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Role of Dicer in Breast Cancer Stem Cells 

 

Simon Olofsson 

 

Populärvetenskaplig sammanfattning 

 

Cancer är idag den näst vanligaste dödsorsaken i världen. I takt med att forskningen inom 

cancer når framgångar dyker det också upp nya frågor och teorier. En viktig aspekt i 

cancerforskningen är konceptet som berör cancerstamceller, det vill säga cancerceller med 

förökningsförmåga likt stamceller. Eftersom man tror att cancerstamcellerna är de som ligger 

bakom tumörbildningar och återkommande tumörer efter behandling är det viktigt att man 

förstår sig på hur dessa fungerar och hur man kan eliminera dem i en upptäckt tumör. 

Dicer är ett enzym som klyver RNA-molekyler och är inblandad i skapandet av korta RNA-

strängar som reglerar många av cellens funktioner. Sådana funktioner är ofta påverkade eller 

muterade i cancerceller. Det har visat sig att om man tystar uttrycket av Dicer-proteinet i 

bröstcancerstamceller så ökar deras förmåga att föröka sig. Detta projekt är därför fokuserat 

på att ta reda på vad Dicer har för roll i bröstcancerstamceller med hjälp av molekylär-

biologiska metoder, för att på längre sikt kunna använda denna kunskap för att förstå sig på 

hur cancer uppkommer, och förhoppningsvis i framtiden mer effektivt kunna behandla cancer 

med hjälp av cancerstamcellsriktad terapi. 
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Abbreviations 

Term  Meaning 

Ago2  Argonaute 2 

Co-IP  Co-Immunoprecipitation 

CSC  Cancer Stem Cell 

DAPI  4',6-diamidino-2-phenylindole 

Dcl  Dicer-like Proteins 

DMEM  Dulbecco’s Modified Eagle Medium 

DUF  Domain of Unknown Function 

dsRBD  Double-stranded RNA Binding Domain 

ECL  Enhanced Chemoluminescence 

FBS  Fetal Bovine Serum 

GFP  Green Fluorescent Protein 

HEK  Human Embryonic Kidney 

HRP  Horseradish Peroxidase 

IgG  Immunoglobulin Gamma 

miRNA  microRNA 

MTS  3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-         

   sulfophenyl)-2H-tetrazolium 

MTT  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromid 

NES  Nuclear Export Signal 

NLS  Nuclear Localization Sequence 

NP-40  Nonyl Phenoxypolyethoxylethanol 

PACT  PKR Activating Protein 

PAZ  Piwi/Argonaute/Zwille 

PBS  Phosphate Buffered Saline 

PFA  Paraformaldehyde 

pre-miRNA  pre-microRNA 

pri-miRNA  pri-microRNA 

RISC  RNA-induced Silencing Complex 

SB  Sample Buffer  

SDS-PAGE  Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis 

shDicer  short hairpin Dicer 

shRNA  short hairpin RNA 

siRNA  Small interfering RNA 

SOC  Super Optimal broth with Catabolite repression 

TBS-T  Tris-Buffered Saline with Tween-20 

TCL  Total Cell Lysate 

TRBP   TAR RNA binding protein  

XPO5  Exportin-5 

 

  

http://en.wikipedia.org/wiki/Sodium_dodecyl_sulfate
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1. Introduction  

1.1. MicroRNA biosynthesis 

MicroRNAs (miRNAs) are small noncoding RNAs that are important regulators of gene 

expression in the cells, which is a biological process known as RNA interference.
1
 miRNAs 

post-transcriptionally regulate the expression of target mRNA transcripts by binding and 

degrading mRNA, or by inhibiting their translation.
2
 This regulates many cellular functions 

such as proliferation, differentiation and apoptosis, which are often altered during cancer 

formation.
3,4

 For example, recent publications imply that global miRNA loss enhances 

tumorigenesis.
5 

miRNAs are transcribed from their genes and subsequently processed, first in 

the nucleus by the microprocessor complex, which contains the Drosha and DGCR8 proteins
6
, 

and then after transportation to the cytoplasm via exportin-5
7
 they are further processed by the 

RNA-induced silencing complex (RISC), which includes the Dicer and Argonaute 2 (Ago2) 

proteins (Figure 1).
5,8,9

 

1.2. Structure of Dicer 

Dicer is classified as a ribonuclease type III protein, in other words it is an enzyme that 

cleaves target RNA molecules. This protein, which has a size of about 219 kDa, contains two 

ribonuclease domains, RNase IIIa and RNase IIIb, a helicase domain, a DUF domain, a 

Piwi/Argonaute/Zwille (PAZ) domain and a double-stranded RNA-binding domain (dsRBD) 

Figure 1. A schematic drawing of miRNA processing. Pri-mRNA is transcribed from the miRNA gene, 

first processed by the microprocessor complex, which contains Drosha and DGCR8, then transported to 

the nucleus using exportin-5, and finally processed by Dicer and Ago2 in the RISC before binding to 

target mRNA for translational silencing. [Courtesy of Kaoru Kahata] 
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(Figure 2).
10,11,12

 RNase IIIa and RNase IIIb are essential for miRNA maturation as they 

convey the catalytic activity of the Dicer enzyme.
10

 The dsRBD and DUF are involved in the 

binding of RNA molecules.
13 

PAZ binds the overhangs of the RNA molecule, and the distance 

between the PAZ domain and RNase IIIa domain, called the ruler, determines the length of 

the mature miRNA.
14,15,16

 While it has been shown that Ago2 interacts with Dicer at the 

RNase IIIa domain
17

, is it thought that it might also interact via the PAZ domain.
12

 Finally, 

the helicase domain has been shown to regulate the state of activity of Dicer, as well as 

playing a role in distinguishing different RNA molecules for Dicer to process.
11, 18,19

  

1.3. Short interfering RNA 

While Dicer is most known to be involved in miRNA biosynthesis, it has been shown to be 

involved in other cellular tasks, such as endogenous short interfering RNA (siRNA) 

synthesis.
20

 siRNA are also a class of noncoding RNAs, but compared to miRNAs which 

originate only from endogenous sources, siRNAs are believed to come from exogenous 

sources such as viruses and transposons as well.
1
 Also unlike the miRNAs, which can target 

their mRNA without complete complementarity
21

, siRNAs only target fully complementary 

mRNAs and subsequently cleave them, thus preventing their translation.
22

 Furthermore, while 

miRNA stems from precursor molecules called precursors-miRNA (pre-miRNA), siRNAs are 

created from long fully complementary dsRNAs.
23

 Still, siRNAs go through a similar 

processing pathway as miRNAs where Dicer cleaves the dsRNA into short siRNA molecules 

(Figure 3). siRNAs have been shown to not only be involved in posttranscriptional repression, 

but can also affect other aspects of the cell, such as heterochromatin formation.
24

 Thus, Dicer 

may play a bigger part in the biology of the cell other than posttranscriptional regulation. 

1.4. Cancer stem cells 

The cancer stem cell concept aims to explain the occurrence of tumorigenic stem-like cells in 

tumors. Normal stem cells exist in human embryos and adults alike, where they provide in 

essence an unlimited supply of new cells, as they can spawn either daughter cells with the 

same self-renewal capacity, or daughter cells that differentiate and lack further proliferative 

ability. Cancer stem cells have been defined as a subpopulation of a malignant cell population 

that can regrow the tumor after conventional cancer treatments has been applied (Figure 4).
25

  

Figure 2. A schematic drawing of the structure of Dicer. Dicer contains two ribonuclease domains, RNase 

IIIa and RNase IIIb, which are responsible for the cleavage of RNA molecules. It also contains a dsRBD 

and a DUF domain which bind RNA molecules. The PAZ domain is also known to interact with RNA 

molecules by binding to their overhangs. Apart from the RNase III domain that has been shown to interact 

with Ago2, PAZ is also thought to interact with this partnering RISC protein. Dicer further has a helicase 

domain which regulates Dicer activity and distinguishes RNA molecules. The distance between RNase IIIa 

and PAZ is called the ruler and specifies the length of the mature miRNA after cleavage. 
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Figure 3. A schematic illustration of siRNA processing, involving Dicer and Ago2. The dsRNA 

molecule, which can enter the cell exogenously, is processed by Dicer into a short double-stranded 

siRNA molecule. The template strand is then loaded onto Ago2 which facilitates binding to the target 

mRNA and thus leads to the degradation and translational silencing of the mRNA. 

Figure 4. A simple schematic figure of the cancer stem cell concept. The initial tumor contains a variety of 

malignant cells, such as cancer stem cells (yellow) and a larger mass of cells with less proliferative ability, 

e.g. differentiated cancer cells (blue). When treated by conventional cancer treatment, usually only the bulk 

of the tumor is eliminated, leaving the cancer stem cell behind. This cell can then continue its self-renewal 

and differentiation of daughter cells, thus relapsing into a new tumor. However, if there is effective therapy 

directed specifically against cancer stem cells, the tumor will regress and will be successfully treated. 
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This suggests that this subpopulation of tumorigenic cells must be eliminated in order to fully 

cure the cancer. However, there is still much left to clarify in this evolving field of cancer 

theory, but nonetheless it is an important issue for cancer therapies. With this in mind, more 

research has been dedicated into understanding the molecular and biological functions of 

cancer stem cells. Here, we focus on the role of Dicer, as it may play an important part in the 

tumorigenesis of cancer cells, since it has been demonstrated that in breast cancer stem cells 

(CSCs), silencing of endogenous Dicer increases the self-renewal capacity of the cells 

(Kahata et al., paper in preparation). Silencing of Drosha on the other hand, does not show the 

same effect. Both enzymes are important for the biosynthesis of miRNAs, which might 

suggest that some biological function other than miRNA posttranscriptional processing is at 

cause.  

1.5. Subcellular localization of Dicer and the function of nuclear Dicer 

Plant cells have four Dicer-like proteins (dcl 1, 2, 3, and 4). Arabidopsis dcl1 and 4 are 

known to have intrinsic nuclear localization signals
26

, of which dcl1 is important for the 

synthesis of both miRNAs and endogenous siRNAs. Drosophila has two Dicer proteins, Dicer 

1 and Dicer 2. Dicer 1 is localized in the nucleus and synthesizes mature miRNAs, while 

Dicer 2 is localized in the nucleus as well as the cytoplasm and plays a role in endogenous 

siRNA processing. Mammalian cells have only one Dicer protein and it is supposed to be 

mainly localized in the cytoplasm. Recently it is suggested that very small amounts of Dicer is 

also localized in the nucleus
27

, however the function of nuclear Dicer in mammalian cells has 

not yet been determined. 

1.6. Project aim 

This project was focused on elucidating the role of Dicer in breast cancer stem cells, e.g. by 

identifying specific domains or functional regions of Dicer that regulate breast CSC self-

renewal capacity, other than miRNA processing. Since it has been shown that Dicer is present 

in the nucleus, and because the function of nuclear Dicer has yet to be fully understood, the 

project was also aimed to study the role and effect of Dicer’s subcellular localization.   

2. Project plan 

2.1. Characterization of human Dicer-expressing vectors in HEK293T cells 

Before the beginning of the project, a number of preparations had been made by Dr. Kaoru 

Kahata. In order to study how the subcellular localization of Dicer affects the self-renewal 

capacity of breast CSCs, different DNA constructs were synthesized containing the Dicer 

gene sequence (Figure 5), see Materials and methods section. These vectors could then be 

transfected into HEK293T cells and characterized using Western blot and immuno-

fluorescence staining. 

2.2. Characterization of stable MDA-MB-231 clones 

In addition to the HEK293T transient expression analysis, a number of stable transfected 

clones were created using MDA-MB-231 cells as hosts. pAcGFP, pAcGFP-Dicer and 

pAcGFP-NLS-Dicer were transfected into MDA-MB-231 breast cancer cells and selected by 

G418 and then cloned by way of serial dilution in 96-well plates. The resulting clones were 
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named G (GFP), W (GFP-wild-type Dicer) and N (GFP-NLS-Dicer), respectively. The 

number of stable clones was in total 24 (Table 1). These clones were then to be characterized 

using mainly Western blotting, but also immunofluorescence staining, in order to confirm the 

success of the transfection of the vector. Following this, the successful clones were to be 

further analyzed by proliferation assays. 

2.3. Mutagenesis of Dicer 

In order to investigate the effect of different domains and functional regions of Dicer on 

breast CSC self-renewal capacity, we planned to silence the endogenous Dicer and rescue 

with various mutant Dicer forms. These Dicer variants were to be produced by mutating a 

wild-type Dicer sequence in the plasmid backbone, Dicer-pcDNA3. Mutagenic primers had to 

be designed in order to achieve the desired mutations of the Dicer sequence.  

The aim was to first create a Dicer protein variant that would be resistant to a short hairpin 

RNA that knocks down wild-type Dicer, an shRNA termed shDicer.  This would require a 

Dicer mRNA transcript with a mutation in the sequence that is complementary to shDicer, 

prohibiting its interaction with the mRNA which leads to subsequent degradation. Building on 

this mutant form, further mutations in different parts of the protein were to be included, that 

would lead to e.g. a catalytic inactive Dicer, or PAZ, RNase III or dsRBD deletion mutants. 

These variants were then to be transfected into host cells where endogenous Dicer would be 

silenced, in order to study the effect of the different Dicer mutant forms. 

 

 

 

 

 

 

 

Transfection Clone name 

pAcGFP G1, G2, G3, G4, G5, G6, G7, G8, G9 

pAcGFP-Dicer (Wt) W1, W2, W3, W4, W5, W6, W7, W8, W9, W10, W11 

pAcGFP-NLS-Dicer N1, N2, N3, N4 

Table 1. MDA-MB-231 cells were stably transfected with different vectors: pAcGFP, pAcGFP-Dicer 

and pAcGFP-NLS-Dicer. 9 clones containing the pAcGFP vector were created, 11 clones with 

pAcGFP-Dicer and finally 4 clones with pAcGFP-NLS-Dicer, a total of 24 different clones. 

Figure 5. Schematic illustration of the 

different transfection vectors. A set of 

transfection vectors were synthesized using 

the backbone pAcGFP-NLS, in which GFP, 

3xNLS and Dicer were cloned in different 

combinations. The constructs are, top to 

bottom: pAcGFP, pAcGFP-NLS, pAcGFP-

Dicer and pAcGFP-NLS-Dicer. 
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3. Materials and methods 

3.1. Cell culture 

The cells used in this project were HEK293T cells (Human Embryonic Kidney Epithelial), 

ATCC CRL-3216, as well as MDA-MB-231 cells (Human breast cancer), ATCC HTB-26. 

Cells were thawed and grown in Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% 

(vol/vol) Fetal Bovine Serum (FBS) and 100 units/ml Penicillin + 100 µg/ml Streptomycin. 

3.2. Transfection of cells 

A 10 cm dish with 90-100% confluent HEK293T cells were transfected with 2 µg DNA, 

using a mixture of 20 µl 0.1 µg/µl DNA stock solution, 6 µl FuGENE HD Transfection 

Reagent (Roche) and 74 µl DMEM without neither serum nor antibiotics (total 100 µl). The 

cells were then incubated at 37°C overnight. 

HEK293T and MDA-MB-231 cells were transfected with siRNA (Thermo Fisher Scientific 

Inc.), using a mixture of two solutions: for HEK293T cells solution 1 contained 5 µl of 20 µM 

siRNA stock solution and 195 µl serum-free medium, while for MDA-MB-231 cells, solution 

1 contained 10 µl siRNA and 190 µl serum-free medium, solution 2 contained 6 µl 

DharmaFECT (Thermo Fisher Scientific Inc.) and 194 µl serum-free medium. The two 

solutions were mixed and 1.6 ml DMEM with 10% FBS without antibiotics was added. The 

medium in the wells was then replaced with this transfection solution, and the cells were 

incubated at 37°C overnight. 

3.3. Western blotting (Immunoblotting) 

Cell samples were lysed using NP-40 Lysis Buffer (1% NP-40, 20 mM Tris-HCl pH 7.5, 150 

mM NaCl), with addition of Complete Protease Inhibitor Cocktail (Roche)). In relevant 

experiments, protein concentrations were measured using the Bradford method (measuring 

absorbance at 595 nm) with 1 ml Protein Assay Dye Reagent (BioRad) and 20 µl of sample, 

in order to normalize the amount of protein in the samples. Sample Buffer (SB) (0.3 M Tris-

HCl pH 8.8, 35.2% glycerol, 0.03% Bromophenol Blue, 270 µl of this was mixed with 10 µl 

1M DTT and 200 µl 20% SDS) was added to the samples. The samples were then run by 

sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE), with 

polyacrylamide concentrations varying from 4% to 10%. PageRuler Prestained Protein Ladder 

(Thermo Fisher Scientific Inc.) was also run as molecular size marker. A semi-dry transfer 

was performed at room temperature, using transfer buffer (5.83g Tris, 2.93g glycine, 1.9 ml 

20% SDS and 200 ml MeOH in 1 l dH2O) and nitrocellulose membrane (GE Healthcare 

Biosciences) at 15V for 90 minutes. The membranes were then blocked for 90 minutes in 5% 

(weight/vol) milk in TBS-T, which was composed of TBS (0.50 M Tris-HCl pH 8.0, 1.38 M 

NaCl, 0.027 M KCl (Medicago)) and 0.2% (vol/vol) Tween 20), washed with 1xTBS-T, and 

finally treated with primary and secondary antibodies before detection. The antibodies used 

were as follows: rabbit anti-GFP (Invitrogen, 1:200 dilution), mouse anti-Dicer (Abcam, 

1:1000), mouse anti-Myc (lab-made using the 9E10 mouse hybridoma cell line, 1:100), mouse 

anti-Ago2 (Abcam, 1:1000), mouse anti-α-tubulin (Santa Cruz, 1:200), horseradish peroxidase 

(HRP)-conjugated anti-mouse (Invitrogen 1:15000) and anti-rabbit (Invitrogen, 1:20000) IgG, 

all diluted in TBS-T. Detection was performed using enhanced chemiluminescence (ECL) 
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reaction, by mixing equal amounts of Immobilon Western HRP Substrate Luminol Reagent 

(Millipore) and Immobilon Western HRP Substrate Luminol Peroxide Solution (Millipore), 

applying this mixture to the membrane, and then photographing by the Universal Hood II 

imaging system (BioRad). 

3.4. Immunofluorescence staining 

Cells were plated in 6-well plates on cover slips. For HEK293T cells the cover slips were first 

covered with PureCol bovine collagen solution (Advanced Biomatrix), diluted to 25 µg/ml 

with 1 x Phosphate buffered saline (10 mM Na2HPO4, 1.8 mM KH2PO4, 137 mM NaCl, 2.7 

mM KCl) (1xPBS) and left in 37°C incubation for 2-6 hours. For the MDA-MB-231 cells no 

collagen was used. 24 hours after plating, the cells were either fixated using 4% (weight/vol) 

Paraformaldehyde (PFA), or transfected with vectors or siRNA according to protocol and then 

fixated after another 24 hours of incubation. The cells were then permeabilized with 0.5% 

Triton X-100 in PBS and subsequently blocked with 5% FBS in PBS at 4°C. Primary 

antibodies, either rabbit anti-GFP (1:100) and mouse anti-Dicer (1:100) or rabbit anti-GFP 

(1:100) and mouse anti-Ago2 (1:100), were added followed by secondary antibodies, anti-

rabbit IgG green (Invitrogen, 1:1000) and AlexaFluoro 588 (Invitrogen, 1:1000), all diluted in 

PBS. Lastly, the cover slips were mounted on slides using Vectashield mounting reagent with 

4',6-diamidino-2-phenylindole (DAPI) staining (Vector Laboratories), sealed with nail polish 

and then stored in darkness at 4°C. 

3.5. Immunoprecipitation (Co-immunoprecipitation) 

Cells were plated in 6-well plates and either collected with NP-40 Lysis Buffer after 24 hours 

of incubation, or transfected with vectors or siRNA according to protocol and then collected 

after another 24 hours of incubation. The pulldown of target protein was performed using 

DynaBeads Protein A or G (Invitrogen) coupled with either rabbit anti-GFP, mouse anti-Ago2 

or rabbit IgG control antibodies. A portion of the sample lysate was saved for total cell lysate 

(TCL) and the rest was mixed with the pre-coupled antibody beads and incubated for 2 hours 

up to overnight. Finally, samples were washed with NP-40 Lysis Buffer and then an addition 

of Sample Buffer was made before running the SDS-PAGE and subsequent steps, according 

to the Western blotting protocol above. 

A variant of pulldown was also performed, setting aside the TCL directly after collecting, 

then adding the relevant antibodies to the rest of the lysate incubated for 2-6 hours, and then 

incubated with Protein G beads for 30 minutes before washing and addition of Sample Buffer. 

3.6. Proliferation assay 

Cells were plated on four 12-well plates with an initial cell count of 3x10
4
 cells, each sample 

was plated in duplicates. At 24, 48, 72 and 96 hours after plating, one plate was chosen and 

the cells collected into 1.5 ml Eppendorf tubes. The cell count was then analyzed for each 

sample. 10 µl of cell suspension was mixed with 10 µl Trypan Blue. 10 µl of this mix was 

then injected into a cell counting slide and subsequently analyzed digitally for cell number by 

Luna Automated Cell Counter (Logos Biosystems). 
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3.7. MTS assay 

Cells were plated on five 96-well plates with an initial cell count of 4x10
3
 cells, each sample 

was plated in triplicates. At 0, 24, 48, 72 and 96 hours after plating, one plate was chosen and 

20 µl of MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-

2H-tetrazolium) reagent (Promega) was added to each sample well. The plate was incubated 

at 37°C for 1 hour before the absorbance at 490 nm was measured by EnSpire (Perkin Elmer). 

3.8. DNA vector construction 

GFP, or GFP and tandem repeated 3x virus-derived nuclear localization signals (NLS)-fused 

Dicer, expression vectors were created. Human Dicer cDNA was subcloned from 

pDESTmycDicer (Addgene) into pcDNA3 vector (Invitrogen) by restriction enzymes, from 

which Dicer cDNA was subcloned into the pAcGFP-Nuc vector (Clontech). pAcGFP-Dicer 

was made from pAcGFP-NLS-Dicer by removing 3xNLS by restriction enzyme. 

3.9. Mutagenesis 

Template DNA was mixed with primers (Figure 15) and PCR solutions, using reagents as 

specified by the provider (Agilent Technologies), according to Table 2. 

Table 2. PCR reaction mix 

5 μl of 10× Pfu reaction buffer 

5 μl of dsDNA template (10 ng/μl) 

1 μl of Forward primer (10 μM) 

1 μl of Reverse primer (10 μM) 

1 μl of dNTP mix (10 μM) 

37 μl of ddH2O 

1 μl of PfuTurbo DNA polymerase (2.5 U/μl) 

A negative control was also prepared that excluded the addition of PfuTurbo DNA 

polymerase (Agilent Technologies). 

The PCR protocol is described in Table 3. 

Table 3. PCR parameters 

Segment Cycles Temperature Time 

1 1 95°C 30 seconds 

2 15–20 95°C 30 seconds 

  53-55°C 1 minute 

  68°C 23 minutes 

3 1 4°C ∞ 

The PCR tubes were left in the machine at 4°C overnight. 

The DNA samples were treated with 1 μl DpnI restriction enzyme (10 U/μl) (New England 

Biolabs) at 37°C for 60 minutes. 50 μl heat-shock competent Escherichia coli DH5α cells 

were then mixed with 10 μl DNA, incubated on ice and heat-shocked at 42°C for 90 seconds. 

900 μl of Super Optimal broth with Catabolite repression (SOC) was added to the mixture and 

kept at 37°C for 30 min for pre-incubation. The cells were then plated on agar-plates 

containing 50 μg/ml ampicillin and kept at 37°C overnight. Purification of plasmid DNA was 

performed using the QIAprep Spin Miniprep Kit 250 (QIAGEN) according to the 

manufacturer’s procotol. The replacements of nucleotides were confirmed by DNA 

sequencing (Eurofin). 
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4. Results 

4.1. Characterization of human Dicer-expressing vectors in HEK293T cells 

4.1.1. Transient transfection and the expression of GFP-(NLS)-Dicer in 293T cells 

The first experiments were a number of Western blots of transiently transfected HEK293T 

cells, which aimed to detect the presence of overexpressed GFP, GFP-NLS, GFP-Dicer or 

GFP-NLS-Dicer, and confirm the content and functionality of the transfection vectors. The 

first experiment used 6 different transfections; pAcGFP, pAcGFP-NLS, pAcGFP-Dicer, 

pAcGFP-NLS-Dicer, pcDNA3 and negative control, i.e. no plasmid (–) (Figure 6). The 

presence of endogenous Dicer is indicated by the band above the 170 kDa marker, as the 

Dicer protein is approximately 220 kDa in size. The overexpression of Dicer is clear in lanes 

3 and 4, as should be expected to be expressed only from the vectors that contain Dicer cDNA. 

This also shows that the Dicer fusion proteins are larger in size than their endogenous 

counterparts. The presence of overexpressed GFP is indicated by the band between 25 and 35 

kDa, while GFP-NLS is seen at around 35 kDa. The GFP protein is 26.9 kDa while the 

addition of 3xNLS adds 6 kDa to the fusion protein. The GFP antibody also cross-reacted in 

lanes 3 and 4 at sizes above 170 kDa, which correlates well with the expected size of the 

fusion proteins GFP-Dicer and GFP-NLS-Dicer. Thus, the fusion proteins are recognized by 

both GFP and Dicer antibodies. The bands below 170 kDa in the GFP blot are not known, but 

might be truncated isoforms of the artificial Dicer construct, although so far their endogenous 

existence has not yet been proven in human cells.
28

 

4.1.2. Subcellular localization of exogenous Dicer 

The next step was to ensure the correct localization of the products from the vectors, which 

was done using immunofluorescence staining. HEK293T cells were transfected with pAcGFP, 

pAcGFP-NLS, pAcGFP-Dicer, pAcGFP-NLS-Dicer or pcDNA3 (Figure 7). GFP expressed 

from the pAcGFP vector is localized in the entire cell, with no observable difference in 

concentration in the cytoplasm compared to the nucleus. This should not come as a surprise, 

(a) Dicer 

(b) GFP 

170 kDa 

170 kDa 

35 kDa 

25 kDa 

Figure 6. Western blot of 

transfected HEK293T cells. The 

various transfections were, from 

left to right: pAcGFP, pAcGFP-

NLS, pAcGFP-Dicer, pAcGFP-

NLS-Dicer, pcDNA3 and 

negative control (–).   

(a) Endogenous (thin bands) and 

over-expressed Dicer (thick 

bands) can be seen above the 170 

kDa mark in the Dicer blot.  

(b) Overexpressed GFP (at 25 

kDa), GFP-NLS (at 35 kDa) and 

fusion GFP-Dicer or GFP-NLS-

Dicer (above 170 kDa) can be 

seen in the GFP blot. 
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as GFP is a very small molecule and has no difficulties passing in or out of the pores of the 

nuclear membrane. The pAcGFP-NLS vector expresses the small fusion protein GFP-NLS 

which seems to be almost entirely localized in the nucleus. This is to be expected as NLS is a 

protein sequence that helps facilitate transportation into the nucleus via transport proteins, the 

importins, which are common elements in nuclear localized proteins.  The GFP-Dicer fusion 

protein from the pAcGFP-Dicer vector is localized mainly in the cytoplasm, which is 

understandable considering that Dicer is a primarily cytoplasmic protein. In the case of GFP-

NLS-Dicer from the pAcGFP-NLS-Dicer vector, we expected to see the fusion protein mainly 

in the nucleus, similarly to GFP-NLS. However, while some cells show a high concentration 

of the fusion protein in the nucleus, almost every positive cell seems to have most of the 

protein in the cytoplasm. Obviously the NLS is functional as it succeeds to get the large Dicer 

fusion protein into the nucleus, but still many of these molecules stay in the cytoplasm. 

Finally, pcDNA3 did not express any GFP or Dicer, as expected from the empty vector.  

 

Figure 7. Immunofluorescence staining of transfected HEK293T cells. Cells were transfected with the 

indicated plasmids and 24h later immunofluorescence staining was performed with anti-GFP antibodies 

and DAPI counterstaining. Merged photos show the combination of the two stains. 
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Furthermore, microscopy of living cells was also performed to see the autofluorescence and 

localization of the overexpressed GFP-fusion proteins (Figure 8). While this confirmed the 

localization of the vector products, another effect could be noticed. In the GFP-Dicer and 

GFP-NLS-Dicer expressing cells, the GFP signal seemed to be much weaker than their GFP 

and GFP-NLS expressing counterparts. This raised the question if GFP, or moreover Dicer, 

could be functioning properly in their fusion protein form. 

Figure 8. Live microscopy of transfected 

HEK293T cells. The localization of the 

expressed vector products was consistent with 

the results of the immunofluorescence 

staining. However, the autofluorescence of 

GFP was much weaker in GFP-Dicer and 

GFP-NLS-Dicer fusion proteins compared to 

the GFP and GFP-NLS counterparts. 
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In order to elucidate this aspect, focus was set to investigate the functionality of exogenous 

Dicer. This was done by using a form of immunoprecipitation called co-immunoprecipitation 

(co-IP). Since both Dicer and Ago2 are part of RISC, and Dicer contains domains which are 

known to interact with Ago2, the theory was that a correctly folded Dicer should be able to 

attach to Ago2, or vice versa, an incorrectly folded Dicer would not be able to attach to Ago2. 

Therefore, co-immunoprecipitation using the presumed Ago2-Dicer interaction was 

performed. In order to first confirm the co-localization, which is the basis of their interaction, 

immunofluorescence staining was done using Ago2 and GFP antibodies (Figure 9). This 

showed that both Ago2 and GFP, in the case of the GFP-Dicer fusion protein, are localized 

primarily in the cytoplasm, as would be expected if they were to interact.  

4.1.3. Interaction between GFP-Dicer and endogenous Ago2 

Next, the co-immunoprecipitation was performed by pulling down endogenous Ago2 and any 

of its interacting target proteins with beads, and then doing a Western blot for both Ago2 and 

GFP (Figure 10a). While there seems to be some non-specific interaction between Ago2 and 

the IgG control antibodies (lane 3 and 7), it seems evident that Ago2 interacts with Dicer 

regardless if its GFP-Dicer, GFP-NLS-Dicer or Myc-Dicer (lane 2, 4 and 6). Myc-Dicer is 

expressed from the pDESTmycDicer vector and functioned as a positive control as it is 

known that this construct is functional. The silencing of endogenous Ago2 by siAgo2 

treatment did not seem to be completely effective, however, neither lane 1 or 5 showed any 

pulled-down Dicer, which is presumably explained by that these cells do not overexpress 

Dicer and thus contain much less Dicer molecules. Also, the inverse co-immunoprecipitation 

was performed, i.e. GFP was pulled down and the samples were blotted for Ago2 (Figure 

10b). By pulling down GFP it ensured that only the GFP-Dicer and GFP-NLS-Dicer 

overexpressed fusion proteins would be pulled down, and thus their functionality could be 

assessed by investigating their ability to interact with endogenous Ago2. The result from this 

experiment was consistent with the previous results, i.e. the overexpressed Dicer fusion 

proteins interacted successfully with the endogenous Ago2, as can be seen in lane 2 and 3. 

However, in order to determine if exogenous Dicer is fully functional, we further need to 

examine their catalytic activity by monitoring the levels of mature miRNAs or siRNAs. 

 

 

Figure 9. Immunofluorescence staining of HEK293T cells transfected with pAcGFP-Dicer. Ago2 proteins 

(in red) are co-localized in the cytoplasm together with Dicer, here in the form of GFP-Dicer (in green). 

DAPI staining shows nuclear DNA and the merged picture shows the staining for all three subjects. 
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WB 

co-IP 

Ago2 

Dicer 
170 kDa 

100 kDa 

a 

170 kDa GFP 

b 

100 kDa Ago2 

Figure 10. Co-immunoprecipitation using the Ago2-Dicer interaction, in HEK293T cells 

transfected with various vectors.   

(a) Antibodies against Ago2 were coupled to beads and subsequently pulled-down. The 

samples were then analyzed by blotting for Dicer and Ago2. Despite some non-specific 

background interaction between endogenous Ago2 and IgG control antibodies, overexpressed 

Dicer seems to interact with endogenous Ago2, suggesting that the fusion protein is 

functional.  

(b) Antibodies against GFP were coupled to beads and pulled-down. The samples were 

blotted for GFP and Ago2. The results indicate that only GFP-(NLS)-Dicer fusion proteins are 

pulled down, and that these interact with endogenous Ago2, suggesting that these Dicer 

proteins are functional, consistent with results in (a).  

(c) A simple schematic figure of co-immunoprecipitation (co-IP) followed by Western blot 

(WB), as performed in experiment (a).  

c 
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4.2. Characterization of stable MDA-MB-231 clones 

The next step was to characterize stable clones of MDA-MB-231, transfected with pAcGFP, 

pAcGFP-Dicer or pAcGFP-NLS-Dicer (Table 1). These were first analyzed by Western 

blotting to see if they expressed their corresponding fusion proteins. Each of the 24 clones 

were analyzed (Supplementary Figure 1-3) and those that expressed the fusion protein were 

kept for further analysis. Finally, all the final candidates were run together to confirm their 

correct expression (Figure 11a). However, one of the earlier positive clones, N3, did not 

show the overexpression of GFP-NLS-Dicer in this last blot. N3 was despite this result kept 

for further analysis, as it had previously demonstrated its expression of the fusion protein 

(Figure 11b).  

From this, the positive clones were further investigated using immunofluorescence staining, in 

order to confirm the localization of the proteins (Figure 12). G4 expressed the GFP molecule 

in basically the entire cell, replicating the result seen in the transfected HEK293T cells. G5 

was also stained and showed the same result (not shown). W1 expressed GFP-Dicer mainly in 

the cytoplasm, also consistent with the localization in HEK293T cells. Finally, N3 expressed 

the GFP-NLS-Dicer fusion protein in the same way as earlier experiments, in other words, 

there was a high concentration of the molecule in the nucleus while still having a sizeable 

portion of the protein in the cytoplasm.  

 

Dicer 

α-Tubulin 

GFP 

170 kDa 

170 kDa 

  55 kDa 

  55 kDa 

35 kDa 

25 kDa 

Dicer 

α-Tubulin 

 

Figure 11. Western blotting of stable clones of MDA-MB-231. (a) The cells were 

transfected with either pAcGFP (G), pAcGFP-Dicer (W) or pAcGFP-NLS-Dicer (N) 

vectors and then analyzed for their overexpression of the corresponding fusion 

proteins. Parental (P) cells were used as control, while α-Tubulin  is used as a protein 

loading control. N3 did not show any expression of the GFP-NLS-Dicer fusion 

protein, although it had previously demonstrated this, as shown in (b). 

b 

a 

170 kDa 
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Considering this result, the question arose about why there was still so much of the protein 

left in the cytoplasm. One theory was that Dicer’s interaction with other cytoplasmic proteins, 

such as Ago2 of the RISC, might obstruct the transportation of the Dicer molecule into the 

nucleus. To investigate this, clones overexpressing Dicer, W1 and N3, were transfected with 

siRNA against Ago2, i.e. siAgo2, to silence the expression of this Dicer-partnering protein 

(Figure 13). As seen in the images however, no significant effect could be detected in the 

samples. Thus, the presence of endogenous Ago2 could not be correlated with the occurrence 

of cytoplasmic GFP-NLS-Dicer. 

Proliferation assays were used to characterize the stable clones of MDA-MB-231. Here the 

proliferative ability of the different transfected clones was investigated. This was done in two 

separate ways, either by counting the cells or by measuring their metabolic activity by means 

of MTS assay (Figure 14). As seen by the diagrams, the proliferative ability of P, G4, G5 and 

W1 was rather similar. However, N3 was consistently growing slower than its counterparts 

expressing GFP-Dicer, GFP or nothing at all. Therefore, this indicates that the expression of 

GFP-NLS-Dicer might somehow cause a lower proliferative capacity of the MDA-MB-231 

cells. 

W1 

N3 

G4 

Figure 12. Immunofluorescence staining of MDA-MB-231 clones. The pAcGFP vector (G4), GFP-

Dicer (W1) and GFP-NLS-Dicer (N3) were analyzed by staining for Dicer, GFP, DAPI and the 

merged figures show co-localization of the tree stainings. Note that not all cells express levels of GFP 

or GFP-Dicer. 
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Figure 14. Proliferation assay of 

stable clones of MDA-MB-231. 

(a) Proliferation assay by cell 

counting. (b) Proliferation assay 

by MTS assay, which is based on 

MTT assay that measures 

mitochondrial metabolic activity 

by analyzing absorbance at 490 

nm. Both assays ran over the 

course of 4 days. Cell numbers 

are expressed as fold-increase 

relative to day 0, which is set to 

1. Average values from duplicate 

(cell counting) and triplicate 

(MTS assay) determination and 

the corresponding standard error 

are plotted. 

Figure 13. siRNA treatment of 

cells expressing GFP-Dicer (W1) 

and GFP-NLS-Dicer (N3). The 

samples were treated with either 

control siRNAs (siCtrl) or siRNAs 

targeting Ago2 (siAgo2), and were 

analyzed by GFP immuno-

fluorescence. Photos were taken 

with a confocal microscope. 

W1 

N3 
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4.3. Mutagenesis of Dicer 

In the last part of this project, several attempts were made to introduce mutations in the 

sequence of wild-type Dicer that is the target of shDicer (Supplementary Figure 4). 

However, none of these experiments succeeded despite extensive troubleshooting. Thus, the 

decision was made to go on making the catalytically inactive Dicer variant. This had 

previously been done by introducing mutations in the RNase III domains.
10

 According to this 

study, mutation of residues that coordinate the metal ion for cleavage of the RNA molecule 

would render the Dicer protein inactive. This would be accomplished by first changing the 

aspartic acid at amino acid position 1320 to an alanine, in other words changing the 

nucleotide sequence from GAC to GCC. This mutation, in the RNase IIIa domain, is termed 

D1320A (Figure 15). Secondly, the aspartic acid at amino acid position 1709 would also be 

changed to an alanine, in this case the nucleotide sequence would be changed from GAT to 

GCT. This mutation, in the RNase IIIb domain, is termed D1709A. The D1320A mutation 

was first introduced by designing mutagenesis primers that would bind to the specific 

mutation location and then run by PCR as described in Materials and methods. When the 

mutation was confirmed the next mutation, D1709A, was induced in the same manner and 

confirmed by sequencing. With these two mutations now present in the Dicer sequence, the 

Dicer protein should be catalytically inactive. From here, the plan was once again to try 

introducing a shDicer-resistance mutation, or to start anew from the wild-type Dicer and 

induce mutations in the PAZ, helicase or dsRNA-binding domains.  

 

1. RNase IIIA - D1320A 

Aspartic acid (GAC) → Alanine (GCC) 

Sequence:     -GTTGAAATGCTTGGCGACTCCTTTTTAAAGC- 

Primer:           GTTGAAATGCTTGGCGCCTCCTTTTTAAAGC 

 

2. RNase IIIB - D1709A 

Aspartic acid (GAT) → Alanine (GCT) 

Sequence:     -CTTAGAATTCCTGGGAGATGCGATTTTGGAC- 

Primer:           CTTAGAATTCCTGGGAGCTGCGATTTTGGAC 

2. 1. 

Figure 15. Mutagenesis of Dicer. One mutation in each of the RNase domains, RNase 

IIIa and RNase IIIb, would be required to render the Dicer protein catalytically inactive. 

By changing the nucleotide sequence, in both cases changing an adenin (A) to cytosin 

(C) (red letters), the aspartic acid of the protein would be changed to alanine, thus 

disrupting the function of the RNase domains. Both of these mutations, as indicated by 

number 1 and 2, were successfully performed and verified by sequencing the final 

product. The mutagenic primers are shown. 
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5. Discussion and future projects 
While there is still much that can be done, we have started laying the groundwork for this 

project with many options to continue exploring. This project succeeded in generating GFP-

NLS-Dicer that showed significant nuclear localization in both HEK293T and MDA-MB-231 

cells (Figure 7, 12). When it comes to the localization of GFP-NLS-Dicer in the cytoplasm, 

there might be other causes behind this finding. For example, other Dicer-interacting proteins 

that are part of RISC, such as TRBP and PACT
29,30

, might be hindering the transportation of 

the fusion protein into the nucleus. It might be interesting to see if knockdown of TRBP, 

PACT, or perhaps TRBP, PACT and Ago2 together, might affect the localization. 

Alternatively, an unknown strong exporter of Dicer exists that constantly moves Dicer to the 

cytoplasm. While we could not find a classical nuclear exporting signal (NES) motif in Dicer, 

there still might be a presence of a functional NES. Further, since GFP-NLS-Dicer is a 

relatively large fusion protein and overexpressed in great amounts, simply the limit of space 

may prohibit the localization of all Dicer molecules in the nucleus at the same time. On 

another side, it has recently been found that the amount of nuclear Dicer is tightly regulated 

and more Dicer cannot be present in the nucleus even though Dicer is overexpressed.
31

 It 

would be optimal if all of the Dicer molecules could be localized in the nucleus, as this would 

ease our efforts in investigating the role of nuclear Dicer, however, unless we can find a way 

to do this, e.g. by knocking down all of Dicer-interacting proteins, or adding more NLSs, we 

might have to do with what we have. 

Both immunofluorescence and co-immunoprecipitation assays support the conclusion that the 

GFP-fused Dicer is functional. In addition, the proliferation assays suggest that NLS-Dicer 

may decrease the rate of proliferation, which is very interesting. 

Further, it was unfortunate that the shDicer-resistance mutation did not succeed, but 

reassuring that the catalytic inactivation mutations did. Although it has not yet been tested if 

our Dicer mutants are actually catalytically inactive, we feel confident that they should be, as 

stated by the previous work by another group.
10

 Therefore, we could go back to the shDicer-

resistance mutation and do some more troubleshooting, e.g. by looking into other approaches 

how to achieve this. As mentioned in the project plan, further mutagenesis should also be 

done, such as Dicer with either mutated or deleted Ago2 binding domain, or helicase domain, 

or dsRNA-binding domain. Then, an shDicer resistant mutant Dicer that is also for example 

catalytically inactive, could be inserted into shDicer-transfected MDA-MB-231 cells. This 

means that the endogenous Dicer would be silenced, and thus we could study the effect of 

these Dicer mutants, by for example examining the endogenous siRNA synthesis, miRNA 

synthesis, and mammosphere assay.  
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8. Supplementary data 
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Supplementary Figure 2. Western blotting of stable clones of MDA-MB-231. The 

cells were transfected with either pAcGFP (G), pAcGFP-Dicer (W) or pAcGFP-

NLS-Dicer (N) vectors and then analyzed for their overexpression of the 

corresponding fusion proteins with antibodies against Dicer, GFP and α-Tubulin 

which served as loading control. Parental (P) cells were used as control. Of the GFP 

expressing clones, G4 and G5 were positive. Of the GFP-Dicer and GFP-NLS-Dicer 

expressing clones, none seemed to express their corresponding protein.  
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Supplementary Figure 1. Western blotting of stable clones of MDA-MB-231. The 

cells were transfected with either pAcGFP (G), pAcGFP-Dicer (W) or pAcGFP-

NLS-Dicer (N) vectors and then analyzed for their overexpression of the 

corresponding fusion proteins with antibodies against Dicer, GFP and α-Tubulin 

which served as loading control. Parental (P) cells were used as control. Of the GFP 

expressing clones, only G1 was positive. Of the GFP-Dicer expressing clones, none 

seemed to express the protein. However, W1 was shown to be positive at a later 

analysis. Of the GFP-NLS-Dicer expression clone, only N3 expressed the protein. 
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Mutations in shDicer target sequence in Dicer 

Sequence:     -CAAACTGCTCGAAATC T T ACGCAAATATAAACCATATGAGCG- 

Primer:          CAAACTGCTCGAAATC T T AAGAAAATATAAACCATATGAGCG 

shDicer:        GUUUUUCGAGCUUUAGAAUGCGUUUAUGAG 

Supplementary Figure 4. Mutagenesis of Dicer. Two mutations in the shDicer target sequence in 

Dicer were attempted. The target sequence is marked by the blue box, while the mutations are 

indicated by red letters, both changing a cytosine into an adenine. However, none of the mutagenesis 

attempts succeeded even after extensive troubleshooting and changing of PCR protocol settings. 
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Supplementary Figure 3. Western blotting of stable clones of MDA-MB-231. The 

cells were transfected with either pAcGFP (G), pAcGFP-Dicer (W) or pAcGFP-

NLS-Dicer (N) vectors and then analyzed for their overexpression of the 

corresponding fusion proteins with antibodies against Dicer, GFP and α-Tubulin 

which served as loading control. Parental (P) cells were used as control. Of the GFP 

expressing clones, none expressed the protein. Of the GFP-Dicer expressing clones, 

W1 and W10 were positive, while W9 and W11 indicated potential but weak 

expression of the protein. 
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