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ABSTRACT: Quambalarine B (QB) is a secondary metabolite produced by the
basidiomycete Quambalaria cyanescens with potential anticancer activity. Here we
report that QB at low micromolar concentration inhibits proliferation of several
model leukemic cell lines (Jurkat, NALM6, and REH), whereas higher
concentrations induce cell death. By contrast, the eﬀect of QB on primary
leukocytes (peripheral blood mononuclear cells) is signiﬁcantly milder with lower
toxicity and cytostatic activity. Moreover, QB inhibited expression of the C-MYC
oncoprotein and mRNA expression of its target genes, LDHA, PKM2, and GLS.
Finally, QB blocked the phosphorylation of P70S6K, a downstream eﬀector kinase
in mTOR signaling that regulates translation of C-MYC. This observation could
explain the molecular mechanism behind the antiproliferative and cytotoxic eﬀects
of QB on leukemic cells. Altogether, our results establish QB as a promising
molecule in anticancer treatment.
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mitochondrial function (resulting in loss of the mitochondrial
proton gradient)8 and subsequent compensatory alterations of
cellular metabolism and cell cycle control described for other
relevant naphthoquinones.9
Recent reports demonstrated inhibition of the PI3K-AKTmTOR pathway as a new mechanism of shikonin action in
leukemia cells.10 The activity of this pathway seems to be crucial
for C-MYC expression and the transcription of C-MYC target
genes.11 The P70S6K kinase is one of the key molecules involved
in the mTOR signaling pathway and regulates C-MYC
translation.12,13 Recently, shikonin-mediated inhibition of CMYC expression and a decrease in lactate production in leukemia
cells was also demonstrated (Valis et al., unpublished data). The
structural similarities between QB and shikonin prompted us to
test the eﬀect of QB on C-MYC expression and P70S6K
phosphorylation in selected leukemia cell lines.
Because C-MYC represents a key driver oncogene of cancer
cells, its inhibition represents one of the therapeutic approaches
to leukemia treatment.14 C-MYC regulates genes involved in
many cellular functions including metabolic processes. It
controls gene expression directly, as in the case of lactate
dehydrogenase A − LDHA, an essential glycolytic enzyme,15 or
indirectly. Indirect targets involve glycolytic and glutaminolytic
enzymes represented by glutaminase (GLS) and pyruvate kinase
M2 (PKM2).16−18

uring the long-term optimization of chemical interactions
in complex ecosystems, mixtures of synergistic biologically
active chemicals evolved, with some of them being used as
traditional medicines in many cultures. It is therefore not
surprising that large numbers of potential drugs in clinical trials
are either natural products or compounds derived from natural
products. Given that, since the 1940s, 175 small molecules have
been approved worldwide for the treatment of cancer, research
on natural product-based therapeutics is obviously one of the
most promising approaches.1,2
Among the anticancer bioactive substances, there is an
important structurally related group of plant- and fungi-derived
quinones,3,4 namely, compounds belonging to the structurally
diversiﬁed subgroup of quinones (i.e., the naphthoquinones).5
For example, the 1,2-naphthoquinone-based compound, βlapachone, has been assessed for its antitumor activity against
advanced solid tumors.6 Potent antileukemic activity of shikonin,
a naphthoquinone isolated from Lithospermum erythrorhizon has
recently been reported by Zhao et al. to inhibit C-MYC
oncoprotein expression and activity in leukemic cells and to
block AKT and ERK signaling pathways.7 Recently, we reported
the isolation of a novel fungal secondary metabolite family of
naphthoquinone derivatives from Quambalaria cyanescens
(Basidiomycota: Microstromatales).8 One of these compounds
showed striking cytostatic bioactivities in various cancer-derived
cell lines. Its chemical structure was determined as 3-hexanoyl2,5,7,8-tetrahydroxy-1,4-naphthoquinone (Quambalarine B;
QB). The mode of action of QB in cancer cell lines is not
known. One possible mechanism could be interference with
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with permeable cytoplasmic membranes (indicating loss of
viability), cells were incubated with Hoechst 33258. The cell line
most sensitive to QB treatment was Jurkat (derived from T-cell
lymphoma) with cytotoxicity EC50 = 7.41 ± 0.33 μmol/L (Figure
1A). The NALM6 and REH cell lines were more resistant, with
EC50 = 16.68 ± 0.95 μmol/L and EC50 = 22.0 ± 1.67 μmol/L,
respectively (Figure 1B,C).
Eﬀect of QB on Proliferation of Selected Leukemic Cell
Lines. Besides cytotoxicity, a cytostatic eﬀect (usually observed
at lower concentrations) is an important parameter for potential
therapeutic use. Therefore, the eﬀect of 2 μmol/L QB on cell
proliferation was analyzed using a Bürker counting chamber or
the Cell Proliferation Dye (CPD). Growth curves and the
Population Doubling Levels (PDL) for each cell line in the
presence or absence of QB were measured. It was found that
proliferation was signiﬁcantly blocked after 2−3 days of
treatment for the Jurkat and REH cell lines and after 4−5 days
for the NALM6 cell line (Figure 2A−C). This observation
corresponded with signiﬁcantly lower PDL after QB treatment
for the Jurkat (p = 0.0054), NALM6 (p = 0.012), and REH cell
lines (p = 0.0034), respectively. PDL for untreated/treated cells
were: Jurkat-3.25/1.64, NALM6−3.44/1.75, REH-3.55/1.32 in a
6-day experiment (Figure 2D). To characterize the cytostatic
eﬀect in detail, a proliferation assay using FACS analysis was
performed. Figure 2E shows a 5-day experiment overlay chart
with individual cell divisions (% of live cells in the cell cultures
and corresponding cell counts). Each day of the experiment, an
identical volume of medium was removed from the cell culture,
and therefore, we cannot compare the doubling times to the
Bürker counting chamber experiment (see Experimental
Section). To obtain comparable cell counts for each experimental
day, samples were measured in the same volume. The data
obtained by these two methods complement each other and
indicate cell cycle arrest at concentrations around 1/4−1/11 of
the respective EC50. REH is obviously the most sensitive cell line,
followed by Jurkat, and NALM6 as the most resistant. The same
pattern was obtained using the well-established anticancer drug
doxorubicin. The biggest diﬀerence between cytotoxicity (REH
EC50 = 22.0 ± 1.67 μmol/L) and a cytostatic eﬀect mediated by
QB in a low micromolar concentration was found in REH cells.
Eﬀect of QB on Primary Peripheral Blood Mononuclear
Cells (PBMC). For clinical use, there must be a signiﬁcant EC50
diﬀerence between the primary cells and malignancies. To test
the bioactivity of QB on primary cells, PBMC were analyzed, and
striking diﬀerences between lymphocytes and monocytes were
found (Figure 3A). Monocytes (CD14+ cells) were much more
sensitive with an EC50 similar to leukemic cell lines (EC50 = 15.10
± 0.69 μmol/L). Representative dot plots (from biological

The above-mentioned anticancer mechanisms target metabolism, which is profoundly altered in the majority of tumors. The
existence of a metabolic switch in cancer cells was ﬁrst postulated
70 years ago, claiming that most cancer cells obtain energy via
glycolysis in the cytosol, instead of oxidation in mitochondria,
even in the presence of oxygen.19,20 The importance of this
phenomenon was highlighted by Hanahan and Weinberg who
declared the reprogramming of energy metabolism a hallmark of
cancer.21
In the present study, we report the antiproliferative and
cytotoxic eﬀects of QB on several human leukemic cell lines
including Jurkat (T-lymphoma cells), NALM6 (pre-B-lymphoma cells), and REH (B cell precursor leukemia). We also studied
the eﬀect of QB on peripheral blood mononuclear cells (PBMC)
to identify any diﬀerences between the QB eﬀect on leukemic cell
lines and on primary cell lines. Moreover, time- and
concentration-dependent protein expression of C-MYC and
activity of the P70S6K kinase involved in the mTOR signaling
pathway in all leukemic cell lines was examined. Finally, gene
expression of selected C-MYC target genes (LDHA, GLS, PKM2)
involved in relevant cellular metabolic processes was studied.
Many secondary metabolites, presumably including the
naphthoquinone quambalarine B produced by Quambalaria
cyanescens, target general cellular processes conserved among
diﬀerent kingdoms of life (Fungi and Animalia). Quambalarine B
belongs to the bioactive molecules, originally developed and
structurally optimized via ecological constraints, which are
potentially useful for the treatment of human diseases.8 The
molecular mechanism of quambalarine B bioactivity (underlying
the alteration of mitochondrial function in ecological competitors and human cell lines in vitro) ﬁts to the mainstream of
the research focused on development of novel eﬀective
anticancer treatments and strengthen its therapeutic potential.

■

RESULTS AND DISCUSSION
Determination of Cytotoxicity EC50 for QB in Selected
Leukemic Cell Lines. Bioactivity of QB and estimated eﬀective
concentrations (EC50) for selected representative leukemic cell
lines were studied using ﬂow cytometry. For the detection of cells

Figure 1. Determination of QB eﬀective concentration (EC50) in selected leukemic cell lines. (A−C) Percentages of live cells for the respective cell
populations after 24 h of incubation with diﬀerent concentrations of QB. Fractions of live cells were determined using Hoechst 33258 staining.
B
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Figure 2. Eﬀect of QB on cellular proliferation. (A−C) Growth curves of selected cell lines in the presence of 2 μmol/L QB and in an untreated control
(with DMSO). Cell numbers were determined each day during the indicated period using a Bürker counting chamber. (D) Eﬀect of 2 μmol/L QB on the
Population Doubling Level (PDL). Results represent the average ± standard deviation of values from three diﬀerent experiments. Signiﬁcant diﬀerences
between QB treatments and the corresponding controls (DMSO) are marked by asterisks (*p ≤ 0.05, **p ≤ 0.01). (E) FACS-based proliferation assay.
Each cell line was treated with 2 μmol/L QB for 5 days. Cells cultured only with RPMI (ctrl) or with DMSO (DMSO) served as negative controls.
Doxorubicin (DOX) was used as a positive control in particular previously titrated concentrations for each cell line (Jurkat 10 ng/mL, REH 20 ng/mL,
NALM6 5 ng/mL). Black histograms represent unlabeled cells, color grading represents individual cell divisions (cells labeled with CPD), with % of live
cells in the cell cultures and corresponding cell counts, during a 5-day experiment.
C

DOI: 10.1021/acs.jnatprod.6b00362
J. Nat. Prod. XXXX, XXX, XXX−XXX

Journal of Natural Products

Article

Figure 3. Determination of QB eﬀective concentration (EC50) in peripheral blood mononuclear cells (PBMC). (A) Percentages of live cells in the
respective cell populations (PBMC, CD3+ T lymphocytes, CD14+ monocytes and CD20+ B lymphocytes) after 24 h of incubation with diﬀerent
concentrations of QB. Fractions of live cells were determined using Hoechst 33258 staining. (B) Representative dot plots indicating percentage decline
of monocytes (CD14+) in PBMC population after 24 h of treatment with QB.

hexaplicate) on Figure 3B show the decline of monocyte
population (CD14+) in PBMC after 24 h of treatment with QB.
On the contrary, T lymphocytes (CD3+ cells) were much more
resistant with an EC50 of 65.67 ± 15.35 μmol/L. Moreover, EC50
for B lymphocytes (CD20+ cells) within this QB concentration
range was not possible to calculate. Overall, EC50 for PBMC was
56.09 ± 3.07 μmol/L.

During anticancer therapies, proliferation rates (and consequently activation and diﬀerentiation) of the immunocytes are
often aﬀected, potentially interfering with the normally highly
enhanced anticancer immune response (activation of antigen
presentation, induction of tumor-speciﬁc cytotoxic T lymphocytes, antibody responses against tumor-associated antigens,
eﬀector functions of cytotoxic NK cells).22 Therefore, we tested
D
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Figure 4. Eﬀect of QB on T lymphocyte (CD3+) proliferation. PBMC were stained with the Cell Proliferation Dye (CPD) and stimulated with
phytohemeagglutinin (PHA) (5 μg/mL) and lipopolysaccharide (LPS) (1 μg/mL). After 18 h of stimulation, QB (2 μmol/L) was added and analyzed
by FACS after 72 h of treatment. Doxorubicin (5 ng/mL DOX) was used as a positive control. Cells cultured in RPMI (ctrl) or in RPMI with DMSO
(DMSO) were used as negative controls. The number of peaks corresponds to the number of cell divisions. The better the model ﬁt, the lower the root
mean square. (Div. Index: division index; Prol. Index: proliferation index; % Divided: % of dividing cells; RMS: the root mean square).

Figure 5. (A) Eﬀect of QB on C-MYC mRNA levels. Cells were treated with concentrations of QB corresponding to EC50 for individual cell lines for 24
h. Relative expression of C-MYC mRNA was determined using RT-qPCR. Results represent the average ± standard deviation of values from three
diﬀerent experiments. Signiﬁcant diﬀerences between QB treatments and the corresponding controls (DMSO) are marked by asterisks (**p ≤ 0.01,
***p ≤ 0.001). (B−D) Eﬀect of QB on expression of the LDHA, GLS, and PKM2 genes (C-MYC target genes). Cells were treated with EC50
concentrations of QB for 24 h. Relative expression of selected targets of the C-MYC protein was determined using RT-qPCR. Results represent the
average ± standard deviation of values from three diﬀerent experiments. Signiﬁcant diﬀerences between QB treatments and the corresponding controls
(DMSO) are marked by asterisks (***p ≤ 0.001).

the eﬀect of QB (2 μmol/L) on the proliferation of T
lymphocytes, which were the most resistant PBMC cell
subpopulation. Lymphocytes were stimulated with phytohemeagglutinin (PHA) (5 μg/mL) and lipopolysaccharide (LPS)

(1 μg/mL) for 18 h before QB (2 μmol/L) or doxorubicin
treatment. Nonactivated CPD+ cells served as a reference to
deﬁne the threshold for positive proliferation responses (as
described in the Experimental Section). Figure 4 shows the last
E
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day of a 3-day experiment with the number of peaks representing
the number of individual cell divisions. In negative controls (ctrl,
DMSO), 7 peaks of CD3+ lymphocyte populations corresponding to 6 consecutive cell divisions with the proliferation index PI
= 1.58 (Figure 4A,B) were observed. A 3-day incubation with QB
or doxorubicin obviously decreased the cell division rate
(number of peaks = 5) with PI = 1.23 and PI = 1.27, respectively
(Figure 4C,D). Similar results were obtained comparing the
division index and % of divided cells with a diluted proliferative
ﬂuorescent sensor CPD. The observed antiproliferative eﬀect of
QB is similar to the established anticancer drug doxorubicin at 5
ng/mL.
Eﬀect of QB on the C-MYC Oncogene and C-MYC
Target Genes. To understand the molecular mechanisms
behind the bioactivity of QB, further research was focused on CMYC, because it represents a key driver oncogene and inﬂuences
uncontrolled proliferation. Individual cell lines were treated for
24 h with appropriate EC50 concentrations of QB. Using RTqPCR, signiﬁcant decreases in C-MYC mRNA levels in all cell
lines tested was found (Figure 5A).
Moreover, C-MYC links cellular metabolism to carcinogenesis.23 Lower expression levels of LDHA and PKM2 in all
tested cell lines were detected. Gene expression of GLS was
signiﬁcantly lower in the Jurkat and NALM6 cell lines. The only
exception in the pattern of C-MYC target gene expression was
observed in the REH cell line, where the GLS transcript was not
changed, indicating cell-type-dependent variability in transcriptional control signaling and therefore variability in the response
to QB treatment. Altogether, our transcriptional data support the
hypothesis that C-MYC is directly involved in the molecular
mechanism of QB impact on cellular metabolism (Figure 5B−
D).
Eﬀect of QB on C-MYC Oncoprotein Levels and mTOR
Signaling. To complement the mRNA data, the eﬀect of EC50
concentrations of QB on C-MYC protein levels in a timedependent manner using immunoblot was tested. Decreased CMYC levels after 24 h of incubation with EC50 concentrations of
QB in all three leukemic cell lines were observed. In addition, the
eﬀect of QB on C-MYC levels in a concentration-dependent
manner was tested. For individual cell lines, diﬀerent QB
concentrations in ranges from zero to the respective EC50 were
selected. Increasing concentration of QB resulted in a gradual
decrease in C-MYC levels in all cell lines tested. One of the QB
eﬀects observed in the pilot study was an alteration of the
mitochondrial network and a lack of the corresponding proton
gradient.8 One possible link between the energy metabolism and
proliferation control could be the P70S6K kinase, particularly its
activation by phosphorylation. This protein is a downstream
eﬀector kinase in mTOR signaling and regulates translation of
the C-MYC oncoprotein.24 In Jurkat cells, QB at the EC50
inhibits expression of unphosphorylated P70S6K protein, which
is accompanied by the almost complete lack of phosphorylated
P70S6K in a time-dependent manner, and this inhibition
correlates with a decrease in C-MYC protein levels. Phosphorylation of P70S6K and levels of unphosphorylated P70S6K
protein were also gradually inhibited after 24 h of treatment in
Jurkat cells across all selected concentrations of QB (Figure 6A).
In REH cells, P70S6K phosphorylation was gradually inhibited in
a time- and concentration-dependent manner after 24 h of
treatment with the EC50 concentration of QB. EC50 concentration of QB inhibited also levels of unphosphorylated P70S6K
protein after 24 h of treatment. This time- and concentrationdependent eﬀect of QB on P70S6K phosphorylation correlates

Figure 6. Eﬀect of QB on C-MYC, P70S6K levels and phosphorylation
of P70S6K kinase in Jurkat, NALM6, and REH cell lines. Cells were
treated with EC50 concentrations of QB for the indicated time periods or
with speciﬁed concentrations of QB for 24 h. Levels of the C-MYC
protein, P70S6K protein, and the active p-P70S6K kinase were detected
using immunoblot.

with the eﬀect on C-MYC protein levels (Figure 6C). In NALM6
cells, the phosphorylation of P70S6K slightly increased during
early periods (as well as P70S6K per se) of the treatment and was
strongly inhibited after 24 h of treatment with the EC50
concentration of QB. A similar eﬀect was observed also for the
concentration-dependent treatment. QB has a minor eﬀect on
unphosphorylated P70S6K protein in NALM6 cells during all
performed experiments. The eﬀect of QB on C-MYC levels did
not correlate with its eﬀect on P70S6K phosphorylation; C-MYC
protein levels gradually decreased in a time- and concentrationdependent manner in NALM6 cells (Figure 6B). These
immunoblotting data show that the crosstalk between cellular
metabolism and cellular proliferation mediated by the mTOR
downstream eﬀector kinase P70S6K and the C-MYC oncoprotein could be altered by the novel naphthoquinone QB. C-MYC
inhibition by QB may constitute a novel approach to leukemia
treatment.
When chemotherapy is used as anticancer treatment, its
drawbacks are dose-limiting toxicity related to drug resistance25
and severe side eﬀects throughout the body.26,27 Therefore, for
the discovery of new compounds with better speciﬁcity and fewer
oﬀ-target eﬀects is needed to improve therapy. Organisms
involved in long-term competitive ecological interactions
represent an excellent source of bioactive compounds, including
those with anticancer properties. Many species of plants and
fungi have been used for centuries in traditional medicines.
Among these, the Chinese traditional medicines have a
prominent place. Recent research conﬁrmed bioactivity for
several of these compounds, and relevant data published mostly
in the Chinese literature were recently summarized by Wang et
al., with a focus on natural products identiﬁcation, their ability to
overcome cancer, and cell drug resistance.28
We previously reported that the biological activity of QB was
selective at the cellular level toward mitochondria, which was
undetectable using a mitochondrial proton gradient probe.8 The
F
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ments, signiﬁcantly decreased expression of LDHA in all
leukemic cell lines tested was found. Because LDHA represents
a direct target of the C-MYC oncoprotein, our results suggest
inhibition of C-MYC transcriptional activity by QB. PKM2
represents an indirect target of C-MYC ampliﬁed in cancer cells.
The PKM2 isoform is a result of alternative splicing of the PKM
pre-mRNA, which is orchestrated by C-MYC targets acting as
splicing factors.18 The PKM2 isoform exists in the cytosol also as
a dimer with catalytic activity signiﬁcantly lower compared to the
PKM1 or PKM2 tetramer. The decreased catalytic activity of the
PKM2 isoform results in the accumulation of upstream glycolytic
metabolites and inhibition of oxidative phosphorylation,
protecting proliferative cells from oxidative stress.47 A decrease
in the PKM2 isoform-speciﬁc mRNA was detected in all cell lines
tested, which corresponds with decreased C-MYC transcriptional activity. The last tested indirect target of C-MYC was GLS,
an enzyme involved in glutamine metabolism. C-MYC inhibits
the expression of a miRNA which inhibits translation of the GLS
mRNA, resulting in increased expression of the GLS protein.16
As well as other C-MYC targets, expression of GLS signiﬁcantly
decreased in two out of three cell lines tested except for the REH
cell line. These results imply that GLS expression in REH cells
may be regulated by proteins other than C-MYC. A similar
scenario can be considered also for the Jurkat and NALM6 cell
lines due to the lower level of inhibition of GLS expression in
comparison with LDHA and PKM2. Based on our observations,
QB interferes with the regulation of cellular metabolism and
exhibits anticancer activity. This eﬀect is mediated at least
partially by inhibition of the C-MYC oncoprotein expression.
Altogether, our results describe QB as a promising compound
with prospective anticancer properties. QB blocks proliferation
of the model leukemic cell lines at low micromolar
concentrations. Primary cells of adaptive immunity, the T and
B lymphocytes, are resistant to the QB-mediated cytotoxicity
(with EC50 above 50 μmol/L) but partially sensitive to the
cytostatic eﬀect at low micromolar concentrations. Monocytes
are the cell type most sensitive to the cytotoxic eﬀect, but being
part of the innate immunity, they could easily recover from stem
cells after in vivo QB treatment.43 The eﬀect of QB is obviously
cell-type-dependent and probably reﬂects the type of cellular
metabolism and proliferative or diﬀerentiation programs. A
tempting interpretation of the QB selective bioactivity toward
leukemic cell lines is its interference with the cancer cell
metabolism switched to a glycolytic mode, where new speciﬁc
targets appear. The actual antitumor potential of QB is currently
being tested using in vivo models, because results from in vitro
experiments can explain the molecular mechanisms behind
bioactivity, but they can provide only limited insight into
pharmacokinetics and interactions with real cancer cases in
general. Taking into account the limitations of an in vitro
approach, our data explain to some extent the molecular
mechanism behind QB action, namely, its antiproliferative and
cytotoxic eﬀects on leukemic cells.

QB structure is based on a naphthoquinone chromophore, like
many other natural products and several synthetic drugs.5 Hence,
we decided to use another complex naphthoquinone, doxorubicin (DOX), a chemotherapeutic well-established in medical
practice, as a relevant experimental control for QB. The toxicity
of doxorubicin during anticancer therapy is well-known.29−31 In
addition to other eﬀects, DOX induces apoptosis by an oxidative
stress mechanism and loss of mitochondrial membrane
potencial,32 an eﬀect similar to that we observed for QB.8
To obtain a similar cytotoxic eﬀect for QB and DOX during a
5-day proliferation experiment (data not shown), DOX
concentrations were titrated to nanomolar levels (signiﬁcantly
lower compared to QB). This concentration diﬀerence is not
surprising taking into account the obviously diﬀerent mechanisms of action of these two molecules. Doxorubicin intercalates
into the DNA and causes histone eviction from transcriptionally
active chromatin,33−35 interferes with replication by inhibiting
topoisomerase II progression,36,37 and triggers DNA damage
response, or epigenome and transcriptome deregulation.34 In
this case, when the targeted molecule is DNA itself, low
concentrations of the bioactive compound could start a cascade
of cytotoxic events. The mode of action of QB is diﬀerent; it most
probably interferes with metabolic processes in a stoichiometric
manner, and therefore, the need for a higher eﬀective
concentration is reasonable.
The eﬀective antiproliferative concentration of QB is within
the concentration range of established anticancer drugs routinely
used for treatment of patients. Namely, methotrexate, when used
as part of a combination therapy (for acute lymphoblastic
leukemia, non-Hodgkin lymphoma, or osteosarcoma), is
administered at a high dose (e.g., to overcome the mechanisms
of cellular resistance), peak methotrexate plasma concentration
can reach Cmax values >1000 μM in 96% of patients.38,39
As a side eﬀect of chemotherapy, the destruction of bone
marrow structure is observed, aﬀecting the production of new
blood cells and therefore reducing white blood cell counts.40−42
Obviously, there is a need for new drugs with limited toxicity
toward hematopoiesis. Our results showed that only monocytes
are susceptible to QB, while lymphocytes were only moderately
aﬀected, and only by very high QB doses (>65 μmol/L). Taking
into consideration that the circulating physiological half-life of
monocytes has been shown to be approximately 71 h in
humans,43 42 h in rats,44 and 17.4 h in mice,45 they can quickly
recover from stem cells, if the bone marrow is not damaged.
Concerning the molecular mechanism of action of QB, the
results obtained here are comparable to the study by Zhao et al.,
showing that shikonin induces the inhibition of C-MYC gene and
protein expression in leukemic cell lines together with the ERK/
JNK/MAPK and AKT pathways.7 Moreover, shikonin has a
strong cytotoxic eﬀect on some other cancer cell lines, including
drug-resistant ones. Similar to our observation with QB,8 its
mechanism of action involves direct targeting of mitochondria,
inducing a breakdown of the membrane potential.9 A study by
Wiench et al. showed an inhibitory eﬀect of shikonin on the
IGF1R-Akt-mTOR signaling cascade (axis),10 which corresponds with our WB data showing that the mTOR downstream
eﬀector kinase P70S6K could be aﬀected by QB.
C-MYC represents a driver oncogene in several cancer cell
lines, and its activity is tightly connected to the expression of key
metabolic enzymes involved in glycolysis and glutaminolysis.23
Increased expression of LDHA represents a hallmark of cancer
metabolism and is indispensable for lactate production by cancer
cells and Warburg phenotype establishment.46 In our experi-

■

EXPERIMENTAL SECTION
General Experimental Procedures. Methodologies for the
submerged cultivation of the strain Quambalaria cyanescens. The
method for compound extraction, isolation, and structure
determination was published earlier.8
Brieﬂy, the stock culture of the monosporic strain Q. cyanescens
CCM 8372 was maintained on malt agar slants and cultivated on
a Czapek-Dox liquid medium. Submerged cultivations were
carried out in 250 mL Erlenmeyer ﬂasks on a rotary shaker for 21
G
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Figure 7. HPLC chromatogram of quambalarine B; determined purity 98.69%. Stock solution of quambalarine B (10 mL, 25 mM) was prepared by
dilution of standard compound in DMSO. Aliquots (50 μL) were kept frozen (−20 °C) until use.

days at 24 °C in the dark. The fermentation broth was
centrifuged, ﬁltered, and extracted with ethyl acetate containing
3% (V/V) of acetic acid. The crude extract evaporated to dryness
was diluted in CH2Cl2, subjected to gel chromatography on
Sephadex LH-20 (GE Healthcare Bio-Science, Uppsala,
Sweden), and eluted with a stepwise gradient of MeOH in
CH2Cl2. Fractions containing quambalarine B were collected and
combined on the basis of their TLC proﬁles (toluene/ethyl
acetate/TFA) and repeatedly crystallized from a solvent mixture
of CH2Cl2/MeOH. Structure elucidation was based on FTMS/
MS and NMR spectrometry followed by X-ray crystallography.
The purity of quambalarine B was tested by HPLC procedures
described below.
HPLC Gemini 5 μ C18 column (250 mm × 4.6 mm,
Phenomenex, Torrance, CA, U.S.A.) with a guard column was
used for the purity determination of quambalarine B. The mobile
phase consisted of water (A) and methanol (B), both containing
1% TFA. Gradient elution started at 30% B (0 min), increasing
linearly to 100% B within 20 min. Each analysis was followed by a
column washing step (100% B, 10 min) and equilibration step
(10 min), resulting in a total analysis time of 40 min. The ﬂow
rate was kept at 1.0 mL min−1. UV detection was carried out at
295 and 270 nm.
A representative HPLC chromatogram of the standard
compound (determined purity 98.69%) used throughout the
study is presented in Figure 7. The HPLC system (Waters,
Milford, MA, U.S.A.) consisted of a pump equipped with a 600E
system controller, autosampler 717, and dual UV detector 2487.
Data were processed with Empower 2 software. Water
containing mobile phases was ﬁltered through a 0.22 μM GS
ﬁlter (Millipore, U.K.) and degassed in an ultrasonic bath for 10
min before use. The mobile phases were degassed continuously
by sparking with helium at a rate of 40 mL min−1. UV detection
was carried out at 295 and 270 nm, respectively.
Cell Lines, Culture Conditions, and Reagents. The
Jurkat, clone E6.1, (T lymphoblastoid cells) human cell line was

obtained from the ATCC collection (ATCC, Manassas, VA,
U.S.A.). Both NALM6 (B cell precursor leukemia) and REH (B
cell precursor leukemia) were kind gifts from Prof. J. Trka
(Childhood Leukemia Investigation Prague, Czech Republic).
All cell lines were cultured in the RPMI1640 medium with Lglutamine (Lonza Group, Ltd., Basel, Switzerland) supplemented with 10% fetal bovine serum (Gibco, Grand Island, NY,
U.S.A.), 100 U/mL penicillin, and 100 μg/mL streptomycin
(PAA Laboratories, Pasching, Austria) in a humidiﬁed
atmosphere at 37 °C with 5% CO2.
Isolation of Peripheral Blood Mononuclear Cells
(PBMC). PBMC were separated and isolated following the
standard manufacturer’s protocol using a Ficoll-Paque (GE
Healthcare, Freiburg, Germany) density gradient. In brief,
diluted blood samples (1:1 with PBS) were carefully layered
on Ficoll-Paque and centrifuged at 400g for 30−40 min at 18−20
°C. The mononuclear cell layer at the interface was transferred to
a new centrifugation tube for further PBMC isolation.
Determination of Eﬀective Concentration (EC50). EC50
values of QB for individual cell lines were estimated by seeding
cells in ﬂat-bottom 24-well plates at a density of 2 × 105 cells/mL
and cultured in a ﬁnal volume of 1 mL of RPMI1640. PBMC
were seeded in U-bottom polypropylene 96-well plates at a
density of 1 × 105 cells per well and cultured in a ﬁnal volume of
400 μL of RPMI1640. Cells were treated with diﬀerent
concentrations of QB. Cells cultured in RPMI1640 and in
RPMI1640 with DMSO only were used as negative controls.
After 24 h of incubation, cells were harvested and washed with
PBS with 0.02% gelatin and 0.01% sodium azide (Sigma-Aldrich,
St. Louis, MO, U.S.A.). The phenotype of the respective PBMC
populations was determined using the following monoclonal
antibodies: anti-CD3-RPE, anti-CD14-biotin, anti-CD20-FITC
(AbD Serotec, Kidlington, UK). The CD14 marker labeled with
a biotinylated mAb in the ﬁrst step was detected with a
Streptavidin PE-Cy7 Conjugate (Thermo Fisher Scientiﬁc,
Waltham, MA, U.S.A.). After staining with Hoechst 33258,
H

DOI: 10.1021/acs.jnatprod.6b00362
J. Nat. Prod. XXXX, XXX, XXX−XXX

Journal of Natural Products

Article

Table 1. Sequences of Primers Used in RT-qPCR Experiments
mRNA target

forward primer (5′-3′)

reverse primer (5′-3′)

C-MYC
LDHA
GLS
PKM2
RPLP0

TCGGATTCTCTGCTCTCCTC
CCCGACGTGCATTCCCGATT
GGGTATGATGTGCTGGTCTC
TTCAAGTGCTGCAGTGGGGC
TCGACAATGGCAGCATCTAC

TCGGTTGTTGCTGATCTGTC
TCTGGGGGGTCTGTTCTTCC
CCACCTTCTCTTCGAGGATC
TGTCTGGGGATTCCGGGTCA
ATCCGTCTCCACAGACAAGG

DOX) was used as a positive control. PBMC cultured in
RPMI1640 and in RPMI1640 with DMSO were used as negative
controls. For each time point (after 24, 48, 72 h of incubation
with QB), the controls and treated cells were grown in individual
plates. Cells were harvested at the indicated times, washed with
PBS with 0.02% gelatin and 0.01% sodium azide (SigmaAldrich), and stained with an anti-CD3 monoclonal antibody
(AbD Serotec) to determine the T lymphocyte population. As a
secondary antibody, anti-IgG (H+L) Alexa Fluor 594 (Thermo
Fisher Scientiﬁc) was used. Samples were measured by the LSRII
cytoﬂuorometer (BD Biosciences) and analyzed with the FlowJo
v.7.6.5 software (Tree Star). The percentages of the cell
populations were calculated from Hoechst 33258-negative
singlets. To characterize the proliferation assay, the division
index (DI), proliferation index (PI), and % of divided cells were
used and calculated for CPD+CD3+ lymphocytes. PI represents
the average number of divisions that all responding cells have
undergone since stimulation/activation. DI compared to PI
corresponds to the average number of divisions for all cells in the
culture and % of divided cells deﬁnes what fraction of the original
population divided at least once during the cultivation.48
RNA Isolation, Reverse Transcription, and RT-qPCR
Analysis. Jurkat, NALM6, and REH cells were seeded at a
density of 7.5 × 105 cells/mL in 15 mL of the RPMI1640
medium and cultured overnight in 75 cm2 cell culture ﬂasks
under standard cultivation conditions. Cells were treated with an
appropriate EC50 concentration of QB dissolved in DMSO; an
equal volume of DMSO was added to control cells.
Cultured cells were harvested (400g, 4 min) after 24 h of
incubation, washed with PBS, and lysed in a cell lysis buﬀer
(Aurum RNA Isolation Kit, Bio-Rad Laboratories, Hercules, CA,
U.S.A.). Cell lysate was processed according to the manufacturer’s protocol, including an on-column DNase treatment. The
puriﬁed RNA was quantiﬁed and tested for the presence of
contaminants with a NanoDrop spectrophotometer (Thermo
Fisher Scientiﬁc). Reverse transcription of 700 ng of each
puriﬁed RNA sample was performed using the M-MulV Taq RTPCR Kit (New England Biolabs, Ipswich, MA, U.S.A.). For
individual RT-qPCR reaction mixtures, 2 μL of cDNA from the
reverse transcription protocol was used. All reactions were run in
triplicate using an CFX96 Real-Time PCR System (Bio-Rad) in
ﬁnal volumes of 25 μL. Speciﬁc primers and the SsoFast
EvaGreen Supermix (Bio-Rad) were used for ampliﬁcation and
ﬂuorescent detection of PCR products. Relative expression of CMYC was calculated using the Bio-Rad CFX manager.49 The
human ribosomal protein RPLP0 mRNA was used as a reference
gene in all RT-qPCR experiments. The following primers were
used in RT-qPCR for the quantiﬁcation of C-MYC, LDHA, GLS,
PKM2, and RPLP0 mRNAs (Table 1).
SDS Electrophoresis and Immunoblotting. The same
procedure as for RT-qPCR was used for cell preparation. Cells
were washed with PBS supplemented with a Phosphatase
Inhibitor Cocktail (Active Motif, La Hulpe, Belgium), lysed using
the RIPA buﬀer (1% NP-40, 150 mM NaCl, 0.5% NaDOC, 0.1%

samples were measured with the FACS LSRII instrument (BD
Biosciences, San Jose, CA, U.S.A.) and analyzed with the FlowJo
7.6.5 software (Tree Star, Ashland, OR, U.S.A.). EC50 was
determined by ﬁve-parametric nonlinear regression using the
GraphPad software v. 5.01 (San Diego, CA, U.S.A.). The
Population Doubling Level (PDL) was calculated using the
equation PDL = log (Nf/N0)/log 2, where Nf = ﬁnal number of
cells and N0 = initial number of cells.
Cell Proliferation. The eﬀect of QB on proliferation of
leukemic cell lines was monitored utilizing two methods. First,
individual cell lines were seeded at a density of 2.5 × 105 cells/ml
in control medium (with DMSO), and the medium was
supplemented with QB at a concentration of 2 μmol/L. Cell
numbers were determined each day during the speciﬁed period
using a Bürker counting chamber.
Second, the Cell Proliferation Dye (CPD) eFluor 670
(eBioscience, San Diego, CA, U.S.A.) was used to study
proliferation. Cell lines were labeled with 5 μmol/L CPD
following the manufacturer’s protocol. Brieﬂy, cells were washed
several times with PBS to remove any serum and, while being
vortexed, labeled with CPD and then incubated for 10 min at 37
°C in the dark. Labeling was stopped by adding 5 volumes of cold
complete medium (containing 10% serum) and incubating on ice
for 5 min. Nonlabeled cells were used as a control for the
following CPD cell toxicity quantiﬁcation. Cell lines were seeded
in ﬂat-bottom 6-well plates at a density of 2 × 105 cells/mL in 2
mL of RPMI1640. Cells were treated with 2 μmol/L QB. Cells
cultured in RPMI1640 and in RPMI1640 with DMSO were used
as negative controls, cells treated with a particular concentration
of doxorubicin optimized for each cell line (Jurkat 10 ng/mL −
17.25 nmol/L, REH 20 ng/mL − 34.5 nmol/L, NALM6 5 ng/
mL − 8.625 nmol/L) served as positive controls. Doxorubicin
concentrations were selected on the basis of the cytotoxicity
eﬀect of QB on individual cell lines during a 5-day experiment.
Each day (after 24, 48, 72, 96, and 120 h of QB incubation) 1 mL
of medium (out of 2 mL) containing the corresponding cell
suspension was removed for measurement, and 1 mL of fresh
medium was added with a particular concentration of QB,
doxorubicin, and DMSO. The removed fraction of cells was
harvested and washed with PBS with 0.02% gelatin and 0.01%
sodium azide (Sigma−Aldrich). Live cells were determined using
Hoechst 33258 staining. Samples were analyzed using the LSRII
cytoﬂuorometer (BD Biosciences) and individual cell divisions
were analyzed with the FlowJo 7.6.5 software (Tree Star).
PBMC were stained with 1 μmol/L CPD according to the
manufacturer’s protocol and stimulated with phytohemeagglutinin (PHA) (5 μg/mL) and lipopolysaccharide (LPS) (1 μg/
mL) obtained from Sigma-Aldrich. Cells were seeded in Ubottom polypropylene 96-well plates at a density of 3 × 105 cells
per well and cultured in a ﬁnal volume of 300 μL of RPMI1640.
As a control for cell toxicity, nonlabeled cells together with
nonactivated cells were used. The unstimulated cells also served
for assessing the CPD+ gate position. After 18 h of incubation
with activators, 2 μmol/L QB was added. Doxorubicin (5 ng/mL
I
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SDS and 50 mM Tris-HCl pH 8) supplemented with Complete
Protease Inhibitor Cocktail Tablets (F. Hoﬀmann-La Roche Ltd.,
Basel, Switzerland), and incubated for 30 min on ice. The cell
lysate was cleared via centrifugation (14 000g, 10 min, 4 °C).
Bicinchoninic acid (BCA) assays were used to determine total
protein concentration (BCA Protein Assay Kit, Thermo Fisher
Scientiﬁc). SDS PAGE gels were loaded with 40 μg of protein per
lane. A Protean III apparatus (Bio-Rad) with a constant voltage
of 100 V was used to run the SDS PAGE protein samples.
Separated proteins were blotted onto a nitrocellulose membrane
(Pall Corporation, Port Washington, NY, U.S.A.) using a TransBlot SD Semi-Dry apparatus (Bio-Rad). Protein blots were
blocked for 1 h in TBS supplemented with 5% milk (Bio-Rad)
and 0.05% Tween-20 (Sigma-Aldrich). Membranes were then
washed with TBS containing 0.05% Tween-20 and incubated
with the respective primary and secondary antibodies according
to manufacturer’s protocols. The anti-C-MYC (Cell Signaling,
Danvers, MA, U.S.A.), anti-Actin (Santa Cruz Biotechnology,
Santa Cruz, CA, U.S.A.), anti-P70S6K (Cell Signaling, Danvers,
MA, U.S.A.), and anti-p-P70S6K (Ser424, Santa Cruz Biotechnology) primary antibodies and goat antirabbit IgG-HRP
and rabbit antigoat IgG-HRP (both from Santa Cruz
Biotechnology) secondary antibodies were used for immunostaining.

■

STATISTICAL ANALYSIS
The statistical signiﬁcance of diﬀerences between tested groups
was calculated by Student’s t test with a conﬁdence interval of
95% using the GraphPad or QtiPlot software. The values of p ≤
0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***) were considered to be
statistically signiﬁcant.
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