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Abstract: Pyrimethamine (Pyri) is being used in combination with other medications to treat serious
parasitic infections of the body, brain, or eye and to also reduce toxoplasmosis infection in the patients
with HIV infection. Additionally, Pyri can display significant anti-cancer potential in different tumor
models, but the possible mode of its actions remains unclear. Hence, in this study, the possible
anti-tumoral impact of Pyri on human chronic myeloid leukemia (CML) was deciphered. Pyri
inhibited cell growth in various types of tumor cells and exhibited a marked inhibitory action on
CML cells. In addition to apoptosis, Pyri also triggered sustained autophagy. Targeted inhibition of
autophagy sensitized the tumor cells to Pyri-induced apoptotic cell death. Moreover, the activation
of signal transducer and activator of transcription 5 (STAT5) and its downstream target gene Bcl-2
was attenuated by Pyri. Accordingly, small interfering RNA (siRNA)-mediated STAT5 knockdown
augmented Pyri-induced autophagy and apoptosis and promoted the suppressive action of Pyri
on cell viability. Moreover, ectopic overexpression of Bcl-2 protected the cells from Pyri-mediated
autophagy and apoptosis. Overall, the data indicated that the attenuation of STAT5-Bcl-2 cascade by
Pyri can regulate its growth inhibitory properties by simultaneously targeting both apoptosis and
autophagy cell death mechanism(s).

Keywords: Pyrimethamine; STAT5; apoptosis; autophagy; CML

1. Introduction

Pyrimethamine [Pyri] (2,4-diamino-5-p-chlorophenyl-6-ethyl-pyrimidine), which be-
longs to the antifolate class of drugs, has been used as an anti-parasitic medication for the
treatment of toxoplasmosis [1]. It can effectively block the enzyme dihydrofolate reductase
to mitigate the folic acid synthesis for DNA synthesis of cofactor. Pyri has also been used
to treat infections occurred by protozoan parasites like Toxoplasma gondii and Plasmodium
falciparum [2]. Additionally, Pyri can exhibit immunomodulatory activities and promote
apoptosis through causing upstream activation of caspases and Bcl-2 suppression in blood
lymphocytes [3–7].

Chronic myelogenous leukemia (CML) is a kind of clonal disease linked with the
presence of Philadelphia chromosome (Ph), which is generated by 9;12 chromosomes
reciprocal translocation, and it can cause aberrant activation of oncogenic fusion kinase
Bcr-abl [8–12]. Bcr-abl has been also reported to drive the abnormal proliferation of
cancer cells through the constitutive activation of multiple oncogenic signaling pathways
such as Mitogen-activated protein kinase kinase/ extracellular-signal-regulated kinase
(MEK/ERK), PI3K, and Janus kinase/Signal transducer and activator of transcription
(JAK/STAT) signaling pathways [13–17]. The advent of several tyrosine kinase inhibitors
(TKIs) have successfully controlled the progression of CML. However, TKI-associated drug
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resistance and potential of relapse during drug discontinuation has prompted the discovery
of novel agents with lower toxicities and better therapeutic efficacy [18]. A number of
studies have indicated that the drugs obtained from Mother Nature can effectively function
as novel anti-cancer therapies with lower drug resistance [19–23].

Apoptosis is one of the major representative forms of physiological cell death mecha-
nisms [24–26]. It can be distinguished from necrosis because the latter occurs by accidental and
acute damage to cells [27,28]. In contrast, apoptosis has been reported to be a strictly controlled
phenomenon by hierarchical molecular signatures belonging to Caenorhabditis elegans, later
observed to be conserved in the mammalian cells [29–31]. Proteolytic cleavage of poly (ADP-
ribose) polymerase (PARP), a nuclear enzyme that can control DNA stability, DNA repair, and
transcriptional regulation is another hallmark feature of apoptosis. In addition, caspase can
cleave the 116-kDa of PARP to 85- and a 24-kDa fragment for activation [32–37]. Therefore,
several studies have used both PARP and caspases as apoptosis markers [26,38,39].

Autophagy is an essential mechanism for maintaining cellular homeostasis [40,41].
The autophagy process can effectively remove the misfolded and damaged proteins which
can drive, starvation, tumor development and suppression [42,43]. Autophagy is kind
of intracellular degradative process, and it can be initiated in the presence of poor nutri-
tional and hypoxia conditions or upon exposure of cancer cells to chemotherapy [44–46].
Interestingly, Bellodi et al. reported that pharmacological inhibition of autophagy can
induce cellular apoptosis. When autophagy-related proteins such as ATG7 and ATG5 were
knocked down. However, an opposite active trend was observed in apoptosis in CML [47].
Overall, both autophagy and apoptosis have been reported to play an important role in
protection against cellular damage and development of cancer.

Signal transducer and activator of transcription 5 (STAT5) has been known to play
a significant role in regulating cellular survival and homeostasis. However, its aberrant
activation has been reported to mediate tumorigenesis [48,49]. The different STAT family
members [50–53], including STAT5, can promote the development of various cancers such
as solid tumors and hematological malignancies [54]. Activation of the STAT5 signaling
pathway is initiated upon its phosphorylation by intracellular kinases like JAK1, JAK2, and
Src [55–58]. Additionally, previous studies have suggested that pharmacological inhibition
of STAT5 phosphorylation could induce the programmed cell death mechanism(s) like
autophagy and apoptosis in human lung and mesangial cancer cells [39,59].

In this study, we focused on the effect of Pyri in modulating autophagy and apoptosis by
acting upon different programmed cell death processes. We also noted that the Pyri-induced
STAT5 inhibition could effectively mediate autophagy and apoptosis activation in CML cells.

2. Results
2.1. Pyri Reduced the Viability of Human Myelogenous Leukemia Cell Lines

First, we determined whether Pyrimethamine (Pyri) (Figure 1A) can influence the
viability of human myelogenous leukemia KBM5, THP-1, K562, LAMA84, and KCL22 cell
lines. All cell lines were treated with Pyri (0, 1, 0.5 µM) for indicated time intervals and
viability was measured by MTT assay. It was noted that Pyri significantly suppressed the
cell viability but was especially effective against KBM5 cells as compared with non-treated
control (Figure 1B).
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Figure 1. Pyri induces apoptosis and suppresses proliferation in CML cells. (A) The chemical structure of Pyrimethamine
(Pyri). (B) KBM5, THP-1, K562, LAMA84, and KCL22 cells (1 × 104 cells/well) were seeded onto 96-well plates, they were
left non-treated (NT, •), treated with Pyri at 0.5 µM (#), and 1 µM (H) for the indicated time intervals. The cell viability
was measured using MTT assay. (C–E) KBM5 cells (1 × 106 cells/well) were seeded onto 6-well plates, incubated at 37
◦C with 1 µM of Pyri for various time intervals. Thereafter, the cells were fixed and analyzed using flow cytometry for
cell cycle analysis, Annexin V, and TUNEL assays. *** p < 0.001 vs. non-treated (NT) cells, ** p < 0.01 vs. non-treated (NT)
cells, * p < 0.05 vs. non-treated (NT) cells. (F) The cells were treated with 1 µM of Pyri for 0, 12, 18, 24, 48 h. The cells were
stained with a Live/Dead assay reagent for 30 min and then analyzed under a fluorescence microscope (scale bar: 100 µm)
as described in “Materials and methods.” Percentage indicates dead cells (red). The results shown are representative of
three independent experiments.
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2.2. Pyri Stimulated the Apoptosis-Induced Cell Death

To confirm the effects of Pyri on apoptotic cell death, cell cycle analysis, Annexin
V and TUNEL assays were conducted. As indicated in Figure 1C, cell cycle distribution
was analyzed with PI-stained cells and the results showed that sub G1 phase arrest was
observed in Pyri treated cells in a time-dependent fashion. Next, cells were probed with
Annexin V-FITC and analyzed by flow cytometer. Annexin V assay can sort the cells into
necrosis and apoptotic cells as shown on Figure 1D, Pyri induced apoptosis with increasing
time intervals. Thereafter Pyri-treated cells were stained with TUNEL, and apoptotic cells
were probed after TUNEL staining. TUNEL probed cells showed peak movement, and
the results suggested that the peaks of the Pyri-treated cells shifted effectively to the right
with increasing percentage (Figure 1E). Next, cell death caused by Pyri was investigated by
live and dead assay. A significant increase in the percentage of dead cells was noted upon
treatment with Pyri at different time intervals and drug doses (Figure 1F).

2.3. Pyri Suppressed the Protein and mRNA Expression of Anti-Apoptotic and Oncogenic Markers

To evaluate the mechanism(s) regulating apoptosis, the expression of anti-apoptotic
and oncogenic proteins by Western blot analysis was studied. Pyri treated cells displayed
a substantial decrease in the level of various proteins such as (Bcl-2, Bcl-xl, Mcl-1, Sur-
vivin, IAP-1, IAP-2, COX-2, Cyclin D1, VEGF, and MMP-9) in a time-dependent fashion
(Figure 2A). The expression of Bcl-2, Bcl-xl, Survivin, and Cyclin D1 was also evaluated
by RT-PCR, and the results indicated that Pyri can effectively suppress mRNA expression
levels of these markers as well (Figure 2B).

Figure 2. Cont.
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Figure 2. Pyri downregulates the expression of various tumorigenic proteins. (A) KBM5 cells (1 × 106 cells/well) were treated
with 1 µM of Pyri for indicated time intervals and western blotting was performed (B) KBM5 cells were treated with Pyri (1 µM)
as described above and RT-PCR analysis was done. (C,D) KBM5 cells were treated with 1 µM of Pyri for indicated time intervals,
and western blotting was carried out. *** p < 0.001 vs. non-treated (NT) cells, ** p < 0.01 vs. non-treated (NT) cells * p < 0.05 vs.
non-treated (NT) cells. The results shown are representative of three independent experiments.

2.4. Pyri Induced Apoptosis through PARP and Caspase Cleavage

The expression of Bax and p53 was next evaluated in Pyri-treated KBM5 cells. These
proteins can regulate apoptotic cell death by diverse mechanisms. For instance, Bax can
induce apoptosis, whereas p53 has been related to cell death and can induce the cell cycle
arrest. As depicted in Figure 2C, pyri induced Bax and p-p53 expression but did not
affect the expression of p53 protein. We also investigated the action of Pyri on PARP and
caspase cleavage by Western blot analysis. It was noted that depending upon time intervals,
caspase-9, 8, 3, and PARP cleavage was increased (Figure 2D). The untagged bands shown
in the blot are non-specific bands.

2.5. Pyri Increased the Autophagy-Induced Cell Death in KBM5 Cells

We next investigated the effects of Pyri on autophagy activation in KBM5 cells. As au-
tophagy produces acidic vesicular organelles [60], the autophagy activation was monitored
through acidic components staining by Monodansylcadaverine (MDC) or acridine orange
(AO). As shown in results, Pyri treatments affected the production of acidic components,
especially the expression was substantially induced in 1 µM of Pyri treated cells after
24 h of treatment (Figure 3A). Thereafter, we added intermediate concentration between
0.5 and 1 µM of Pyri to confirm these changes in detail. Acridine orange-stained cells
were also analyzed by flow cytometer and the data indicated that as concentrations of
Pyri increased, percentage of acridine orange-stained cells was also significantly increased
especially at 24 h treatment (Figure 3B). As LC3 has reported to play an important role
in autophagosome formation and maturation [60], hence Pyri-induced LC3 expression
was analyzed by immunocytochemistry. As depicted in the third panel of Figure 3A, LC3
was substantially expressed at 1 µM concentration of Pyri at 24h, and this was similar to
the results obtained in AO and MDC staining assays. On the contrary, based on TUNEL
assay, apoptosis activation was mostly observed at 1 µM of Pyri following 48 h of treatment
(Figure 3A). These results suggested that Pyri can induce both autophagy and apoptosis,
but these processes may not be induced simultaneously by the drug.
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Figure 3. Pyri triggers substantial autophagy. (A) Representative images of Acridine orange (AO) (first) and Monodan-
sylcadaverine (MDC) (second) staining of KBM5 cells following treatment with Pyri at the indicated concentration for the
indicated time. For AO staining (first), red color intensity showed acidic vesicular organelles, representing the formation
of autophagolysosomes. For MDC staining (second), punctate fluorescence in the cytoplasm indicates the formation of
autophagic vacuoles. Representative images of LC3 (third) immunocytochemistry of KBM5 cells following treatment with
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Pyri. Representative images of TUNEL staining of KBM5 cells (fourth) after treatment with the indicated concentration of
Pyri for the indicated time. (scale bar: 100 µm) (B) KBM5 cells were treated with the indicated concentration of Pyri for 24
and 48 h, then cells were stained with AO. Cell autophagy was analyzed by quantification of acidic vesicular organelles
(AVOs) with AO using flow cytometry. *** p < 0.001 vs. non-treated (NT) cells, ** p < 0.01 vs. non-treated (NT) cells for 24 h,
and ### p < 0.001 vs. non-treated (NT) cells, ## p < 0.01 vs. non-treated (NT) cells for 48 h. (C) KBM5 cells (1 × 106 cells/well)
were treated with indicated concentration of Pyri for 24 h, and whole-cell extracts were subjected to western blotting (D)
KBM5 cells (1 × 106 cells/well) were treated with 1 µM of Pyri for indicated time intervals, and whole-cell extracts were
subjected to western blot analysis for various proteins (E) Inhibition of autophagy with 3-MA decreased the viability of Pyri
treated cells. Cell viability was measured by MTT assay after cells were incubated with the indicated concentration of Pyri
with 3-MA (±3-MA, 1 mM) for 24 h. The results shown are representative of three independent experiments.

2.6. Pyri Increased the Expression of Autophagy Markers Including LC3II in KBM5 Cells

As LC3II has been reported to play an important role in autophagosome formation
and maturation [60], the expression levels of LC3II and other related markers like Atg7 and
Beclin-1 were analyzed. Activation of Atg7 and phospho-Beclin-1 is an essential regulator
of autophagosome assembly, and hence we evaluated influence of Pyri on the possible
expression of LC3II, Atg7, p-Beclin-1 and Beclin-1 by Western blot analysis. As depicted in
Figure 3C, expression of LC3II, Atg7, p-Beclin-1 and Beclin-1 were substantially increased
with increasing concentration of Pyri. On the contrary, the changes in the expression levels
of previously observed autophagy markers did not directly correlate with the increasing
time intervals. The results clearly suggested that LC3II, Atg7, p-Beclin-1 and Beclin-1 levels
were maximally induced after 24 h treatment with Pyri (1 µM) (Figure 3D).

2.7. Pyri Induced Cell Death by Alternative Pathways upon Autophagy Inhibition

We next evaluated the alterations in Pyri-induced cell death upon blockade of au-
tophagy. For this, autophagy inhibitors 3-Methyladenine (3-MA) was used. As our above
findings indicated that Pyri-induced apoptosis and autophagy occurred at different time
intervals, the correlation between Pyri-induced apoptosis and autophagy was analyzed.
We noted that 1 mM 3-MA inhibited the cell viability with Pyri. Interestingly, treatment of
Pyri on cells which was pre-treated with 3-MA for 30 min exhibited a decrease in the cell
viability as compared to pyri alone treated cells (Figure 3E). Overall, the results suggested
that the apoptosis was induced upon Pyri treatment even when autophagy was inhibited
effectively in KBM-5 cells. We also observed the extent of apoptosis in 3-MA and Pyri
treated cells by TUNEL assay. As shown in results, both Pyri and 3-MA alone slightly
increased the apoptosis, but in co-treated cells, apoptosis was induced to a substantial
extent as compared to single treatment regimen (Figure 4A). Then cells were also subjected
to mitochondrial membrane potential (MMP) assay, where also single treatment of Pyri
and 3-MA showed slightly change but in co-treated cells, loss of MMP was substantially
induced by both Pyri and 3-MA in combination (Figure 4B). Next, the autophagy and apop-
tosis markers were monitored by Western blot analysis. We observed that Pyri increased
the levels of both autophagy and apoptosis markers and caspase inhibitor Z-DEVE-FMK
treatment increased the expression of autophagy-related markers. On the other hand,
autophagy inhibitor 3-MA increased apoptosis by causing an activation of PARP and
caspase-3 cleavage (Figure 4C,D). Interestingly, 3-MA and Pyri combination exhibited
pronounced effects on the caspase-3 cleavage. The untagged bands shown in the blot are
non-specific bands.
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Figure 4. Inhibition of autophagy can sensitize the tumor cells to Pyri-induced apoptotic cell death. (A,B) KBM5 cells
(1 × 106 cells/well) were pretreated with 1 mM concentrations of 3-MA for 30 min, and then exposed to Pyri (0.5 µM) for
24 h. Then, the cells were fixed and incubated using TUNEL reaction solution or TMRE and then analyzed by a flow
cytometry. (C,D) KBM5 cells (1 × 106 cells/well) were pretreated with 50 µM of Z-DEVE-FMK and 1 mM concentrations
of 3-MA for 30 min, then exposed to Pyri (0.5 µM) for 24 h. Thereafter the western blot analysis was carried out. (E,F) The



Int. J. Mol. Sci. 2021, 22, 8147 9 of 20

effects of genetic inhibition of autophagy by knockdown of Beclin-1 or Atg7 on Pyri-mediated apoptosis. Cells were treated
with 1 µM of Pyri for 24h, then LC3 and cleaved PARP levels were examined by western blot. *** p < 0.001 vs. non-treated
(NT) cells, ** p < 0.01 vs. non-treated (NT) cells, * p < 0.05 vs. non-treated (NT) cells. The results shown are representative of
three independent experiments.

2.8. Pyri Induced LC3II Expression through Causing Beclin-1 and Atg7 Activatio

As Beclin-1, Atg7, and LC3 activation has been well established in autophagy, the
possible effects of Beclin-1 and Atg7 depletion upon sirNA transfection was analyzed by
western blotting. The cells were transfected with siRNA to knockdown the Beclin-1 and
Atg7 and treated with Pyri (1 µM) for 24 h. Beclin-1 and Atg7 siRNA transfected showed a
remarkable decrease in LC3II expression, even upon Pyri treatment. However, autophagy
gene silencing promoted substantial PARP cleavage as compared to that in control and
scrambled siRNA transfected cells (Figure 4E,F).

2.9. Pyri Suppressed STAT5 Phosphorylation in KBM5 Cells

As STAT5 activation plays an important role in cancer progression, the impact of Pyri
on STAT5 activation was evaluated. As shown on Figure 5A, concentrations dependent
manners (left) and time-dependent manners (right), Pyri substantially suppressed phospho-
rylation of STAT5 in a concentration and time-dependent fashion without affecting total
STAT5 expression.

Figure 5. Cont.



Int. J. Mol. Sci. 2021, 22, 8147 10 of 20

Figure 5. Inactivation of STAT5/Bcl-2 signaling can contribute to Pyri-induced cell death. (A,B) Pyri treatment repressed
the expression of p-STAT5, p-JAK1, p-JAK2 and p-Src, as assayed by western blot. Concentrations dependent manners (left),
time-dependent manners (right). (C–E) Western blotting was used to assess p-STAT5, STAT5 targets (Bcl-2 and cyclin D1),
apoptosis-related proteins, and autophagy-related proteins in STAT5 siRNA or scrambled siRNA-transfected KBM5 cells
treated with Pyri. *** p < 0.001 vs. non-treated (NT) cells, ** p < 0.01 vs. non-treated (NT) cells, * p < 0.05 vs. non-treated
(NT) cells. The results shown are representative of three independent experiments.

2.10. Pyri Down-Regulated the STAT5 Upstream Signals JAK1/2, and Src Activation

JAK1, JAK2, and Src can function as upstream signals for STAT5 activation, so we
determined whether Pyri can down-regulate the activation of JAK1, JAK2, and Src kinases.
The results showed that Pyri down-regulated the activation of JAK1, JAK2 and Src by
effectively suppressing their phosphorylation (Figure 5B), but no effect was noted on
total JAK1, JAK2, and Src protein expression. Concentrations dependent manners (left),
time-dependent manners (right).

2.11. Pyri Induced Apoptosis and Autophagy in STAT5 Deleted Cells

To confirm the relationship between STAT5 activation, apoptosis, autophagy activation,
STAT5 was knocked down in KBM5 cells by STAT5 siRNA transfection, and then treated with
Pyri-for 24 h. STAT5 siRNA blocked the STAT5 expression (Figure 5C), but was found to
increase autophagy and apoptosis activation through promoting an increase in the levels of
autophagic and apoptotic markers concomitant with the suppression of anti-apoptotic proteins
(Figure 5D,E). The untagged bands shown in the blot are non-specific bands.
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2.12. Bcl-2 Overexpression Induced the Autophagy Activation in KBM5 Cells

To confirm the correlation between anti-apoptotic protein expression and autophagy
activation, bcl-2 gene was overexpressed by pEGFP bcl-2 transfection. pEGFP bcl-2 trans-
fection increased the bcl-2 expression (Figure 6A), but reduced the apoptosis activation
through affecting PARP and caspase-3 cleavage (Figure 6B). The untagged bands shown in
the blot are non-specific bands. However, overexpression of apoptotic protein Bcl-2 2 in-
creased autophagy activation through causing an up-regulation of LC3II, phospho-Beclin-1,
and Beclin-1 expression upon Pyri treatment (Figure 6C).

2.13. Effect on Induction of Autophagy by Pyri after Beclin-1, Atg7, STAT5, and Bcl-2
Gene Transfection

We next transfected the genes Beclin-1, Atg7, STAT5, and Bcl-2 related to autophagy
and observed changes in autophagy by pyri. First, we transfected KBM5 cells with Beclin-1,
Atg7, and STAT5 siRNA. Thereafter, the transfected cells were treated with Pyri (1 µM),
and autophagy was evaluated by AO and MDC assays. Figure 6D shown that knockdown
of beclin-1 and Atg7 reduced the pyri-induced AO staining with autophagy-produced
acidic vesicular organelles. Similarly, beclin-1 and Atg7 transfected cells showed that
autophagy-produced acidic vesicular organelles were decreased in staining by mdc was
observed (Figure 6E). On the other hand, STAT5 gene knockdown showed staining of
greater number of autophagy-producing acid vesicle organelles. Then we overexpressed
the Bcl-2 gene in KBM5 cells by pEGFP Bcl-2 DNA transfection. Bcl-2 overexpression
increased the autophagy-producing acid vesicle organelles staining as observed by AO and
MDC (Figure 6F,G). These results suggest that the knockdown of beclin-1 and Atg7 genes,
which are related to autophagy, can reduce the staining of acid vesicle organelles, whereas
knockdown of STAT5 increases autophagy. In addition, it was shown that overexpression
of Bcl-2 increased autophagy as opposed to the decrease of apoptosis.
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Figure 6. Pyri-induced cell death following Beclin, Atg7, STAT5, and Bcl-2 interference. (A–C) The possible effects of
genetic overexpression of Bcl-2 on Pyri-mediated apoptosis and autophagy. The cells were treated with 1 µM of Pyri for
24h, and then western blotting was performed. *** p < 0.001 vs. non-treated (NT) cells, * p < 0.05 vs. non-treated (NT) cells.
(D,E) KBM5 cells (2 × 107 cells/well) were transfected with beclin-1, Atg7, and STAT5 siRNA for 48 h. Then treated with
Pyri (1 µM) for 24 h and analyzed by AO and MDC staining. (F,G) Bcl-2 was over expressed by pEGFP-Bcl-2 DNA. Then
the cells were stained by AO and MDC. The results shown are representative of three independent experiments.
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3. Discussion

In this study, we determined the influence of Pyri on different forms of cell death
and STAT5 activation in KBM5 cells. We also studied the differential effects of Pyri on
autophagy and apoptosis and its impact on the expression of various gene signatures
regulating these two important processes.

Because the importance of apoptosis in tumor elimination, first, we investigated the
effects of Pyri on apoptosis activations in KBM5 cells [61]. Apoptosis is one of the important
process to remove the mutated and injured cells and thereby preventing their oncogenic
transformation [62–65]. In the apoptosis process, cell death can be potentially mediated by
several important proteins such as caspase 3, 8, 9 and PARP [66–68]. However, a number of
tumorigenic proteins like Bcl family, Mcl-1, survivin, IAP-1/2, COX-2, cyclin D1, VEGF, and
MMP-9 can negate the apoptotic influence and promote tumor cell survival [69–77]. We
analyzed the Pyri-induced apoptotic cell death by cell cycle, Annexin V, TUNEL and live
and dead assays. The ratio of dead cells ratio was observed to increase and the expression
level of activated apoptotic proteins (caspase-3, 8, 9, and PARP) was also enhanced upon
exposure to Pyri. Additionally, the impact of Pyri on cell proliferation was analyzed in
several CML cells the data indicated that Pyri suppressed cellular growth by promoting
activation of apoptotic machinery within the tumor cells. [78].

Autophagy is another important process to prevent the normal functioning of cells
and organs from getting mutated or disrupted [42,43]. LC3 plays a key role in the assembly
of autophagosome produce by conjugation of LC3I and LC3II [79–81]. Atg7 and Atg5 are
well-known autophagy-related proteins, which can promote autophagy activation and
eliminate the damaged cytoplasmic organelles and cells from the body [82–84]. Thus, both
LC3 and ATG7 were used as representative autophagosomal markers in this study. We
observed a substantial autophagy activation in a time and concentration dependent manner
upon exposure to Pyri. However, the extent of apoptosis activation, was established to be
independent of time but still correlated with increasing drug concentration. Moreover, as
autophagic activity was increased, the levels of autophagosome production and autophagy-
related markers were also simultaneously found to be augmented.

We also investigated the possible cross-talk between apoptosis and autophagy acti-
vation induced by Pyri. In our experiments, Z-DEVE-FMK induced the autophagosomal
markers like LC3II, Atg7, and beclin-1. And 3-MA dramatically increased the apoptosis
activation with caspase-3 and PARP cleavage. In addition, beclin-1 and Atg7 gene silencing
along with Pyri treatment exerted a substantial effect on PARP cleavage. These results
suggested that Pyri-induced autophagy and apoptosis activity were inversely correlated
with specific molecular mechanisms

Uncontrolled STAT5 can act as a tumor-promoting factor and drive tumor growth
and metastasis [48,49,85]. The Western blot data indicated that Pyri treatment promoted
STAT5 and upstream signals (JAK1/2, Src) activation in KBM5 cells in a concentration and
time-dependent fashions. Interestingly, STAT5 gene silencing with Pyri markedly increased
the expression of both the apoptotic and autophagic markers, thereby suggesting that the
drug can regulate different forms of cell death via modulating STAT5 phosphorylation.

In conclusion, this study suggested that Pyri predominantly induced complementary
interactions between apoptosis and autophagy activation in tumor cells. Additionally, it can
increase the apoptosis and autophagy activation effectively by causing effective suppression
of oncogenic transcription factor STAT5. Therefore, Pyri may have a potential role in cancer
prevention and treatment by affecting multiple tumor-promoting mechanism(s).

4. Materials and Methods
4.1. Reagents

Pyrimethamine (pyri, Figure 1A) was purchased from Sigma-Aldrich (St. Louis,
Missouri, USA). pyri stock solution (10 mM) was prepared in, storage at −20 ◦C and
finally diluted in cell culture medium to use. Fetal bovine serum (FBS), and penicillin-
streptomycin mixture were purchased from Thermo Fisher Scientific Inc (Waltham, Mas-
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sachusetts, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
Tris base, glycine, NaCl, sodium dodecylsulfate (SDS), bovine serum albumin (BSA),
and autofluorescent agent monodansylcadaverine (MDC) were purchased from Sigma-
Aldrich (St. Louis, Missouri, USA). Alexa Fluor® 594 donkey anti-rabbit IgG (H+L)
antibody was obtained from Life Technologies (Carlsbad, California, USA). Anti-LC3,
anti-Beclin-1, anti-phospho-Beclin-1, anti-Atg7, anti-cyclin D1, anti-phospho-STAT5, anti-
phospho-JAK1(Tyr1022/1023), anti-JAK1, anti-phospho-JAK2(Tyr1007/1008), anti-JAK2,
anti-phospho-Src(Tyr416), anti-caspase-9, anti-cleaved-caspase-8, and anti-cleaved-caspase-
3 antibodies were purchased from Cell Signaling Technology (Danvers, Massachusetts,
USA). Anti-Bax, anti-phospho-p53, anti-p53, anti-mcl-1, anti-STAT5, anti-Bcl-2, anti-Bcl-
xL, anti-Survivin, anti-IAP-1, anti-IAP-2, anti-COX-2, anti-VEGF, anti-MMP-9 (matrix
metalloproteinase-9), anti-caspase-8, anti-caspase-3, anti-PARP, and anti-β-actin antibodies
were purchased from Santa Cruz Biotechnology (Dallas, Texas, USA). TUNEL (terminal
transferase-mediated dUTP-fluorescein nick end labeling) assay kit was from Roche Diag-
nostics GmbH (Mannheim, Baden-Württemberg, Germany). Acridin Orange was purchased
from Immuno chemistry technology (Bloomington, Indiana, USA). FITC Annexin V Apoptosis
Detection Kit I was purchased from BD Biosciences (Franklin Lakes, New Jersey, USA).

4.2. Cell Lines and Culture Conditions

Chronic myelogenous leukemia (CML) cell lines KBM5, THP-1, K562, KCL22, and LAMA84
cells were obtained from American Type Culture Collection (Manassas, VA). KBM5 cells were
cultured in IMDM medium containing 10% FBS with 1% penicillin/streptomycin. K562, KCL22,
and LAMA84 cells were cultured in RPMI 1640 medium containing 10% FBS with 1% peni-
cillin/streptomycin. Cells were maintained at 37 ◦C in 5% CO2 conditions incubator.

4.3. MTT Assay

KBM5, THP-1, K562, KCL22, and LAMA84 cells (2.5 × 104 cells/well) were treated
with pyri (0, 0.5, 1 µM) for indicated time intervals. After pyri treatment, cell viability was
measured by MTT assay. MTT solution (2 mg/mL) 30 µL was added into each well for 2 h
and 100 µL MTT lysis buffer was added for overnight incubation. The cell viability was
measured by VARIOSKAN LUX (Thermo Fisher Scientific Inc, Waltham, Massachusetts,
USA) at 570 nm as described previously [86].

4.4. Western Blot Analysis

KBM5 cells were treated with Pyri with indicated concentrations (0, 0.5, 0.7, 1 µM) and
time intervals. Thereafter western blot assay was carried out as elaborated previously [87].
After KBM5 cells were treated with indicated various concentrations and time conditions,
cells were harvested and whole cell lysates were obtained. Concentrations of proteins
were measured by Bradford reagent (Bio-Rad, Hercules, California, USA) then prepared
with equal amounts. Proteins were separated on sodium dodecyl-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and electro-transferred to nitrocellulose membrane. Membranes
were blocked by 3 or 5% skim milk in 1×TBST (1×TBS with 0.1% Tween 20) for 1 h at room
temperature then probed with primary antibodies at 4 ◦C for overnight. After membranes
were washed by 1×TBST, probed with secondary antibodies horseradish peroxidase (HRP)
conjugated anti-rabbit IgG antibodies and anti-mouse IgG antibodies at room temperature
for 2 h. Expression levels of proteins were detected by enhanced chemiluminescence (ECL)
kit (EZ-Western Lumi Femto, DOGEN, Seoul, Korea). After detection, membranes were
stripped for 1 h, and probed with anti-β-actin antibodies as loading control.

4.5. RT-PCR

To confirm the mRNA expression levels of various tumorigenic genes upon Pyri
treatment, KBM5 cells were treated with 1 µM of Pyri. Cells were suspended with Trizol,
then added chloroform, Iso-propanol to extract the RNA. Extracted RNA were reverse
transcribed into cDNA, then reverse transcription polymerase chain reaction (RT-PCR)
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was performed. Each mRNA was performed with different temperature conditions: Bcl-2
reaction was performed at 94 ◦C for 15 s, 58 ◦C for 30 s, 72 ◦C for 1 min with 28 cycles and
extension at 72 ◦C for 5 min. Bcl-xl reaction was performed at 94 ◦C for 30 s, 57 ◦C for 30 s,
72 ◦C for 1 min with 30 cycles and extension at 72 ◦C for 7 min. Survivin reaction was
performed at 94 ◦C for 30 s, 55 ◦C for 30 s, 72 ◦C for 30 ◦C with 30 cycles and extension at
72 ◦C for 7 min. Cyclin D1 reaction was performed at 95 ◦C for 30 s, 60 ◦C for 30 s, 72 ◦C for
30 s with 35 cycles and extension at 72 ◦C for 10 min. All PCR products were separated on
1% agarose gel with Loading Star (Dynebio, Seongnam, Korea) and bands were detected
by UV light. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as loading
control as described earlier [88].

4.6. Live and Dead Assay

Pyri-induced cell death was detected using live and dead assay kit based on the
procedure elaborated previously [89]. KBM5 cells were treated with Pyri (1 µM) for
indicated time conditions (0, 12, 18, 24, 48 h), then cells were stained with 5 µM of Calcein
AM and Ethd-1(Ethidium homodimer-1) at 37 ◦C for 30 min. Cells were attached on
slide glass by cytospin and detected by Olympus FluoView FV1000 confocal microscope
(scale bar: 100 µm) (Tokyo, Japan). Because live cells have intracellular esterase activity,
Calcein AM was disaggregated so cells were detected with green color. But dead cells were
damaged on membrane, so Ethd-1 can invade into the cell and combine with nucleic acid
and cells can be detected with red color.

4.7. Acridine Orange Assay

Pyri-induced autophagy activation was measured with acridine orange staining.
Autophagy activation can produce vesicular organelles, and acidic components can stain
with acridine orange. Pyri treated KBM5 cells were stained with acridine orange (3.8 µM)
for 20 min at 37 ◦C and attached on slide glass. Cells were detected by Olympus FluoView
FV1000 confocal microscope (scale bar: 100 µm) (Tokyo, Japan) and BD Accuri™ C6 Plus
Flow Cytometer (BD Biosciences, Becton-Dickinson, Franklin Lakes, NJ, USA) with BD
Accuri C6 Plus software.

4.8. MDC Staining

Pyri-trated cells were stained with Monodansylcadaverine (MDC) to evaluate au-
tophagy activation through monitoring an increase of acid vesicular organelles. Time and
concentration dependent actions of Pyri treated cells were analyzed upon staining with
MDC (50 µM) for 20 min at 37 ◦C. Tells were detected by Olympus FluoView FV1000
confocal microscope (Tokyo, Japan).

4.9. Cell Cycle Analysis

KBM5 cells (1 × 106 cells/well) were treated with Pyri (1 µM) for 0, 12, 18, 24, 48 h
and washed with 1× PBS. Cells were fixed with cold 70% EtOH and incubated overnight at
4 ◦C. Then fixed cells were washed with 1× PBS again and incubated with 1 mg/mL RNase
A for 1 h at 37 ◦C. After 1 h, cells were stained with propidium iodide (PI) and analyzed by
BD Accuri™ C6 Plus Flow Cytometer (BD Biosciences, Becton-Dickinson, Franklin Lakes,
NJ) with BD Accuri C6 Plus software.

4.10. Annexin V Assay

KBM5 cells (1 × 106 cells/well) were treated with Pyri (1 µM) for 0, 12, 18, 24, 48 h
and washed with 1× PBS. Cells were collected and resuspended in fresh 1× PBS with FITC
tagged Annexin V antibody and PI staining for 15 min at room temperature. Apoptosis
of cells was analyzed by BD Accuri™ C6 Plus Flow Cytometer (BD Biosciences, Becton-
Dickinson, Franklin Lakes, NJ) with BD Accuri C6 Plus software
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4.11. TUNEL Assay

Pyri-induced apoptotic changes were analyzed by TUNEL assay as reported previ-
ously [90]. KBM5 cells were treated with Pyri (0, 0.5, 1 µM) for 0, 12, 18, 24 and 48 h. Cells
were probed with TUNEL enzyme and label 1 h at 37 ◦C. Cells were placed on slide glass
using by cytospin and detected by Olympus FluoView FV1000 confocal microscope (scale
bar: 100 µm) (Tokyo, Japan) and BD Accuri™ C6 Plus Flow Cytometer (BD Biosciences,
Becton-Dickinson, Franklin Lakes, NJ) with BD Accuri C6 Plus software.

4.12. Mitochondrial Membrane Potential (MMP) Assay

The cells were treated with Pyri (1 µM) and 3-MA (1 mM) for 24 h, then harvested to
PBS washing. Thereafter they were stained by tetramethylrhodamine ethyl ester (TMRE)
with 500 µL PBS in final concentration 50 nM. The cells were then incubated for 30 min,
and then analyzed by BD AccuriTM C6 Plus Flow Cytometer (BD Biosciences, Becton-
Dickinson, Franklin Lakes, NJ).

4.13. Immunocytochemistry for LC3 Expression

LC3 expression with Pyri (1 µM) for 24 and 48 h was also analyzed using immunocyto-
chemistry as elaborated before. KBM5 cells were fixed with 4% paraformaldehyde (PFA) in
1× PBS for 20 min at room temperature and permeabilised by 0.2% triton X-100 for 10 min.
Cells were blocked with 5% BSA in 1× PBS for 1 h, then probed with anti-LC3 antibody
at 4 ◦C for overnight. The next day, cells were washed with 1× PBS and probed with
secondary antibodies Alexa Fluor® 488 donkey anti-rabbit IgG (H+L) for 1 h. Nuclei was
stained with DAPI (1 µg/mL) for 3 min and cells were mounted by Fluorescent Mounting
Medium (Golden Bridge International Labs, Mukilteo, WA). Thereafter cells were visual-
ized by fluorescence microscope Olympus FluoView FV1000 confocal microscope (scale
bar: 100 µm) (Tokyo, Japan) as described earlier [91].

4.14. Knockdown of Beclin-1 and Atg7 by siRNA Transfection

KBM5 cells were transfected with 50 nM of Beclin-1, Atg7, and scrambled siRNA for
48 h in penicillin/streptomycin-free IMDM media using by Neon™ Transfection System
(Invitrogen, Carlsbad, CA). After transfection, the cells were treated with Pyri (1 µM) for
24 h in complete media and analyzed by acridine orange staining. Scrambled siRNA was
used as positive control.

4.15. Blockage of STAT5 Expression by siRNA

STAT5 expression was knocked down by using STAT5 siRNA. KBM5 cells were
resuspended with 50 nM of STAT5 or scrambled siRNA in 120 µL of Neon Resuspension
Buffer R then transfected by Neon™ Transfection System (Invitrogen, Carlsbad, CA) for
36 h in penicillin/streptomycin-free IMDM media. The cells were then treated with Pyri
(1 µM) for 24 h for additional experiments.

4.16. Bcl-2 Overexpression Studies

For overexpression of Bcl-2, KBM5 cells were transfected with pEGFP Bcl-2 or pEGFP
DNA (provided by Case Western Reserve University). Both DNA were transfected with
2000 ng in penicillin/streptomycin-free IMDM media using Neon™ Transfection System
(Invitrogen, Carlsbad, CA) for 24 h. Thereafter the cells were exposed to Pyri (1 µM) for
24 h in complete media, and the whole cell extracts were prepared for Western blot analysis.

4.17. Statistical Analysis

All numerical values are represented as the mean ± SD. The statistical significance of
the data compared with the untreated control was determined using the Student’s unpaired
t-test. The significance was set at *p < 0.05, **p < 0.01, and ***p < 0.001.
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