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“It is the unknown we fear when we look upon death and darkness, 

nothing more." 
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ABSTRACT 

The unconventional myosin IC has previously been suggested to be a haploinsufficient 

tumour suppressor. The mechanism for this action is as yet unknown, however, hence 

we decided to try to shed some light on the subject. The first step involved knock-

down of MYO1C in MCF10A using siRNA technology followed by whole 

transcriptiome microarray analysis performed on samples taken at 10 different time 

points post transfection. This revealed a myriad of differential expressions compared 

to the negative control, among them we found an early up-regulation of the PI3K/AKT 

pathway and the pathway for prostate cancer. Among the down regulated pathways we 

found endometrial, colorectal and small cell lung cancer as well as the cell cycle 

pathway which was interesting considering our hypothesis that MYO1C suppresses 

cancer. For the next study six different genes (CCND1, CCND2, CDKN2B, CDKN2C, 

MYC, RBL1) important for the transitions into S-phase of the cell cycle were therefore 

chosen for validation using qPCR. These six genes and MYO1C were analysed on both 

the original time series and a new biological replicate time series as well as a well-

stratified set of endometrial carcinoma samples. We were able to verify the significant 

down-regulation of CCND2 in both time series suggesting that this is caused by the 

depletion of MYO1C. CCND2 has previously been found to be suppressed or in breast 

and prostate cancer which would then correlate well with our findings of it down 

regulation in a breast epithelial cell line responding to a treatment which causes 

increased proliferation. In the tumour samples we saw a negative correlation between 

the expression of MYO1C and FIGO grade concurring with the previous results found 

by our group when looking at protein expression in endometrial cancer.  

 

Keywords: MYO1C, myosin 1C, gene expression, pathway analysis, endometrial 

carcinoma 
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SAMMANFATTNING PÅ SVENSKA 

Cancer är en otäck samling sjukdomar med den gemensamma nämnaren att de sjuka 

cellerna delar sig okontrollerat. Eftersom detta är ofördelaktigt för organismen finns 

ett flertal kontrollsystem för att förhindra uppkomsten av cancerceller. Detta är även 

en av anledningarna till att cancer är en så mångfacetterad sjukdom och att den blir 

svår att komma underfund med eftersom olika tumörer tar till olika knep för att komma 

undan cellens kontrollsystem. 

En gen som nyligen presenterats som en del av kontrollsystemet som hämmar tillväxt 

i cellerna, en tumörsuppressorgen, är myosin 1C (MYO1C). Utifrån MYO1C skapas 

ett protein som sedan tidigare är känt för att bland annat vara involverat i förflyttningen 

av specifika vesiklar inom cellen samt regleringen av de små håren inne i örat som 

förvandlar ljudvågor till elektriska signaler i hjärnan. Eftersom den tumörhämmande 

funktionen inte tidigare beskrivits eller utforskats i någon större grad så blev frågan: 

Hur bedriver MYO1C sin tumörhämmande funktion? För att svara på det tog vi bort 

MYO1C från en cellinje och med hjälp av en microarray teknik mätte sedan 

förändringarna i uttryck av alla andra gener vid ett antal olika tidpunkter upp till 72 

timmar efter behandlingen som tog bort MYO1C. 

Som väntat, med tanke på att MYO1C har många olika funktioner, såg vi många 

förändringar. Bland annat fann vi en tidig uppreglering av generna som är involverade 

i fosfoinositid 3-kinas (PI3K)/Akt signalvägen vilken reglerar cellproliferation samt 

gener som man har funnit är viktiga för utvecklandet av prostatacancer. Vi fann även 

en nedreglering av gener som styr cellcykeln. Då cellcykeln är det maskineri som har 

sista ordet i huruvida cellen ska föröka sig eller inte ville vi titta närmare på den. Vi 

valde sex cellcykel gener: CCND1, CCND2, CDKN2B, CDKN2C, RBL1 och MYC 

som påverkar varandra att i slutändan driva på syntesen av mer DNA till den nya 

cellen. Med en mer precis metod mättes dessa gener dels i cellinjen där vi tagit bort 

MYO1C och dels i prover från en biobank med tumörprover från patienter med cancer 

i livmoderskroppen. Vi fann att CCND2 (cyklin D2) var den enda genen som vi kan 

påstå att påverkades av MYO1C och att den minskade i uttryck. I tumörproverna fann 

vi ingen skillnad i uttrycket hos någon av cellcykelgenerna mellan de cancertyper som 

var mer och de som var mindre utvecklade. Däremot verkade det finnas en negativ 

korrelation mellan MYO1C och utvecklingsgrad på tumörproverna. 

Sammanfattningsvis verkar MYO1C negativt påverka den inledande delen av 

cellcykeln. Och vår data tyder på att den själv är påverkad i endometriecancer. 
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1 INTRODUCTION 

1.1 Cancer 

Cancer is a very multifaceted disease. Indeed, the only thing all cancers have 

in common is that there is a build-up of cells; and as this feature is something 

which is not beneficial for the survival of the organism there are countless 

counter-mechanisms in place to stop this from happening. Another way of 

saying it is that there are quite a few obstacles that an aspiring cancer cell must 

overcome in order to be successful in its chosen path! 

In 2000 Hanahan and Weinberg published a comprehensive review entitled the 

“hallmarks of cancer” detailing six features that a cancer cell has great 

advantage of in its development, (1). According to this paper, the cell needs to 

1) secure continued growth signalling, 2) become insensitive to anti-growth 

signals, 3) avoid apoptosis, 4) be able to replicate infinitely, 5) sustain 

angiogenesis, and 6) be able to invade other tissues and metastasize in order to 

develop to cancer. Each of these features can be accomplished through 

different alternative ways giving the same result (1). For example “securing a 

continued growth signal” can happen through overexpressing a growth factor 

receptor, for example the epidermal growth factor receptor (ERBB2) in 

mammary carcinomas (2). It is also possible for the cell to acquire structurally 

altered signalling proteins further downstream of the receptor so that it just 

never turns the signal off. One such example is the common oncogene Kirsten 

rat sarcoma viral oncogene homolog (KRAS) (3). 

The cell also needs to acquire an insensitivity to antigrowth signals; this is most 

often done through a mutation in one of the retinoblastoma proteins which 

based on signals from both outside and inside the cell keep the cell from 

moving forward in the cell cycle (4). Another evasive manoeuvre the cell needs 

to acquire is the ability to evade programmed cell death, apoptosis. This is a 

very important hallmark as many of the changes that need to take place in order 

for the cell to acquire the other hallmarks are features that would lead to 

apoptosis in a normal cell. The most common genetic aberration causing 

apoptosis evasion is the loss of function in tumour protein 53 (TP53). TP53, 

when it functions correctly, is a sensor for DNA damage, hypoxia, and 

oncogene hyper function. In response to those conditions, TP53 turns on the 

apoptosis pathway (5). 

The first three hallmarks of cancer can support the proliferative needs of a 

cancer cell, however, cancer cells also need to overcome cell senescence, a 
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non-proliferative state for the cell that is caused by too short telomeres, or high 

concentrations of oncogenes such as KRAS, v-myc avian myelocytomatosis 

viral oncogene homolog (MYC) and/or Raf-1 proto-oncogene, 

serine/threonine kinase (RAF). In order to overcome senescence cell needs to 

reinstate the expression of telomerase, which is done in 90% of human cancers 

(6). 

The fifth hallmark set down by Hanahan and Weinberg is the ability to nourish 

all of the new cells, which, after a few runs of replication have become distant 

to the nearest blood vessel; The cells therefore need to acquire the ability to 

initiate angiogenesis. This is often done by up-regulating the vascular 

endothelial growth factor (VEGF) (7). 

Last but not least is the ability to invade other tissues and to travel by the 

bloodstream to find new location to invade more tissue. This is a process with 

many functions and signalling pathways involved, one of which is the 

disruption of the tethering to the extracellular matrix and other cells by 

cadherin 1 (CDH1) (8). 

1.2 Endometrial cancer 

The endometrium consists of the innermost layer of the uterine wall bordering 

the myometrium (Figure 1). During a woman’s life time the endometrium 

grows and undergoes morphological changes necessary to prepare for the 

implantation of an embryo. When no implantation occurs the extra tissue is 

expelled (9). Endometrial carcinoma (EC) is the most common gynaecological 

cancer in the developed world with an estimated 320 000 new cases worldwide 

in 2012, or 4.8% of all cancers in women which makes it the fifth most 

common cancer type in women. It is most common in Northern America and 

in Northern and Western Europe (12.9 – 19.1 per 100 000) (10). In Sweden, it 

is the sixth most common cancer in women with 1431 diagnosed cases in 2011. 

Since 1996 there have been more than 25 cases per 100 000 inhabitants 

diagnosed each year, however, the mortality numbers are low (less than 5 

deaths in 100 000 cases since 1981). Most reported cases occur around or after 

menopause with a peak at 70-80 years of age (Socialstyrelsen, Cancer i siffror 

2013). 

Patients with EC most often experience abnormal vaginal bleeding or 

abnormal discharge. Diagnosis is made through ultrasonography of the uterus 

and analysis of a tissue biopsy. Treatment includes surgery where the whole 

uterus is removed and the tumour can be further classified according to the 

grading system set up by the International Federation of Gynecology and 
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Obstetrics (FIGO) (11), which details four different grades of increasing de-

differentiation and invasiveness of EC (12). Further treatment with 

chemotherapy or radiation depends largely on the type of tumour and its FIGO 

grade. 

There are two types of EC, Type I and Type II (13). Type I is the most common, 

accounting for 75-90% of all ECs (11, 14), and is associated with the best 

outcome. Type I tumours are generally diagnosed early and as such generally 

have a low FIGO grade. Type I is often associated with increased oestrogen- 

stimulation and receptor upregulation, hyperlipidaemia, hyperglycaemia and 

obesity. Type II tumours on the other hand are not associated to any clinical 

features, are associated with high FIGO grades, a higher risk of metastasis and 

a higher risk of relapse after treatment (15). 

1.2.1 Common genetic changes in EC 

As mentioned previously, many factors need to come together to create a 

malignant cell. It is therefore not surprising that the last two decades have 

found an abundance of changes in the genetic material of EC tissues. Some of 

these are more common in Type I and others are more common in Type II ECs. 

Type I more often display mutations in the oncogenes KRAS, and β-catenin 

(CTNNB1), and the tumour suppressor phosphatase and tensin homolog 

(PTEN). β-catenin is involved in the interaction between the cell and the 

Figure 1. Cross-section of the female reproductive organs with a focus panel on the 

uterine wall, which shows the endometrium inside the myometrium. Courtesy of 

Jurcevic, S. 
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outside and mutation in this gene has been linked to low-grade malignancy 

(16). PTEN, which may also be deleted or hyper methylated, is the most 

frequently inactivated gene in EC with an incidence of 25-80% of all tumours. 

And no wonder, it is a potent inhibitor of the PI3K/AKT pathway and loss of 

PTEN is associated with increasing cell proliferation, induced angiogenesis as 

well as changes in cell adhesion and migration (17). Hyper methylation of 

mutL homolog 1 (MLH1) has also been linked more strongly with type I. It is 

involved in DNA repair and absence of MLH1 is linked to high microsatellite 

instability in the tumour genome (18). 

In Type II, on the other hand, it is more common with an over expression of 

the ERBB2 oncogene and the transcription factors enhancer of zeste 2 

polycomb repressive complex 2 subunit (EZH2) and BMI1 proto-oncogene, 

polycomb ring finger (BMI1). These transcription factors are part of a 

repressor complex that regulate the cell cycle. BMI1 gain of function mutations 

has been associated to an aggressive endometrial carcinoma (19). Moreover, 

mutations in the tumour suppressor genes TP53, cyclin-dependent kinase 

inhibitor 2A (CDKN2A), and CDH1 are more common in Type II ECs than in 

Type I. CDKN2A is a regulator of the cell cycle and CDH1, like β-catenin, is 

involved in the interaction with the stroma and vascular system outside of the 

cell (19). Like Type I ECs, Type II tumours have genomic instability, but in 

these tumours genomic instability is more common in the form of aneuploidy 

which has been strongly linked with a poor prognosis (15). 

1.2.2 Human cell lines as a model for cancer 

When studying the genetic workings of any human disease the best would of 

course be if we could perform human experiments, but as inducing tumours in 

humans would be highly unethical we need to find models which can be used 

instead. One such model is the creation of human cell lines. These cell lines 

provide the possibility to study the normal, induced abnormal and disease 

states of an infinite supply of relatively homogenous population of cells in 

vitro. As discussed above, however, normal cells cannot replicate infinitely 

and because of this some mutation or other aberrations need to take place in 

order for the cell culture to live for longer periods, or even infinitely. This is 

often accomplished by cultivating human cancerous tissue or by inducing such 

changes by oncogenic transformation (20). Sometimes the shift to infinite 

replication can occur on its own as it did with the MCF10A cell line (21). The 

MCF10A cell line was derived from a rather normal human breast tissue with 

fibrocystic disease. The cells are mainly epithelial cells, are largely diploid 

though display a few reciprocal and unbalanced translocations as well as minor 

deletions. These cells are considered to be the best representative of normal 
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human epithelial cells as they did not display tumourigenic characteristics 

when placed into nude mice (21). 

1.3 Cell cycle pathway 

At the heart of cell proliferation is the cell cycle. It is a fundamental process of 

oscillating activators and inhibitors which is conserved throughout all 

eukaryotic species. The cell cycle is generally described as a closed circle with 

clearly defined phases during which specific factors such as the cyclins and the 

cyclin dependent kinases play key roles in moving the cell forward (Figure 2). 

A non-dividing cell is ‘resting’ in Gap 0 (G0) phase out of which the cell goes 

into Gap 1 (G1) phase when stimulated by growth factors. These growth factors 

through many different receptors and pathways invariably stimulate the 

transcription of cyclins D1-3 (CCND1 – 3). These D-type cyclins couple 

together with cyclin dependent kinases 2 and 4 (CDK2; CDK4), which are then 

able to phosphorylate RB transcriptional corepressor 1 (RB1) and RB 

transcriptional corepressor like 1 and 2 (RBL1; RBL2). This phosphorylation 

leads to the release of E2F (E2F1 – 8) and DP1 and 2 (TFDP1; TFDP2) 

transcription factors which in turn trigger the transcription of genes important 

for the continuation of the cell cycle and entry into S-phase. Two examples are 

A- and E-type cyclins (CCNA1; CCNA2; CCNE1; CCNE2) that when coupled 

with cyclin dependent kinase 2 (CDK2), phosphorylate and keep the 

retinoblastoma proteins phosphorylated when the D cyclins are degraded. Of 

note are also the inhibitory forces such as cyclin dependent kinase inhibitor A 

and B (CDKN2A; CDKN2B) which specifically inhibit the formation of 

CCND-CDK4,6 complexes (22). Prior to entry into synthesis (S) phase there 

is a “restriction point” before which a TP53 mediated control system makes 

sure that there exist no sustained DNA damage, hypoxia or overexpression of 

oncogenes. If such a problem should occur the cell will be either stopped from 

the proliferation or goes into apoptosis. After this point the cell has committed 

to duplicating itself (23). Once the restriction point is passed the CCNDs will 

be degraded, the cell will go into S-phase and start DNA replication as well as 

duplication of the centrosome. The preparation for DNA replication was 

already initiated when the last cell cycle ended with the help of a multiprotein 

complex called the pre-replicative complex taking form in the low 

concentration of CDKs and finding its place on specific origins of replication. 

This complex does not do anything until the cell’s transition into S-phase is 

completed; only then does the complex become activated by CDKs, which 

leads to the formation of replisomes to copy the whole of the genome into only 

one new copy, as no new multiprotein complex can take form until the cell 

cycle process is completed (24).  
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Prior to entering into the next gap phase (G2) the cell is required to pass a 

second check point for potential DNA damage and replication defects with the 

help of ataxia and rad-related (ATR) and ataxia-mutated (ATM) proteins (25). 

This system also works in conjunction with p38 kinase and CHFR pathway. 

During the G2-phase, cyclins A and B become more prominent, driving the 

progression in the cell cycle into mitosis (M-phase) as well as the aurora 

kinases which phosphorylate histones initiating chromosome condensation 

(26). 

Figure 2. Schematic presentation of the cell cycle including a short description of each 

step. Animal cell cycle by Kelvinsong, retrieved from 

https://commons.wikimedia.org/wiki/File:Animal_cell_cycle-en.svg#file Used under 

Creative Commons CC0 1.0 Universal Public Domain Dedication 

(https://creativecommons.org/publicdomain/zero/1.0/deed.en) 

https://commons.wikimedia.org/wiki/File:Animal_cell_cycle-en.svg#file
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The M-phase is further characterized into prophase, during which the 

chromosomes continue to condense and the centromeres start building the 

microtubules which will make up the mitotic spindle; prometaphase, in which 

the nuclear envelope is dissolved; metaphase, during which the chromosomes 

connect to the mitotic spindle with their kinetochores; anaphase, in which the 

sister chromatids separate towards the poles; telophase, in which the 

chromosomes reach their poles and a new nuclear envelope begins to form 

around them; and cytokinesis when myosins and actin fibres contract around 

the middle of the dividing cell dividing it into two (26). 

1.4 Myosins 

The myosin superfamily is one of the largest and most diverse protein 

superfamilies. It consists of over 30 different classes of myosins that can be 

found in almost all eukaryotic species (27). Most myosins share the general 

structure of a head, a neck and a tail regions which can carry cargo across 

microtubules or intertwine with other myosins of the same kind and form 

multiplex fibres as in skeletal muscle (28). 

1.4.1 Myosin 1C 

The myosin 1C gene is located on human chromosome 17p13.3 and it codes 

for three different splice variants of unconventional myosins, which are 

translated into three different protein isoforms. That they are unconventional 

indicates that they have only one N-terminal head. The MYO1C proteins 

further have an N-terminal motor domain, a neck of three calmodulin binding 

IQ-motifs and a tail containing a tail-homology (TH) motif and a pleckstrin-

homology (PH) domain domain which has the capability of binding to lipid 

membranes. (29, 30). 

Two of these isoforms are found both in the cytosol and in the nucleus but one 

localizes exclusively to the nucleus (31, 32). These distinct subcellular 

localizations are thought to give rise to distinctly different functions. 

MYO1C have been implicated in a wide array of cellular functions. It has been 

shown for example to mediate insulin induced fusion of vesicles containing 

GLUT-4 with the plasma membrane (33, 34). Its calmodulin binding IQ motif 

is also the mediator of the ion channels which opens in response to movements 
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of the hairs in the inner ear (35, 36). MYO1C has further been implicated in 

lipid raft recycling (37). Inside of the nucleus MYO1C has been implicated in 

transcription processes through interaction with RNA polymerase II (38-40), 

and chromatin stability (41). Only recently has MYO1C been implicated in 

connect cancer, displaying tumour suppressive characteristics (42, 43). 

 

Figure 3 Schematic image over the domains and motifs found in the myosin 1C protein. 

Courtesy of Visuttijai, K. (2016) 
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2 AIM 

Previous studies have indicated a potential haploinsufficient tumour 

suppressor function for MYO1C, presumably through the PI3K/AKT 

signalling pathway. The overall aim of this study was to verify the potential 

interplay of MYO1C with PI3K/AKT pathway as well as to identify other 

pathways in which MYO1C might be involved. 

Paper I – The aim of the first study was to explore the effects of MYO1C 

depletion on the transcriptome in an in vitro model in order to identify novel 

signalling pathways for MYO1C interaction. 

Paper II – The aim of the second study was to verify the differential expression 

of one branch of the cell cycle pathway in vitro and in clinical samples. 
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3 MATERIALS AND METHODS 

3.1 Cell culture and transfection 

In order to study the effects of MYO1C depletion on the whole genetic 

mechanism, the human cell line MCF10A (Michigan Cancer Foundation, 

ATCC, USA) was chosen. It derives from mammary epithelial cells and was 

chosen because it is considered normal has a relatively high de novo expression 

of MYO1C (43). The cells were grown according to (44) in a growth media 

composed of DMEM/F12 medium (Gibco by Thermo Fisher, USA) 

supplemented with 5% horse serum (Gibco), 20 ng/ml epidermal growth factor 

(EGF, Peprotech, USA), 10 µg/ml insulin (Sigma-Aldrich, UK), 0.5 µg/ml 

hydrocortisone (Sigma-Aldrich), 100 ng/ml cholera toxin (Sigma-Aldrich) and 

1X PenStrep (Gibco) at 37oC with an atmosphere containing 5% CO2. Prior to 

transfection the cells were seeded with 5x105 cells per 6-cm petri dish and 

incubated overnight. On the day of transfection the media was changed to an 

assay media based on DMEM/F12 medium (Gibco) and supplemented with 

2% horse serum (Gibco), 10 µg/ml insulin (Sigma-Aldrich), 0.5 µg/ml 

hydrocortisone (Sigma-Aldrich), 100 ng/ml cholera toxin (Sigma-Aldrich) and 

1X PenStrep (Gibco). Transfection was carried out using a siRNA duplex 

(sense: 5’-CCUAUCGCCGCAAAUACGAAGCUUU-3’, antisense: 5’-

AAAGCUUCGUAUUUGCGGCGAUAGG-3’; Invitrogen by Thermo Fisher 

Scientific, USA) designed to target all known isoforms of MYO1C. As a 

negative control a corresponding siRNA with a scrambled sequence (medium 

GC-content; Invitrogen) was used. Both siRNAs were used in a final 

concentration of 10nM and helped into the cell by the transfecting agent 

lipofectamine RNAiMAX (Invitrogen, by Thermo Fisher, USA) according to 

the manufacturer’s protocol. Post transfection the cells were incubated in 37oC 

with 5% CO2 and pelleted either right away or after 8, 12, 24, 32, 36, 40, 48, 

58, and 72 hours which makes a total of 10 time points. The pellets were treated 

with RNAprotect Cell Reagent (Qiagen, Germany) according to 

manufacturer’s protocol prior to being stored at -80oC. 

3.2 Tumour tissue samples 

A total of 28 anonymized, fresh frozen endometrial carcinoma tissue samples 

coming from a cohort of Belgian women donating their cancerous tissue to the 

University hospital in Leuven, Belgium were included in this study. The 

samples were endometrial carcinoma stratified into different grades according 

to the system of the International Federation of Gynecology and Obstetrics 
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(FIGO). There were 15 samples from grade I, 6 samples from grade II, and 2 

samples each from grades III and IV and three samples of hyperplasia. 

3.3 RNA extraction 

For the in vitro experiments, total RNA was extracted from the cell pellets 

using the RNeasy Plus kit (Qiagen). For the tissue samples total RNA was 

extracted using the mirVana™ miRNA Isolation Kit (Ambion). The quality 

assessed by running the samples on a capillary gel system and estimating the 

concentration ratio between the RNA molecules 18S and 28S. The system, a 

Fragment Analyzer™ by Advanced analytical technologies, Inc. (AATI, 

Germany) also takes into account how much of RNA was degraded. For paper 

I the samples were quantity and purity controlled on a Nanodrop 1000 

(Nanodrop Products by Thermo Scientific, USA). For Paper II the quantity and 

purity of the tissue samples’ RNA was assessed by measuring the 

spectrophotometric qualities of the sample in a Dropsense 96 UV/VIS reader 

(Trinean, Belgium). 

3.4 Microarray 

In paper I a whole transcriptome microarray was performed. The total RNA 

from the MCF10A cells transfected with siRNA targeting MYO1C 

(siMYO1C) or a scrambled sequence (siScramble) was analysed on a highly 

sensitive microarray platform, 3D-Gene™. The 3D-Gene™ DNA chip 

technology utilises a black resin substrate, which lowers the background noise, 

and hybridizes the probes to plateaus of small micro-columns, which makes 

for more uniform spots. Because of the columnar structure (Figure 4) it is also 

possible to use micro-glass beads in the hybridization solution which, when 

agitated, will discourage any unspecific hybridizations. Because of these 

features the signal to noise ratio has been reported to be up to as much as 100 

times better than a reference DNA chip (45). 

3.4.1 aRNA synthesis 

The antisense RNA (aRNA) synthesis was performed using the Ambion® 

Amino Allyl MessageAmp™ II aRNA Amplification Kit (Life Technologies) 

and the standard operating protocol “aRNA preparation” v. 2 from Toray 

Industries, Inc (Tokyo, Japan). The total RNA was normalized before 

undergoing reverse transcription into cDNA using oligo dTs connected to a T7 

promoter. The cDNA was copied into secondary cDNA strands 

complementary to the original cDNA and virtually identical to the original 

RNA, except that it was DNA. These secondary cDNA strands were then 
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singled out by the T7 RNA polymerase which performed an in vitro 

transcription incorporating, among the normal UTPs a modified nucleotide, 5-

(3-aminoallyl)-UTP (aaUTP). On this aaUTP there is a reactive primary 

aminogroup which can be coupled to certain dyes such as Cy™3 and Cy™5. 

The resulting aRNA was quality controlled on the Fragment Analyzer™ 

(AATI) and the concentration and purity was measured on the Dropsense 96 

UV/VIS reader (Trinean). 

3.4.2 Labelling 

The labelling was performed using a standard operating protocol from Toray 

Industries, Inc, “CyDye labeled target preparation” v2. Cy™5 maleimide 

mono-reactive dye (GE Healthcare, Fairfield, CT) was coupled to the amino 

moiety of the aRNAs. Excess dye was removed using micro bio-spin™ P-30 

gel columns in Tris-buffer (Bio-Rad, Hercules, CA). The samples were further 

purified in Amicon Ultra-0.5 Centrifugal Filter Units with Ultracel -30 

membranes (EMD Millipore Corporation, Billerica MA) before they were 

mixed with fragmentation buffer (Toray Industries, Inc.) and fragmented into 

~500nt long fragments. A final purification was performed using Amicon’s 

centrifugal filter units but this time with Ultracel-10 membranes (EMD 

Figure 4. Columnar structure of the 3D-Gene microarray chip. The DNA oligoes are 

placed on top of the plateaus and when agitated ceramic microbeads between the 

columns will hit the columns and dislodge unspecific fragments. Courtesy of Toray 

Industries Inc. 
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Millipore Corporation). Dye incorporation and concentration were assessed 

using the Dropsense 96 UV/VIS reader (Trinean). 

3.4.3 Hybridisation and scanning 

The hybridization was performed using a standard operation protocol from 

Toray Industries, Inc, “Hybridization and Wash” v2. For each sample 1µg 

labelled aRNA was mixed with hybridization buffer (Toray Industries, Inc.) 

and hybridized to 3D-Gene™ Human Oligo chip 25 k (Toray Industries, Inc.) 

at 37oC and shaking 250 rpm for 16 hours. After hybridization the chips were 

washed manually in three different wash solutions to remove excess sample 

and dye. The wash buffers contained 0.5X SSC/0.1% SDS, 0.2X SSC/0.1% 

SDS, and 0.05X SSC respectively. The scan was performed in a 3D-Gene 

Scanner 3000 (Toray Industries Inc.) with an excitation wavelength of 635nm. 

3.5 CDNA synthesis 

In paper II the RNA from the endometrial tissue samples as well as the RNA 

from the transfected MCF10A cells’ 10 different time points in both time series 

was reverse transcribed into cDNA using TATAA GrandScript cDNA 

SuperMix (TATAA Biocenter AB, Sweden) according to the manufacturer’s 

recommendation. Each reaction had a total volume of 20 µl and 500 ng total 

RNA. 

3.6 QPCR 

The cDNA was diluted in nuclease free water, final dilution 1:500, and run in 

10 µl reactions on a LightCycler® 480 (Roche Diagnostics, Switzerland) 

together with TATAA Probe Grandmaster® Mix (TATAA Biocenter AB), 200 

nM primers (Integrated DNA Technologies, IDT, Coralville, IA, USA)  and 

200 nM probe (IDT). Six assays (TATAA Biocenter AB) targeting possible 

references genes, beta actin (ACTB), glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH), peptidylprolyl isomerase A (PPIA), ribosomal 

protein lateral stalk subunit P0 (RPLP0), TATA box binding protein (TBP) and 

tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein 

zeta (YWHAZ) were run along with the other assays under the same 

conditions. Of these ACTB and PPIA had the most stable expression according 

to GeNorm and NormFinder (a part of GenEx by Multid Analyses AB, 

Sweden). Potential genomic DNA (gDNA) contamination controlled by also 

using the Valid Prime® assay (TATAA Biocenter AB) according to the 

manufacturer’s instructions. 
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QPCR assay design 
All primers targeting genes of the cell cycle and MYO1C were designed in 

Primer Blast (National center for biotechnology information, NCBI, USA), 

and all probes for those primers were designed using Beacon Designer 

(Premier Biosoft, Palo Alto, CA). Further information about targeted sequence 

accession numbers, amplicon length, probe modifications, efficiencies and 

context sequences for each assay can be found in supplementary Table 1 (paper 

II). For each primer pair the specificity was controlled by capillary gel 

electrophoresis (Fragment Analyzer™, AATI) and the efficiency was estimated 

by running the assays on a dilution series (seven points, each step diluted 1:10) 

of purified PCR product from a previous PCR run on human biobank cDNA 

(Primer design, UK). The PCR products were purified using MinElute reaction 

cleanup kit (Qiagen) and quantitated on a Nanodrop 1000 (Nanodrop 

Products). 

3.7 Data analysis 

3.7.1 Analysis of microarray data 

The raw Cy™5 fluorescence intensities were analysed by the Extraction 

software (Toray Industries Inc.) which returned a value for each spot 

representing the median normalized relative intensity. Any spot, representing 

an mRNA, with an intensity lower than two standard deviations above the 

average intensity of the background was removed because the mRNA was not 

considered to be present in the sample. The Extraction software also globally 

normalized all samples, thereby removing any bias due to differences in 

labelling and sample amount put into each chip. For both time-series clustering 

analyses the fold-change between the siMYO1C and the siScramble was used. 

When calculating fold-change the expression of the siMYO1C sample for each 

gene and time point was divided by the expression of the siScramble sample 

for that gene and time point; any missing value was replaced by 1. Probes with 

missing values in both the knock-down sample and the control sample for all 

time points were removed from further analysis. Because there was some 

confusion about which chip was loaded with the knock-down sample and 

which was loaded with the control sample at time point 12, this time point was 

excluded from further analysis. For calculating correlation coefficients the 

Pearson product-moment correlation coefficient was used. 

Clustering the data with Short Time-series Expression Miner 
(STEM) and Dynamic Regulatory Expression Miner (DREM) 
The data was clustered using the Short Time-series Expression Miner (STEM; 

version 1.3.8) (46) according to their expression across the remaining nine time 
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points. The STEM algorithm fits the expression profile of each gene over time 

into one of a pre-defined number of reference expression profiles, thereby 

clustering data with similar expression profiles together. Most of the standard 

settings were used, such as the maximum number of profiles (50) only 

changing the minimum absolute expression change from difference from time 

point 0 to the difference between minimum and maximum and that “no 

normalization/add 0” was checked rather than “normalize data”. 

The data was also clustered using the Dynamic Regulatory Expression Miner 

(DREM; version 2.0) (47) which not only looks at the changes in expression 

over time but also indicates bifurcation events, where the expression of a group 

of genes diverges from another group of genes, and identifies candidate 

transcription factors which are likely to cause the change in expression. The 

file “human_encode.txt.gz”, which is included in the desktop version of the 

software, was used as a template for transcription factor interactions. Standard 

settings were used except that expression differences were measured between 

the maximum and minimum, and that path merges were allowed. The 

maximum number of paths out of a split was set to four. 

Annotation and pathway analysis 
Clusters of genes found with the DREM software were analysed for annotation 

enrichment using the Database for Annotation,  Visualization and Integrated 

Discovery (DAVID) (48). Pathways from the Kyoto Encyclopaedia of Genes 

and Genomes (KEGG) database, determined significantly enriched by 

DAVID, were further analysed for enrichment using the gene set enrichment 

analysis software (GSEA; version 2.1.0). The point of GSEA is to find 

enrichment in the expression of any given pathway (or list of genes) (49) unlike 

DAVID which only analyses the number of genes found in the dataset 

compared to the expected number of genes from the specific gene set (48). For 

the GSEA analysis the siMYO1C was analysed against the siScramble for each 

time point, permutation type was set to gene set and log2_Ratio_of_classes 

was used as metric for ranking the genes. 

3.7.2 Analysis of qPCR data 

Primary analysis of the qPCR was performed in the Light Cycler 480 software 

(v. 1.5.0, Roche Diagnostics). All baselines and thresholds were automatically 

set according to the second derivative algorithm. Fold change was calculated 

according to the comparative Cq method (50). The tissue samples were 

normalized to PPIA and YWHAZ, and the hyperplasia samples. The cell line 

samples were normalized to PPIA and time point 0. During pre-processing, the 

cut-off Cq value was set to 35, inter plate calibration was performed in GenEx 
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(Multid Analyses AB). Finally, assays with less than 60% valid data points in 

each sample type (i.e. RBL1 in tumour tissue and CDKN2B in MCF10A cells) 

were removed from further analysis and the remaining empty cells were filled 

with the assay minimum for that sample type -2. 

For calculating statistical significance in the differences between FIGO grades 

in the tumour samples a two-way ANOVA was used, and multiple testing was 

corrected for using Tukey test. Statistical significance in the time series data, 

however was assessed with one-way ANOVA followed by Tukey tests. 

Correlation coefficients between the different cell cycle genes and MYO1C 

were calculated using formula for Pearson product-moment correlation 

coefficient. All genes of interest were clustered hierarchically in GenEx. 
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4 RESULTS 

4.1 Paper I 

In previous studies it has been indicated that MYO1C has a tumour suppressive 

function and that it interacts in some way with the PI3K/AKT signalling 

pathway (43). The aim of the current study was to identify possible signalling 

pathways, other than PI3K/AKT, through which MYO1C is likely to have an 

effect on the cell’s cancerous abilities.  

Using siRNA technology we could successfully reduce MYO1C mRNA with 

72% already at 8 hours post transfection and the lowered level of MYO1C 

mRNA stayed low during the whole period of 72 hours of the time-series 

experiment. This differential temporal expression pattern was clustered 

together with four other genes decapping mRNA 1A (DCP1A), SEC22 vesicle 

trafficking protein homolog B (SEC22B), bladder cancer associated protein 

(BLCAP), and RecQ mediated genome instability 2 (RMI2); indicating that 

MYO1C may be involved in their expression, stability or trafficking. 

Further mining of the data with DREM revealed four paths out of different 

bifurcation events which were more up- or down-regulated than the others. 

When the genes of these pathways were analysed for pathway and gene 

ontology (GO) enrichment using DAVID a lot of interesting GOs and 

pathways were found. For example, among the upregulated genes the GOs for 

coagulation (GO:0050817), angiogenesis (GO:0001525), and positive 

regulation of cell migration as well as apoptosis (GO:0006915) and cell death 

(GO:0008219)  were found to be overrepresented. The down-regulated genes 

showed enrichment instead in various GOs connected to the cell cycle (cell 

cycle, GO:0007049;  mitotic cell cycle, GO:0051321; mitotic cell cycle, 

GO:0000278; M phase, GO:0000279) and neuronal development (cerebral 

cortex GABAergic interneuron differentiation, GO:0021892; telencephalon 

development, GO:0021537; cerebral cortex neuron differentiation 

GO:0021895; forebrain neuron differentiation, GO:0021879). 

Finally, the pathways found by DAVID to be overrepresented in the four paths 

identified by DREM were analysed using the GSEA for up-regulation in the 

expression for each time point. This analysis revealed that there was an early 

up regulation in the PI3K/AKT pathway at 8 hours post transfection and also 

in the pathway for prostate cancer at 8 and 24 hours post transfection. However 

the other cancer related pathways tested (Small cell lung cancer, EC, and 

colorectal cancer) were down regulated at a later stage (EC and colorectal 
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cancer 32 and 36 hours post transfection, small cell lung cancer 36, 48-72 hours 

post transfection). Further pathways of interest are the cell cycle pathway and 

the apoptosis pathway which were both down-regulated (32, 48-72 hours and 

40-58 hours post transfection respectively). 

4.2 Paper II 

In the follow-up study we repeated the successful knocking out of MYO1C 

taking samples at the same time points post transfection and analysed the gene 

expression of CCND1 and 2, CDKN2B and C, MYC, MYO1C as well as 

RBL1 in both time series. CDKN2B was not expressed at all which was to be 

expected as the genomic region on which the gene lies is deleted in the 

MCF10A cell line (51). The expression of the other genes correlated to 

different degrees between the first microarray data and the different time 

series. The best correlation was found for CCND2, MYO1C and RBL1 in the 

siMYO1C samples. There was however no discernible difference in the 

expression of RBL1 between the siMYO1C samples and siScramble samples. 

CCND2 on the other hand had a significantly lower expression in the 

siMYO1C samples compared to the siScramble samples. When all of the data 

for both time series were clustered in hierarchically there was a clear separation 

between the siMYO1C samples and the siScramble samples with the untreated 

samples in the end of the siScramle cluster. 

The expression of the same genes as mentioned above was also analysed in a 

number of tumour samples ranging from grade I to grade IV. Due to the 

scarcity of samples grades III and IV were grouped together for statistical 

purposes and the hyperplasia samples were excluded from statistical analysis. 

Figure 5. Expression of MYO1C in endometrial tumour samples of different grades. 
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No discernible differences could be seen for any of the cell cycle genes 

between any of the different tumour stages.  However, there was a weak 

negative correlation between MYO1C and tumour grade (Figure 5), 

unfortunately no statistical significance could be found. 
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5 DISCUSSION 

Through this work we sought to investigate outcomes of MYO1C depletion on 

the whole transcriptome in general and on specific cell cycle genes in 

particular. We could show that the knockdown of MYO1C in a non-cancerous, 

immortal normal breast epithelium cell line (MCF10A) induced many and 

varied changes in the transcriptome. For example we noticed an early and 

strong up-regulation of the PI3K/AKT pathway which is consistent with our 

earlier findings which indicated, among other changes, MYO1C depletion 

resulted in altered protein expression of AKT. The PI3K/AKT pathway is 

shown to be important in tumourigenesis processes, nevertheless this pathway 

is also involved in the transport of GLUT4; a process during which MYO1C 

plays an important role (33, 52). It is thus important to investigate whether 

interplay of MYO1C with the PI3K/AKT pathway is directed to 

cancerogenesis properties, transport of glucose, or perhaps both. 

In transcriptome analysis, we additionally found that depletion of MYO1C 

resulted in altered expression (in both directions) of cancer-related genes and 

pathways, namely pathways involved in small cell lung, endometrial, prostate 

and colorectal cancers, and the cell cycle pathway. 

We then chose to focus on outcomes of MYO1C depletion on the cell cycle 

pathway using qPCR. When looking more closely at the changes in MYO1C 

and six of the genes of the cell cycle pathway (as identified in microarray data 

set), we found that there was a good correlation between expression patterns 

of MYO1C, CCND2, CDKN2B and RBL1 as recorded by the qPCR and the 

microarray methodologies. It is important to note that, the observed correlation 

for CDKN2B expression was due to the fact that CDKN2B expression could 

not be detected in either of the data sets, due to the fact that the chromosomal 

region in which CDKN2B is located is deleted in the MCF10A cells (51). 

Among the remaining three genes, the observed correlation in the expression 

pattern was meaningful only for MYO1C and CCND2 (cyclin D2). This is 

because the experimental design was directed towards genes with differential 

expression pattern in cells transfected by MYO1C-siRNA and those 

transfected with scrambled siRNA. Expression pattern of RBL1 did not follow 

this criterion. 

Differential expression of MYO1C between siMYO1C and scrambled siRNA 

treated was envisaged, hence the only gene that followed the criterion 

addressed in the research objective was Cyclin D2, which is most often thought 

of as a promotor of the cell cycle. There are reports showing elevated levels of 
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CCND2 in for example gastric- and B-cell related cancers (53-56). But it has 

also been noted that hyper-methylation and miRNA repression of CCND2 is 

linked to breast- and prostate cancer (57-59). A recent study suggests that 

altered expression of CCND2 is involved in the pathway for prostate cancer. 

Interestingly, we could verify the latter effect of CCND2 repression in breast 

cancer in our experimental model of a mammary cell line.  

In qPCR analysis of the six cell cycle genes and MYO1C  in the panel of ECs, 

we found that MYO1C expression level is negatively correlated to the grade 

of cancer, which corroborates well with our previous results on western blot 

analysis of MYO1C protein expression in another set of ECs (43). In this panel 

of clinical samples, we did not find any discernible differences in the 

expression level of the six cell cycle genes between the different grades of 

cancer.  
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6 CONCLUSION 

Myosin 1C has an effect on a wide array of functions in the cell. Through this 

study we have suggested that among those functions are the up-regulation of 

PI3K/AKT and prostate cancer pathways as well as the down-regulation of 

several cancer related pathways and the cell cycle pathway. We have further 

provided evidence that the expression of CCND2 is positively correlated to 

that of MYO1C when MYO1C is depleted suggesting that the expression of 

CCND2 is likely to be regulated by MYO1C. CCND2 has been implicated as 

both a positive and negative regulator in different types of cancer and perhaps 

might its cancer-related function be one way through which MYO1C may exert 

its tumour suppressor effects. No evidence of tumour suppression of CCND2 

or correlation between CCND2 expression and EC tumour grade was found, 

however we could validate and extend our earlier data on negative correlation 

between MYO1C expression level and EC FIGO grade.  
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7 FUTURE PERSPECTIVES 

This work is only a small contribution to the wealth of knowledge about 

tumourigenesis. But it is something to build upon. For example more work is 

being done exploring other pathways indicated by the microarray experiment 

in paper I. Among these are the apoptosis and the PI3K-pathway. It is also 

worth noting that these experiments have been performed on an RNA-level 

and it will also be important to assess any changes to the different pathways on 

a protein level. 

Furthermore, this is also basic research but the hope is of course that it will 

someday not only contribute to our understanding of how MYO1C is related 

to different signalling pathways but also be of use when searching for 

diagnostic markers or even therapeutic targets. 
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Abstract  

Myosin-1c (MYO1C), a member of the class I unconventional myosin gene family, has been 

proposed as a tumor suppressor gene based on earlier works that revealed significant negative 

correlation between MYO1C expression and cell proliferation as well as significant correlation 

between lowered expression of MYO1C and diminished cell migration and adhesion. These 

studies suggested interplay between MYO1C and PI3K/AKT signaling in the form of a 

significant and rapid pAKT response to MYO1C depletion. Significant down-regulation of 

MYO1C has been detected in panels of well-stratified endometrial carcinoma and colorectal 

cancer in all tumor stages.  

The potential interplay between MYO1C and the PI3K/AKT signaling pathway may not 

singularly explain the cancer-related phenotypes exerted by MYO1C. Therefore, the present 

work aimed to investigate other potentially involved genes and pathways. RNA from MCF10A 

cells transfected with MYO1C-siRNA or scrambled-siRNA pairs at 9 different time points (0-

72h) post transfections were analyzed using microarrays. 

The dynamics of gene regulation in response to MYO1C knockdown were analyzed using time 

series clustering and the regulatory events mining. Annotation enrichment analysis was 

performed to identify significantly altered genes and pathways. The analyses revealed an early 

effect of MYO1C depletion on activation of the PI3K/AKT pathway, identified the most 

affected genes in this pathway, recognized six genes with expression patterns highly correlated 

with MYO1C, and identified significantly up- and down-regulated pathways in response to 

MYO1C depletion. These results support the hypothesis of MYO1C tumor suppressor activity 

and suggest new targets for interaction through which MYO1C may exert its cancer-related 

functions. 
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Introduction 

Through detailed cytogenetic and molecular genetic analysis of endometrial carcinomas (EC) 

developed in a rat tumor model, we recently identified a novel tumor suppressor gene, myosin-

1C (Myo1c), with potential implications in tumorigenesis of this cancer type [1]. We found that 

Myo1c was significantly down-regulated in the rat ECs, however no mutation in the coding 

sequence of the gene could be detected, hence the observed low expression level suggests a 

haploinsufficient mode of function. We additionally showed that Myo1c down-regulation could 

be rescued in gene expression restoration assays [1], and expression of MYO1C correlated 

negatively with cell proliferation [2]. In gene knockdown experiments we found that reduced 

expression of MYO1C resulted in abridged ability of cells in adhering to the surface and thus 

in impaired cell migration. Finally, we detected a significant association between tumor stage 

and down-regulation of MYO1C protein expression in human ECs [2]. There is no earlier report 

on potential tumor suppressor activity of MYO1C; however, there are reports on tumor 

suppressor activity of other members of the myosin gene family [3-5]. 

The myosin superfamily has members in nearly all eukaryotic species and is sub-classified into 

more than 30 different classes [6]. The common features for this motor protein family are the 

N-terminal head, a ~80 kDa catalytic unit associated with actin and energy carrying nucleotides, 

the neck domain, which can serve as binding region for regulatory myosin light chain proteins, 

and the tail, which can interact with other myosin subunits or with cargo molecules [7]. The tail 

domain is where most of the divergence between the myosins is found. In the human genome, 

40 different myosins from 19 classes have been identified [8]. The myosins can further be 

classified into conventional and unconventional: the conventional myosins include the class II 

myosins that form thick filaments in the muscle tissue in order to move the actin fibers into a 

contraction of the cell. The unconventional myosins on the other hand do not form filaments or 

move actin fibers, but are involved in carrying other cargo such as vesicles or other organelles. 

They are also reported to be involved in tethering proteins and organelles to the plasma 

membrane, supporting the cortical tension of lamellipodia and nuclear functions [9]. One of the 

largest classes of myosins is class I, which is found in almost all sequenced eukaryotes [6]. 

MYO1C encodes a class I unconventional myosin [10, 11], which is implicated in angiogenic 

signaling [12], glucose uptake [13-15] and in ribosomal gene transcription and cell cycle 

progression [16]. MYO1C encodes three isoforms of the myosin-1c protein, two of which are 

found in the nucleus and cytoplasm, while the third is found exclusively in the nucleus [17-19]. 
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Myo1c can bind tightly and specifically to PIP2 (phosphatidylinositol 4,5-bisphosphate) and 

InsP3 (inositol 1,4,5-trisphosphate) [20]. Myosin-1c is found to be spatially associated with 

lipid rafts [21] and thus with vesicle movements [22]. Myo1c is essential for the trafficking; 

translocation and fusion of exocytic glucose transporter type 4 (GLUT4)-containing vesicles 

with the plasma membrane upon insulin stimulation in muscle and adipose tissue [13-15, 23]. 

Taken together, it appears that MYO1C is involved in insulin signaling and PI3K/AKT pathway 

[24-26], however details of its potential involvement in tumorigenesis mechanisms remain to 

be investigated.  

Using siRNA technology, we knocked down MYO1C expression in MCF10A cells. In a time 

series experiment, we prepared RNA extracts from the MYO1C-siRNA transfected cells as well 

as control cells that received scrambled siRNA at different time points post siRNA treatments 

between hours 0 to 72 followed by global gene expression microarray analysis. The expression 

data from paired MYO1C-siRNA treated cells versus scrambled siRNA treated control cells 

were subjected to time-series clustering, reconstruction of regulatory networks, and annotation 

enrichment analysis, and the most significantly affected genes, clusters and pathways in 

response to MYO1C knockdown were identified.  

 

Materials and methods  

Cell line and transfection with siRNA 

This study was performed using the epithelial cell line MCF10A (Michigan Cancer Foundation, 

ATCC, USA). The cells were cultured according to previously published protocol [27]. The 

growth media used was DMEM/F-12 medium (Gibco by Thermo Fisher, USA) supplemented 

with 5% horse serum (Gibco), 20 ng/ml epidermal growth factor (EGF, Peprotech, USA), 10 

µg/ml insulin (Sigma-Aldrich, UK), 0.5 µg/ml hydrocortisone (Sigma-Aldrich), 100 ng/ml 

cholera toxin (Sigma-Aldrich) and 1X PenStrep (Gibco) at 37oC and with an atmosphere 

containing 5% CO2. The MCF10A cells were seeded 5x105 cells per 6-cm petri dish and 

incubated overnight. Transfection was performed using a siRNA duplex (sense: 5’-

CCUAUCGCCGCAAAUACGAAGCUUU-3’, antisense: 5’-AAAGCUUCGUAUUUGC 

GGCGAUAGG-3’; Invitrogen by Thermo Fisher Scientific, USA) and a corresponding 

scrambled sequence with medium GC-content as the negative control (Invitrogen) in a final 

concentration of 10 nM. Lipofectamine RNAiMAX was used as transfecting agent according 

to the protocol from manufacturer. After transfection, the cells were incubated and cell pellets 



 Page 5 of 22 

were collected at the following nine time points: 0, 8, 12, 24, 32, 36, 40, 48, 58, and 72 hours, 

for a total of 10 time points. 

RNA extraction 

The cell pellets were lysed for RNA extraction using the RNeasy Plus kit (Qiagen, Germany) 

according to the manufacturer’s protocol. The quantity, purity and quality were measured using 

Qubit (Life Technologies by Thermo Fisher Scientific), Nanodrop 1000 (Nanodrop Products 

by Thermo Scientific, USA) and TapeStation (Agilent Technologies, USA), respectively. 

3D-Microarray analysis 

Total RNA was reverse transcribed using oligo dTs connected to a T7 promoter.  The resulting 

cDNA was then replicated and purified in order to achieve a suitable template for the in vitro 

transcription amplifying the second strand cDNA into antisense RNA (aRNA). The 

amplification reaction was catalyzed by a T7 polymerase and part of the uracil bases were 

modified, carrying an amino allyl moiety. These reactions were carried out using Ambion® 

Amino Allyl MessageAmp™ II aRNA Amplification Kit (Life Technologies) according to the 

standard operating protocol “aRNA preparation” v.2 from Toray Industries, Inc. (Tokyo, 

Japan). The quality and quantity of the aRNA was controlled using the Dropsense 96 UV/VIS 

reader (Trinean, Gentebrygge, Belgium) and the Fragment Analyzer™ (Advanced analytical 

technologies, Inc., Heidelberg, Germany) respectively. For each sample, 10µg aRNA was 

labeled with Cy5 dye (GE Healthcare, Fairfield, CT), which coupled to the amino allyl groups 

on the uracil bases. Excess dye was removed using micro bio-spin™ P-30 gel columns in Tris-

buffer (Bio-Rad, Hercules, CA) and Amicon Ultra-0.5 Centrifugal Filter Units with Ultracel-

10 and -30 membranes (EMD Millipore Corporation, Billerica MA) according to the standard 

operating protocol “CyDye labeled target preparation” v. 2 from Toray industries, Inc. The 

concentration and dye incorporation was quality controlled using the DropSense 96 UV/VIS 

reader. Prior to hybridization, 1 µg of labeled aRNA was mixed with hybridization buffers and 

degassed. The samples were hybridized to the 3D-Gene™ Human Oligo chip 25 k (Toray 

Industries, Inc.) for 16 hours. The hybridization and the subsequent washing was performed 

according to the standard operating protocol “Hybridization and Wash” v.2 from Toray 

industries, Inc. Scanning was performed in a 3D-Gene Scanner 3000 (Toray Industries Inc.) 

with the excitation wavelength at 635nm.  
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Data pre-processing 

The data from the microarray was pre-processed in the Extraction software (Toray Industries 

Inc.), where the intensity of the fluorescence in each spot was transformed into a fluorescence 

value describing the median normalized relative intensity. Spots with intensity values 2 

standard deviations above background noise were considered present. The intensities of all 

present spots (except control spots) were globally normalized within each sample. When 

calculating fold change, for spots with a missing value in either the treated sample or control, 

the missing value was replaced with 1. Probes with missing values for both samples in all time 

points were removed from further analysis. Because there was some confusion about which 

chip was loaded with the knock-down sample and which was loaded with the control sample at 

time point 12, this time point was excluded from further analysis 

Clustering of time series data and identification of regulatory events 

The genes were clustered using the Short Time series Expression Miner (STEM) [28] version 

1.3.8 according to their expression pattern across all time points. Standard settings were used 

except that the minimum absolute expression change was measured between the maximum and 

minimum (rather than the difference from t = 0) and that the option “No normalization / add 0” 

was chosen. To normalize for differences in absolute expression values, the gene expression 

vectors used in this analysis contained the ratio of expression between siRNA treated and 

negative control for each time point.  

The Dynamic Regulatory Events Miner (DREM) [29] version 2.0 was used to derive a 

regulatory map indicating bifurcation events and identifying candidate transcription factors 

causing the major changes in expression. As transcription factor interactions file the 

“human_encode.txt.gz” included in the desktop version of the software was used. Standard 

settings were used except that expression differences were measured between the maximum 

and minimum, and that path merges were allowed. The maximum number of paths out of a split 

was set to four. 

Annotation and pathway analysis 

Annotation enrichment analysis was performed using the Database for Annotation, 

Visualization and Integrated Discovery (DAVID) [30]. Pathways discovered by clustering and 

found in the KEGG database (Kyoto Encyclopedia of Genes and Genomes) were analyzed for 

enrichment using the desktop version of the Gene Set Expression Analysis (GSEA) software 
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[31] version 2.1.0. Permutation type was set to gene set and log2_Ratio_of_classes as the metric 

for ranking the genes. 

 

Results  

MYO1C knockdown 

 

Analysis of the normalized expression data showed that the siRNA knockdown of MYO1C was 

successful with a 72% marked decrease in expression eight hours post transfection (Fig 1). The 

difference in the expression of MYO1C between the MYO1C siRNA (siMYO) treated and 

scrambled siRNA treated control cells remained substantial (over 68%) throughout the 

timeframe of the experiment. 

 

Fig 1. Knockdown of MYO1C. Fluorescence intensity of cells treated with MYO1C-siRNA 

(rings) or a scrambled sequence (dots) over time. As shown, expression of MYO1C was 

successfully knocked down (68% or more) in all time points tested. 

 

Early effects on the PI3K/AKT pathway 

The gene list of the PI3K/AKT pathway, containing a total of 347 genes, was downloaded from 

the KEGG database (entry hsa04151) and used in gene set enrichment analysis with GSEA one 

time point at a time. Fig 2 displays the enrichment plot for the PI3K/AKT pathway eight hours 

post transfection. At this time point the normalized enrichment score was 1.29 and the nominal 

0

20

40

60

80

100

0 8 24 32 36 40 48 58 72

Fl
u

o
re

sc
en

se
 in

te
n

si
ty

(%
)

Time (h)

siMYO1C

Scrambled siRNA



 Page 8 of 22 

p-value 0.02, indicating up-regulation of the pathway. The up-regulation observed at later time 

points did not reach statistical significance. Therefore the genes in the leading edge of the 

enrichment analysis at 8h were selected for analysis with regard to their position in the pathway. 

Many of the genes were found in the extracellular matrix and as receptors in the cell membrane 

(Table 1). For example two guanine nucleotide binding protein (G-protein) coupled receptors 

[coagulation factor II (thrombin) receptor (F2R) and lysophosphatidic acid receptor 5 (LPAR5)] 

and four G-proteins [beta polypeptide 3 (GNB3), G protein gamma 8 (GNG8), G protein 

gamma 10 (GNG10) and G protein gamma 12 (GNG12)] were found to be up-regulated as well 

as four different genes encoding for phosphatidylinositol 3-kinases (PI3K) subunits 

[phosphoinositide-3-kinase regulatory subunit 5 (PIK3R5), phosphoinositide-3-kinase 

regulatory subunit 1/alpha (PIK3R1), phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic 

subunit beta (PIK3CB) and phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit 

gamma (PIK3CG)], 3-phosphoinositide dependent protein kinase 1 (PDPK1), cell division 

cycle 37 (CDC37) and v-akt murine thymoma viral oncogene homolog 2 (AKT2).  

Fig 2. Enrichment analysis of the PI3-AKT pathway. Gene set enrichment plot for the 

PI3K/AKT pathway at 8h post transfection, generated using the GSEA software. 
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For individual genes of the PI3K/AKT pathway, the strongest positive correlation with the 

expression of MYO1C over the full time series (0-72h) was found for cyclin D2 (CCND2; 

Pearson correlation 0.73), cyclin E1 (CCNE1; 0.64) and v-myc avian myelocytomatosis viral 

oncogene homolog (MYC; 0.58).  

 

Table 1. Up-regulated genes associated with the extracellular matrix or cell membrane 

in the PI3K/AKT pathway. Rank and enrichment score of up-regulated genes associated 

with the extracellular matrix or cell membrane in the PI3K/AKT pathway. All genes are part 

of the core enrichment genes.  

Gene 
Rank in 

gene list 

Running 

enrichment score 

phosphoinositide-3-kinase regulatory subunit 5 (PIK3R5) 193 0.019 

v-akt murine thymoma viral oncogene homolog 2 (AKT2) 593 0.024 

3-phosphoinositide dependent protein kinase 1 (PDPK1) 1370 0.092 

phosphoinositide-3-kinase regulatory subunit 1 (PIK3R1) 1874 0.132 

coagulation factor II thrombin receptor (F2R) 1913 0.134 

guanine nucleotide binding protein (G protein), beta polypeptide 3 

(GNB3) 

2083 0.142 

cell division cycle 37 (CDC37) 2101 0.145 

phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit 

beta (PIK3CB) 

2597 0.177 

guanine nucleotide binding protein (G protein), gamma 8 (GNG8) 2963 0.194 

guanine nucleotide binding protein (G protein), gamma 10 

(GNG10) 

3427 0.195 

guanine nucleotide binding protein (G protein), gamma 12 

(GNG12) 

3800 0.206 

phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit 

gamma (PIK3CG) 

3941 0.201 

lysophosphatidic acid receptor 5 (LPAR5) 4047 0.203 

 

Genes with expression patterns correlating with MYO1C  

By pairwise correlation analysis combined with clustering of the microarray data in STEM 

using the default possible number of clusters (i.e. 50), six genes were identified as having 

expression patterns highly correlated to that observed for MYO1C. Four of these genes 

clustered together with MYO1C in one cluster: decapping mRNA 1A (DCP1A), SEC22 vesicle 

trafficking protein homolog B (SEC22B), bladder cancer associated protein (BLCAP), and 

RecQ mediated genome instability 2 (RMI2). The other two genes were from two other clusters: 

Exportin-6 (XPO6) and member RAS oncogene family (RAB40B) (Fig 3). For this group of 
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seven genes, the correlation between every pair of expression profiles was above 0.80 (Table 

2).  

 

Fig 3. Expression dynamics of genes closely correlated with MYO1C. Expression ratio 

between MYO1C-siRNA treated cells and scrambled-siRNA treated control cells for MYO1C 

and genes closely correlated to MYO1C (correlation coefficient >0.80). DCP1A (decapping 

mRNA 1A), SEC22B (SEC22 vesicle trafficking protein homolog B), BLCAP (bladder cancer 

associated protein), RMI2 (RecQ mediated genome instability 2), XPO6 (exportin-6), RAB40B 

(member RAS oncogene family). 

 

Interestingly, the cluster containing MYO1C, DCP1A, SEC22B, BLCAP and RMI2 did not 

include any other genes, and this result was robust to parameter changes in STEM. When the 

maximum number of clusters was step-wise lowered from 50 to 40, 30, 20 and 10, it was not 

until this parameter value reached 10 that new genes (n = 161) appeared in the cluster. 

Two genes encoding transmembrane proteins were found to have a strong negative correlation 

with MYO1C expression as well as with the above-mentioned six genes from clusters I, II and 

III (Table 2). Transmembrane protein 64 (TMEM64) had correlation coefficients below -0.77 

with DCP1A, BLCAP, RMI2, XPO6 and -0.65 with MYO1C. A second transmembrane protein 

(TMEM87B), showed correlation coefficients below -0.80 with DCP1A, BLCAP, RMI2, 

XPO6, RAB40B and -0.70 with MYO1C. 
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Table 2. Genes with expression patterns highly correlated with MYO1C expression. 

Correlation coefficients of genes clustered with MYO1C using short time-series expression 

miner (STEM). 

 

Regulation of the transcriptional program affected by MYO1C knockdown 

The DREM software was used to mine the data for time points when the expression of groups 

of genes deviated from each other (bifurcation events). Directly from 0h the expression values 

bifurcated into four paths and another three bifurcations (a-c, Fig 4) took place at 8h. Out of 

these latter three bifurcations, four paths (1-4, Fig 4) diverged from each other according to 

their levels of up- or down-regulation. The analysis suggested that the most up-regulated path 

(path 1) was regulated by lowered expression of JUN (jun proto-oncogene) and HEY1 (hes-

related family bHLH transcription factor with YRPW motif 1) as well as by the over-expression 

of FOS (FBJ murine osteosarcoma viral oncogene homolog), JUND (jun D proto-oncogene) 

and EP300 (E1A binding protein p300) and the transcription factors POL2 (polymerase 2), 

POLR2A (polymerase (RNA) II (DNA directed) polypeptide A, 220kDa) and CEBPB 

(CCAAT/enhancer binding protein (C/EBP), beta). The putative involvement of further 

transcription factors is presented in S1 Table. The second most up-regulated path (path 2) 

stemmed from bifurcation c and the analysis indicated that it was also regulated by POL2 and 

POLR2A, as well as by over-expression of SPI1 (Spi-1 proto-oncogene), TBP (TATA box 

binding protein) and JUN, and the lowered expression of TCF4 (transcription factor 4) and 

JUND. Another path out of bifurcation c was the second most down regulated one (path 3), and 

most likely regulated by the over-expressed transcription factor MAFK (v-maf avian 

musculoaponeurotic fibrosarcoma oncogene homolog K), the lowered-expressed JUN and 

CBPB. The last path of interest (path 4) is the most down-regulated, which is most likely caused 

by the down-regulation of HEY1, up regulation of TAF1 (TAF1 RNA polymerase II, TATA 

M
YO1C

DCP1A

SE
C22B
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RAB40B

TM
EM

64

TM
EM

87B

MYO1C 1 0.95 0.92 0.86 0.93 0.87 0.80 -0.66 -0.71

DCP1A 0.95 1 0.96 0.95 0.96 0.94 0.90 -0.78 -0.80

SEC22B 0.92 0.96 1 0.91 0.90 0.85 0.81 -0.66 -0.66

BLCAP 0.86 0.95 0.91 1 0.87 0.94 0.90 -0.84 -0.81

RMI2 0.93 0.96 0.90 0.87 1 0.87 0.86 -0.77 -0.84

XPO6 0.87 0.94 0.85 0.94 0.87 1 0.97 -0.78 -0.82

RAB40B 0.80 0.90 0.81 0.90 0.86 0.97 1 -0.71 -0.81

TMEM64 -0.66 -0.78 -0.66 -0.84 -0.77 -0.78 -0.71 1 0.89

TMEM87B -0.71 -0.80 -0.66 -0.81 -0.84 -0.82 -0.81 0.89 1
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box binding protein (TBP)-associated factor, 250kDa), as well as POLR2A and SIN3A (SIN3 

transcription regulator family member A). 

Fig 4. Regulatory events trigged by MYO1C knockdown. Regulatory map generated by 

the DREM software indicating bifurcation events (a-e) and gene expression paths (1-4). See 

the text for explanation.  

 

Among the most strongly up-regulated genes (path 1, n=173), Gene Ontology annotation terms 

connected to wounds and wound healing were found, such as response to wound healing 

(GO:0009611), coagulation (GO:0050817) and angiogenesis (GO:0001525), along with 

positive regulation of cell migration (GO:0002687, GO:0030334) and locomotion 

(GO:0040017, GO:0040012) in general and locomotion of leukocytes (leukocyte migration 

GO:0050900; regulation of leukocyte migration GO:0050900; leukocyte chemotaxis 

GO:0030595) in particular. In agreement with this, genes from the complement and coagulation 

cascade pathway (hsa04610) were found to be over-represented. The second strongly up-

regulated path (path 2, n=632) showed an over-representation of genes involved in apoptosis 

(GO:0006915) and cell death (GO:0008219), and the regulation of these two biological 

processes (GO:0042981; GO:0010941) both positive regulation (GO:0043065, GO:0010942) 

as well as negative regulation (GO:0043069, GO:0060548). Over-represented pathways 

included fructose and mannose metabolism (hsa00051), sphingolipid metabolism (hsa00600) 

and regulation of actin skeleton (hsa00600). 
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From the down-regulated paths 441 genes were found in path 3. Among these, many genes 

were involved in the cell cycle (GO:0007049), both in the meiotic (GO:0051321) and the 

mitotic (GO:0000278) cell cycles as well as the M phase (GO:0000279) and in the cell cycle 

pathway (hsa04110). Many genes were also involved in nucleotide (GO:0000166) and 

ribonucleotide binding (GO:0032553). The most down regulated path (path 4) contained 206 

genes, many of which are likely to be involved in the differentiation of the nervous system, 

since the most significantly enriched annotation terms were cerebral cortex GABAergic 

interneuron differentiation (GO:0021892), telencephalon development (GO:0021537), and 

cerebral cortex neuron differentiation (GO:0021895) and forebrain neuron differentiation 

(GO:0021879). Among these genes, many KEGG pathways for cancer development are also 

found, such as acute myeloid leukemia (hsa05221) and prostate cancer (hsa05215).  

Gene set enrichment analysis   

Based on the findings in our annotational analysis, as well as published data [2], 25 pathways 

were chosen for gene set enrichment analysis. All of these pathways were significantly enriched 

in at least one time point. The most up-regulated pathways throughout the time series 

experiments are listed in Table 3. Worth noting are the complement and coagulation cascades, 

with genes that were up-regulated at time points 24, 32, 40, 48, 58 and 72h, the steroid hormone 

biosynthesis pathway (hsa00140) up-regulated at 24, 40, 48, 58 and 72h, the pathway for the 

metabolism of xenobiotics by cytochrome P450 (hsa00980) up-regulated at 32, 48, 58 and 72h, 

the pathway for prostate cancer (hsa05215) up-regulated at 8, 24 and 40h, the pathway for 

regulation of actin cytoskeleton (hsa04810) up-regulated at 24, 40 and 72h, the pathway for 

long term potentiation (hsa04720) at 8, 48 and 72h, the apoptosis pathway (hsa04210) up-

regulated at 40, 48 and 58h and the pathway for sphingolipid metabolism (hsa00600) up-

regulated at 40, 48 and 72h as well as the fructose and mannose metabolism pathway up-

regulated at 48, 58 and 72h.  

A few pathways were enriched because of strong down-regulation of their involved genes. 

However, none of the down-regulated pathways tested displayed this enrichment in the early 

time points. Two pathways were enriched this way in four different time points: the cell cycle 

pathway enriched after 32, 48, 58 and 72 hours, and the pathway for small cell lung cancer 

(hsa05222) enriched after 36, 48, 58 and 72 hours. Interestingly, the pathway for small cell lung 

cancer also displayed enrichment of up-regulated genes after 8 hours. Furthermore, the 

pathways for endometrial cancer (hsa05213) and colorectal cancer (hsa05210) were enriched 

at time points 32, 36 and 58h. 
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Table 3. Pathways affected by MYO1C depletion. Pathways identified by annotational and 

enrichment analyses to be changed by MYO1C depletion and time points in which the 

significant correlations were detected. Down-regulated pathways in italics. 

Annotated pathways (up-regulated) Time points (h)  

Complement and coagulation cascades  24, 32, 40, 48, 58 and 72 

Steroid hormone biosynthesis pathway  24, 40, 48, 58 and 72 

Metabolism of xenobiotics by cytochrome P450 32, 48, 58 and 72 

Prostate cancer  8, 24 and 40 

Regulation of actin cytoskeleton  24, 40 and 72 

Fructose and mannose metabolism 48, 58 and 72 

Annotated pathways (down-regulated) Time points (h) 

Cell cycle pathway  32, 48, 58 and 72 

Small cell lung cancer  36, 48, 58 and 72  

Apoptosis 40, 48 and 58 

Endometrial cancer  32, 36 and 58 

Colorectal cancer  32, 36 and 58 

 

Discussion  

Each cell is in constant communication with other cells and its closest environment through 

signaling molecules such as hormones and cytokines that transfer their message through 

transmembrane receptors such as the G-protein coupled receptors and integrins. These 

messages in turn are transferred through an intricate network of second messengers, which have 

the ability to amplify the signal or inhibit it. A subset of these signaling molecules are the class 

I unconventional myosins [32]. These are the slowest motor proteins that are characterized by 

a head domain with an affinity to actin and ATP hydrolysis, a neck region, and a tail domain, 

which associates to target molecules, tethering or otherwise affecting their function [9]. The 

class I myosins are one of the most conserved myosin classes [8] and are involved in endo- and 

exocytosis [2, 14, 33], vesicle stabilization [2, 14, 33], and ATP dependent regulation of 

microvilli [34].  

One of these unconventional class I myosins is myosin-1C (MYO1C). The gene coding for 

myosin-1C (MYO1C) is located on chromosome 17 in human and has homologues in rat and 

mouse as well as in zebrafish, fruit fly and frog. The human MYO1C gene has three splice 

variants, differing in the 5’-end giving rise to three different isoforms of the protein one of 

which (isoform B) is exclusively present in the nucleus. MYO1C is an unconventional myosin 

with a wide array functions ranging from the purely mechanical trafficking of vesicles [35] to 
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the more fluid cell signaling [16]. MYO1C is shown to be involved in glucose uptake via 

transporting vesicles with GLUT 4 [13-15] and angiogenic signaling via transporting of 

VEGFR2 [12]. 

We have recently identified MYO1C as a tumor suppressor gene candidate that can affect cell 

adhesion, motility and proliferation [1, 2]. As of yet, however, the mechanism/s through which 

MYO1C dictates its tumor suppressor functions are unknown. Hence, this study was undertaken 

to explore the time-dependent implications of the loss of MYO1C expression on global gene 

expression. Our previous results [2] suggested a potential involvement of MYO1C in the 

PI3K/AKT pathway. In the present work we detected an early PI3K/AKT response to MYO1C 

knockdown in form of a significant up-regulation of the pathway only eight hours post 

MYO1C-siRNA transfection. Such a significant up-regulation of PI3K/AKT pathway was not 

detected in the later time points. More detailed analysis showed that many genes from the 

PI3K/AKT pathway that are in the leading edge of the enrichment analysis at 8h are located in 

the extracellular matrix and function as receptors in the cell membrane. The fact that the 

observed PI3K/AKT pathway up-regulation did not last long suggests that an initial period of 

up-regulation of these extracellular matrix genes is sufficient for initiating a cascade of events 

in this pathway to transduce MYO1C knockdown into tumorigenesis pathways. 

This finding was very intriguing as in an earlier study we found that serum stimulation of cells 

transfected with MYO1C-siRNA rapidly (after five minutes) exerted a significant response to 

the activated form of AKT (pAKTs473), which is one of the key components of the PI3K/AKT 

pathway, suggesting a fast PI3K/AKT response to MYO1C knockdown [1]. Results from the 

present work provided additional supporting evidence for this hypothesis. Moreover, when 

expression of MYO1C and components of the PI3K/AKT pathway were analyzed in a panel of 

well-stratified colorectal cancer (CRC) samples, significant down-regulation of MYO1C was 

detected, but this down-regulation did not correlate with the previously observed alterations in 

expression levels of PI3K/AKT pathway components [36]. Cancer development is a complex 

and lengthy process that may span from several years to several decades. Accordingly, a tumor 

mass that is removed from a patient represents a heterogeneous population of cancer cells 

produced by long-term malfunction in signaling pathways. In contrast, in vitro experiments 

most likely model cancer initiation stages, and therefore represent short-term states of 

deregulation in signaling pathways. Accordingly, it is reasonable to expect that rapid and short-

term influences of MYO1C will not be identified in a well-developed tumor mass. Hence, the 

lack of correlation between MYO1C down-regulation and alterations in the PI3K/AKT pathway 
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in CRC samples indirectly supports the rapid PI3K/AKT response as identified in the present 

work. 

We additionally identified down-regulation of a set of genes with expression levels that 

correlated very well with MYO1C at 24h and afterwards. These genes (MYC, CCND2 and 

CCNE1) are all known as important regulators of the cell cycle. CCND2 and CCNE1 influence 

the promotion of the cell cycle from G1 to S phase and the MYC protein is a transcription factor 

known to increase the expression levels of these cyclins. Several studies have reported a 

positive correlation between the expression level of MYC and cell proliferation. However, 

neither MYC nor any of the cyclins mentioned here are necessary for cell cycle progression 

(reviewed in [37]). The fact that all these genes have important functions related to the cell 

cycle would suggest that the nuclear splice variant of MYO1C is more likely to be involved in 

this process. It is important to note that although MYO1C is likely to have an effect on the cell 

cycle machinery through MYC, CCND2 and CCNE1, the reported increased cell count in 

response to MYO1C knockdown [1] could also be the result of other cyclins, or due to other 

mechanisms, e.g. malfunction in apoptosis.  

We further performed gene-clustering analysis that identified a highly positive correlation 

between MYO1C and the expression of the DCP1A, SEC22B, XPO6, RMI2, BLCAP and 

RAB40B genes. These genes do not (yet) show common features/functions with each other, 

however each one of them could singularly correlate with diverse MYO1C-induced 

phenotypes. The DCP1A gene encodes a protein, which decaps mRNA, thereby making it 

susceptible to further degradation. This protein is located in mRNA processing bodies (p-

bodies) [38, 39] and the concurrent down-regulation of this gene with MYO1C would suggest 

a role for MYO1C in the formation or stabilization of p-body vesicles. Following similar logic, 

our results further suggest a role for MYO1C in vesicle transport and fusion of vesicles between 

the Golgi apparatus and the endoplasmic reticulum via the trafficking protein SEC22B [40, 41], 

as well as in the transport of β-actin across the nuclear membrane via XPO6 [42]. We 

additionally found evidence for potential involvement of MYO1C in chromosome stability, as 

we detected a positive correlation between expression levels of MYO1C and RMI2. The protein 

encoded by RMI2 is an essential component of the RMI (RecQ-mediated genome instability) 

complex, which is important for resolving homologous recombination intermediates such as 

double holiday junctions [43, 44]. Reduced expression of RM12 results in malfunction of 

homologous recombination machinery and thus chromosome instability. Down-regulation of 

BLCAP is reported in various cancer types, including bladder and cervical carcinoma. The 
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resulting protein is suggested to have a role in the promotion of apoptosis, but the pathway 

through which it operates is still unclear [45]. The apoptosis promoting function of BLCAP is 

especially interesting as our results indicate that the down-regulation of MYO1C through down-

regulation of BLCAP can result in impaired apoptosis. 

Our results also showed that the genes encoding two membrane proteins, TMEM64 and 

TMEM87B, have a strong negative correlation with the down regulation of MYO1C. Not much 

functional data are available for these proteins, but both appear to be involved in cell 

differentiation and development. The TMEM64 protein has been shown to drive the 

differentiation of mesenchymal stem cells from adipocytes to osteoblasts via the Wnt/β-catenin 

signaling pathway in mice [46] and depletion of TMEM87B resulted in defective cardiac 

development in zebrafish [47]. TMEM87B has been shown to interact with human papilloma 

virus (HPV) type 18 E6, which is strongly associated with the development of HPV-induced 

cervical cancer [48]. In the present work we identified a strong negative correlation between 

MYO1C expression and expression of these genes that could implicate potential involvement 

of MYO1C in cell differentiation processes via the Wnt/β-catenin pathway, therefore 

supporting the initial hypothesis of a tumorigenesis role for MYO1C. 

Interestingly, further evidence for cancer-related functions of MYO1C was provided through 

annotational and enrichment analyses. These analyses suggested that expression level of 

MYO1C were correlated to the regulation of pathways that are known as tumorigenesis 

pathways or strongly related to tumorigenesis processes (Table 3).  

Taken together, the present work produced supporting evidence for the initial hypothesis of 

MYO1C tumor suppressor activity as well as suggested new targets for MYO1C interaction 

through which MYO1C may exert its cancer-related functions. As a purely exploratory study, 

the presented data have some limitations. The lack of replicates in the experimental design is a 

definite limitation, but when designing the study we prioritized more time points over 

duplicates, to ensure capturing the dynamics of gene regulation and provide sufficient data for 

correlation analyses. Another limitation is the inaccuracy in measuring low concentration gene 

expressions when using microarray analysis in comparison with qPCR. In order to minimize 

this limitation, we chose to use the 3D-Gene® platform from Toray, which has special features, 

such as a black resin substrate which produces a lower background signal and a columnar 

structure upon which the probers are mounted giving more uniform results [49]. The genes and 

pathways identified in the present in vitro work need to be further investigated and validated 

using qPCR on the time-series experiments as well as in clinical samples.  



 Page 18 of 22 

 

Acknowledgement  

This work was supported by research grants from The Knowledge Foundation (HÖG12, 

20120311), Nilsson-Ehle (grants 30928, 32705, 36388), AG-fonden (grants FB11-15, FB12-

26, FB13-05, FB14-46, FB15-45), and Sahlgrenska University Hospital (8181). 

 

References  

1. Hedberg Oldfors, C., et al., Analysis of an independent tumor suppressor locus telomeric to 
Tp53 suggested Inpp5k and Myo1c as novel tumor suppressor gene candidates in this region. 
BMC Genet, 2015. 16: p. 80. 

2. Visuttijai, K., et al., Lowered expression of tumor suppressor candidate MYO1C stimulates cell 
proliferation, activates Akt and suppresses cell adhesion. Submitted 2015. 

3. Maehama, T. and J.E. Dixon, The Tumor Suppressor, PTEN/MMAC1, Dephosphorylates the 
Lipid Second Messenger, Phosphatidylinositol 3,4,5-Trisphosphate. Journal of Biological 
Chemistry, 1998. 273(22): p. 13375-13378. 

4. Nishioka, M., et al., MYO18B, a candidate tumor suppressor gene at chromosome 22q12.1, 
deleted, mutated, and methylated in human lung cancer. Proc Natl Acad Sci U S A, 2002. 
99(19): p. 12269-12274. 

5. Taki, T., et al., The MYO1F, unconventional myosin type 1F, gene is fused to MLL in infant 
acute monocytic leukemia with a complex translocation involving chromosomes 7, 11, 19 and 
22. Oncogene, 2005. 24(33): p. 5191-7. 

6. Odronitz, F. and M. Kollmar, Drawing the tree of eukaryotic life based on the analysis of 2,269 
manually annotated myosins from 328 species. Genome Biol, 2007. 8(9): p. R196. 

7. Syamaladevi, D.P., J.A. Spudich, and R. Sowdhamini, Structural and functional insights on the 
Myosin superfamily. Bioinform Biol Insights, 2012. 6: p. 11-21. 

8. Foth, B.J., M.C. Goedecke, and D. Soldati, New insights into myosin evolution and 
classification. Proc Natl Acad Sci U S A, 2006. 103(10): p. 3681-6. 

9. Woolner, S. and W.M. Bement, Unconventional myosins acting unconventionally. Trends Cell 
Biol, 2009. 19(6): p. 245-52. 

10. Mooseker, M.S. and R.E. Cheney, Unconventional myosins. Annu Rev Cell Dev Biol, 1995. 11: 
p. 633-75. 

11. Berg, J.S., B.C. Powell, and R.E. Cheney, A millennial myosin census. Mol Biol Cell, 2001. 12(4): 
p. 780-94. 

12. Tiwari, A., et al., The myosin motor Myo1c is required for VEGFR2 delivery to the cell surface 
and for angiogenic signaling. Am J Physiol Heart Circ Physiol, 2013. 304(5): p. H687-96. 

13. Bose, A., et al., Glucose transporter recycling in response to insulin is facilitated by myosin 
Myo1c. Nature, 2002. 420(6917): p. 821-4. 

14. Bose, A., et al., Unconventional myosin Myo1c promotes membrane fusion in a regulated 
exocytic pathway. Mol Cell Biol, 2004. 24(12): p. 5447-58. 

15. Toyoda, T., et al., Myo1c regulates glucose uptake in mouse skeletal muscle. J Biol Chem, 
2011. 286(6): p. 4133-40. 

16. Sarshad, A., et al., Nuclear myosin 1c facilitates the chromatin modifications required to 
activate rRNA gene transcription and cell cycle progression. PLoS Genet, 2013. 9(3): p. 
e1003397. 



 Page 19 of 22 

17. Pestic-Dragovich, L., et al., A myosin I isoform in the nucleus. Science, 2000. 290(5490): p. 
337-41. 

18. Sielski, N.L., et al., Tissue specific expression of myosin IC isoforms. BMC Cell Biol, 2014. 15: p. 
8. 

19. Ihnatovych, I., et al., Identification and characterization of a novel myosin Ic isoform that 
localizes to the nucleus. Cytoskeleton (Hoboken), 2012. 69(8): p. 555-65. 

20. Hokanson, D.E. and E.M. Ostap, Myo1c binds tightly and specifically to phosphatidylinositol 
4,5-bisphosphate and inositol 1,4,5-trisphosphate. Proc Natl Acad Sci U S A, 2006. 103(9): p. 
3118-23. 

21. Brandstaetter, H., J. Kendrick-Jones, and F. Buss, Molecular roles of Myo1c function in lipid 
raft exocytosis. Commun Integr Biol, 2012. 5(5): p. 508-10. 

22. Yin, H.L. and P.A. Janmey, Phosphoinositide regulation of the actin cytoskeleton. Annu Rev 
Physiol, 2003. 65: p. 761-89. 

23. Chen, X.W., et al., Activation of RalA is required for insulin-stimulated Glut4 trafficking to the 
plasma membrane via the exocyst and the motor protein Myo1c. Dev Cell, 2007. 13(3): p. 
391-404. 

24. Bose, A., et al., Glucose transporter recycling in response to insulin is facilitated by myosin 
Myo1c. Nature, 2002. 420(6917): p. 821-824. 

25. Hokanson, D.E. and E.M. Ostap, Myo1c binds tightly and specifically to phosphatidylinositol 
4,5-bisphosphate and inositol 1,4,5-trisphosphate. Proc Natl Acad Sci U S A, 2006. 103(9): p. 
3118-3123. 

26. Ijuin, T. and T. Takenawa, SKIP Negatively Regulates Insulin-Induced GLUT4 Translocation and 
Membrane Ruffle Formation. Molecular and Cellular Biology, 2003. 23(4): p. 1209-1220. 

27. Debnath, J., S.K. Muthuswamy, and J.S. Brugge, Morphogenesis and oncogenesis of MCF-10A 
mammary epithelial acini grown in three-dimensional basement membrane cultures. 
Methods, 2003. 30(3): p. 256-268. 

28. Ernst, J. and Z. Bar-Joseph, STEM: a tool for the analysis of short time series gene expression 
data. BMC Bioinformatics, 2006. 7: p. 191. 

29. Ernst, J., et al., Reconstructing dynamic regulatory maps. Mol Syst Biol, 2007. 3: p. 74. 
30. Huang da, W., B.T. Sherman, and R.A. Lempicki, Systematic and integrative analysis of large 

gene lists using DAVID bioinformatics resources. Nat Protoc, 2009. 4(1): p. 44-57. 
31. Subramanian, A., et al., Gene set enrichment analysis: a knowledge-based approach for 

interpreting genome-wide expression profiles. Proc Natl Acad Sci U S A, 2005. 102(43): p. 
15545-50. 

32. Nakamori, Y., et al., Myosin motor Myo1c and its receptor NEMO/IKK-gamma promote TNF-
alpha-induced serine307 phosphorylation of IRS-1. J Cell Biol, 2006. 173(5): p. 665-71. 

33. Sokac, A.M., et al., Myosin-1c couples assembling actin to membranes to drive compensatory 
endocytosis. Dev Cell, 2006. 11(5): p. 629-40. 

34. McConnell, R.E. and M.J. Tyska, Myosin-1a powers the sliding of apical membrane along 
microvillar actin bundles. J Cell Biol, 2007. 177(4): p. 671-81. 

35. Yip, M.F., et al., CaMKII-mediated phosphorylation of the myosin motor Myo1c is required for 
insulin-stimulated GLUT4 translocation in adipocytes. Cell Metab, 2008. 8(5): p. 384-98. 

36. Visuttijai, K., et al., Expression of MYO1C is down-regulated in primary colorectal tumors 
Submitted 2015. 

37. Bretones, G., M.D. Delgado, and J. Leon, Myc and cell cycle control. Biochim Biophys Acta, 
2015. 1849(5): p. 506-516. 

38. Lykke-Andersen, J., Identification of a human decapping complex associated with hUpf 
proteins in nonsense-mediated decay. Mol Cell Biol, 2002. 22(23): p. 8114-21. 

39. Sheth, U. and R. Parker, Decapping and decay of messenger RNA occur in cytoplasmic 
processing bodies. Science, 2003. 300(5620): p. 805-8. 

40. Xu, D., et al., Subunit structure of a mammalian ER/Golgi SNARE complex. J Biol Chem, 2000. 
275(50): p. 39631-9. 



 Page 20 of 22 

41. Hay, J.C., et al., Protein interactions regulating vesicle transport between the endoplasmic 
reticulum and Golgi apparatus in mammalian cells. Cell, 1997. 89(1): p. 149-58. 

42. Stuven, T., E. Hartmann, and D. Gorlich, Exportin 6: a novel nuclear export receptor that is 
specific for profilin.actin complexes. EMBO J, 2003. 22(21): p. 5928-40. 

43. Singh, T.R., et al., BLAP18/RMI2, a novel OB-fold-containing protein, is an essential 
component of the Bloom helicase-double Holliday junction dissolvasome. Genes Dev, 2008. 
22(20): p. 2856-68. 

44. Xu, D., et al., RMI, a new OB-fold complex essential for Bloom syndrome protein to maintain 
genome stability. Genes Dev, 2008. 22(20): p. 2843-55. 

45. Yao, J., et al., Overexpression of BLCAP induces S phase arrest and apoptosis independent of 
p53 and NF-kappaB in human tongue carcinoma : BLCAP overexpression induces S phase 
arrest and apoptosis. Mol Cell Biochem, 2007. 297(1-2): p. 81-92. 

46. Jeong, B.C., et al., Transmembrane protein 64 reciprocally regulates osteoblast and adipocyte 
differentiation by modulating Wnt/beta-catenin signaling. Bone, 2015. 78: p. 165-73. 

47. Russell, M.W., et al., Functional analysis of candidate genes in 2q13 deletion syndrome 
implicates FBLN7 and TMEM87B deficiency in congenital heart defects and FBLN7 in 
craniofacial malformations. Hum Mol Genet, 2014. 23(16): p. 4272-84. 

48. Li, S., et al., Expression of TMEM87B interacting with the human papillomavirus type 18 E6 
oncogene in the Hela cDNA library by a yeast two-hybrid system. Oncol Rep, 2008. 20(2): p. 
421-7. 

49. Nagino, K., et al., Ultrasensitive DNA chip: gene expression profile analysis without RNA 
amplification. J Biochem, 2006. 139(4): p. 697-703. 

 

  



 Page 21 of 22 

Supporting Information 

S1 Table. Transcription factor genes differentially expressed in response to MYO1C knockdown. 

Up- and down-regulated genes in response to MYO1c knockdown that encode for transcription factors 

involved in dynamic splits. Genes color coded in blue were up-regulated and those in red were down-

regulated.  

Path 1 Path 2 Path 3 Path 4 

TF Score TF Score TF Score TF Score TF Score 

JUN 2E-16 SPI1 2.6E-11 CEBPB 3.27E-09 HEY1 6.9E-25 TAF7 8.76E-09 

POL2 2.3E-14 POL2 1.8E-09 MAFK 9.44E-07 TAF1 7.09E-23 BRCA1 1.35E-08 

FOS 2.5E-13 TCF4 2.6E-08 JUN 6.8E-06 POLR2A 2.7E-22 GATA1 1.4E-08 

HEY1 3.2E-13 TBP 3.2E-08 MAFF 1.25E-05 SIN3A 2.8E-22 FOXA1 1.43E-08 

POLR2A 1.7E-12 JUND 4.7E-08 FOS 1.79E-05 E2F1 1.61E-20 BCL11A 2.52E-08 

CEBPB 4.2E-11 POLR2A 6.5E-08 GATA2 4.48E-05 POL2 7.1E-20 GTF2F1 2.63E-08 

JUND 4.9E-11 JUN 5.7E-07 POL2 1.33E-04 TBP 1.55E-19 NANOG 2.78E-08 

EP300 5.5E-11 TAF1 1.4E-06 EP300 1.67E-04 YY1 1.75E-17 SMARCB1 3.54E-08 

TBP 2.4E-10 SMC3 1.5E-06 BATF 1.71E-04 JUND 2.22E-16 SPI1 3.73E-08 

TAF1 5.4E-10 E2F1 2.5E-06 PRDM1 1.83E-04 E2F6 3.77E-16 USF2 4.72E-08 

STAT3 6E-10 EP300 3.4E-06 GATA3 3.03E-04 JUN 4.2E-16 MAFF 0.00000005 

ELF1 1E-09 HMGN3 3.4E-06 JUNB 3.05E-04 EGR1 4.84E-15 IRF4 2.14E-07 

EGR1 2.7E-09 FOS 8.9E-06 RFX5 4.24E-04 FOS 2.47E-14 SRT 2.33E-07 

FOXA1 3.2E-09 RAD21 1E-05 PAX5 4.27E-04 ELF1 6.47E-14 FOSL2 2.48E-07 

MAFK 7E-09 IRF1 1.1E-05 SMARCA4 6.87E-04 REST 1.1E-13 IRF1 3.82E-07 

E2F1 8.2E-09 HNF4A 1.7E-05 HDAC8 7.35E-04 NFKB1 1.1E-13 SMC3 3.99E-07 

MYC 6.9E-08 HEY1 2.2E-05   CCNT2 1.70E-13 CHD2 4.01E-07 

TFAP2A 7.5E-08 HDAC2 2.8E-05   POU2F2 2E-13 TRIM28 4.27E-07 

RFX5 9.5E-08 ZNF263 4.4E-05   TFAP2C 3.47E-13 SETDB1 5.07E-07 

TFAP2C 1E-07 STAT1 5E-05   MAX 9.74E-13 CTCF 6.55E-07 

GATA3 1.1E-07 CTCF 8.4E-05   MYC 9.74E-13 NRF1 8.76E-07 

FOSL2 1.3E-07 FOXA1 9.8E-05   PAX5 1.6E-12 CTBP2 1.05E-06 

CCNT2 1.5E-07 CCNT2 0.00012   FOXA2 7.1E-12 MEF2A 0.00000243 

ESR1 1.9E-07 E2F6 0.00012   EP300 7.85E-12 GTF2B 0.00000305 

SPI1 4.5E-07 TAL1 0.00013   TAL1 1.3E-11 MEF2C 0.00000381 

E2F6 4.8E-07 ZBTB7A 0.00015   USF1 5.8E-11 HNF4G 0.00000454 

MXI1 4.8E-07 EBF1 0.00016   TCF4 5.79E-11 SIX5 4.63E-06 

SIN3A 1.9E-06 CEBPB 0.00016   CEBPB 6.3E-11 SMARCC1 5.21E-06 

TAL1 2.1E-06 FOSL2 1.79E-04   MAFK 7.55E-11 GATA2 7.94E-06 

HMGN3 2.4E-06 NFKB1 0.00021   STAT3 1.12E-10 ETS1 8.55E-06 

PAX5 4.9E-06 HNF4G 0.00022   ZBTB7A 1.2E-10 ELK4 0.0000112 

POU2F2 1.3E-05 TFAP2A 0.00026   HDAC2 1.3E-10 RDBP 1.24E-05 

EBF1 1.8E-05 MYC 0.00026   EBF1 2.50E-10 HNF4A 0.0000139 

FOXA2 2E-05 STAT3 0.00028   NR3C2 3.3E-10 NFYB 1.44E-05 

MAFF 2.7E-05 FOXA2 0.00036   JUNB 4.1E-10 STAT1 1.47E-05 

YY1 4.1E-05 ELF1 0.00038   TFAP2A 5.00E-10 SREBF1 0.0000172 
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GATA2 6.3E-05 PRDM1 0.00039   GABPB1 5.49E-10 POU5F1 0.0000201 

NFKB1 7.2E-05 YY1 0.0004   SP1 1.3E-09 ZEB1 0.0000281 

NR3C2 8.2E-05 MAFK 0.0004   ZNF143 1.6E-09 ESR1 3.21E-05 

SMC3 0.0001 GATA2 0.00042   MXI1 1.9E-09 NR2C2 0.000129 

ZBTB7A 0.0001 MAX 0.00046   RFX5 2.2E-09 BCL3 1.97E-04 

MAX 0.00011 CTCFL 0.00063   BATF 2.28E-09 NFYA 0.000255 

CHD2 0.00011 SP1 0.00093   RAD21 2.4E-09 E2F4 0.000316 

GTF2F1 0.00012     ZNF263 2.9E-09 RXRA 0.000525 

CTCF 0.00015     HMGN3 4.60E-09 PRDM1 0.000615 

USF1 0.00018     GATA3 6.6E-09 NFE2 0.000711 

REST 0.0002     TCF12 7.3E-09 CTCFL 0.000805 

SP1 0.00021         

RAD21 0.00023         

ELK4 0.00026         

HNF4A 0.0003         

ZEB1 0.00041         

E2F4 0.00042         

SMARCB1 0.00043         

BATF 0.00047         

BRCA1 0.00052         

TCF4 0.00056         

TAF7 0.00077         
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ABSTRACT 

The unconventional myosin 1C (MYO1C) is a multifunctional protein working both as a motor protein 

and a part of cell signalling. Our lab recently put forward evidence to suggest that MYO1C also works as 

a haploinsufficient tumour suppressor. In order to study how such a function might be carried out we 

have also performed a transcriptome-wide microarray analysis on samples with their MYO1C gene 

expression knocked down. This study aims to validate part of the findings from that microarray study 

using RT-qPCR and analyse the alleged down regulation of the cell cycle by studying genes (CCND1, 

CCND2, CKN2B, CDKN2C, MYC and RBL1) important for entry into S-phase. We also wanted to study the 

expression of the same genes on endometrial carcinoma samples. Our results showed good correlation 

between half of the microarray and qPCR data sets using the same experimental samples. Of these 

CCND2 was the only one with a significantly downregulated expression caused by the MYO1C knock-

down. Another repeat knock-down experiment was also performed and the qPCR data comparing the 

two biological replicates showed more correlations. In the tumour samples, a negative correlation 

between MYO1C and tumour grade. Our data suggests an altered CCND2 expression caused by the lack 

of MYO1C. Loss of CCND2 has previously been linked to prostate- and breast cancer. This is the first time 

its expression is detailed in endometrial carcinoma where neither it nor any other of the cell cycle genes 

showed a difference between FIGO grades. 
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INTRODUCTION

Myosin 1C (MYO1C) is an unconventional myosin[1, 2]. Like all other myosins it is a motor protein with a 

head, neck and tail region, however, unlike conventional myosins, it has only one head instead of two. 

The head domain is associated with energy conversion and the tail is where any cargo it may carry 

associates to [3, 4]. Myosin 1C has been implicated in a wide variety of functions such as regulation of the 

stereocilia in the inner ear [5], the transport of the GLUT4 receptor [6], and the development of glomerular 

structures [7, 8] as well as in ribosomal gene transcription and cell cycle progression [9]. Such diverse 

functions are made possible by the different localization of its three isoforms in either the cytoplasm 

and/or the nucleus [10, 11]. 

We recently provided evidence for MYO1C functioning as a haploinsufficient tumour suppressor in a 

number of cancer types [12, 13]. As this potential function is quite new for MYO1C, it is not fully clear 

through which mechanism/s MYO1C may contribute to tumour development. To address this, we 

performed a knock down study of MYO1C in vitro and examined the time-dependent effects of loss of 

MYO1C mRNA on the transcriptome [14]. Alterations in the expression of several important cancer-

related pathways and genes were identified in response to MYO1C knock down, including pathways for 

prostate-, colorectal-, endometrial- and small cell lung cancer. Another of the observed effects of MYO1C 

knock down was the down-regulation of the cell cycle pathway [14]. 

The current study focuses on validating the down-regulation of the cell cycle pathway in response to 

MYO1C knock down using qPCR. To this end we focused on six genes involved in this pathway namely 

cyclin D1 (CCND1), cyclin D2 (CCND2), cyclin-dependent kinase inhibitor 2B (CDKN2B), cyclin-dependent 

kinase inhibitor 2C (CDKN2C), RB transcriptional corepressor like 1 (RBL1) and v-myc avian 

myelocytomatosis viral oncogene homolog (MYC). We examined the expression of these genes in the 

experimental material used for the transcriptome analysis [14] as well as in a well-stratified panel of 

endometrial carcinoma. These genes are known to play key roles in the progression of the cell cycle into 

S-phase. The cyclins, when activated by a growth factor-induced cell signalling pathway, pair up with cyclin 

dependent kinases (CDKs) 4 and 6 which phosphorylate members of the retinoblastoma family of 

proteins, including RBL1, which in turn releases its hold on the E2F and DP transcription factors, hence set 

them free to promote the expression of genes needed for cell cycle progression. This pathway is 

suppressed by cyclin-dependent kinase inhibitors and induced by the oncogene MYC; through, among 

others, its negative regulatory effects on cyclin-dependent kinase inhibitors [15, 16]. 
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This study also aimed to examine the expression pattern of the above-mentioned genes as well as MYO1C 

in a set of well-stratified endometrial carcinoma samples. Endometrial carcinoma is the most common 

form of gynaecological cancer in the developed world [17]. It is generally divided into two types with 

different aetiologies and outcomes [18]. Type 1 represents around 80% of all cases, it is often oestrogen 

dependent and has a good prognosis. Type 2 on the other hand is not so common but it is more aggressive, 

more prone to relapse and associated with an overall worse outcome [19]. Depending on many factors 

such as morphology of the cells, metastatic ability and size the tumours are graded on a scale from I to IV 

[20]. 

 

MATERIAL and METHODS  

Study design 

This study is a continuation and validation of the previous work by this group [14] in which we knocked 

down MYO1C expression using siRNA and performed global gene expression analysis at nine different 

time points post siRNA transfection to identify genes and pathways with altered expression patterns 

correlated to the MYO1C down-regulation. Among other findings, the analysis revealed that the cell cycle 

pathway (hsa04110 in the Kyoto Encyclopedia of Genes and Genomes (KEGG) database) was down-

regulated in response to MYO1C knock down. We designed the present study to use validated RT-qPCR 

assays to examine the expression of some of the genes involved in this pathway both in the original time-

series used to generate microarray data set [14] and in an independent repeat of this time-series as well 

as in a panel of well-stratified, clinical endometrial carcinoma samples. 

Tissue samples 

For this study, 28 fresh frozen tissue samples were used. The samples came from an anonymised cohort 

of Belgian women donating their tissue to the University hospital in Leuven, Belgium. Informed consent 

was collected from all donors and the study was approved by de Commissie Medische Ethiek van de 

Universitaire Zienkenhuizen K.U.Leuven. The tumour samples were classified into FIGO grades and 

included 15 samples from tissue stratified into FIGO grade I, six samples from grade II, two samples from 

grade III and two samples from grade IV, and three samples of hyperplasia. 

Cell line and transfection 

The normal breast epithelium MCF10A (Michigan Cancer Foundation, ATCC, USA) cell line was used for 

cell transfections in this study. The cells were cultured as described by Debnath and colleagues [21] and 
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transfected with MYO1C-siRNA or scrambled siRNA as explained in the previous work [14]. At different 

time points post siRNA treatments, cells were pelleted and frozen in RNAprotect Cell Reagent (Qiagen, 

Germany) at -80oC for later extraction of total RNA, DNA and protein. For this study, two independent 

transfection repeats were performed. Samples included in the analysis were taken at 0, 8, 24, 32, 36, 40, 

48, 58 and 72 hours post transfections. 

RNA Extraction 

Total RNA was extracted from the tissue samples using the mirVana™ PARIS™ RNA and native protein 

purification kit (Ambion) and from the cell pellets using the RNeasy Plus kit (Qiagen) according to the 

manufacturer’s instructions. The quantity of the RNA samples was controlled using a Dropsense 96 UV/VIS 

reader (Trinean, Belgium) and their quality was controlled using a Fragment Analyzer™ (Advanced 

analytical technologies, Inc., Germany). 

cDNA synthesis and qPCR analysis 

The RNA was converted into cDNA using the TATAA GrandScript cDNA SuperMix (TATAA Biocenter AB, 

Sweden). Each reaction consisted of 20 µl with either 500 ng total RNA. All cDNA samples were diluted to 

a final dilution of 1:500 and the assays had a final concentration of 400 nM for the primers and 200 nM 

for the probes. The TATAA Probe Grandmaster® Mix (TATAA Biocenter AB) was used according to 

manufacturer’s protocol. All reactions were run on a LightCycler® 480 (Roche Diagnostics, Switzerland). 

To control for potential gDNA contamination the ValidPrime® assay (TATAA Biocenter AB) and human 

genomic DNA (Bioline, UK) were used. Each plate included three replicates of interpolate calibrator 

primers and sample (TATAAA Biocenter AB). A panel of six reference genes (TATAA Biocenter AB; details 

of which can be found in supplementary table 1) were included in the analysis. Using geNorm and 

NormFinder (in Genex, v.6, Multid Analyses AB, Sweden), peptidylprolyl isomerase A (PPIA) and tyrosine 

3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta (YWHAZ) were identified as the 

most stably expressed genes in the tissue samples and PPIA was the most stably expressed gene in the 

the cell culture samples hence, they were selected as reference genes. 

QPCR assay design 

Primers for CCNDC2, CDKN2C, MYO1C and RBL1 were designed using the Primer Blast software (National 

Center for Biotechnology and Information, NCBI, USA), and all probes were designed using Beacon 

Designer (Premier Biosoft, Palo Alto, CA). Primer specificity was confirmed with gel electrophoresis, which 

resulted in a single band for all primers. Primer context sequences, sequence accession numbers, 

amplicon length, probe modifications, efficiencies and information about the targeted splice variants can 
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be found in supplementary table 1. All primers and probes were manufactured by Integrated DNA 

Technologies (Coralville, IA, USA), the primers were purified using standard desalting and the probes were 

purified with HPLC. Efficiencies were tested for all assays with purified PCR products as template for a 

standard curve of 7 points with 10-fold dilution for each step. Primers for CCND1, CDKN2B and MYC were 

purchased from TATAA Biocenter AB (supplementary table 1). 

Data analysis 

Primary data analysis was performed using the LC480 software (v.1.5.0, Roche Diagnostics), which 

calculated all Cq values using its patented second derivative algorithm. Fold change was calculated using 

the comparative Cq method [22]. The tissue samples were normalised to the ‘normal’ hyperplasia samples 

and the time-series data was normalized to time point 0. Inter plate correction was performed according 

to manufacturer’s instructions in GenEx (v. 6, Multid Analyses AB), genomic DNA was corrected for in the 

tissue samples which contained them according to manufacturer’s instructions. Statistical significance was 

calculated using One-way ANOVA followed by Tukeys’s multiple comparison test when looking at 

differences in expression between different time series and treatments, Two-way ANOVA when looking 

at the differences between tumour grades. Hierarchical clustering of the genes and samples were 

performed in Genex using standard settings. 

 

RESULTS 

QPCR analysis showed that MYO1C was successfully knocked down in both time-series 

In both time-series there was a clear expression of MYO1C mRNA in the cells at the moment of 

transfection, i.e. at time point 0. This expression was maintained at a high level in the cells treated with a 

scrambled siRNA sequence, whereas it decreased to less that 10% in cells treated with MYO1C-siRNA in 

both of the independent repeats of time-series (Figure 1). 

 

Correlation analysis between microarray and qPCR data for time-series 1 

We next examined how well our current qPCR data for the original time-series (time-series 1) correlated 

with the microarray data for the same time-series [14]. This was done by calculating the Pearson 

correlation coefficient between the microarray data and the qPCR data on the experimental material from 

time-series 1 for each of the MYO1C-siRNA and scrambled siRNA treatments (Table 1). 
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Figure 1. Expression of MYO1C in MCF10A cells after siRNA treatment. The expression in the samples treated with 

scrambled siRNA remains at high levels for the duration of the experiment. The expression of the samples treated 

with MYO1C-siRNA is significantly decreased in both time series. 

The analysis revealed a significant (p<0.05, marked with an * in Table 1) and strong positive correlation 

(r>0.6, marked in bold in Table 1) for the expression of CDKN2C, MYC and RBL1 between the microarray 

and qPCR data in the cells treated with scrambled siRNA (Table 1). We also found a significant and strong 

positive correlation for the expression of MYO1C, RBL1 and CCND2 between the microarray and qPCR 

data in the cells treated with MYO1C-siRNA (Table 1). It was most interesting when the same set of genes 

showed up in a similar correlation analysis between time-series 1 and time-series 2 qPCR data. In 

conclusion, this analysis suggests that there is a strong correlation between microarray and qPCR data for 

a total of five genes: MYO1C, CCND2, RBL1, CDKN2C and MYC. As knock down of MYO1C was independent 

in the experimental setup, the highly significant correlation between microarray and qPCR data for this 

gene and in the MYO1C-siRNA treated cells indicate that microarray and qPCR could successfully detect 

MYO1C knock down in the time-series 1. Accordingly, if such a strong correlation between the two 

methodologies existed for other genes, it would be safe to conclude that the observed alterations in the 

expression pattern of these genes are reliable findings for a further scrutiny. Nevertheless, those genes 

that are of interest for this study are those that display an altered pattern of expression in response to 

MYO1C knock down, meaning that there should exist a significant variation in the pattern of expression 

of the gene between cells treated with MYO1C-siRNA and scrambled siRNA. 
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Table 1. Pearson correlation coefficients between the different platforms and time-series for each treatment. 

Correlations above 0.6 are marked in bold. Statistically significant (p<0.05) are marked with an *. 

 

 

Figure 2 shows the qPCR expression patterns (for both time-series) of the above-mentioned five genes 

whose expression pattern was found to be strongly correlated between the microarray and qPCR datasets. 

As shown, the expression of MYC did not change much over time in either MYO1C-siRNA or scrambled 

siRNA treated cells, whereas the expression of RBL1 and CDKN2C declined over time both in cells treated 

with MYO1C-siRNA and scrambled siRNA (Figure 2). There was, however, a clearly decreased expression 

of CCND2 in the cells treated with MYO1C-siRNA compared to the control cells (treated with scrambled 

siRNA, Figure 2) and this difference was found statistically significant using one-way ANOVA (p<0.05). 

Accordingly, we propose that, expression of CCDN2 was significantly and specifically down-regulated in 

response to MYO1C knock down. 

Gene Treatment 
Microarray vs qPCR for 

time-series 1 

Time-series 1 vs time-

series 2 in qPCR 

CCND1 
scrambled 0.43 0.34 

MYO1C-siRNA 0.23 -0.59 

CCND2 
Scrambled -0.42 -0.47 

MYO1C-siRNA 0.87* 0.84* 

CDKN2C 
Scrambled 0.66* 0.46 

MYO1C-siRNA 0.38 0.81* 

MYC 
Scrambled 0.72* 0.74* 

MYO1C-siRNA 0.05 -0.11 

MYO1C 
Scrambled 0.20 -0.08 

MYO1C-siRNA 0.77* 0.69* 

RBL1 
Scrambled 0.70* 0.94* 

MYO1C-siRNA 0.80* 0.87* 
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Figure 2. Time-series graphs showing qPCR expression patterns of CCND2, CDKN2C, MYC and RBL1 in time-series 1 

(filled data points) and 2 (empty data points) in cells transfected with MYO1C-siRNA (red) or scrambled siRNA (blue). 

 

MYO1C appeared to be down-regulated in higher grade tumours 

In our qPCR experiments, we included a panel of clinical samples of endometrial carcinomas of clearly 

defined FIGO grades and ‘normal’ hyperplasia. The panel included too few samples from tumour grades 

III and IV, hence for the purpose of statistical tests we chose to unite grades III and IV into one group in 

the analysis. The samples from hyperplasia were also too few, therefore they were excluded from the 

analysis. 

The analysis suggested a negative correlation between expression level of MYO1C and tumour grades, i.e. 

the grades III-IV group of tumours had the least expression level of MYO1C, followed by grade II and grade 

I tumours, respectively (Figure 3). Nevertheless, as expected from clinical samples, due to natural 
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variations among tumours, the observed differences in the level of MYO1C expression between the three 

tumour groups did not reach to a significant level (Figure 3). In an earlier work using another panel of 

endometrial carcinoma, we found a similar negative correlation between lowered expression of MYO1C 

protein and tumour grades and the detected differences between tumour groups reached to a significant 

level [13]. It will be interesting to investigate whether expression of MYO1C at the protein level in samples 

used in this study would follow the same pattern. 

 

In figure 4 results for the qPCR analysis of CCND1, MYC, CCND2, CDKN2B and CDKN2C expressions in the 

tumour panel are presented. As shown, no specific pattern for the expression of these genes that could 

be correlated with the tumour grade was observed. 

 

Hierarchical clustering 

The normalized expression values for both the tumour samples and the samples from the time-series 

were separately clustered hierarchically and a heat map was drawn. No cluster was immediately apparent 

in the tumour samples corresponding to their respective FIGO grades (data not shown). 

The samples from the time-series, on the other hand, clustered well according to which treatment they 

had been subjected to and the samples from time point 0 clustered with the samples treated with 

scrambled siRNA (Supplementary figure 1). 

Figure 3. MYO1C expression in a panel of endometrial carcinoma. The panel included 15 grade I tumours, 6 grade II 
tumours, and 4 grades III-IV tumours. The analysis suggested a negative correlation between average relative 
expression of MYO1C and tumour grade. Error bars indicate maximum and minimum values. 
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Figure 4. QPCR analysis of cyclin D1 (CCND1), cyclin D2 (CCND2), cyclin-dependent kinase inhibitor 2B (CDKN2B), 

cyclin-dependent kinase inhibitor 2C (CDKN2C), and v-myc avian myelocytomatosis viral oncogene homolog (MYC) 

expression in a panel of endometrial carcinomas. The panel included 15 grade I tumours, 6 grade II tumours, and 4 

grades III-IV tumours. The analysis revealed no specific correlations between average relative expression of either of 

the genes and the tumour grade. Error bars indicate maximum and minimum expression levels. 

 

DISCUSSION 

The cell cycle machinery is often depicted as a closed circle with specific signals affecting the cell cycle 

progression one way or another. While this is true in essentials, it is also a simplified version of events as 

the cell contains numerous backup systems. In fact, while many cyclins and their cyclin-dependent kinase 

(CDK) partners play important roles in the cell cycle progression, only CDK1 is suggested to be absolutely 

essential [23]. In an earlier work, we performed a whole transcriptome analysis using microarray 

technique with the aim to investigate the effects of MYO1C knock down on global gene expression and 

pathways. One of the pathways found to be down-regulated in response to MYO1C depletion was the cell 

cycle pathway [14]. In the present work, we aimed to validate and further extend earlier microarray 

analysis findings for the cell cycle pathway in experimental as well as in clinical samples using qPCR. In this 

work we chose to focus on genes coding for proteins with stimulatory or repressive functions of the cells’ 

entry into S-phase. When comparing the results from the microarray and the qPCR experiments for the 

same sample set, we found that out of seven genes tested (CCNDC2, CDKN2C, CCND1, CDKN2B, MYC, 

RBL1 and MYO1C) there were good correlations only for three genes. There was no expression of CDKN2B 

either in the microarray or in the qPCR when analysing the cultured cells but, as the gene is located on a 
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region of chromosome 9 that is deleted in MCF10A cells [24], this was not completely unexpected. Lack 

of correlation between microarray and qPCR data can partly be explained by technical differences and 

distinctive level of sensitivity between the two techniques. For example in the microarray platform used 

for the analysis each gene is represented only by a single spot on the array, whereas qPCR experiment 

was run in triplicates. Lack of correlation between the dataset for samples treated with the scrambled 

siRNA is most likely due to that the recorded variations were random events in both directions that are 

not biologically significant. Moreover, some of the recorded up- and down-regulated gene expression 

levels in response to MYO1C depletion were likely to be false positive results due to technical errors or 

other reasons. Taken together, the gene expression patterns which showed a significant correlation 

between the two different platforms and among different technical repeats can be considered reliable 

findings for further investigation. 

We have shown good correlations between both platforms and the two independent repeats of time-

series for MYO1C, CCND2, and RBL1. Among these three genes, only the variations for MYO1C and CCND2 

were meaningful as only those two genes displayed a significant variation in the gene expression between 

cells treated with scrambled siRNA and MYO1C-siRNA. Taken together, in this work we could confirm that 

expression of CCND2 was down-regulated in response to the MYO1C-siRNA treatment that resulted in 

knock down of MYO1C in the cells. 

Cyclin D2 is generally acknowledged to be a promoter of the cell cycle as it, in conjunction with CDK4 and 

-6, phosphorylates RB, which drives the cell cycle forward. An elevated level of CCND2 mRNA expression 

has been reported in different types of cancer, such as gastric- and B-cell related cancers [25-28]. In recent 

works, it was suggested that when CCND2 is not repressed by miRNAs, it can contribute to glioblastoma, 

cervical cancer and non-small cell lung cancer tumorigenesis [29-31]. As many other important cancer-

related genes, CCND2’s role in tumorigenesis pathways, however, is likely tissue specific; there are a 

number of studies that have reported strong hyper-methylation of CCND2 in, for example, prostate and 

breast cancer tissues, hence suggesting a tumour suppressor mode of function for this gene in prostate 

and breast cancer genesis [32-34]. Another example is when Costa-Pinhiero and colleagues reported a 

new class of miRNA that contribute to cancer development through repressing CCND2 in prostate cancer 

[35]. The mechanism/s through which CCND2 may exert its tumour suppressor activities is not quite clear, 

nevertheless a connection to the androgen receptor has been suggested in this regard [33]. 

Previous experiments in our lab showed a decrease in MYO1C protein expression in another set of 

endometrial carcinomas and this lowered expression appeared to negatively correlate with the tumour 
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grade [13]. In the present work, we examined MYO1C expression at mRNA level in a new set of 

endometrial carcinoma and we reached to a similar conclusion: there was a negative correlation between 

MYO1C expression level and the tumour grade, hence results from the present work corroborate well 

with our earlier finding. 

In conclusion, we could show that expression of MYO1C transcript was down-regulated in a panel of well-

stratified endometrial carcinoma and this down regulation appeared to negatively correlate with the 

tumour grade. In the present work, we could additionally verify data from an earlier microarray analysis 

that suggested the cell cycle pathway was down-regulated in response to MYO1C depletion.  Here, we 

found that among six genes from the cell cycle pathway tested, there was a significant and meaningful 

correlation between different technical platforms and biological repeats for one gene, CCND2. Cyclin D2 

is known as one of the key drivers of cell cycle; accordingly, our data suggests that the observed down-

regulation of cell cycle pathway as revealed by the microarray analysis [14], is most likely through 

depletion of CCND2 in response to MYO1C knock down. This finding is more interesting as in an earlier 

work we showed a significant negative correlation between levels of MYO1C protein and the number of 

live cells [13]. CCND2 is known as the driver of cell cycle, however its down-regulation is reported in 

different types of cancer. It is thus not fully clear whether under special conditions or in specific cell types 

CCND2 may exert a tumour suppressor function. Another alternative assumption is that MYO1C may exert 

its negative effect on the number of live cells through mechanisms other than cell proliferation; for 

example through negative regulation of apoptosis and positive regulation of cell survival. These potential 

aspects of MYO1C function in tumorigenesis pathways remain to be further investigated. 
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Supplementary Figure 1. Heat map of cell line 
samples including hierarchal clustering. siMYO1C 
– cells treated with siRNA targeting MYO1C, 
scramble – cells treated with a scrambled siRNA 
sequence, T – number of hours post transfection. 



Gene 

symbol
Full gene name Also known as

Amplicon 

length

targeted splice 

variants
Probe/Quencer Efficiency

CCND1 cyclin D1
BCL1; PRAD1; U21B31; 

D11S287E
169 NM_053056

5'-6-FAM/3'-ZEN-Iowa 

Black® FQ
98%

CCND2 cyclin D2 MPPH3; KIAK0002 112 NM_001759
5'-6-FAM/3'-ZEN-Iowa 

Black® FQ
99%

CDKN2B

cyclin-dependent 

kinase inhibitor 2B 

(p15, inhibits CDK4)

P15; MTS2; TP15; CDK4I; 

INK4B; p15INK4b
136

NM_078487, 

NM_004936

5'-6-FAM/3'-Black 

Hole Quencer®
98%

CDKN2C

cyclin-dependent 

kinase inhibitor 2C 

(p18, inhibits CDK4)

p18; INK4C; p18-INK4C 104
NM_001262, 

NM_078626

5'-6-FAM/3'-ZEN-Iowa 

Black® FQ
98%

MYC

v-myc avian 

myelocytomatosis 

viral oncogene 

homolog

MRTL; c-Myc; bHLHe39 149 NM_002467
5'-6-FAM/3'-ZEN-Iowa 

Black® FQ
97%

MYO1C myosin IC NMI; MMIb; myr2; MMI-beta 211

NM_001080779, 

NM_001080950, 

NM_033375

5'-6-FAM/3'-ZEN-Iowa 

Black® FQ
97%

RBL1
retinoblastoma-like 

1
PRB1; p107; CP107 127

NM_002895, 

NM_183404

5'-6-FAM/3'-ZEN-Iowa 

Black® FQ
98%



Gene 

symbol
Full gene name Also known as

Amplicon 

length

targeted splice 

variants
Probe/Quencer Efficiency

ACTB actin, beta BRWS1; PS1TP5BP1 188 NM_001101
5'-6-FAM/3'-Black 

Hole Quencer®
97%

GAPDH

glyceraldehyde-3-

phosphate 

dehydrogenase

G3PD; GAPD; HEL-S-162eP 151 NM_002046
5'-6-FAM/3'-Black 

Hole Quencer®
96%

PPIA

peptidylprolyl 

isomerase A 

(cyclophilin A)

CYPA; CYPH; HEL-S-69p 114 NM_021130
5'-6-FAM/3'-Black 

Hole Quencer®
102%

RPLP0

ribosomal protein 

lateral stalk subunit 

P0

P0; LP0; L10E; RPP0; PRLP0; 

ARBP
150

NM_001002, 

NM_053275

5'-6-FAM/3'-Black 

Hole Quencer®
101%

TBP
TATA box binding 

protein

HDL4; GTF2D; SCA17; TFIID; 

GTF2D1
174

NM_003194, 

NM_001172085

5'-6-FAM/3'-Black 

Hole Quencer®
102%

YWHAZ

tyrosine 3-

monooxygenase/tr

yptophan 5-

monooxygenase 

activation protein, 

zeta polypeptide

HEL4; YWHAD; KCIP-1; HEL-S-3; 

14-3-3-zeta
248

NM_003406, 

NM_145690, 

NM_001135699, 

NM_001135700, 

NM_001135701, 

NM_001135702

5'-6-FAM/3'-Black 

Hole Quencer®
96%



Gene 

symbol
Context sequence

CCND1

aagagccgcctgcagctgctgggggccacttgcatgttcgtggcctctaagatgaaggagaccatccccctgacggccgagaagctgtgcatctacaccgacaactccatccggc

ccgaggagctgctgcaaatggagctgctcctggtgaacaagctcaagtggaacctggccgcaatgaccccgcacgatttcattgaacacttcctctccaaaatgccagaggcgga

ggagaacaaacagatcatc

CCND2
cctcatgacttcattgagcacatcttgcgcaagctgccccagcagcgggagaagctgtctctgatccgcaagcatgctcagaccttcattgctctgtgtgccaccgactttaagtttg

ccatgtacccaccgtcgatgatcgcaactggaagtgtgggagcagccatctgtgggctccagcaggatgaggaagtgagctcgctcact

CDKN2B
caccagatagcagaggggtaagagaggatgtgcaagcgacgacagatgctaaaaccctggatcacgacgctgcagagcacctttgcacaggatgctggcctttgctcttactac

actgaggagagattcccgcgggttccgcaggcagactacacaggatgaggtggtggagtggagtgagagcaattgtaacggttaactgtaacgtt

CDKN2C
ttgttgcaaaataatgtaaacgtcaatgcacaaaatggatttggaaggactgcgctgcaggttatgaaacttggaaatcccgagattgccaggagactgctacttagaggtgcta

atcccgatttgaaagaccgaactggtttcgctgtcattcatgatgcggccagagcaggtttcctggacactttacagactt

MYC
ctgcgcctcgcaagactccagcgccttctctccgtcctcggattctctgctctcctcgacggagtcctccccgcagggcagccccgagcccctggtgctccatgaggagacaccgcc

caccaccagcagcgactctgaggaggaacaagaagatgaggaagaaatcgatgttgtttctgtggaaaagaggcaggctcctggcaaaaggtcagagtctggatcacct

MYO1C

cctgcgtgaggcctcagagcttctgcgggagttgtgcataaagaacatggtgtggaaatactgccggagtatcagccctgagtggaagcagcagctgcagcagaaggccgtggc

tagtgagatcttcaagggcaagaaggataattaccctcagagtgtacccaggctcttcatcagcactcggcttggtacagatgagatcagcccccgagtgctgcaggccttgggct

ctgagcccattcagtatgcggtgcctgttgtgaaatacgaccgcaagggctacaagcctcgctcccggcagctgctgc

RBL1
gaagagtgaagtcatttgcactgaaatacgacttggcgaatcaggaccatatgatggatgctccaccactctctccttttccacatattaaacaacagccaggctcaccacgccgc

atttcccagcagcactccatttatatttccccgcacaagaatgggtcaggccttacaccaagaagcgctctgctgtacaagttcaatggcagcccttcta



Gene 

symbol
Context sequence

ACTB

cctgaagtaccccatcgagcacggcatcgtcaccaactgggacgacatggagaaaatctggcaccacaccttctacaatgagctgcgtgtggctcccgaggagcaccccgtgctg

ctgaccgaggcccccctgaaccccaaggccaaccgcgagaagatgacccagatcatgtttgagaccttcaacaccccagccatgtacgttgctatccaggctgtgctatccctgta

cgcctctggccgtaccactggcatcgtgatggactccggtgacggggtcaccc

GAPDH

aattgagcccgcagcctcccgcttcgctctctgctcctcctgttcgacagtcagccgcatcttcttttgcgtcgccagccgagccacatcgctcagacaccatggggaaggtgaagg

tcggagtcaacggatttggtcgtattgggcgcctggtcaccagggctgcttttaactctggtaaagtggatattgttgccatcaatgaccccttcattgacctcaactacatggtttac

atgttcca

PPIA
gcgagcccttgggccgcgtctcctttgagctgtttgcagacaaggtcccaaagacagcagaaaattttcgtgctctgagcactggagagaaaggatttggttataagggttcctgct

ttcacagaattattccagggtttatgtgtcagggtggtgacttcacacgccataatggcactggtggcaagtccatctatggggagaa

RPLP0

gagacaaagtgggagccagcgaagccacgctgctgaacatgctcaacatctcccccttctcctttgggctggtcatccagcaggtgttcgacaatggcagcatctacaaccctgaa

gtgcttgatatcacagaggaaactctgcattctcgcttcctggagggtgtccgcaatgttgccagtgtctgtctgcagattggctacccaactgttgcatcagtaccccattctatcat

ca

TBP

cctcccccatgactcccatgacccccatcactcctgccacgccagcttcggagagttctgggattgtaccgcagctgcaaaatattgtatccacagtgaatcttggttgtaaacttga

cctaaagaccattgcacttcgtgcccgaaacgccgaatataatcccaagcggtttgctgcggtaatcatgaggataagagagccacgaaccacggcactgattttcagttctggg

aaaatggtgtgcacaggagccaagagtgaaga

YWHAZ

tgtaggagcccgtaggtcatcttggagggtcgtctcaagtattgaacaaaagacggaaggtgctgagaaaaaacagcagatggctcgagaatacagagagaaaattgagacgg

agctaagagatatctgcaatgatgtactgtctcttttggaaaagttcttgatccccaatgcttcacaagcagagagcaaagtcttctatttgaaaatgaaaggagattactaccgtt

acttggctgaggttgccgctggtgatgacaagaaagggattgtcgatcagtcacaacaagcataccaagaagcttttgaaatcagcaaaaaggaaatgcaaccaacacatc


