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DMSO inhibits growth and induces apoptosis through extrinsic pathway in human

cancer cells
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Abstract Dimethyl sulfoxide (DMSO) is a small molecule that is widely used as a solvent, cryoprotectant of cells, and
pharmaceutical agent for many years. Despite its widely applications, both cytotoxic and stimulatory effects of DMSO have
been reported in recent years. To have a general concept on DMSO, in this study, we investigated the effect of DMSO on
both suspension and solid cancer cells and its action mechanisms. We found that DMSO at relatively low concentrations
significantly inhibited proliferation and caused death in both types of cells. Cytology examination showed that the cells
treated with DMSO displayed marked cellular damages: cytoplasm shrank or broken; the nuclei appeared as fragments or
dots; and the cell bodies decreased in size. The results from Western blotting demonstrated that DMSO downregulated the
expression of CDK2 and cyclin A. DNA analysis exposed that the cells in the presence of DMSO exhibited clear nuclear
DNA ladders. In consistent with the DNA fragmentation, the apoptotic proteins, caspase 3, but not caspase 9, was activated
in the cells treated with DMSO. In summary, our study demonstrated that DMSO has a significant effect on the cellular
process in both suspension and epithelial-derived cancer cells, which is liked to cell cycle regulatory and apoptotic
molecules. Our data provides supplementary information on the mechanisms responsible for the DMSO-induced cytotoxic
effect.
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Introduction solvent for many chemicals with poor solubility in water,

) ) ) ) as an enhancer for drug delivery (9-10) and as a common
Dimethyl sulfoxide (DMSO) is a small organic molecule

. ) cryoprotectant (5-10%) for preventing cellular damage

composed of one hydrophilic sulfoxide and two
) ) during freeze-thaw process (11-12). Clinical studies show

hydrophobic methyl groups with the formula (CHj3)>SO.
) ) ) that DMSO can reduce pain symptoms caused by different

This unique structure makes DMSO soluble in both water
) ) diseases such as inflammation, osteoarthritis, and

and organic media. Moreover, soluble DMSO can penetrate
) ) ) rheumatoid arthritis (13-15). Intravenously, DMSO stopped

rapidly through the biological membranes (1). Although
) hematuria  symptoms in patients with  bladder

DMSO has long been reported to have some kind of
o o ] amyloidosis (16). Alzheimer’s is a disease with no known

toxicity on cells (2-7), it is assumed that cytotoxic effects
o ) cure. The disease 1is characterized by intracellular

of DMSO are negligible (6-8), especially when DMSO
) ) ) aggregates of hyperphosphorylated tau protein. One paper

concentration is below 10% (v/v). Since 1960’s, the
o ) ) published in PloS One reported that DMSO can inhibit the

application of DMSO has been involved in many areas. For

. ) phosphorylation of Tau protein in animal model (17),
laboratory research, DMSO is broadly used as an efficient
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DMSO induces apoptosis

raising a hope that DMSO may help to treat Alzheimer's
disease. However, significant toxicities and stimulatory
effects of DMSO on some types of animal cells have been
reported in recent years. In mice, intraperitoneal
administration of DMSO led to severe loss of lymphocytes
and reduction in the spleen weight (18). In goats, high
concentrations of DMSO decreased viability of the skin
fibroblasts, whereas the low concentrations of DMSO
stimulated cell proliferation (19). Both stimulatory and
inhibitory/cytotoxic effects of DMSO on human
endothelial cells and lymphocytes have also been observed

(20-22).

Despite recent reports of the cytotoxic effect of DMSO on
a variety of cells, the mechanisms by which DMSO
mediates its inhibitory or cytotoxic effect are largely
unknown. It is also unclear whether suspension leukemia
and solid carcinoma cells have the same response to
DMSO. Thus, further research is needed to assess whether
the cytotoxic effect of DMSO is negligible in its
applications in more types of cells and whether the
cytotoxic effect finally results in necrosis, apoptosis or
inhibition of mitosis. To obtain a general conclusion, in the
present study, we investigated the inhibitory effect of
DMSO on the proliferation of both suspension myeloid
leukemia and epithelial-derived adhesion cancer cells as
well as the possible mechanisms responsible for the

inhibitory effect.

MATERIALS AND METHODS

Maintenance of Cell Lines. Human TF-la, MV4-11
(leukemia cells), Hep-G2 (liver cancer cells) and MCF7

(breast cancer cells) cell lines were purchased from

American Type Culture Collection (ATCC, Manassas, VA).
TF-la and MV4-11 cells were routinely maintained in
Iscove's  Modified  Dulbecco's Media  (IMDM)
supplemented with 10% fetal bovine serum (FBS), 1% of
Streptomycin-Penicillin-Glutamine (SPG); Hep-G2 and
MCF7 cells were cultured in Eagle’s Minimum Essential
Medium (EMEM) with 15% FBS and 1% SPG. All the
cells were cultured at 37 °C in humidified air containing
5% CO2. The culture media and FBS were purchased from
Life Technology (Grand Island, NY) and ATCC (Manassas,

VA), respectively.

Reagents and Antibodies.DMSO and trypan blue were
obtained from Sigma ((St. Louis, MO). XTT assay kit was
purchased from ATCC (Manassas, VA). RIPA buffer,
Wester Blotting chemiluminescence Iuminol reagent,
antibodies against CDK2, cyclin A, and cyclin E were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
The antibodies against GAPDH, total caspase 3, activated
caspase 3 and caspase 9 were purchased from Santa Cruz
Biotechnology and Cell Signaling Technology (Danvers,
MA), respectively. The quick apoptotic DNA ladder
Detection Kit was purchased from BioVision (Milpitas,
CA)

Assay of cell proliferation. Cell proliferation was
measured by indirect colorimetric immunoassay, XTT.
Briefly, the cells were grown in microtiter plates in a final
volume of 100ul of the culture media in the presence or
absence of DMSO. After 12 to 72 h incubation, the XTT
labeling reagents (50ul) were added to the cells, and the
cells were incubated for 4h at 37 °C in a humidified

atmosphere air containing 5% COs. After solubilizing, the

formazan dyes were quantitated using a microtiter plate
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(ELISA) reader at a wavelength of 470 nm, as
recommended by the manufacturer (ATCC, Manassas, VA).
Trypan blue viability assay. Cells were diluted in 0.4%
Trypan Blue solution in 1:1 ratio and incubated at room
temperature for 4 min, after which the cells were loaded

into a hemocytometer chamber. The blue and non-blue

cells were counted under a light microscope.

Cytology examination of cells. Cells were cultured in the
medium at the condition described under “Maintenance of
Cell Lines”. During log-phase growth, MV4-11 and TF-1a
cells treated with or without DMSO were collected, and
cytospins were prepared by centrifuging aliquots of
harvested cell suspensions at 1000 rpm for 5 min, after
which the cells were stained with Giemsa. Hep-G2 and
MCEF7 cells were cultured on the culture chamber slides for
48h, after which the cells were fixed and stained with
Giemsa. The cell morphology and nuclear fragmentation
(cytological evidence of apoptosis) were determined by
examining morphological alterations in both the cytoplasm

and nucleus under a light microscope at 1000X.

Detection of DNA Fragmentation. DNA fragmentation
was detected using the Quick Apoptotic DNA ladder
detection kit with minor modifications. Briefly, the cells
treated without or with DMSO were pelleted in a 1.5 ml
microcentrifuge tube, after which the cells were washed
with 1 x PBS and lysed with TE lysis buffer for 30 min on
ice followed by centrifugation in an Eppendorf
microcentrifuge for 10 min at 4°C. After enzyme A and B
treatment, the DNA was precipitated in the presence of
ammonium acetate and isopropanol solutions. The DNA

pellets were then dissolved in DNA suspension buffer. A

quote of DNA was loaded into 1.2% agarose gel for

running until the yellow dye (the suspension buffer)
reached to the edge of the gel. After the electrophoresis
was completed, the gel was removed from the
electrophoresis chamber and placed on a piece of plastic
wrap on a flat surface. Then, a piece of ethidium bromide
card was placed on the top side of the gel for 15 min. The
ethidium bromide-stained DNA was visualized under UV
light.

Preparation of whole cell lysates. Cell pellets were
harvested by centrifugation and lysed in 1x RIPA buffer
(Santa Cruz, Biotechnology, Dallas, TX) supplemented
with PMSF, sodium orthovanadate and protease inhibitor
cocktail, and incubated on ice for 30 min. Subsequently,
the lysates were sonicated and centrifuged at 14,000g at
4°C for 15 min. The supernatants were carefully transferred
to a fresh microfuge tube and amounts of total proteins
were measured with a spectrophotometer (BIO-RAD), after
which the lysates were used for Western blotting analysis.
Western Blotting Assays. Lysates containing equal
amounts of proteins were separated on a 10 —-15%
SDS-PAGE and electrophoretically transferred to a
nitrocellulose membrane. The proteins in the membrane
were then immunoblotted with an appropriate antibody for
1 h at room temperature or overnight at 4°C. The first
antibody containing solution was then removed and the
blot was washed three times in 1x TBST buffer [20 mM
Tris, 137 mM NaCl (pH 7.6), and 0.1% Tween 20].
Subsequently, the blot was incubated with an
HRP-conjugated secondary antibody at room temperature
for 1 h, and the expression of proteins was detected by
chemiluminescence (Santa Cruz, Biotechnology, Dallas,
instruction

TX), followed the provided by the

manufacturer.
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Immunoprecipitation. Cells were lysed in RIPA lysis
buffer and immunoprecipitation was performed using cell
lysates containing 400pg of total proteins. The lysates were
incubated with an appropriate antibody for 2 h or overnight
with agitation at 4 °C. Subsequently, 30ul of protein

A-Sepharose or protein G-agarose beads were added to the

lysates and the incubation continued for another 1 h at 4 °C.

Immune complexes were washed three times with 1x lysis
buffer and then resuspended in 2x SDS sample buffer.
Lysates in the sample buffer were subjected to Western
blotting analysis and detected by the chemiluminescence
reaction as described in the section of “Western blot

analysis” above.

Statistical analysis. All results were expressed as mean +
SD of data obtained from three or more independent
experiments. The Microsoft Excel program was used for all

statistical analysis.

RESULTS
DMSO inhibited the growth of human myeloid
leukemia and epithelial cancerous cells.

In recent years, XTT assay has been a common and
convenient method to measure cell proliferation and cell
viability. To study the possible effect of DMSO on cell
proliferation, DMSO was added to myeloid leukemia
TF-la, MV4-11, and epithelial cancerous Hep-G2 and
MCF7 cells in log-phase growth. After 12-72 h the cells
were harvested, and the cell proliferation was assessed with
XTT reagent. The addition of DMSO, variably, but
significantly, inhibited the growth of MV4-11, TF-la,
Hep-G2, and MCF7 cells. The inhibitory effect of DMSO

was dose-dependent, with initial inhibitions being observed

at the concentrations of 2% in the myeloid leukemia cells.

The significant inhibition of the cell growth was observed
when 4% or higher concentrations of DMSO were applied
to the cell culture, with a maximal inhibitory effect being
observed at 10% DMSO at which the inhibitions of
MV4-11, TF-1a and Hep-G2 cells are 58%, 55%, and 69%,
respectively (Fig. 1A). The DMSO-induced inhibition is
also time-dependent with the earliest inhibition being
observed at 24 h and reached to a maximum at 72 h after
initiated DMSO treatment. The growth inhibition of
MV4-11 and TF-1a cells in response to 5% DMSO for 24 h
was 29% and 30%, respectively. When the cells were
treated with DMSO for 72 h, the inhibition of the MV4-11
and TF-la cells was increased to 70% and 72%,

respectively (Fig. 1B).
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Fig. 1 DMSO inhibits growth of human myeloid leukemia and
epithelial cancerous cells. The cells were grown in microtiter plates
in a final volume of 100ul IMDM in the presence or absence of
DMSO. After 48h (A) or 24-72h (B) incubation, the XTT labeling
reagents (50ul) were added to the cells, and the cells were incubated
for 4h at37°C in a humidified air containing5% CO2, followed by
adding 100ul of the Solubilization solution into each well for
overnight. After solubilizing, the formazan dyes were quantitated
using a microtiter plate (ELISA) reader at a wavelength of 550nM in

a spectrophotometer.
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DMSO induced cell death.

To study whether the inhibition of cell growth was caused
by cell death, trypan blue stain assay was applied to
examine cell viability. This method is based on the
principle that live cells possess intact cell membranes that
exclude the blue dyes, whereas dead cells or the cells with
damaged membranes lose this ability. The outcome from
the trypan blue stain showed that control MV4-11 and
TF-1a cells (without DMSO) had cell death rates being 3%
and 2%, respectively, after 48h incubation in the complete
IMDM media. Addition of DMSO at a concentration of 5%
caused significant cell killing with the death rates being
increased to 15 % and 19% in MV4-11 and TF-1a cells,
respectively. However, further increase of DMSO
concentrations caused little more cell death in both
leukemia cell lines (Table 1). A similar cell killing pattern
was also observed in epithelia HepG2 and MCF-7 cells
(data not shown). Under inverted microscope, the intensity
of MV4-11, TF-la, and Hep-G2 in culture dishes are
markedly reduced in the cells treated with DMSO, which is
clearly dose-dependent: the more DMSO, the less intensity
of cells being observed. In contrast, the cell debris
observed in the cells treated with DMSO is proportionally
increased following the increase of DMSO concentrations.
Most Hep-G2 cells in the absence of DMSO appear as a
monolayer adhering to the culture substrate after 48h
incubation in the complete culture medium. Addition of
DMSO disrupted the formation of the monolayer and some
Hep-G2 cells detached from the substrates and formed
clusters in different sizes that is floating in the culture
liquid (Fig. 2a). Next, we carried out cell staining to
analyze the morphology of the cells and their intracellular

structures in the absence and presence of DMSO. The

MV4-11, TF-1a, Hep-G2, and MCF7 cells treated with or

without DMSO for 48-72h were collected and stained with
Giemsa. Then, the cell morphology was examined under a
light microscope at 1000X amplifications (Fig. 2B).
MV4-11 and TF-1a cells show relatively a homogeneous
population of medium-size cells with the appearance of
blasts. They have a smooth cytoplasmic border with big
nucleus/cytoplasm ratio. MV4-11 cells are about 1/3 to 1/4
smaller than TF-1a cells in size (in diameter). Application
of DMSO decreased the cell numbers and caused cell
morphology changes indicated by decreased cell density,
shrinkage of cell body, and the formation of cell blebbing.
DMSO also caused breakage of cell nuclei, evidenced by
appearance of multiple nuclear fragments/dots in
nondividing cells. The amounts of nuclear dots/fragments
are dose-dependent, with initial nuclear fragments and dots
being observed in all four types of the cell lines treated
with 2% DMSO for 48 hours. DMSO at concentrations 4%
or higher caused much more nuclear debris, dots, and
fragments. Both Hep-G2 and MCF7 cells show
epithelial-like morphology in culture. Without staining,
MCEF7 cells have very weak contrast in culture, making
their morphology less clear. After staining, MCF7 cells are
clearly visible with multiple nuclei to be found in many
cells. Both Hep-G2 and MCF7 cells show cytology
changes in response to DMSO, which are similar to the
changes in the leukemia cells tested. In summary, all these
4 types of the cells treated with DMSO show three
common characteristics changes in response to DMSO: (1)
shrinkage of cell body (2) decrease of cell numbers (3)
formation of nuclear debris. In addition, TF-1a, Hep-G2,

and MCF7 cells show clear nuclear condensation.
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Table 1. Cell viability detected by Trypan blue assay. Cells in log
phase were collected and treated with or without DMSO for 72 hours
were collected and their viability was determined by Trypan blue
exclusion assay (see Materials and Methods). The non-blue and blue
cells represent living and dead cells, respectively.

Table 1 Cell death detected by trypan-blue assay

Cell Line DMSO Non-Blue Cells Blue Cells Death Rate (%)
Concentration (%)

0 198.3+ 143 70+1.1 35

MV4-11 5 181.7 £ 20 253433 13.9
10 22304233 383+40 17.2
0 249.0£253 9.7+14 39

TF-1a 5 204.7 £26.3 385+34 18.8
10 202.9+£19.7 404 £5.0 19.9
0 202.2£173 33105 1.6

HepG2 5 237+23.0 400+3.6 16.9
10 263.1+29.7 483+49 18.4

Cells treated with or without DMSO for 72 hours were collected and their viability was determined by Trypan
blue exclusion assay (see Materials and Methods). The non-blue and blue cells represent living and dead
cells, respectively.

MV4-11

HepG2

DMSO (%, v/v)

MV4-11

TF-1a

HepG2

MCF-7

DMSO (%, v/v)
Fig. 2. DMSO causes alterations of cell morphology. The cells in
log phase were collected and treated with or without DMSO for 48
hours, after which the cells in the culture dishes were observed under
an inverted microscope, and the morphologies were photographed at
100X (A). A portion of MV4-11 and TF-1a cells were collected and
their slides were prepared by centrifugation in a cytospin. The cells
on the slides were stained with Giemsa. Hep-G2 and MCEF7 cells on
the culture chamber slides for 48h were fixed and stained with

Giemsa (B).

Down-regulation of CDK2 and cyclin A was linked to
DMSO-induced growth inhibition

Usually cytotoxic effect of a chemical compound usually
does not involve in the expression of cell cycle regulatory
molecules, whereas the inhibition of cell division or
apoptotic suicide of cells is often a result of inhibiting or
activating some related proteins. In addition, it has been
reported that loss of some cyclins and CDKs is prerequisite
of apoptosis (Spyridopoulos 1 2001). Thus, next we
examined the expression of several cell cycle regulatory
molecules with a focus on CDK2 and its regulatory
subunits, cyclin A and cyclin E, because CDK2-cyclin
complexes play a key role in cell progress from G1 to S
phase. Proliferating TF-la cells not exposed to DMSO
expressed CDK2 at 33-35 kDa, and cyclin A at about 50
kDa, Addition of DMSO at 5% caused a considerable
decrease in the levels of CDK2 and cyclin A detected at
48h, respectively. The low concentration of DMSO (0.5%)
had no significant effect on the expression of CDK2 and
cyclin A. Subsequently, we analyzed the expression of
CDK2-cyclin A complex in the cells treated with or
without DMSO. Similarly, the CDK2-cyclin A complexes
were significantly downregulated in the cells treated with
DMSO  detected by  immunoprecipitation.  The
downregulation of the complexes is clearly dose-dependent
because the low concentration of DMSO had no effect on
the amount of CDK2-cyclin A complexes (Fig. 3). DMSO

had no effect on the expression of cyclin E (data not

shown).
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Fig. 3. DMSO inhibits CDK2, cyclin A, and CDK2-cyclin A
complex. TF-1a cells treated with or without DMSO for 24 h at
37 °C, 5% CO2 were collected and lysed. Aliquots of the extracts
were subjected to Western blot (A) or immunoprecipitation

analysis (B).

DMSO caused DNA fragmentation and activated
caspase 3 but not caspase 9

The changes in the cell morphology and nuclear debris in
DMSO treated cells suggest that DMSO might cause
apoptosis in the cells tested. The inhibition of
CDK2-cyclin complexes by DMSO provides further
support for this possibility. To test this hypothesis, we
first performed DNA ladder detection using the Quick
Apoptotic DNA ladder detection kit, because DNA
fragmentation is a hallmark of apoptosis. As seen from
Fig. 4A, control cells show one DNA band without clear
fragmentation, whereas the cells treated with DMSO
show multiple smear DNA fragments. The increase of
DNA fragments is proportional to the concentration of

DMSO with maximal numbers of DNA fragmentation

being observed at a concentration of 8%. It has been
reported that caspase 3 is a key protease that becomes
activated during the early stages of apoptosis (23-24) and
is required for the formation of DNA fragmentation (25).
Activated caspase 3, which is found in cells undergoing
apoptosis, consists of multiple subunits, including
molecular sizes 19,000, 17,000, and possible other
smaller subunits, depending on the degree of caspase 3
activation and cell types (26). These subunits are derived
from a molecular size 32,000 proenzyme. To determine
whether DMSO induced caspase 3 activation, Western
blot analysis was performed with an anti-caspase 3 or
-activated caspase 3 antibodies (Fig. 4B). MV4-11 and
TF-1A cells in the absence of DMSO expressed 32-kDa
proenzyme with barely detectable small protein bands.
However, a 24-h incubation with DMSO significantly
decreased the expression of the 32-kDa protein and
induced appearance of the smaller bands detected by
anti-caspase antibody (Fig. 4B, top panel), which is
dose-dependent with the maximal changes were detected
in the cells treated with 5% DMSO. To determine
whether the small proteins are active caspase 3, the same
membranes are stripped and the expression of activated
caspase 3 was detected with anti-activated caspase 3
antibody. As shown in the middle panel of Fig. 4B
(middle panel), the control cells expressed very low
levels of 19- and 17-kD activated caspase 3 and addition
of DMSO at 5% greatly upregulated the expression of 19-
and 17-activated caspases. In addition, an additional
smaller protein at about 14 kDa was also detected in the
DMSO-treated TF-1a cells. DMSO at 0.5% did not have
a significant effect on the activation of caspase 3 as
compared with the control cells. To find out if the other

caspase pathways were also involved in DMSO-induced
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apoptosis, we next examined the expression of caspase 9.
Our data showed that DMSO did not significantly affect
the activation of caspase-9 in both MV4-11 and TF-1la

cells (Fig. 4B bottom panel).

DISCUSSION

For many years, dimethyl sulfoxide (DMSO) has been
used as a solvent for water-insoluble substances, a
vehicle for drug therapy, and a cryoprotectant at
concentrations at < 10% for cultured cells. DMSO is also
a prescription medicine and dietary supplement. A good
reason behind the ubiquitous and wide applications of
DMSO is that DMSO has been generally accepted as
nontoxic chemical compound below 10%(v/v) or the

cytotoxic effects of DMSO are negligible (6, 7, 8), in

19 kDa —

17 kDa —»

14 kDa

0 2 5 8 0 2 5 8  DMSO(% v/

MV4-11 TF-1a

many applications. However, the cytotoxic effect of
DMSO has gained researchers’ attention in recent years
and has been observed in a number of cell types
including neuron cells (8), red cells (27), lymphocytes
(22), leukemia cells (21) and embryos (28). Despite these
discoveries, there are still many inconsistent reports
regarding whether the cytotoxic effects of DMSO are
negligible and whether the cytotoxic is cell type
dependent. Moreover, the nature of the cytotoxic effect of
DMSO is not well established. Thus, further investigation
of DMSO on more cell types especially the mechanisms
responsible for the cytotoxic effect are needed. In order
to make a general conclusion, in this study, we examined
the effect of DMSO on two human suspension myeloid
leukemia cell lines and two epithelia-derived adherent

cancerous cell lines.

TF-1a

7 | <+— Total caspase 3
? «+— Active caspase 3

Active
caspase 3

. —_— — e }_ Active
— — — Caspase-9

5 0 0.5 5 DMSO (%, v/v)

Fig. 4 DMSO causes DNA fragmentation. MV4-11 and TF-1a cells in log phase treated with or without DMSO for 24h were collected and

apoptotic DNA fragments were detected by using the Quick Apoptotic DNA ladder detection kit with minor modifications (A). The expression

of total caspase 3, active caspase 3, and active caspase 9, was immunoblotted by anti-total caspase 3 (top panel), active caspase 3 (middle panel),

and caspase 9 (bottom panel) antibody, respectively and analyzed with Western blotting (B).

These cell lines represent earlier and later progenitor cells,

respectively. MV4-11 is CD34 negative and is one of the

latest progenitor cell lines. TF-1a cells are CD38-/CD34+
and the cell line is one of the earliest hematopoietic cell

lines. For epithelia-derived cancer cells, MCF7 is a late
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progenitor cell line with lower proliferation ability in
colony formation, whereas HEP-G2 1is an earlier
progenitor cell line with stronger proliferation ability. We
demonstrated that DMSO inhibited the growth of these
four types of cells in culture measured by XTT assays
and cytology analysis. Since the cell viability measured
by trypan-blue assay is less than growth inhibition
measured by XTT assay, it suggests that DMSO-induced
growth inhibition is not a simple result of its cytotoxic
effect. To address this issue, we first examined the
expression of CDK2 and CDK2 complexes because
CDKs and cyclins are the molecules common to both cell
growth inhibition and apoptosis and CDK2 is a key
regulator in the cell cycle control of the G1/S and S/G2
transitions (29). The activity of CDK2 is dependent on its
association with cyclin A and cyclin E. In the G1/S phase,
CDK4 and/or CDK6 in a complex with cyclin D initially
phosphorylate  the retinoblastoma (Rb) protein.
Subsequently, the CDK2/cyclin E complex completes the
phosphorylation of Rb, which releases and activates the
E2F family transcriptional activity, driving cells to the S
phase. In late S phase, CDK2-cyclin A phosphorylate
several substrates, to control the cell cycle transition from
S to G2. In addition, CDK2 can also directly
phosphorylates p27Kipl (CDK inhibitor) and induces
p27Kipl degradation through the proteasome pathway,
which facilitates the cell cycle progression. In this study,
we have detected that DMSO at 5% significantly
inhibited the expression of CDK2 and cyclin A but not
cyclin E. DMSO also downregulated CDK2-cyclin A and
CDK2-cyclin E complexes. Since cell cycle inhibition is
often linked to apoptosis, we next determined whether
DMSO caused apoptosis in the cells tested. Our results

demonstrated that the DMSO remarkably caused

apoptosis in these cells, evidenced by following
observations: (a) addition of DMSO to the cell culture
inhibited the growth of MV4-11, TF-1a, Hep-G2, and
MCF7 cells, measured by XTT assay; (b) cytology study
showed some apoptotic changes in cell morphology
including cell shrinkage, chromatin condensation, and
breakages of nuclei; (c) the breakages of nuclei were
confirmed to be DNA fragmentation, a key characteristic
of cell apoptosis; and (d) Caspase 3 was activated in
DMSO-treated cells but not in the control cells. The
specificity of caspase 3 activation was confirmed by
using a caspase inhibitor, ZVAD-FMK, since the inhibitor
at a concentration of 100 M completely inhibited
DMSO-induced activation of caspase 3 in our
preliminary studies (data not shown). Since DMSO had
no marked effect on the expression of caspase 9, our
results suggest that DMSO induced the apoptosis by the
extrinsic signal pathway. In summary, DMSO not only
has cytotoxic effects but also inhibited cell cycle
regulatory molecules and activated apoptotic proteins.
The data from this study provides supplementary
information for using DMSO as a solvent,

cryopreservation of cells, and clinical applications.
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