
Inhibition of cytosolic and mitochondrial creatine kinase
by siRNA in HaCaT- and HeLaS3-cells affects cell viability
and mitochondrial morphology

Holger Lenz Æ Melanie Schmidt Æ Vivienne Welge Æ
Thomas Kueper Æ Uwe Schlattner Æ Theo Wallimann Æ
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Abstract The creatine kinase (CK) system is essential for

cellular energetics in tissues or cells with high and fluctu-

ating energy requirements. Creatine itself is known to

protect cells from stress-induced injury. By using an siR-

NA approach to silence the CK isoenzymes in human

keratinocyte HaCaT cells, expressing low levels of cyto-

plasmic CK and high levels of mitochondrial CK, as well

as HeLa cancer cells, expressing high levels of cytoplasmic

CK and low levels of mitochondrial CK, we successfully

lowered the respective CK expression levels and studied

the effects of either abolishing cytosolic brain-type BB-CK

or ubiquitous mitochondrial uMi-CK in these cells. In both

cell lines, targeting the dominant CK isoform by the

respective siRNAs had the strongest effect on overall CK

activity. However, irrespective of the expression level in

both cell lines, inhibition of the mitochondrial CK isoform

generally caused the strongest decline in cell viability and

cell proliferation. These findings are congruent with elec-

tron microscopic data showing substantial alteration of

mitochondrial morphology as well as mitochondrial

membrane topology after targeting uMi-CK in both cell

lines. Only for the rate of apoptosis, it was the least ex-

pressed CK present in each of the cell lines whose inhi-

bition led to the highest proportion of apoptotic cells, i.e.,

downregulation of uMi-CK in case of HeLaS3 and BB-CK

in case of HaCaT cells. We conclude from these data that a

major phenotype is linked to reduction of mitochondrial

CK alone or in combination with cytosolic CK, and that

this effect is independent of the relative expression levels

of Mi-CK in the cell type considered. The mitochondrial

CK isoform appears to play the most crucial role in

maintaining cell viability by stabilizing contact sites be-

tween inner and outer mitochondrial membranes and

maintaining local metabolite channeling, thus avoiding

transition pore opening which eventually results in acti-

vation of caspase cell-death pathways.
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Introduction

Creatine kinase (CK) forms a small family of isoenzymes

playing an important role in maintaining the global and

local ATP/ADP ratio at a constant high level within cells.

With its substrates creatine (Cr) and phosphocreatine

(PCr), CK isoenzymes provide a temporal and spatial

cellular energy buffer. The reversible CK reaction, together

with high concentrations of PCr, is able to replenish ATP

levels for short-term peak energy requirements of cells,

which cannot be replenished in time by conventional ATP

generating pathways such as glycolysis or oxidative

phosphorylation in mitochondria [1]. Further, the distinct
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subcellular localizations of CK isoenzymes are thought to

represent a PCr circuit, whereby sites of energy production

(mitochondria and glycolysis) are tightly linked via highly

diffusible Cr/PCr to sites of energy consumption [2]. ATP

generated, e.g., by oxidative phosphorylation is used by

mitochondrial CK (Mi-CK) to generate PCr from Cr [3, 4].

PCr then diffuses to the cytosol to locally regenerate ATP

from ADP via cytosolic CK that is partially associated with

cellular ATPases. Cr produced during this reaction is

shuttled back to the mitochondria for recharging to PCr.

This energy shuttling system is particularly efficient in

tissues with a very high and fluctuating energy demand

such as skeletal and cardiac muscle. However, it is also

found in brain, kidney, uterus, spermatozoa, and most other

cells and tissues investigated so far [5–7], including skin

[8, 9], indicating an important role in cellular energy

homeostasis.

Recent experiments with Cr supplementation in vitro

and in vivo show that not only CK but also its substrates Cr

and PCr are important for proper cell function. The best

line of evidence for this comes from the recent discovery of

the so-called Cr-deficiency syndromes involving patients

that lack Cr in their brain and present with a severe phe-

notype (for review see [10]). In vitro treatment of cells, as

well as dietary supplementation of animals with Cr can

improve the cellular stress resistance in general, enhance

survival following noxious treatment and protect from in-

jury [11, 12]. Cr supplementation mediates remarkable

neuroprotection in experimental models of several neuro-

degenerative diseases [13–15], as well as traumatic brain

injury [12], and cerebral ischemia in mice [16]. Transgenic

mice expressing high levels of BB-CK in liver cells, which

are normally devoid of this enzyme, become more resistant

to apoptosis induced by tumor necrosis factor or hypoxia

when supplemented with dietary Cr [17]. Furthermore, our

own data demonstrate that Cr exhibits a protective effect

against oxidative stress in skin, caused by reactive oxygen

species (ROS) [9]. Such protective effects of Cr may be

linked to an increased cellular PCr pool [18], which would

improve the energy buffer and storage functions of the CK

system. In conjunction with Mi-CK, Cr shows a number of

additional beneficial effects, either in preventing apoptosis

by inhibiting mitochondrial permeability transition [3, 19],

or in controlling production of noxious ROS [20] by tight

functional coupling of Mi-CK to oxidative phosphorylation

[21]. These mechanisms would improve the stress resis-

tance of cells by preventing a drop in ATP/ADP ratios,

premature apoptosis, and/or ROS-induced cellular damage.

In an attempt to elucidate the functional role of CK

isoenzymes in vivo, constitutive knockout mice lacking

cytosolic and/or mitochondrial CK were generated and

studied extensivley [22–30]. Although the mice were

phenotypically normal in many aspects, detailed

characterization revealed a number of impairments. While

single CK knockouts showed some histological and bio-

chemical adaptations or abnormal behavior [26, 27], the

phenotypes of double knockouts were much more pro-

nounced, including severely impaired calcium handling in

muscle [23, 31], spatial learning [29], and hearing loss [7].

Two conclusions could be drawn from these studies. First,

the existence of a functional Cr/PCr system is very

important, although not absolutely mandatory for survival.

Second, constitutive CK gene knockout mice develop a

remarkable metabolic and morphological remodeling of

their cells and tissues to compensate for the lack of CK,

thus possibly obscuring the primary phenotype linked to

the gene knockout [22–30].

Therefore, the aim of this study was to adopt an siRNA

approach to silence CK isoenzymes on a fast time scale and

thus prevent compensatory adaptations. Using human

keratinocyte HaCaT and cancer HeLa cells, that express

different levels of BB-CK and uMi-CK, we successfully

lowered CK expression levels of both isoenzymes and

studied the effects on cell viability and ultrastructure. Our

results provide new insight into the role of cytoplasmic

versus mitochondrial CK in providing stress resistance.

Notably, a strong mitochondrial phenotype was observed in

uMi-CK siRNA targeted cells, showing altered mitochon-

drial morphology as well as mitochondrial membrane

topology, a finding that is in line with the proposed func-

tion of uMi-CK in stabilzing contact sites between inner

and outer mitochondrial membranes [32] and in reducing

ROS-mediated damage [20]. In contrast to the transgenic

CK knockout animal models, siRNA silencing of CK

seems to impose a more severe phenotype affecting cell

viability and survival, possibly due to the lack of com-

pensatory metabolic and morphological adaptations in this

experimental model.

Materials and methods

Cell culture

The human keratinocyte cell line HaCaT, and HeLaS3,

cells were cultured at 37�C and 7% CO2 in 185 cm2 culture

flasks (Nunc, Wiesbaden, Germany) containing Dulbecco’s

modified Eagle’s medium (Life Technologies, Eggenstein,

Germany) supplemented with 10% fetal calf serum (Life

Technologies, Eggenstein, Germany). Medium was re-

placed twice weekly. After cells reached a confluency of

50–70%, cells were split 1:4 or seeded in 6 well plates

(10,0000 cells/cm2). After an additional 24 h of incuba-

tion, the cells were used for the experiments described

below.
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Transfection with siRNAs

The transfection was performed using Lipofecatmine

PlusTM (Invitrogen, Karlsruhe, Germany). In brief, 10 ll of

Scramble, siBB-CK, or siMi-CK siRNAs (20 lM, MWG

Biotech, Munich, Germany) were premixed with 86 ll

medium (Dulbecco’s modified Eagle’s medium, Life

Technologies, Eggenstein, Germany) and 4 ll Plus-solu-

tion in a 1.5 ml-test tube. The siRNA sequences used for

inhibition of human BB-CK and Mi-CK expression are

depicted in Table 1. Lipofectamine (4 ll) was premixed in

96 ll medium in another 1.5 ml-test tube. After 10 min of

incubation, solutions from both test tubes were mixed and

incubated for another 15–20 min. In the meantime, the

medium from the 6 well plates containing HaCaT- or He-

LaS3- cells was removed, cell layers were rinsed with PBS,

and 800 ll serum-free medium was added to each well.

The 200 ll transfection mixture was added to each well

and carefully mixed. Transfection was stopped 24 h later

by adding 500 ll medium containing 30% fetal calf serum.

Cell extracts

Cells, seeded and incubated in 6-well plates, were washed

twice with ice-cold PBS. Afterwards 200 ll lysis buffer

(50 mM Tris–HCl, 5 mM EDTA, 300 mM NaCl, 0.5%

Triton X 100), containing CompleteTM Mini (Roche) pro-

tease inhibitor cocktail, were added to each well and

incubated for 30 min at room temperature. After scraping

the cells, the suspension was centrifuged for 10 min at

14,000 rpm and 4�C. The protein amount was determined

by using a BCA assay (Interchim, Montiucon, France) and

the absorption at 562 nm was measured in 96-well plates

on a Spectra Max 250 (Molecular Devices, Sunnyvale,

USA).

Antibodies and immunoblotting

Proteins from cell extracts (10 lg per lane) were separated

by polyacrylamide gel electrophoresis under denaturing

conditions on 10% SDS-PAGE gels. Subsequently, the

proteins were electrotransferred onto nitrocellulose or

PVDF membranes and blocked with 10 % milk powder.

CK isoenzymes were identified using a rabbit-anti-human

BB-CK primary antibody (Biotrend, Köln, Germany) or a

rabbit-anti-human uMi-CK primary antibody [8], followed

by secondary anti-rabbit IgG antibodies conjugated to

horseradish peroxidase (Sigma, Munich, Germany). The

protein bands were visualized using the Lumilight Plus

Western Blot Detection Kit (Roche, Mannheim, Germany).

Determination of CK activity

Cytoplasmic extracts (10 ll) of siRNA-transfected and

control cells were used in a CK assay (Sigma, Munich,

Germany) as described before [9]. In brief, Cr solution

(50 ll) was added to one sample of each cytoplasmic ex-

tract (test), and 50 ll TRIZMA buffer was added to another

sample (blank). In the following steps the samples were all

treated analogously. After addition of 50 ll water and

5 min incubation at 37�C, 4 ll ATP-glutathione was added

and the samples were incubated at 37�C for 1 h. The

reaction was then stopped with 80 ll of 20% trichloro-

acetic acid (TCA) and filtered through a multiscreen plate

(Millipore). After addition of 200 ll water, 50 ll acid

molybdate, and 12.5 ll Fisk & Subarow reducer to 50 ll of

each sample, they were incubated at room temperature for

30 min. Finally, the absorbance at 700 nm was measured,

the amount of phosphate (in lg) was determined according

to a standard curve, and the difference (D lg phosphate)

between blank and test were transformed into CK activity

units.

Determination of vitality (lactate dehydrogenase

release)

Cell vitality was determined using the Cytotoxicity

Detection Kit (LDH, Roche, Mannheim, Germany). The

assay is based on the cleavage of a tetrazolium salt when

LDH is present in the culture supernatant. In brief, HaCaT,

and HeLaS3 cells were seeded in 6 well plates at

100,000 cells/well and cultured for 24 h before transfec-

tion with Scramble, siBB-CK, or siMi-CK siRNAs. Cyto-

toxicity in both cell lines was measured 72 h after

transfection. Lactate dehydrogenase activity was deter-

mined in 100 ll aliquots of the 1.5 ml-culture supernatant

and in 100 ll aliquots of the corresponding 1.5 ml-lysate

of the remaining cells (lysis in 2% Triton-X 100 for

10 min). For colorimetric determination of LDH, 100 ll of

either the culture supernatants or the lysates were com-

bined with 100 ll of the test reagent on 96-well ELISA

microplates and incubated for 30 min at room temperature.

Absorbance was measured at 492 nm using an ELISA plate

reader (Spectramax, Molecular Devices, Munich,

Table 1 siRNA sequences used for inhibition of human BB-CK and

uMi-CK expression

siBB-CK: 5¢-CCU GGG CAA GCA UGA GAA G dTdT

(G/C content: 54.4%) dTdT GGA CCC GUU CGU ACU CUU C-5¢
siMi-CK: 5¢-UGA AGC ACA CCA CGG AUC U dTdT

(G/C content: 47.6%) dTdT ACU UCG UGU GGU GCC UAG A-5¢

siRNA against BB-CK starts at basepair 900 of the coding sequence

and siRNA against uMi-CK at basepair 786. G/C content: ratio of

guanine and cytosine nucleic acids in total siRNA sequence
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Germany). Cytotoxicity was expressed as the ratio of re-

leased LDH activity in supernatants and total LDH activity.

Determination of cell proliferation (BrdU

incorporation)

Proliferation in HaCaT- and HeLaS3-cells was measured

72 h after transfection with Scramble, siBB-CK or siMi-

CK by determination of BrdU incorporation using the

Proliferation-ELISA BrdU (Roche, Mannheim, Germany).

The Proliferation ELISA measures cell proliferation by

quantitation of BrdU incorporated into newly synthesized

DNA of replicating cells. In brief, HaCaT- and HeLaS3-

cells were seeded in 6 well plates at 100,000 cells/well and

cultured for 24 h before transfection with Scramble, siBB-

CK, or siMi-CK siRNAs. Cells were then incubated for

24 h with BrdU starting 48 h after transfection. The cells

were subsequently fixed with FixDenat solution for

30 min, followed by incubation with 1.5 ml of the anti-

BrdU-POD-solution for 90 min. After three washes TMB

substrate solution was added for 30 min, and the resulting

absorbance at 370 nm (reference wavelength 492 nm)

was determined by means of an ELISA plate reader

(Spectramax, Molecular Devices, Munich, Germany).

Determination of apoptosis and necrosis (FACS)

Apoptosis and necrosis were determined using the Annexin

V-FITC Apoptosis detection Kit I (BD Biosciences, Hei-

delberg, Germany). In brief, HaCaT- and HeLaS3-cells

were detached 72 h after transfection from the culture

plates using Trypsin/EDTA buffer (10 min at 37�C). Har-

vested cells were washed twice with cold PBS and resus-

pended in 100 ll binding buffer. Fifteen minutes after

adding 5 ll annexin-V-FITC and 5 ll propidium iodide

(PI) the cell suspension was diluted to 500 ll with binding

buffer and analyzed with a FACScalibur flow cytometer

(Becton Dickinson, Heidelberg, Germany) using a two-

color setting. Viable cells were identified as annexin-V

negative and PI negative cells; apoptotic cells as annexin-V

positive and PI negative, necrotic cells as annexin-V po-

sitive and PI positive.

Electron microscopy

HaCaT- and HeLaS3-cells were washed 72 h after trans-

fection with ice-cold PBS without Ca2+ and Mg2+ (PAA,

Linz, Austria) and incubated at 4�C in 1 ml of a 1:1 mix-

ture of freshly prepared fixative according to Ito and

Karnovsky [33] (5 ml of 5% paraformaldehyd in 0.2 M

cacodylate buffer, 1 ml 25% glutaraldehyde, 3 ml water,

1 ml 0.5% picric acid) and cacodylate buffer (0.2 M

sodium cacodylate, pH 7.35) for 1 h (all chemicals from

Sigma, Munich, Germany). After centrifugation at

1500 rpm for 10 min in a 1.5 ml test-tube, cells were

washed four times with 1 ml 0.1 M cacodylate buffer for

10 min and spun at 1500 rpm for 10 min. Afterwards, cells

were incubated with 1 ml of osmium fixation solution (1:1

mixture of 2% osmium tetroxide and 3% potassium ferr-

ocyanate, both Sigma, Munich, Germany) for 1 h and

washed with water several times. The fixed tissue was

embedded in Epon resin according to standard procedures,

cut on a Ultracut FC 4E microtome (Reichert-Jung, Nuss-

loch, Germany) and finally microscoped on a Zeis EM109

electron microscope (Zeiss, Göttingen, Germany) using a

Macophot ORT25c film (G.C.Bender, Frankfurt,

Germany).

Results

Creatine kinase expression in HaCaT- and HeLaS3-

cells

A representative Western blot analysis of cytoplasmic BB-

CK and mitochondrial uMi-CK in lysates of keratinocytes,

HaCaT- and HeLaS3-cells is shown in Fig. 1. Isoform-

specific antibodies detected both CK isoenzymes as distinct

bands with an apparent molecular weight of about 43 kDA.

BB-CK and uMi-CK were differentially expressed in Ha-

CaT- and HeLaS3-cells: while HaCaT cells and keratino-

cytes showed low BB-CK and high uMi-CK levels, the

opposite was the case for HeLaS3-cells, with high BB-CK

and particularly low uMi-CK levels.

Inhibition of BB-CK and uMi-CK in HaCaT-

and HeLaS3-cells by siRNA

For inhibition of BB-CK and uMi-CK in HaCaT- and

HeLaS3-cells, isoform-specific siRNAs (siBB-CK and

siMI-CK; Table 1) were chosen according to recommen-

dations described by Elbashir et al [36]. A representative

Western blot analysis of cell lysates from untransfected

HaCaT- and HeLaS3-cells, as well as cells transfected with

Scramble siRNA (not encoding for any known human

target sequence), siBB-CK, siMi-CK, and a combination of

siBB-CK and siMi-CK is depicted in Fig. 2. In both,

HaCaT- and HeLaS3-cells transfection with Scramble

siRNA did not show any effect on the expression of BB-

CK or uMi-CK. As expected, transfection of both cell lines

with siBB-CK (Fig. 2A, C) clearly inhibited BB-CK

expression by about 75% (HaCaT) and 92% (HeLaS3).

Transfection with siMi-CK (Fig. 2B) also reduced uMi-CK

expression by about 80% in HaCaT-cells, while in

HeLaS3-cells with their very low uMi-CK levels (Fig. 1B),

an inhibition of this isoenzyme was not detectable (not
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shown). However, it is important to note that siBB-CK had

no effect on uMi-CK expression, while siMi-CK also

inhibited expression of BB-CK by about 75%, almost

similar to a mixture of both siRNAs as seen with HaCaT

cells (Fig. 2A, C). In the following assays, effects of CK

down-regulation were determined 72 h after transfection.

Effects of CK siRNA inhibition on CK activity

The effect of siRNAs on CK expression was also detected

by measuring overall CK activity. Cells transfected with

siBB-CK or siMi-CK were compared to those transfected

with Scramble control (Table 2). Overall CK activity in

HaCaT-cells was unaffected by siBB-CK, but significantly

reduced (P = 0.041) by siMi-CK. The inverse was true for

HeLaS3-cells, where siBB-CK led to a highly significant

(P = 0.014) reduction of overall CK activity, while chan-

ges in siMi-CK levels were not significant. These results

coincide with the different abundance of CK isoenzymes in

these cell lines: high levels of uMi-CK in HaCaT, but high

levels of cytoplasmic BB-CK in HeLaS3 (Fig. 1).

Effects of BB-CK and Mi-CK siRNA inhibition on cell

viability

The effect of reduced BB-CK and uMi-CK levels on cell

viability and proliferation was examined in HaCaT and

HeLaS3-cells. First, the rate of cell death was determined

by measuring lactate-dehydrogenase-(LDH)-release into

the supernatant of siRNA-transfected cells (Table 3). In

HaCaT cells, transfection with siBB-CK had no effect at

all, and transfection with siMtCK led to an only weak in-

crease (P = 0.057) in the rate of cell death as normalized to

Scramble control. By contrast, transfection of HeLaS3-

cells with both, siBB-CK and siMi-CK, showed a highly

significant (P = 0.013 and P = 0.003, respectively) in-

crease in the rate of cell death. Here, the strong effect of

siMi-CK is probably due to inhibition of both, uMtCK and

BB-CK expression (Fig. 2C).

As a second parameter, proliferation was examined

using a BrdU incorporation assay (Table 4). Transfection

with siRNA against BB-CK had only little effects on

proliferation of HaCaT- and HeLaS3-cells, whereas trans-

fection with siMi-CK showed a highly significant reduction

(P = 0.018 and P = 0.024, respectively) of proliferation in

HaCaT-cells and HeLaS3-cells as well. Since siBB-CK is

inefficient in this assay, the strong effect of siMi-CK is

rather due to reduced uMi-CK levels. This is surprising for

HeLa cells, which express only low levels of this isoen-

zyme (Fig. 1).

As a third parameter, percentages of apoptotic and ne-

crotic cells after siRNA transfection of HaCaT- and He-

LaS3-cells were determined by FACS analysis using PI and

annexin-V-FITC for labeling. Compared to Scramble

control, a shift from vital to apoptotic and necrotic cells

could be observed in all transfections (Table 5). In HaCaT-

cells, transfection with siBB-CK showed the strongest ef-

fects with an increase of apoptotic (by 19%) and necrotic

cells (by 10%). Transfection with siMi-CK only slightly

increased the rate of apoptotic (by 6%) and necrotic cells

(by 7%). In contrast, transfection of HeLaS3-cells with

siBB-CK showed less increase in apoptotic (by 25%) and

necrotic cells (by 7%) than transfection with siMi-CK. In

the latter case, apoptosis rose by 37% and necrosis by 15%,

leaving only about 14% of cells in the vital state.

Effects of BB-CK and Mi-CK siRNA inhibition on cell

morphology

The effects of transfection with siBB-CK and siMi-CK on

the morphology of HaCaT- and HeLaS3-cells were

examined by transmission electron microscopy (Fig. 3).

Neither in HaCaT- nor in HeLaS3-cells, morphological

changes could be detected after transfection with siBB-CK

(data not shown). In contrast, inhibition of Mi-CK (together

with BB-CK) using siMi-CK had visible effects on cellular

morphology of both cell types. As compared with un-

transfected (Fig. 3A + D) and Scramble-transfected cells

Fig. 1 CK expression and activity in HaCaT- or HeLaS3-cells.

Western blot analysis of BB-CK (A) and uMi-CK (B). Cytosolic

extracts (10 lg of total protein) of human primary keratinocytes,

HeLaS3 and HaCaT cells were separated by SDS-PAGE. Purified

BB-CK (positive) served as a positive control in A. As negative

control, the primary antibody was omitted (data not shown).

Molecular weight (about 43 kDa for BB-CK and uMi-CK) was

determined by using a molecular weight standard (Precision Plus,

dual color) from Bio-Rad (Munich, Germany). The Western blots

were repeated three times and representative blots were chosen for

this figure
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(Fig. 3B + E), siMi-CK transfected cells showed mito-

chondria with a significantly altered ultrastructure and

cristae disposition (Fig. 3C + F). This morphology coin-

cided with a decrease in mitochondrial membrane potential

(data not shown). Moreover, the storage glycogen observed

in untransfected and Scramble control HeLaS3-cells

(Fig. 3D + E) vanished nearly completely in siMi-CK

transfected HeLaS3-cells (Fig. 3F).

Fig. 2 Transfection of HaCaT- and HeLaS3-cells with siBB-CK or

siMi-CK. Western blot analysis of BB-CK (A and C) and Mi-CK (B)

after transfection of HaCaT-cells (A and B) and HeLaS3-cells (C)

with siBB-CK or siMi-CK. For Western blot analysis cytosolic

extracts of HaCaT- and HeLaS3-cells (10 lg of total protein) were

prepared and separated by SDS-PAGE. Untreated cells (Control),

Scramble treated, siBB-CK or siMi-CK treated cells were compared.

Purified BB-CK (positive) served as a positive control in A and C. As

negative control, the primary antibody was omitted (data not shown).

Molecular weights were determined by using a molecular weight

standard (Precision Plus, dual color) from Bio-Rad (Munich,

Germany). The Western blots were repeated three times and

representative blots were chosen for this figure

Table 2 CK activity after transfection of HaCaT- and HeLaS3-cells

with siRNAs against BB-CK or uMi-CK

CK activity after transfection (% of Scramble control)

Scramble siBB-CK siMi-CK

HaCaT 100 ± 16 117 ± 23 38 ± 24*

HeLaS3 100 ± 43 21 ± 27** 51 ± 39

Creative kinase activity was measured in cytosolic extracts of HaCaT-

and HeLaS3-cells 72 h after transfection with Scramble, siBB-CK

and siMi-CK. All data represent the mean ± SD of triplicate mea-

surements and were normalized to the scramble control (100%). No

differences were observed between untransfected and Scramble-

transfected cells (not shown)

*P < 0.05 as compared with Scramble control; **P < 0.025 as

compared with Scramble control

Table 3 Cytotoxicity (LDH release) after transfection of HaCaT-

and HeLaS3-cells with siRNAs against BB-CK or uMi-CK

LDH release after transfection (% of Scramble control)

Scramble siBB-CK siMi-CK

HaCaT 100 ± 19 108 ± 5 129 ± 5*

HeLaS3 100 ± 6 165 ± 35** 217 ± 41**

Cytotoxicity in HaCaT- and HeLaS3-cells was determined by LDH

release measurement 72 h after transfection with Scramble, siBB-CK

or siMi-CK by determination of LDH activity. All data represent the

ratio of LDH release into the media versus total LDH. Data represent

means ± SD of five measurements and were normalized on Scramble

control (100 %). No differences were observed between untransfected

and Scramble-transfected cells (not shown)

*P = 0.057 as compared with Scramble control; **P < 0.025 as

compared with Scramble control

Table 4 Proliferation (BrdU incorporation) after transfection of Ha-

CaT- and HeLaS3-cells with siRNAs against BB-CK or uMi-CK

BrdU incorporation after transfection (% of Scramble

control)

Scramble siBB-CK siMi-CK

HaCaT 100 ± 11 81 ± 11 56 ± 1*

HeLaS3 100 ± 21 83 ± 1 43 ± 16*

Proliferation in HaCaT- and HeLaS3-cells was measured 72 h after

transfection with Scramble, siBB-CK or siMi-CK by BrdU incorpo-

ration for 24 h. All data represent means ± SD of triplicate cultures

and were normalized to the Scramble control (100%). No differences

were observed between untransfected and Scramble-transfected cells

(not shown)

*P < 0.025 as compared with Scramble control
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Discussion

In this article, we first describe the effects of selective

siRNA inhibition of cytosolic and mitochondrial CK in cell

culture with regard to cell viability and morphology. The

data suggest that a major phenotype is linked to reduction

of mitochondrial CK alone or in combination with cyto-

solic CK, and that this effect is independent of the relative

expression levels of Mi-CK in the cell type considered.

Thus, immediate down-regulation of CK in cell culture

leads to a more severe phenotype as compared to constit-

utive CK knockout mice.

Here we used two human cell lines, keratinocyte Ha-

CaT-cells and cervical carcinogenic HeLaS3-cells for

which we show an inverse CK expression pattern: low

levels of cytoplasmic BB-CK and high levels of mito-

chondrial uMi-CK in HaCaT-cells, but high levels of BB-

CK and low levels of uMi-CK in HeLaS3-cells. Both CK

isoenzymes were successfully down-regulated by a tar-

geted siRNA. This approach has not yet been used to

manipulate CK expression and can complement the large

number of studies on constitutive CK knockdown mice

[22–30, 34]. The cell phenotype was examined 72 h after

transfection. This should eliminate most metabolic and

cyto-architectural adaptations which complicate analysis of

the classical constitutive mouse knockdown models [23–

25], and thus facilitate detection of primary consequences

of CK inhibition. In addition, the opposite CK expression

pattern of the two cell lines gave us the opportunity to

distinguish between the different effects of inhibition of

either cytosolic or mitochondrial CK. Expression levels of

Table 5 Apoptosis and necrosis after transfection of HaCaT- and

HeLaS3-cells with siRNAs

Cell line Transfection Cellular status 72 h after transfection

Vital (%) Apoptotic (%) Necrotic (%)

HaCaT Scramble 75.6 21.0 3.4

HaCaT siBB-CK 46.8 40.0 13.2

HaCaT siMi-CK 63.1 26.9 10.1

HeLaS3 Scramble 65.3 32.2 2.4

HeLaS3 siBB-CK 33.1 57.6 9.2

HeLaS3 siMi-CK 13.9 69.0 17.1

Percentages of vital cells (annexin-V–/PI–), apoptotic cells (annexin-

V+/PI–), and necrotic cells (annexin-V+/PI+) were determined 72 h

after transfection with Scramble, siBB-CK and siMi-CK by FACS

analysis using Annexin V and propidium iodide (PI) staining. Data

represent means of triplicate measurements. No differences were

observed between untransfected and Scramble-transfected cells (not

shown)

HaCaT

A

F

E

C

B

Mi
Mi

Mi

Mi

Mi
Mi

Gly 

Gly 

Gly 

Untransfected Untransfected

Scramble Scramble

siMi-CK siMi-CK

HeLaS3 

D

Fig. 3 Transmission electron

microscopy after transfection of

HaCaT- and HeLaS3- cells with

siRNA against Mi-CK.

Transmission electron

microscopy images of HaCaT-

(A, B, C) and HeLaS3- (D, E,

F) cells 72 h after transfection

with siRNA. A and D represent

non-transfected control cells, B
and E scramble control cells and

C and F cells transfected with

siMi-CK. Note that the

ultrastructure and cristae

disposition in the mitochondria

of siMi-CK transfected HaCaT-

and HeLaS3-cells is

significantly altered. The scale

bar corresponds to 0.5 lm. Mi:

mitochondria, Gly: glycogen,

arrow: chistae
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BB-CK and uMi-CK were generally down-regulated by

75% or more. While siBB-CK was specific for BB-CK,

transfection with siMi-CK affected not only uMtCK but

also BB-CK levels. This unexpected result was observed at

the protein level for both cell types, and also with total

CK enzyme activity in case of HeLaS3-cells, where siMi-

CK provokes a marked CK activity decrease, although

uMi-CK is present at only marginal amounts. A reason for

this observation could be an unexpected cross-reactivity of

the chosen siMi-CK RNA, although its sequence is specific

for uMi-CK (see Table 1) and was the most efficient

among several tested ones. Theoretically, siMi-CK could

also reduce BB-CK expression indirectly, secondary to

uMt-CK inhibition, but this was not observed in transgenic

mice carrying an invalidated uMt-CK gene [29].

The effects of CK down-regulation on viability and

morphology of both cell lines are summarized in Table 6.

These are the two parameters that are frequently altered in

experimental models of Cr supplementation or CK

knockdown. In the present study, using siRNA-induced

acute down-regulation of BB-CK or uMi-CK, rather dif-

ferent and pronounced phenotypes were observed. They

can be grouped in those that are largely determined by

inhibition of Mi-CK, and others that seem to be more cell-

type specific.

In both cell lines, siMi-CK led to a distinct strong

reduction in cell proliferation, increased necrosis, drastic

changes in mitochondrial shape and morphology, as well as

in HeLaS3-cells to a strong reduction in storage glycogen.

The siBB-CK had very weak or no effect on these

parameters, indicating that it is rather uMi-CK inhibition

that is at the basis of the distinct siMi-CK effects. The close

link between CK and proliferation as an energy-dependent

process has been reported frequently, in particular in

oncogenic growth [35]. However, this mostly concerned

cytosolic BB-CK, while our results suggest an important

role rather for Mi-CK. Mitochondrial morphology in siMi-

CK transfected cells could be directly observed by electron

microscopy, revealing an alteration in the global morpho-

logical appearance of mitochondria from elongated to more

spherical organelles, and a loss of normal cristae membrane

topology showing fewer cristae with enlarged cristae space.

Together with a reduced membrane potential (data not

shown), these data indicate a partial loss of function of the

mitochondrial compartment as a consequence of uMi-CK

inhibition, regardless whether this is the predominantly

expressed isoenzyme or present only in faint amounts like

in HeLaS3-cells. This finding has two important implica-

tions.

First, it corroborates the already known specific roles of

Mi-CK in maintaining coupled ATP-ADP exchange across

the inner membrane [21], minimizing ROS generation [20],

and stabilizing the mitochondrial inner and outer mem-

branes at contact sites [32]. As a consequence, functional

MtCK together with its substrate Cr not only supplies an

energy buffer and transport system, but may also help to

protect mitochondria from membrane damage and opening

of the permeability transition pore [3, 36], an early event of

apoptosis [37]. Immediate and strong downregulation of

Mi-CK seems to interfere with all these functions, leading

Table 6 Summary of CK isoenzyme expression and effects of siRNA transfection in HaCaT- and HeLaS3-cells

HaCaT-cells HeLaS3-cells

CK isoenzyme: BB-CK uMiCK BB-CK uMiCK

Expression Low High High Low

Transfection with siRNA siBB-CK siMi-CK siBB-CK siMi-CK

Cell physiological parameters

CK-activity o – – – (–)

Cytotoxicity (LDH) o (+) ++ ++

Proliferation (BrdU) o – – o – –

Apotosis (+) (+) (+) (+)

Necrosis (+) (+) (+) + +

Cell morphological parameters

Mitochondrial ultrastructure Unchanged Changed Unchanged Changed

The different effects of siRNA transfection on HaCaT- and HeLaS3-cells with siRNAs against cytosolic BB-CK and mitochondrial uMi-CK are

summarized in comparison with the observed endogenous expression levels of the two different CK isoforms. Cell physiological parameters were

determined 72 h after transfection

++/– – Statistically highly significant stimulation/inhibition (P < 0.025)

+/– Statistically significant stimulation/inhibition (P < 0.05)

o No difference

(+)/(–) Tendency toward stimulation/inhibition
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to apoptotic or necrotic cell death. The latter is seen mainly

in HeLa cells, probably because mitochondria are stongly

impaired and cellular ATP levels are too low.

Second, the phenotype of the siRNA model seems to be

much more severe than with CK knockout mice, in par-

ticular those with both CK isoenzymes invalidated [23, 25].

As already mentioned, this is probably due to the multiple

compensatory adaptations in these animals. For example,

proliferation of functional mitochondria was observed that

could compensate ATP generation and diffusion limita-

tions due to loss-of-function in the Cr/PCr system. Fur-

thermore, MM-CK and MM-CK/sMi-CK double

knockouts showed a compensatory increase in glycogen

content in fast muscle fibers [23], while in our experiments

siMi-CK led to a strong decrease of storage glycogen in

HeLa cells, possibly as a consequence of energy stress.

Together with further metabolic remodeling, these adap-

tations of CK knockout animals are apparently sufficient to

avoid dramatic energy loss and to prevent premature cell

death, in contrast to what was observed in the siRNA

model. Taken together, these data suggest that the pheno-

type of CK knockout animals is obscured by a number of

secondary adaptations of the metabolic network.

Other effects of CK down-regulation seemed to be ra-

ther cell-type specific and dependent on the different iso-

enzyme expression pattern. HaCaT-cells were almost

resistant to cytotoxicity induced by CK down-regulation;

only inhibition of the major uMi-CK isoenzyme showed an

effect at low significance. Strong cytotoxicity was detected

in HeLaS3-cells for both siRNAs. However, the strong

effect of siMi-CK is here rather due to BB-CK down-

regulation, since already siBB-CK shows a strong pheno-

type. For induced apoptosis, again HeLaS3-cells were the

more susceptible. Interestingly, here it was the least ex-

pressed CK present in each of the cell lines whose inhi-

bition led to the highest proportion of apoptotic cells, i.e.,

downregulation of Mi-CK in case of HeLaS3. Thus, there

seems to be a direct correlation between uMi-CK expres-

sion level and apoptosis in this cell line.

Creative kinase is a key enzyme for cellular energetics

in tissues or cells with high and fluctuating energy

requirement, such as skeletal, cardiac and smooth muscle,

as well as brain, retina photoreceptor cells, spermatozoa,

and inner ear sensory hair cells [4, 6, 7, 38]. Cr itself is

known for numerous beneficial effects in muscle, such as

increasing muscle strength and endurance [18, 39–43].

Moreover it has neuroprotective properties in neurode-

generative diseases like Parkinson or amyotrophic lateral

sclerosis [13, 44–46] or traumatic brain [12] and spinal

cord [47] injury. It prevents of mutagenesis of mitochon-

drial DNA [48] and has protective effects against UV

damage in skin [9, 48], just to mention a few of the effects

that were observed in various systems.

Data obtained with siRNA technology in this study shed

new light on the importance of CK isoforms for normal cell

function in keratinocytes and thus in skin, as well as in

cancer. They corroborate the relevance of CK [8] and its

substrates Cr and PCr for skin function, maintenance,

protection [9], and repair [49]. In particular, the data sup-

port findings that Mi-CK plays a number of specific

structural and functional roles, even if present only as a

minor isoenzyme. These functions include stabilization of

specific contact sites linking inner and outer mitochondrial

membranes [32], reduction of ROS generation [20], and

inhibition of mitochondrial permeability transition [3, 36],

an early event of apoptosis [37]. The study represents a

proof of principle for siRNA inhibition of CK. This tech-

nology seems to be a valuable tool to examine the multi-

facetted role of CK isoenzymes in the complex cellular

metabolic networks.
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