Signature Database (MSigDB, http://software.broadin
stitute.org/gsea/msigdb) andbymeans of EGAN software. Results
with an FDR q < 0.05 were called significant and listed as relevant.
Welch's two sample t test was used to test for statistical differences
of sample means if not otherwise specified and Fisher's exact test
was used to analyze contingency tables.

Liver cancer tissue array
A commercially available HCC microarray with 49 cases

(2 cores per case, 41 tumors with matched non-neoplastic adja-
cent tissue, 6 tumors without matched non-neoplastic tissue,
and 2 normal liver tissues without corresponding tumors) was
purchased from US Biomax, Inc. (OD-CT-DgLivT10-024,
HLiv-HCC180Bch-01). Immunofluorescence staining for NCS1
and arginase was performed and automated quantitative analysis
(AQUA)with arginase as amarker for tumor tissue comparedwith
stromal tissue was used to quantify NCS1 protein levels in tumors
and adjacent non-neoplastic tissues, as previously described (10).
Biochemical indicators (AFP,CA19-9,CEA, hepatitis B/Cmarkers,
Creatinine, BUN) and tumor stage data are available on the
supplier's website.

Results
Tissue NCS1 expression increases during HCC carcinogenesis

To assess physiological NCS1 expression in normal liver tissue
from healthy individuals, we explored two databases; GTEx
Project and HPA. Analysis of both of these datasets suggests very
low overall NCS1 levels in healthy human liver (mean NCS1
expression levels derived from RNA-sequencing specified as 0.9
TPMand0.7RPKM in10 and119 specimens in theHPAandGTEx
datasets, respectively). Furthermore, when compared with other
organs, liver expression levels rank last and second to last among
31 and 36 analyzed tissues in the HPA and GTEx datasets,
respectively. Because interexperimental comparison of expression
units is usually not possible, we calculated the ratio ofNCS1 to the
housekeeping gene b-actin (ACTB) in HPA, GTEx, and TCGA
LIHC datasets (Fig. 1A). The ratio of NCS1 to ACTB was 1.7- and
1.4-fold higher in cancerous tissue (P < 0.01 for the comparison of
TCGA vs. GTEx and TCGA vs. HPA, respectively). To validate the
choice of ACTB for normalization, three additional housekeeping
genes (HPRT1, GAPDH, and RPS1) were used to normalize the
NCS1 levels (Supplementary Fig. S1). An increase in NCS1
expression levels in the HCC samples was observed with all
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Figure 1.

NCS1 expression in non-neoplastic and cancerous tissue. A, Dot plot showing the ratio of NCS1 to the housekeeping gene ACTB on a log10-transformed scale
for 3 different datasets. ��� , P <0.0001; �� , P < 0.001 and horizontal lines indicate sample means. Violin plots visualize the overall data distribution per sample.
Data on NCS1 and ACTB expression are only available for a subset of TCGA samples. B, Dot plot showing AQUA scores for NCS1 in tumor tissue compared
with adjacent non-neoplastic tissue. Data are derived from a tumor microarray and a "tumor mask" was generated using of arginase (ARG) signal to discriminate
tumorous from stromal tissue compartments. A paired t test was used to assess group differences. C, Bar plot showing AQUA scores for tumors and adjacent
normals of 41 patients. Error bars represent standard deviations of n ¼ 2 cores per sample and bars represent sample means. D, Scatter plot for NCS1 AQUA
scores in tumor tissue versus matched adjacent non-neoplastic tissues. Trend line with 95% CI is based on a simple linear regression model to visualize
random distribution of the data and summary statistics of that regression model are added to the plot.
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housekeeping genes. These results suggest NCS1 levels increase in
liver tissue during HCC development.

To further examine this hypothesis, a commercially available
microarray composed of HCC samples and adjacent non-
neoplastic tissues was analyzed using immunofluorescence to
calculate AQUA scores. Matched adjacent non-neoplastic tissues

were available for most tumor samples (41/47) on the array. A
significant (P < 0.0001) upregulation of NCS1 was observed in
tumors (Fig. 1B), with 59% (24/41) of them showing increased
NCS1 AQUA scores compared with matched non-neoplastic
samples (Fig. 1C). However, in all of the samples, the levels of
NCS1 in the non-neoplastic tissue is low and there is a very small

Figure 2.

NCS1 expression and patient survival. A, Boxplots showing log10-transformed, continuous NCS1 expression levels for male and female patients in rows and
different races in columns. Adjacent boxplots partition respective patient populations by survival status. See Supplementary Table S1 for additional
information on sample size. � , indicates corrected P < 0.05 in a two-sided t test. B, Dot plots comparing mean (represented by large dots) NCS1 expression
levels for NCS1high and NCS1low Asian and white patients. Violin plots visualize overall data distribution. Shades of gray represent survival status of patients. Two-
sided t test P ¼ 0.056 for comparison of NCS1 expression levels in Asian versus white patients (estimated means 2.28 vs. 1.59, respectively). C, Receiver
operating characteristic curve showing the optimum cutoff for dichotomizing NCS1 expression in Asian patients to "high" and "low" to be 75% (75% of patients
categorized as "low," 25% as "high"; indicated by an arrow). Inset in lower right corner lists sensitivity, specificity, and Youden's J statistic for different cutoffs.
D and E, Contingency tables showing NCS1 and survival status for white and Asian patients, respectively. P values were calculated using Fisher's exact test,
ORs, and 95% CIs are listed above tables.
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range, suggesting that baseline NCS1 will not be a predictor for
development of HCC and that high baseline NCS1 expression
cannot be a prerequisite for the development ofHCC. This ismore
clearly shownby the relationship betweenAQUA scores in tumors
and non-neoplastic samples (Fig. 1D). Each data point is the
expression of NCS1 in tumors and non-neoplastic samples in the
same patient and the scatter of the data points show that there is
no correlation. This relationship suggests that baseline NCS1
levels do not predict the expression level of NCS1 in the tumor
samples and provides further evidence that increased NCS1
expression is associated with tumor development. An analysis of
the limited clinical annotations available for the array showed no
association of NCS1 AQUA scores in tumor tissue with either
tumor stage (Supplementary Fig. S2B), hepatitis B/C status, tumor
markers (CEA, CA19-9, AFP) or any of the patient characteristics
(age and gender). No additional information on the spatial
relationship between tumor samples and non-neoplastic adjacent
tissues were available for analysis.

NCS1 levels predict survival status and time to death in a
subgroup of Asian patients

To test whether NCS1 levels correlate with tumor stage and
outcome in the TCGA cohort of liver cancer patients, we examined
the relationship between NCS1 expression measured in FPKM
units and clinical tumor stage for 377 patients. Although
advanced tumors did not show increased NCS1 expression com-
pared with early-stage tumors in this cohort (Supplementary
Fig. S2A), in the subgroup of Asian patients who died, average
NCS1 expression was significantly increased compared with the
survivors (t-test corrected P < 0.05 for male Asian patients,
Fig. 2A). In addition, Asian patients had a higher mean NCS1
expression than white patients (t test P ¼ 0.056) and a signifi-
cantly (P < 0.01) smaller proportion of NCS1low Asian patients
died during the course of their disease (21.4% vs. 39.0% for Asian
and white patients, respectively, Fig. 2B), irrespective of tumor
stage. This comparison suggests a protective effect of low NCS1
expression in NCS1low Asian patients. Differences in the expres-
sion profiles of proteins associated with HCC among races has
recently been described (35). With respect to Ca2þ-signaling
pathways, indel mutations in ryanodine receptors (RYRs; intra-
cellular Ca2þ channels) were identified in Thai patients in this
study (35). Because the number of subjects from races other than
Asians and whites constitute only a small part of the overall
sample (Supplementary Table S1), they were excluded from
further analyses.

In the next analysis, we examined the prognostic value of
dichotomized NCS1 expression levels (to NCS1high and
NCS1low) with regard to patient survival at the last follow-up
and over time. To explore the optimum cutoff for dichotomi-
zation of continuous FPKM values, we created a receiver
operating characteristics (ROC) curve by calculating sensitivity
and specificity for a range of different cutoffs and calculated
Youden's J statistic to capture the performance of our binary
test (Fig. 2C). As a result, we categorized 25% of patients as
NCS1high and 75% as NCS1low.

When applying this cutoff value to the survival status of Asian
patients (i.e., patients being either dead or alive at the time of last
follow-up), the estimated odds ratio of 0.26 shows a significant
(Fisher's exact test P < 0.001) association of highNCS1 expression
levels with an unfavorable disease outcome (Fig. 2E). However,
the relationship between NCS1 expression and prognosis is

not true for white patients (Fig. 2D), confirming the result of our
prior analysis.

We next estimated survival curves via the Kaplan–Meier meth-
od and applied aCox proportional-hazardsmodelwithNCS1 as a
single covariate to calculate HRs for all patients in the TCGA
LIHC cohort (Fig. 3A), aswell as race-stratified for the subgroup of
Asian (Fig. 3B) and for the subgroup of white patients (Fig. 3C).
With this approach, Asians showed a significantly higher prob-
ability of death if categorized as NCS1high (HR, 3.5; P < 0.0001),
whereas the time to death in white patients was independent of
their NCS1 status (HR, 0.89; P ¼ 0.68). NCS1 status was also
significantly associated with worse outcome in the Kaplan–
Meier analysis of all patients (HR, 1.7; P¼ 0.006), although with
a hazard ratio closer to 1 than the ratio calculated for Asian
patients only.

NCS1 status predicts survival in an independent cohort of
Japanese HCC patients

To validate the strong relationship between high NCS1 expres-
sion and survival of Asian patients in the TCGA LIHC cohort, we
then examined the International Cancer Genome Consortium
(ICGC) LIRI-JP cohort (36) that comprises 231 HCC samples
from Japanese patients. After dichotomizing continuous NCS1
expression levels in NCS1high and NCSlow as described above, we
again found that high expressionwas significantly associatedwith
worse patient survival over time (Fig. 3D; with an unadjusted HR,
1.96; P ¼ 0.039).

LIMK1 and WDR5 are transcriptionally coregulated with
NCS1

Because the exact signaling pathway that is influenced by NCS1
expression in tumor cells remains to be elucidated, we performed
simple linear regression analyses of NCS1 with 60 483 RNA-
sequenced transcripts from the TCGA LIHC dataset to assess
transcriptional coregulation of certain transcripts with NCS1.
After correcting formultiple hypothesis testing, a total of 54 genes
were significantly (P < 10�30 and Pearson's correlation coefficient
above the pre-specified threshold of 0.6) and positively correlated
with NCS1 expression (Supplementary Fig. S3; Supplementary
Table S2). LIM Domain Kinase 1 (LIMK1) was the most
significantly coexpressed gene and remarkably, LIMK1 stands out,
separate from all the other genes that are associated with NCS1
(Supplementary Fig. S3 and Supplementary Fig. S4A, NCS1 vs.
LIMK1 Pearson's r ¼ 0.76, P < 0.0001). We further validated the
strong coexpression by exploring the relationship of NCS1 and
LIMK1 in the ICGC LIRI-JP cohort (Supplementary Fig. S4B,
Pearson's r ¼ 0.72, P < 0.0001).

With this information, we constructed a coexpression network
(37) using EGAN (Fig. 4A; ref. 34) software. We found cytoskel-
eton organization to be the dominant pathway in the derived
network. To further minimize bias and improve robustness of the
approach, we analyzed three additional TCGA cohorts (LUAD,
LUSC, and BRCA; Supplementary Table S2 for top hits and
Supplementary Fig. S5 for gene association networks) using the
same methods and included only the 10 most significant results
from each cohort in our pathway analysis.

In this expanded cohort, two genes occurred among the top
10 NCS1-associated genes in at least two of four samples, namely
LIMK1 (overlapped between two datasets) and WD Repeat
Domain 5 (WDR5, overlapped between three datasets). We
calculated a Cox proportional-hazards model that includes

NCS1 Predicts Liver Cancer Outcome

www.aacrjournals.org Cancer Epidemiol Biomarkers Prev; 27(9) September 2018 1095

D
ow

nloaded from
 http://aacrjournals.org/cebp/article-pdf/27/9/1091/2285369/1091.pdf by U

niversity of C
ologne (Koeln) user on 09 M

ay 2023



dichotomized NCS1, LIMK1, and WDR5 expression as covariates
and adjusts for patient age and gender to investigate the
prognostic significance of these three NCS1 associated genes in
the TCGA LIHC cohort. Although not all of the calculated hazard
ratios become significant due to the relatively small number of
events, all analyses predicted an increased risk of death in patients
with high expression of the respective genes compared with
patients with low expression (Fig. 4B; Supplementary Fig. S6A
shows the respective forest plot for white patients). These effects
were stable and independent of patient age or gender. In addition,
we examined the genes that overlap with pathways from the
Molecular Signature Database (MSigDB). Again, we found

that the genes identified in our analysis are related to either
Ca2þ-dependent signaling pathways (cell-cycle progression,
cytoskeleton organization), neurogenesis or cancer-related path-
ways (Supplementary Fig. S6B).

We also examined Broad Institute's Cancer Cell Line
Encyclopedia (CCLE) dataset that comprises RNA sequencing
derived expression data of 1,019 cell lines to further test and
potentially validate the positive correlation between NCS1 and
LIMK1 or WDR5. Consistent with our pathway analysis, the
relationship between NCS1 and LIMK1 is observed in
breast and liver cancers, but not in cell lines derived from
hematological malignancies that do not require increased

Figure 3.

NCS1 status and patient survival. A, Kaplan–Meier plot showing survival probability for 349 patients from the TCGA LIHC cohort. HR, 1.7 (P¼ 0.006; 95% CI, 1.2–2.4).
B, Kaplan–Meier plot showing survival probability for n ¼ 146 Asian patients from the TCGA LIHC cohort. HR, 3.5 (P < 0.0001; 95% CI, 1.9–6.5). C,
Kaplan–Meier plot showing survival probability for n ¼ 175 white patients from the TCGA LIHC cohort. HR, 0.89 (P ¼ 0.68; 95% CI, 0.52–1.5). D, Kaplan–Meier
plot showing survival probability for 231 patients from the ICGC LIRI-JP cohort. HR, 1.96 (P ¼ 0.039; 95% CI, 1.03–3.7).
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motility and cytoskeleton remodeling for metastasis. In con-
trast, NCS1 and WDR5 did not show a significant correlation
in the CCLE dataset, independent of cancer type (Supplemen-
tary Fig. S7A and S7B).

Discussion
In this study, we systematically examined the prognostic role of

NCS1 and transcriptionally associated genes in a liver cancer
cohort from a publicly available database. Interestingly, healthy

liver tissue exhibited lower overall NCS1 levels compared with
HCC, suggesting an upregulation of NCS1 during tumorigenesis.
We were able to validate this finding by using a tissue microarray
where 59% of tumors harbored NCS1 levels (as assessed by a
quantitative immunofluorescence technique) that were increased
compared with the matched non-neoplastic tissues. We did not
see a correlation between NCS1 levels in these matched adjacent
non-neoplastic tissues and NCS1 levels in the respective tumor
samples. This result supports our hypothesis that NCS1 is upre-
gulated during carcinogenesis, in a manner independent of basal

Figure 4.

NCS1-associated signaling pathways
in HCC. A, Coexpression network
constructed from 54 NCS1 associated
genes using EGAN software; 34 genes
are actually part of the network. A
legend in the lower right corner
explains node and edge types. To not
introduce bias, all pathways that
comprise at least 2 of the 54 genes are
included in the network. B, Forest plot
showing HRs derived from a Cox
proportional-hazards model that
includes dichotomized NCS1, LIMK1
and WDR5 expression, patient age,
and gender as covariates to predict
survival of Asian TCGA LIHC patients.
Dichotomization cutoffs are chosen
according to ROC curves. Number
of events ¼ 42, P ¼ 0.0002 for all
covariates together.
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levels in the healthy organ or tumor-adjacent parenchyma. We
suggest that NCS1 expression is a fixed, tumor dependent phe-
nomenon that is associated with risk factors or concomitant liver
diseases, irrespective of stage at diagnosis.

By correlating RNA-sequencing–based expression to clinical
outcome measures, specifically survival status of patients at the
end of follow-up and time to death, we demonstrated a sig-
nificantly worse prognosis for Asian patients with high NCS1
expression compared with Asians with low NCS1 expression.
We validated this finding by investigating an additional, inde-
pendent cohort of Asian HCC patients. Although we found
NCS1 to be predictive of survival in an analysis of all TCGA
samples, we hypothesize that the observed effect is mainly
driven by the subpopulation of Asian patients because we did
not see an association of NCS1 with survival for white patients.
In addition to these analyses, we identified an associated
signaling network whose central components further improved
survival predictions. The expression pattern of these genes
suggests a path for the development of prognostic biomarkers
and potential targeted therapies.

One possible cause for the observed race-specific differences
regarding survival might be the overall higher expression of NCS1
among Asian cancer patients. This differential expression may be
caused by hepatocellular carcinoma-associated risk factors,
including hepatitis or alcohol exposure, although a mechanistic
explanation is beyond the scope of this study. Nevertheless, it is
known that HCCs differ between Asian and white patients in
terms of genomic properties (35) and with respect to pro-
carcinogenic risk factors (38). In this regard, our study adds to
an increasing body of literature investigating possible contribu-
tors to these phenomena. Importantly, our study suggests a
specific cellular mechanism, dysregulated Ca2þ signaling, as a
hallmark of HCC in a subgroup of patients.

To facilitate a better understanding of the biology of tumors
expressing high levels of NCS1, we investigated additional cancer
datasets, two lung cancer and one breast cancer datasets, for
significant coregulation of NCS1 with other transcripts. We found
a range of pro-oncogenic genes to be highly expressed in NCS1high

patients and identified the associated pathways to be cytoskeleton
organization,neurogenesis and cell-cycleprogression. Furthermore,
most of the identified genes are involved in cancer- andmetastasis-
related pathways, underscoring the validity of the analysis.

Two genes appeared to beNCS1-associated in at least twoof the
four examined TCGA datasets (WDR5 and LIMK1). WDR5 is a
protein shown to be Ca2þ sensitive in amphibians (39) and it has
a critical role in recruiting the highly oncogenic transcription
factor MYC (40) and epigenetic modifiers MLL1–4 (41, 42) to
chromatin (43). This study is the first time WDR5 has been
proposed to be associated with NCS1 as a crucial (dys)regulator
of intracellular Ca2þ-signaling. The WDR5/MLL complex has
been suggested as a contributor to an unfavorable disease out-
come inHCC(44) andMLL4 is a known target ofHBV integration,
especially in Chinese patients (45). However, WDR5 ranks only
among the top 500 geneswhen analyzing the TCGALIHCdataset.
To includeWDR5 as a critical component of tumorigenesis would
require a robust validation of a functional role of WDR5 beyond
mere association, especially as it is located in close chromosomal
proximity to NCS1 and was not correlated in an analysis of RNA
sequencing data from the CCLE.

LIMK1 is a promising therapeutic target that was previously
studied with regard to metastasis and appeared prominently in

our analyses of TCGA and CCLE datasets. Cellular motility, a
hallmark of metastatic cancers, is mainly facilitated via actin
polymerization (46) and LIMK1 is a key regulator of this
process (47). In addition, Ca2þ-dependent LIMK1 activation
was observed in neuronal outgrowth (48). The second most
significantly coexpressed gene in the analyzed liver cancer
cohort is ARHGEF10, a RhoA guanine nucleotide exchange
factor that acts upstream of LIMK1 (49). From the potential
functional combination of these proteins along with compo-
nents of our coexpression network (Fig. 4A), we hypothesize an
increased activation of the RhoA—Rho-associated protein
kinase (ROCK)—LIMK1 signaling axis in tumor cells exhibiting
increased NCS1 levels (50). This functional complex confers
motility and allows tumor cells to interact with the stroma and
microenvironment, and expressional upregulation would ulti-
mately lead to decreased patient survival. Because potent inhi-
bitors of LIMK1 have been developed that can reduce cellular
motility in vitro (51), LIMK1 is a potential clinical target in
advanced HCC, possibly in combination with inhibitors that
address additional components of a larger signaling network.
Furthermore, our results suggest that the NCS1/LIMK1 signal-
ing network can be modeled using cancer cell lines.

Other Ca2þ-dependent pathways that have been causally relat-
ed toHCCdevelopment (e.g., the lysophosphatidic acid pathway;
ref. 52) may be directly or indirectly associated with NCS1
expression. However, these pathways were not identified in the
cohort included in this study.

The main limitations of this study are the relatively small
number of Asian patients in the TCGA LIHC cohort, the focus
on pre-processed RNA-sequencing as the primary measure of
protein expression, and the limited availability of patients'
past medical histories. Our hypothesis that NCS1 increases
during hepatocarcinogenesis is based on a TMA with HCC
samples and non-neoplastic adjacent tissues. To test this
hypothesis, longitudinal studies are required to explore the
role of NCS1 during the evolution of HCC in greater depth.
This is especially import with regard to recent evidence sug-
gesting that liver tissue adjacent to a primary liver tumor might
have expression patterns or phenotypes different from normal
hepatocytes (53).

Moreover, the excellent overall survival rate of about 65% after
10 years in the TCGA study suggests a bias in this cohort toward
patients that were treated with a curative intention and thus had
on average a longer survival than usually observed with HCC.
Nevertheless, our study points to cytoskeleton remodeling, pos-
sibly facilitated by an interaction of NCS1 and the RhoA/ROCK/
LIMK1 pathway, as an important determinant of aggressive HCC.
The questionwhether disruption of this pathway applies only to a
distinct subgroup of patients or to all HCC patients with NCS1
levels beyond a certain cutoff value, will be addressed in subse-
quent studies.

In summary, using a database-focused proof-of-concept study
to analyze the predictive capacity of the multifunctional Ca2þ-
binding protein NCS1 in liver cancer, we found that high expres-
sion of NCS1 and transcriptionally coregulated proteins is asso-
ciated with an unfavorable clinical outcome in HCC. This study
lays the foundation for utilizing NCS1 as a prognostic biomarker
in prospective cohorts of HCC patients. Furthermore, our work
can serve as a starting point to assess the identified signaling
complex and demonstrate a functional contribution to tumori-
genesis and metastasis.
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Neuronal calcium sensor 1 (NCS1) promotes motility
and metastatic spread of breast cancer cells in vitro
and in vivo
Jonathan E. Apasu,*,1 Daniel Schuette,* Ryan LaRanger,† Julia A. Steinle,*,2 Lien D. Nguyen,*
Henrike K. Grosshans,* Meiling Zhang,‡ Wesley L. Cai,‡ Qin Yan,‡ Marie E. Robert,‡ Michael Mak,†

and Barbara E. Ehrlich*,3
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Connecticut, USA

ABSTRACT: Increased levels of the calcium-bindingproteinneuronal calciumsensor 1 (NCS1) predict anunfavorable
patient outcome in severalaggressive cancers, includingbreast and liver tumors. Previous studiessuggest thatNCS1
overexpression facilitatesmetastatic spread of these cancers. To investigate this hypothesis, we explored the effects
ofNCS1overexpressiononcellproliferation, survival, andmigrationpatterns invitro in2-and3-dimensional (2/3-D).
Furthermore, we translated our results into an in vivomouse xenograft model. Cell-based proliferation assays were
used to demonstrate the effects of overexpression of NCS1 on growth rates. In vitro colony formation and wound
healing experimentswereperformedand3-Dmigrationdynamicswere studiedusing collagengels.Nudemicewere
injected with breast cancer cells to monitor NCS1-dependent metastasis formation over time. We observed that
increased NCS1 levels do not change cellular growth rates, but do significantly increase 2- and 3-D migration
dynamics in vitro. Likewise, NCS1-overexpressing cells have an increased capacity to form distant metastases and
demonstratebetter survival and lessnecrosis in vivo.We found thatNCS1preferentially localizes to the leading edge
of cells and overexpression increases the motility of cancer cells. Furthermore, this phenotype is correlated with an
increasednumber ofmetastases in a xenograftmodel. These results lay the foundation for exploring the relevance of
anNCS1-mediatedpathway as ametastatic biomarker and as a target for pharmacologic interventions.—Apasu, J. E.,
Schuette,D., LaRanger,R., Steinle, J.A.,Nguyen,L.D.,Grosshans,H.K., Zhang,M.,Cai,W.L., Yan,Q.,Robert,M.E.,
Mak, M., Ehrlich, B. E. Neuronal calcium sensor 1 (NCS1) promotes motility and metastatic spread of breast cancer
cells in vitro and in vivo. FASEB J. 33, 4802–4813 (2019). www.fasebj.org
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A hallmark of aggressive tumors is their ability to invade
tissues and metastasize to distant organs (1). It is well
known that the majority of tumor-related deaths are at-
tributable to dissemination of cancer cells throughout the
body (2, 3). Nevertheless, many of the mechanisms that
favor the spread of tumor cells to distant sites in the body
remain to be elucidated (1, 4).

Calcium (Ca2+) is a crucial secondmessengermolecule.
It enters the cytoplasm via voltage- or ligand-gated chan-
nels (5, 6) from2major sources, the extracellular space and
intracellular Ca2+ storage compartments such as the en-
doplasmic reticulum (7) and themitochondria (8). Release
of Ca2+ from intracellular compartments often follows
oscillatory patterns, which can lead to reprogramming of
the transcriptional machinery of mammalian cells (9–11).
Alterations in cytoplasmic Ca2+ regulate critical cellular
processes such as proliferation, cell growth, cell cycle
progression (12), neurogenesis (6, 13, 14), and apoptotic
cell death (12, 15).

The coordinatedmovement of cells largely depends on
tightly regulated spatiotemporal Ca2+ signals (16–20).
Given these properties of the physiologic function of Ca2+,
dysregulated Ca2+ pathways were recently recognized
to be possible drivers of aggressive, highly metastatic
cancers (21–24). A variety of proteins that are involved in
regulating and amplifying Ca2+ signals in mammalian
cellshavebeen implicated in cancerprogression, including
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S100 Ca2+-binding proteins (25) and visinin-like pro-
tein 1 (VILIP1) (26). The fact that cell motility is regulated
by Ca2+ as a second messenger suggests that molecules
whichbindCa2+andmediate its downstreameffects could
be potential cancer biomarkers as well as therapeutic
targets.

One example of a Ca2+ regulated kinase involved in
cell movement is LIM domain kinase 1 (LIMK1) (16).
LIMK1 regulates the organization of the actin cyto-
skeleton via phosphorylation of its downstream effec-
tor cofilin (27). Cancer cells rely on increased levels of
LIMK1 to be able to invade the tissue that surrounds the
tumor (28) and inhibition of LIMK1 reduces their in-
vasiveness (29, 30).

Neuronal calcium sensor 1 (NCS1) is a ubiquitously
expressed Ca2+ binding protein (31, 32) with the highest
levels of expression being found in the CNS (33). It
is closely related to other members of the NCS family
of proteins (34) such as hippocalcin or recoverin. On
the structural level, NCS proteins are composed of 4
EF-hand domains that are canonical Ca2+ binding
sites and a myristoylation site at the N terminus (31).
NCS1 interacts with a wide range of proteins, including
the inositol 1,4,5-trisphosphate receptor (InsP3R), do-
pamine receptor type 2 (D2R), and phosphatidylinositol
4-OH kinase (PI4K) (35, 36). Through its protein–protein
interactions, NCS1 regulates vital cellular processes
such as neurotransmitter release (32), neurite out-
growth and neuronal survival (37, 38), spatial memory
formation (31), and the InsP3R signaling pathway (39,
40).

We have previously described NCS1 as a prognostic
biomarker in cohorts of breast (41) and liver (42) cancer
patients and demonstrated that the overexpression of
NCS1 leads to a marked increase in invasion and motility
in vitro (41) using 2-dimensional (2-D) assays. Further-
more, NCS1 expression levels are highly correlated with
other components of Ca2+ signaling as well as LIMK1 ex-
pression (42). In this study,we investigated the hypothesis
that increased expression ofNCS1 facilitates the formation
of distant metastases by enhancing cellular motility. In
vitro cell culture models of NCS1 overexpression were
used to demonstrate that NCS1 levels do not modulate
proliferation rates but do modulate cell motility in 2- and
3-D environments. We validated these results in a mouse
model, showing that NCS1 facilitates early metastatic
spread of tumor cells and increases the survival of cancer
cells in more mature tumors.

MATERIALS AND METHODS

Cell culturing

MDA-MB-231cellswereobtainedfromtheAmericanTypeCulture
Collection (ATCC; Manassas, VA, USA). ATCC validates all cell
lines by Short Tandem Repeat Analysis. The MDA-MB-231 cells
were transducedwith aNCS1 overexpression vector and a control
vector as previously described (41). The MDA-MB-231 cell lines
were maintained at 37°C, 5% CO2 in DMEM medium supple-
mented with 10% fetal bovine serum, 1% L-glutamine and 1%
penicillin/streptomycin.

Cell proliferation assays

For the CellTiter-Glo assay, 1000 cells/well were plated into
sterile 96-well plates and grown over a period of 5 d. The
relative number of viable cells was determined every day for
10 wells of such a plate using CellTiter-Glo reagent (Promega,
Madison, WI, USA) and a microplate reader (Tecan Infi-
nite M1000 Pro; Tecan Trading, Männedorf, Switzerland)
according to the manufacturers’ instructions. Every well
was used just once and the marginal wells were never used.
Three independent experiments were performed using
NCS1-overexpressing (OE) MDA-MB-231 cells and control
cells, and all measurements were normalized to the average
luminescence on d 1.

For the AlamarBlue assay, 8 replicates of 1250, 2500, 5000,
and 10,000 cells/well were plated into sterile 96-well plates.
After a 24-h incubation period, medium was removed and
100 ml fresh medium with an additional 10 ml AlamarBlue
reagent (Thermo Fisher Scientific, Waltham, MA, USA) was
added to each well. After another 2 h of incubation, a fluo-
rescence signal was measured using the aforementioned
microplate reader.

Scratch assay and colony formation assay

Scratch assays were performed as previously described (41).
Cells were serum starved 12 h prior to the experiment to inhibit
cell proliferation. For quantification, ImageJ (National Institutes
of Health, Bethesda, MD, USA) was used and the distance trav-
eled was calculated after 24 h. The mean distance traveled was
plotted for n = 3 independent experiments.

For colony formation assays, cells were cultured per
standard protocol in T75 flasks. Once cell confluence ap-
proached 80–90%, the cells were detached by the addition of
2 ml TrypLE (Thermo Fisher Scientific, Rockford, IL, USA),
followed by dilution in 5 ml of fresh medium. Cell concen-
tration was determined using a hematocytometer. Sub-
sequently, a total number of 100, 200 or 500 cells was added
to each well of a 12-well plate. Cells were then left un-
disturbed in the incubator for 14 d. After 14 d, colonies were
fixed and stained with 2.5% crystal violet solution and were
subsequently washed to remove excess dye and scanned
with a conventional scanner. The total area covered was
determined with ImageJ (43). Data were obtained from 3 in-
dependent experiments with 4 replicates in each experi-
ment. Data were represented as total area covered in each
individual well.

Quantitative RT-PCR

RNA was isolated using the RNeasy Mini Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instruc-
tions. Using a High-Capacity cDNA Reverse Transcription
Kit (4368814; Thermo Fisher Scientific) according to the
manufacturer’s protocol, 0.5–1 mg of RNA was then tran-
scribed to cDNA. Quantitative real-time PCR was performed
using Power SYBRGreenMasterMix reagent and a 7300 Real-
Time PCR System (Thermo Fisher Scientific). The DDCt
method (44) was used to calculate expression fold changes
with ACTB (b-actin) and ribosomal protein S18 as control
genes. The following primers were used at a concentration
of 5mM:NCS1 (forward, 59-GATGCTGGACATTGTGGATG-
39; reverse, 59-CTTGGAACCCTCCTGGAACT-39), ACTB
(forward, 59-GTCTTCCCCTCCATCGTGG-39; reverse, 59-
GATGCCTCTCTTGCTCTGGG-39), and S18 (forward, 59-TTC-
GAACGTCTGCCCTATCAA-39; reverse, 59-ATGGTAGGCA-
CGGCGACTA-39).
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Assessment of NCS1 protein levels

MDA-MB-231 cells were lysed in ice-cold M-PER Mammalian
Protein Extraction Reagent buffer (Thermo Fisher Scientific)
supplemented with a protease inhibitor. Protein concentrations
were determined using the Bio-Rad protein assay reagent (San
Diego, CA, USA). SDS-PAGE was performed with 30 mg of
protein. Briefly, the protein was transferred to a nitrocellulose
membrane (GE Healthcare, Chicago, IL, USA), the resulting
blots were blocked for 1 h in 5% nonfat drymilk in Tris-buffered
salinewith 0.1%Tween20 (TBST), andwere then incubatedwith
a primary NCS1-specific antibody (sc-13037, diluted 1:5000;
Santa Cruz Biotechnology, Dallas, TX, USA) or b-actin–specific
antibody (sc-47778, diluted 1:1000; Santa Cruz Biotechnology)
over night at 4°C. All dilutions are vol/vol. Blots were then
incubated with horseradish peroxidase and labeled goat anti-
rabbit IgG (diluted 1:10,000; Santa Cruz Biotechnology) at room
temperature for 1 h. Ultimately, protein bands were visualized
using electrochemiluminescence detection reagents (Thermo
Fisher Scientific).

Immunofluorescence microscopy

Control and NCS1-OE cells were seeded on sterile 22 3 22-mm
glass coverslips at a density of 50,000 cells/coverslip. Medium
was removed 24 h after seeding, and each coverslip was briefly
washed twicewith 2ml of 13PBS (pH7.4; AmericanBio,Natick,
MA,USA) each time. Fixationwas performed for 15min at room
temperature with a 4% paraformaldehyde solution (pH 7.4).
Following 3washeswith 2ml PBS, cells were permeabilized and
blocked in PBS solution containing 1% bovine serum albumin
(0.1% Triton-X 100; AmericanBio) for 1 h at room temperature.
Followingblocking, cellswere incubatedwith a rabbit anti-NCS1
pAb diluted in blocking solution (sc-13037, diluted 1:100; Santa
Cruz Biotechnology) overnight at 4°C. After extensive washing
with PBS, cellswere incubatedwith anAlexaFluor-488 goat anti-
rabbit secondary antibody (diluted 1:1000; Thermo Fisher Sci-
entific) and a rhodamine-conjugated phalloidin (diluted 1:1000
dilution; Thermo Fisher Scientific) for 2 h at room temperature in
the dark. Cells were then washed extensively with PBS before
being mounted on glass slides with antifade medium ProLong
Gold with DAPI (Thermo Fisher Scientific). Slides were cured
overnight before images were captured with a confocal micro-
scope using the 3100 lens (LSM 710 Duo; Carl Zeiss, Oberko-
chen, Germany). A laser power of 0.5%was used to detect NCS1
in overexpressing cells and 10% to detect NCS1 in control cells.
All other settings were kept the same among all coverslips.

Transduction of cells with a reporter for
bioluminescent imaging

Previously (41) generated NCS1-OE and control MDA-MB-231
cells were retro-virally infected with a triple-fusion protein re-
porter. The reporter encodes for herpes simplex virus thymidine
kinase 1, green fluorescent protein (GFP) and firefly luciferase
(45). Human embryonic kidney 293 (HEK-293) cells were used
to produce viruses. They were transduced using the Clontech
Calcium Phosphate Transfection Kit (Clontech Laboratories,
Mountain View, CA, USA) and a polybrene-facilitated infection
of MDA-MB-231 cells. Briefly, HEK-293 cells were plated on a
10 cm dish 1 d before the transfection for producing retrovirus
and grown to 60% confluence. The next day, 20 mg of retroviral
vector DNA and packaging plasmids [envelope, vesicular sto-
matitis virus (VSVG) 6 mg; 10mg pMDLg/pRRE 3rd generation
lentiviral packagingplasmid containingGag andPol, 5mgpRSV-
Rev 3rd generation lentiviral packaging plasmid containing
Rev (or HIV1gp6)] were mixed with 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid–buffered saline to obtain a 1-
time solution and were then incubated for 15 min. Then, the
plasmid-containing solution was added drop-wise to the HEK-
293 cells and fresh medium was applied after 6 h. The HEK-293
cells were examined for GFP positivity 2 d after transfection by
using a microscope to measure green fluorescence. The
retrovirus-containing supernatant was collected on d 2 and 3
after transfection and was centrifuged and filtered using a
0.45-mm filter.

MDA-MB-231 cells were incubatedwith the virus-containing
solution and 4 mg/ml polybrene for 6 h. The medium was
changed after the 6 h incubation and later on d 4. On d 6, the
MDA-MB-231 cellswere checked forGFP expression. TheMDA-
MB-231 cells were harvested 48 h posttransduction in ice-cold
PBS and were passed through a 70-mM filter. After 2 washing
cycles, cells were prepared in PBS at a concentration of 5–10
million/ml. Cells were sorted for GFP positivity using a
FACSAria-Bhigh-speed cell sorter (BDBiosciences, San Jose,CA,
USA). GFP positive cells were collected and transferred to a
sterile plastic flask for further culturing.

Assessment of bioluminescence

The Promega Luciferase Assay System was used to quantify
bioluminescence. Cells were prepared in a 96-well plate accord-
ing to themanufacturer’s instructions.Luciferinwas added to the
wells 20 s before measuring luminescence using a Tecan Infinite
M1000 Pro microplate reader.

Cell migration assay

Embedding MDA-MB-231 cancer cells in a 3-D
collagen I matrix

Engineered MDA-MB-231 cells were suspended at a concentra-
tion of 10million cells/ml in tissue culturemedia. A collagen gel
was made by adding a calculated amount of 0.5 N NaOH to
neutralize a mixture of double-distilled H2O and acetic acid–
solubilized type I rat tail collagen (Corning, Corning, NY, USA)
on ice for a final collagen concentration of 4 mg/ml. Suspended
cells were then added to the gel at a 1:10 dilution for a final cell
concentration of 13 106 cells/ml. The gels were then transferred
to a 24-well glass-bottomed cell culture plate (MatTek, Ashland,
MA, USA) kept on an ice pack. Once all gels were transferred to
the24-wellplate, theplatewas transferred toan incubatorat 37°C
with 5% CO2. The sample was flipped several times during gel-
ation to prevent cell sediment from forming on the bottom of the
plate.After 1 h, tissue culturemediawas added to the gels,which
were subsequently maintained at 37°C with 5% CO2.

Analysis of cell shape, velocity, and mean squared
displacement

A Leica SP8 confocal microscope (Wetzlar, Germany) using a
320 objectivewas used to image the cells. A temperature of 37°C
and a 5% CO2 atmosphere were maintained using a humidified
OKO labs live cell imaging incubator. For each well, 250 mm z
stacks were created using 10 slices $50 mm from the bottom of
thewell. Imageswere taken every 5min for 8 h to create the final
hyperstacks. The perimeter, circularity, and aspect ratio of the
cells were measured by tracing the edges of z projections of
20 cellsusing ImageJ.Cellmigrationwas trackedby first takinga z
projection of the hyperstack to create a 2-D representation of 3-D
migration of the cells. Cell migration was then manually tracked
using the point selection tool in ImageJ across 8 h of hyperstack
data. The resulting output was analyzed using custom scripts in
MatLab (MathWorks, Natick, MA, USA). The average speed of
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each condition was determined by measuring the average speed
of each cell at each time step, and then averaging this average cell
speed for 40 cells across all conditions. The mean squared dis-
placement (MSD) was calculated as

MSDðDtÞ ¼  , ½xðtþ DtÞ2 xðtÞ�2 þ ½yðtþ DtÞ2 yðtÞ�2 .  

where Dt is time interval, x(t) and y(t) are spatial coordinates at
time t, and,…. indicates the averageover all available starting
times. An average of the MSDs at the longest interval (8 h) was
calculated for 40 cells per condition. Static trajectories and graphs
of MSDs were also created using custom scripts in MatLab.

Animal studies: tail vein injection

All mouse work was done in accordance with the Yale Uni-
versity Institutional Animal Care and Use Committee. Female
athymic nude mice (7–9 wk old) were obtained from Envigo
(Somerset, NJ, USA) for the xenografting study. For each
mouse, 43 105 MDA-MB-231 cells were harvested, washed in
PBS, resuspended in 0.1 ml sterile saline, and injected into the
lateral tail vein. The mice were imaged directly after the tail
vein injection and unsuccessfully xenografted mice were ex-
cluded from the study.

Mouse imaging studies, data analysis, and lung harvest

After anesthetizing mice by intraperitoneal injection of 0.2 ml
10% ketamine/1% xylazine in sterile saline, they were retro-
orbitally injected with 0.1 ml luciferin. The mice were imaged
within 2–5 min of the retro-orbital injection using a Perkin-
Elmer Ivis system coupled with Live Image acquisition and
analysis software. The photon flux from the xenografted cells
in the lungs of each mouse was evaluated by selecting a
rectangular region of interest over the lung. All obtained
values were normalized to the photon flux obtained imme-
diately after xenografting, resulting in an initial bio-
luminescence signal of 1 for every mouse.

Lungs for histopathologic evaluation were harvested on d 3
and 7 and at the end of the study. The lungswere harvested after
the aforementioned in vivo imagingof xenograftedmice andafter
perfusion with 10 ml ice-cold Dulbecco’s PBS. The harvested
lungs were washed in ice-cold Dulbecco’s PBS and imaged with
Ivis to obtain an ex-vivo lung bioluminescence signal.

Histopathologic assessment of lung specimens

Harvested lung tissue was placed in 10% formalin for fixation.
After fixation, the lungs were paraffin embedded and hematox-
ylin and eosin (H&E)–stained slides were generated by Yale
Mouse Pathology. Anti-NCS1 immunohistochemical staining
using a previously described antibody (41) was performed by
Yale Research Histology to confirm the presence of human
NCS1-positive MDA-MB-231 cells in the xenografted lungs.
All slides underwent blind evaluation by an experienced
pathologist.

Statistical analysis

Unless noted otherwise, all analyseswere done using the Python
programming language (v.3.6; https://www.python.org/). An in-
dependent 2-sample Student’s t test was used to compare the
mean values of 2 independent datasets; values of P , 0.05
were considered significant. Whenever possible, error bars
were plotted indicating either 95% confidence intervals or the
means 6 SEM.

RESULTS

Overexpression of NCS1 changes the
cellular phenotype without affecting
proliferation rates

To explore the in vitro function of NCS1 in malignant tu-
mors, we stably overexpressed NCS1 in MDA-MB-231
breast cancer cells (referred to as NCS1-OE) using a pre-
viously described protocol (41). Immunoblotting was per-
formed to confirm successful overexpression of the
target gene (Fig. 1A). Real-time quantitative PCR mea-
surements confirmed that NCS1 mRNA expression lev-
elswere, on average, 4-fold higher inNCS1-OE cells than
in the controls. This result was consistent when nor-
malized to 2 different housekeeping genes (P , 0.01,
Supplemental Fig. S1).

To determine whether NCS1 overexpression enhances
the aggressiveness of tumor cells by increasing their pro-
liferation rates, cell growth of NCS1-OE and control cells
wasmeasured over a period of 5 d (Fig. 1B) using anATP-
based growth assay. As expected from previously re-
ported results (41), no differences in proliferation rates
were observed. To validate this result, we performed an
AlamarBlue assay (Supplemental Fig. S2). Again, pro-
liferation rates of NCS1-OE and control cells were similar.
During the courseof these experiments it becameclear that
the overexpression of NCS1 led to a marked change in
cellular morphology in a 3-D environment (Fig. 1C). Spe-
cifically, NCS1-OE cells were significantly less rounded
with a higher aspect ratio than the control (**P, 0.01, ***P
, 0.001, Fig. 1D). Furthermore, NCS1-OE cells had a sig-
nificantly higher cell perimeter (Supplemental Fig. S3).
Large cellular protrusions were seen exclusively in the
NCS1-OE context (Supplemental Fig. S4), suggesting that
this newly acquired phenotype predicts the functional
consequences of cellularmotility,metastatic behavior, and
survival (46, 47).

Immunofluorescence microscopy shows
that NCS1 preferentially localizes to cell
protrusions in control and NCS1-OE cells

To further investigate the localization of NCS1 in control
and NCS1-OE MDA-MB231 cells, immunofluorescence
imagingwasperformed (Fig. 2A,B).Asa result,NCS1was
found to be localized at cellular protrusions, including the
lamellopodia.NCS1also colocalizes extensivelywith actin
at the leading edge, but not with cytoplasmic actin puncta
or stress fibers.

NCS1 overexpression increases colony
formation and cell motility in 2- and
3-D in vitro assays

To further investigate the hypothesis that NCS1 favors
tumor growth and metastatic spread through increasing
survival and motility instead of proliferation, a colony
formationassaywasperformed.Differentnumbersof cells
were plated in a cell culture dish and grown for 14 d. After

HIGH LEVELS OF NCS1 INCREASE METASTASES IN VIVO AND IN VITRO 4805

 15306860, 2019, 4, D
ow

nloaded from
 https://faseb.onlinelibrary.w

iley.com
/doi/10.1096/fj.201802004R

 by B
ibl. der U

niversitat zu K
oln, W

iley O
nline L

ibrary on [09/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.python.org/


fixing and staining the resulting colonies, the total area
covered by cells was calculated. Compared with the
control, the NCS1-OE cells showed a significantly in-
creased ability to form colonies (P, 0.01; Fig. 3A). These

differenceswere consistently foundwith different starting
cell numbers (Fig. 3A). Thus, high NCS1 expression in-
creases the capacity of cancer cells to form colonies in vitro,
which mimics a metastatic setting.

Figure 1. NCS1 overexpression changes cellular morphology of MDA-MB231 cells without affecting proliferation rates. A)
Immunoblot showing control and NCS1-OE MDA-MB231 cells. Actin is used as a loading control. Longer exposure shows
NCS1 expression in control cells, as previously demonstrated (41). B) Box plots demonstrating proliferation rates of MDA-
MB231 control and NCS1-OE cells continuously over 5 d. Circles, triangles, and squares represent different biologic
replicates. An ATP dye was used to measure the absolute cell number and all values were normalized to the mean on
d 0 before plotting. C ) Brightfield microscopy images of single MDA-MB231 control and NCS1-OE cells showing the
different morphologies of these genotypes. Cells were grown in 3-D collagen gels identical to the gels used for subsequent
experiments (e.g., Fig. 3C–E). D) Box plots showing the aspect ratio and circularity of MDA-MB231 control and NCS1-OE
cells (n = 20). **P , 0.01, ***P , 0.001.
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To monitor in vitro 2-D motility, assay cells were
placed in a cell culture dish and a standardized wound
was applied to the cellmonolayer. Then,wound closure
was quantified using the relative distance that control
and NCS1-OE cells had traveled after 24 h. NCS1-OE
cells closed the scratched area in the monolayer sig-
nificantly (P , 0.01) more than the control cells, indi-
cating an enhanced 2-D migration of NCS1-OE cells
(Fig. 3B).

Next, a 3-Dmigration assaywas performed to validate
these findings. NCS1-OE and control MDA-MB231 cells
were placed in a collagen matrix and time-lapse micros-
copy was performed to capture the movement of many
cells simultaneously over time. The overall trajectory of 20
cells per condition is shown in Fig. 3C, where each colored
trace is a single cell that was tracked over time, demon-
strating that there was considerably more movement in
the NCS1-OE condition. This movement did not have a
directional bias. NCS1-OE cells showed increased MSD
after 8 h, indicating that the NCS1-OE cells experienced
significantly more net displacement (P , 0.005; Fig. 3D).
Also, the average cell velocity in the NCS1-OE cells was
significantly higher than in the control cells (P, 0.001; Fig.
3E). These results show that the NCS1-OE cells are better
able tomigrate througha 3-D collagengel,which indicates
that these cells would be more prone to metastatic mi-
gration in vivo.

NCS1-OE cells exhibit an increased
capacity to metastasize in vivo

Given these changes in cellular phenotype, colony forma-
tion, and migratory capacity that are induced by over-
expression of NCS1, we next studied NCS1 in an in vivo
setting. Female nude mice were injected with MDA-
MB231 cells that were engineered to express a firefly
luciferase reporter and eitherNCS1 (NCS1+) or an empty
vector (control). Photon flux was utilized as a metric of
relative tumor amount in the mouse lungs. The total flux
was calculated from lung imaging studies on d 0, 1, 3, 7,
14, 21, and 28 (Fig. 4A) after tail vein injection with the
respective tumor cells. The majority of cells were ob-
served in the lungs.No luminescence signalwas found in
other organs (Supplemental Fig. S5). All measurements
were normalized to the total flux on d 0 to permit com-
parisons among individual mice. Figure 4B shows rep-
resentative results for 2 mice and Fig. 3C shows the
relative flux for all mice (see Supplemental Fig. S6 for a
validation experiment with a longer follow-up).

Whereas the growth rates of NCS1+ and control tumors
are comparable from d 7 onwards, the biggest difference
between the groups can be observed between d 0 and 7.
Consistent with our in vitro results, these in vivo findings
suggest that NCS1-OE tumor cells have a survival advan-
tage in the early phase of tumor development (Fig. 4C).
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Figure 2. NCS1 localizes to the leading edge of
MDA-MB231 control and NCS1-OE cells. A)
Immunofluorescence microscopy image of con-
trol MDA-MB231 cells. The large panel shows a
merged image of DAPI (blue), phalloidin (to
stain for actin; red), and anti-NCS1 (green)
stainings. The smaller panels show the same anti-
NCS1 and Phalloidin stainings but separately.
Small gray arrows point at localized NCS1.
B) Immunofluorescence microscopy image of
NCS1-OE MDA-MB231 cells. The large panel
shows a merged image of DAPI (blue), Phalloi-
din (red), and anti-NCS1 (green) stainings. The
smaller panels show the same anti-NCS1 and
Phalloidin stainings but separately. Small gray
arrows point at localized NCS1. Note that the
laser power used to image the control cells in A
was the original magnification and is 320 larger
than the NCS1-OE cells in B.
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Histopathologic assessment of lung specimens
confirms the presence of multiple tumor cell
clusters in the NCS1+ group and small
numbers of single tumor cells in the control

During the aforementioned mouse study (Fig. 5A), mouse
lungswere harvested after d 3 and 7, and again at the end of
the study. Because the biggest differences between NCS1+

and control tumorswere found in the early phase (defined as
the first 7 d) of tumor development, histopathologic assess-
ment was conducted with a focus on these early tumors.

Lung tissue collected 7 d after tumor cell injection showed
only a rare appearance of cancer cells in the lung specimens
isolatedfromcontrolmiceandstainedwithH&E(Fig.5Aand
Supplemental Table S2). Only 3 of the 8 controlmouse lungs
were found to containa fewsingle tumorcells (Supplemental
Fig. S7 and Supplemental Table S2), whereas all lungs from
NCS1+ mice harbored tumor cells and 6 of these 8 lungs

contained multiple clusters of tumor cells (Fig. 5B, C and
Supplemental Table S2). Anti-NCS1 immunohistochemistry
(IHC)stainingwasused tovalidate theexpressionofNCS1 in
thecells thatwere identifiedascancercells in theH&E-stained
slides (inset in Fig. 5C and Supplemental Table S3). These
results indicate that overexpression of NCS1 causes a higher
early incidence of metastasis in mouse lungs after tail-vein
injectionwith a tumor cell suspension. This can be explained
by an increase of the number of cells which survived to form
colonies in the lung tissue or an increase of cell invasiveness
upon NCS1 overexpression.

NCS1 overexpression confers a long-term
survival advantage to tumor cells

Mouse lung specimens thatwere obtainedat the endof the
studywere stainedwithH&Eand inspected to investigate
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the question whether NCS1 plays a role in mature tumors
as well. Because all mice were euthanized after the re-
spective lung tumor reached a large, predetermined size
(109 absolute fluxasmeasuredusing themethoddescribed
above), a homogeneous histologic appearance of NCS1+

and control tumors was anticipated.
Contrary to our expectations, we found large areas of

necrosis in the control tumors (Fig. 6A), whereas no ne-
crotic cells could be identified in 3 of the 4 specimens from
NCS1+ tumors (Fig. 6B and Supplemental Table S1). A

fourth specimen exhibited limited amounts of necrotic
material as opposed to the large areas of necrosis in the
control tumors. Histologically, no difference with regard
to the overall tumor volume was found between NCS1+

and control lungs, most likely because all tumors had
reached a sizewhere the lungswere completely filledwith
tumor cells (Supplemental Fig. S8). The absence of tumor
cell death in the context of NCS1 overexpression suggests
that even in a larger tumor, high NCS1 levels confer a
survival advantage. This may impact the reactivity of the
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Figure 4. Mouse xenograft experiments show larger lung tumors from NCS1+-containing cells when compared with the control.
A) Workflow schematic; n = 16 mice per group were injected via the tail vein with MDA-MB231 breast cancer cells overexpressing
either NCS1 or a control vector. Lung tissue of 4 mice per group was harvested after 3 and 7 d and all mice were euthanized at
the end of the study after d 28. Imaging studies measuring the photon flux of a luciferase reporter was performed on d 1, 3, 7, 14,
21, and 28. B) The panels show representative mouse images of a control mouse (962) and an NCS1+ mouse (972). The color-
coded luminescence signal indicates the relative amount of tumor in the mouse lungs with blue being a weak signal and red
being a strong signal. C) Line plot showing the relative luminescence signal after normalization at each imaging time point. Until
d 7, the fluorescence measurements decreased less in NCS1+ tumors (red line plot) than in control tumors (green line plot). All
tumors grow at similar rates from d 7 onwards.
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tumor to treatment by preserving more living cells in the
tumor’s core.

DISCUSSION

In this study,we examined the effects of increased levels of
NCS1 on tumor cell migration and survival in vitro and in
vivo. We have previously observed that high NCS1 ex-
pression was significantly associated with an unfavorable

prognosis in 2 independent breast cancer cohorts (41) as
well as 2 publicly available liver cancer cohorts (42). In-
terestingly, NCS1 levels were highly correlated with ex-
pression levels of LIMK1, an enzyme associated with
regulation of cell motility (27), when examining RNA se-
quencing data of liver samples from the Cancer Genome
Atlas (48) and the International Cancer Genome Consor-
tium (49). LIMK1 is a key regulator of the actin cytoskel-
eton and its high expressionwas previously identified as a
potential driver of invasion in a variety of tumors (28–30).
Other components of physiologic Ca2+ signaling are also
known to regulate physiologic cell movement as well as
tumor cellmotility (21, 22, 24). Thus,wehypothesized that
high levels of NCS1 may confer enhanced metastatic ca-
pability on tumor cells.

To investigate themolecular effects of increased NCS1,
this Ca2+-binding protein was stably overexpressed in the
MDA-MB231 breast cancer cell line. First, we validated
(41) that high levels of NCS1 do not alter cellular pro-
liferation rates using 2 cell based growth assays. Another
hallmark of aggressive,metastatic tumor cells shown to be
regulated byNCS1 is theirmotility, whichwould enhance
a cell’s ability to spread to distant organs within the
body. Accordingly, we found that upon overexpression of
NCS1, cells exhibited a profoundly different morphology.
In particular, they were less rounded and displayed an
increased number of large cellular protrusions. This phe-
notype is consistent with enhanced motility and the ca-
pacity to form colonies.

To further study the effects of NCS1 overexpression on
tumor cell morphology, immunofluorescence imaging
was performed. We found that NCS1 preferentially lo-
calizes to the leadingedgeofmigrating cells.Although this
effect was independent of absolute expression levels, we
found more NCS1 at cellular protrusions in cells that
highly overexpressed NCS1. This finding supports the
hypothesis that NCS1 might facilitate the movement of
cancer cells via regulation of local Ca2+ at cell extensions.
The colocalization betweenNCS1 and actin, specifically at
the leading edge, suggests that NCS1 assists in regulating
the continuous turnover of the actin cytoskeleton neces-
sary for cell migration to occur.

We performed 2-D colony formation and wound
healing assays to confirm that this morphologic change is
also accompanied by a functional change. Indeed, NCS1-
OE cells were more motile compared with the controls. In
an attempt to more closely mimic the physiologic 3-D

A

B

C

control

NCS1+

NCS1+

Figure 5. Lung specimens of NCS1+ mice contain large tumor
cell clusters after 7 d. A) Tumor cells were not found in an
H&E-stained lung specimen from a control mouse (966) that
was euthanized after 7 d (medium magnification). Anti-NCS1
IHC staining confirms the absence of tumor cells (insert, high
magnification). NCS1 staining within normal bronchial epi-
thelium served as a positive control in all samples. B) Two
prominent foci of tumor cells are visible (black arrows) in
an H&E-stained lung specimen from an NCS1+ mouse (987)
that was euthanized after 7 d (low magnification). C) High-
magnification image of the region in B that is marked with a
black box. Tumor cells are circled in red. The insert shows an
anti-NCS1 IHC-stained specimen of mouse 987 (high magni-
fication) demonstrating that the tumor cells were stained
positively for NCS1 (black arrows).
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microenvironment in which cancers grow and to analyze
the dynamics of MDA-MB231 cell movement in vitro (50,
51),weplacedNCS1-OEandcontrol cells in type I collagen
gels and performed time-lapse microscopy to monitor
their movement. Again, increased motility, as measured
using the MSD and average speed, was observed.

Thus, the in vitro experiments performed in this study
suggest that tumor cells that acquire high levels of NCS1
during tumorigenesis gain the advantage of being more
motile. To explore the question of whether this in vitro
phenotype also leads to an increased number of metasta-
ses in vivo, we used amouse xenograft model. Engineered
MDA-MB231 cells were injected into the tail vein of nude
mice and a luciferase reporter was used to monitor tumor
growth in the mouse lungs over time. Mice injected with
high NCS1 levels presented with increased numbers of

nascent tumors between d 0 and 7, but after this initial
period, the growth rates of NCS1+ and control tumors
were similar. This finding in an intact mouse is in close
alignment with our observations from in vitro experi-
ments. IfNCS1 impacted cell proliferation,wewouldhave
expected to see a difference in the overall tumor growth
rates.

That NCS1 facilitates early tumor cell engraftment in
themouse lung suggests thatNCS1 promotes cell survival
as well as metastasis. In addition to examining mouse
specimens at early time points during the experiment,
specimens from larger tumors after more than 28 d were
analyzed to gain more insight into how NCS1 over-
expression impacts tumor behavior. Although all of the
tumors were large, we observed differences between the
groups. Control tumors presented with large necrotic

A

B

control

NCS1+

Figure 6. Lung specimens of NCS1+ mice show
no necrotic areas after more than 28 d of tumor
growth. A) H&E-stained lung specimen (me-
dium magnification) of a control mouse (952)
at the end of the study. The insert shows an
area of necrosis (black box) at high magni-
fication. B) Picture of an H&E-stained lung
specimen (medium magnification) of an NCS1+

mouse (973) at the end of the study. Note the
absence of necrotic cells. The insert shows a high
magnification view of the area in the black box.
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zones in all specimens, whereas NCS1+ tumors did not.
This difference indicates a survival advantage of cellswith
highNCS1 levels that extendsbeyond the initialmetastatic
expansion.

It is well known that major oncogenic pathways are
regulated by cytoplasmicCa2+. Enhanced signaling via the
PI3K/Akt pathway facilitates cell movement and in-
creases cellular survival (52). NCS1 physically binds to
PI4K (35, 36) and via this protein–protein interaction, it
regulates the production of the second messenger mole-
cule inositol 1,4,5 trisphosphate (53). InsP3 in turnactivates
the PI3K pathway. Furthermore, NCS1 interacts with
InsP3Rs at the endoplasmic reticulum (ER) and upon
binding, there is increased Ca2+ efflux from the ER (54).
Previous research has shown that InsP3Rs are important
contributors to an aggressive, prometastatic phenotype in
cancer cells (21).The combinationof these studies indicates
thatNCS1 enhances cellmigration andsurvival via several
routes. Upon overexpression, NCS1 binds to InsP3Rs and
increases cytoplasmic Ca2+ concentrations. Ca2+ itself can
act as a second messenger molecule and can facilitate cell
movement. In addition, NCS1 may activate the PI3K
pathway upon binding to PI4K.

Our previous study used 2 different breast cancer cell
lines (MDA-MB231 andMCF-7), and similar responses to
NCS1 overexpressionwere observed in both cell lines (41).
In this study we focused on the triple-negative MDA-
MB231 cells derived fromplural effusion, as these cells are
better able tometastasize tovarious organs (55).Various in
vitro and in vivo experiments were performed to demon-
strate the effects of NCS1 overexpression on several as-
pects of the cellular phenotype. In-depth mechanistic
studies of the molecular effects of NCS1 are currently in
preparation. Our future work will also reveal which parts
of the Ca2+ signaling complex associated with NCS1 (42)
are best suited for pharmacologic intervention.

CONCLUSIONS

This study demonstrates that overexpression of the Ca2+

binding protein NCS1 increases cellular motility and the
invasive capacity of tumor cells in vitro and in vivowithout
altering growth rates. It lays the groundwork for studying
the molecular mechanisms of NCS1- and Ca2+-driven
metastasis in cancers such as breast and liver tumors.
Furthermore, it describes a set of experiments that can be
used to test pharmacologic interventions to inhibit meta-
static spread of tumor cells with high levels of NCS1.
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