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 Background: A hypoxic microenvironment is associated with resistance to tyrosine kinase inhibitors (TKIs) and a poor prog-
nosis in chronic myeloid leukemia (CML). The E3 ubiquitin ligase Siah2 plays a vital role in the regulation of hy-
poxia response, as well as in leukemogenesis. However, the role of Siah2 in CML resistance is unclear, and it 
is unknown whether vitaminK3 (a Siah2 inhibitor) can improve the chemo-sensitivity of CML cells in a hypox-
ic microenvironment.

 Material/Methods: The expression of Siah2 was detected in CML patients (CML-CP and CML-BC), K562 cells, and K562-imatinib-
resistant cells (K562-R cells). We measured the expression of PHD3, HIF-1a, and VEGF in both cell lines un-
der normoxia and hypoxic conditions, and the degree of leukemic sensitivity to imatinib and VitaminK3 were 
evaluated.

 Results: Siah2 was overexpressed in CML-BC patients (n=9) as compared to CML-CP patients (n=13). Similarly, K562-
imatinib-resistant cells (K562-R cells) showed a significantly higher expression of Siah2 as compared to K562 
cells in a hypoxic microenvironment. Compared to normoxia, under hypoxic conditions, both cell lines had low-
er PHD3, higher HIF-1a, and higher VEGF expression. Additionally, Vitamin K3 (an inhibitor of Siah2) reversed 
these changes and promoted a higher degree of leukemic sensitivity to imatinib.

 Conclusions: Our findings indicate that the Siah2-PHD3- HIF-1a-VEGF axis is an important hypoxic signaling pathway in a 
leukemic microenvironment. An inhibitor of Siah2, combined with TKIs, might be a promising therapy for re-
lapsing and refractory CML patients.
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Background

Hypoxia usually refers to a state of oxygen depletion, which 
can be found in the microenvironments of tumors and in nor-
mal tissues. A hypoxic microenvironment in a tumor results 
from uncontrolled tumor growth that depletes the original ox-
ygen supply. In hematology, these low-oxygen conditions are 
prevalent in the bone marrow. This is called the hypoxic niche. 
The hypoxic niche aids hematopoietic stem cells in maintain-
ing dormancy prior to a stimulus and their ability to prolifer-
ate in the future. Several studies have indicated that hypoxic 
tumor cells are more resistant to existing anti-tumor treat-
ments, including chemotherapy, radiotherapy, and, indirectly, 
surgery [1,2]. There are many reasons for hypoxia-induced tu-
mor protection. Firstly, hypoxia induces de-differentiation and 
the emergence of immature phenotypes among cells, as well 
as maintaining stem-cell-like phenotypes to create a protec-
tive effect in both hematopoietic stem cells and solid tumor 
stem cells [3]. Secondly, abnormal tumor vasculature makes 
the delivery and infiltration of chemotherapeutic agent diffi-
cult in a hypoxic microenvironment. Finally, hypoxia promotes 
tumor cells at a low proliferation rate and becomes insensi-
tive to the pressure of apoptosis [4]. Accordingly, clinical data 
have demonstrated that hypoxia is correlated with increased 
tumor aggressiveness and poor prognoses [5]. Particularly in 
chronic myeloid leukemia (CML), hypoxia was correlated with 
CML tumor burden [6].

Hypoxia-inducible factor (HIF) is considered to be a central 
regulator of hypoxia [7]. Of the 3 HIF-a isotypes (1a, 2a, and 
3a), HIF-1a is particularly important in hypoxia response [8]. 
Under normal oxygen conditions, prolyl-hydroxylase (PHD) in-
troduces a hydroxyl group to Hif-1a and functions as a recog-
nition motif for the breakdown of essential proteins involved 
in the process. Consequently, under low-oxygen conditions, 
PHD proteins are polyubiquinated and broken down by ubiq-
uitin ligase Siah2. This inhibits the introduction of a hydroxyl 
group to Hif-1a. Siah2 mediates the ubiquitination and deg-
radation of substrates that are important in hypoxia-activat-
ed signaling pathways and contributes to the degradation of 
multiple targets, including cellular biological function and tu-
morigenesis [9–11]. Hence, we hypothesized that Siah2 may 
serve as a target inhibitor in CML resistance.

Thus, our study aimed to evaluate the expression and function 
of Siah2 in CML patients, as well as in cell lines, and to exam-
ine whether vitamin K3 (a Siah2 inhibitor) can improve the 
chemo-sensitivity of CML cells in a hypoxic microenvironment. 
These findings could provide a foundation for clinical proto-
cols in which Siah2 inhibitor overcomes drug resistance and 
provides a therapeutic benefit in cases of CML pathogenesis.

Material and Methods

Patients

The protocol was approved by the Ethics Committee of Nanfang 
Hospital and by Southern Medical University (Guangzhou, 
Guangdong, China). Patients were admitted at Nanfang Hospital 
according to the guidelines of its Ethics Committee and the 
Helsinki Declaration. All patients and healthy donors signed the 
consent form. CML has an evolutionary course comprising 3 clin-
ical phases based on both clinical and pathological features [12]. 
The chronic phase (CP) is characterized by an increase in imma-
ture and mature myeloid elements, and retention of hematopoi-
etic differentiation. The disease may then progress through an 
accelerated phase (AP), or directly to an acute or blast phase (BP) 
when there are ≥30% blasts in the bone marrow or extramed-
ullary blastic disease, and presents a very poor prognosis [13].

Clinical samples were taken from the bone marrow of CML-
CP patients (n=13), CML-BC (n=9) patients, and healthy volun-
teers (n=4) to isolate bone marrow mononuclear cells (BMMCs). 
Diagnoses were based on hematologic, cytogenetic, and mo-
lecular assays. We selected 4 healthy donors (mean age=34, 
range=25~40, male: female ratio=2: 2), 13 CML-CP patients (mean 
age=32, range=21~45, male: female ratio=2: 3), and 9 CML-BP 
patients (mean age=40, range=33~49, male: female ratio=3: 2).

Cells

PBMCs were isolated by Ficoll separation from the bone mar-
row samples of the CML patients and volunteers. The cells 
were suspended in RPMI-1640 medium with 10% fetal bo-
vine serum, 1% L-glutamine, and 1% penicillin-streptomycin. 
K562cells and K562imatinib-resistant cells (K562-R cells) were 
cultured in the above-mentioned media. The cells were main-
tained in 5% CO2 at 37°C. K562 cells and K562-R cells were 
further supplemented with imatinib (IM).

Hypoxic conditions

We analyzed cells by treating them in low-oxygen state (1%O2) 
for 12 h, 24 h, or 48 h using a hypoxia chamber (In vivo 400: 
Ruskin Technologies Ltd, Bridgend, UK). For our analysis, we 
used cell culture media, trypsin/PBS, and PBS, which were equil-
ibrated previously with 1% O2 overnight before any changes 
were made, in order to prevent the exposure of the cells to 
atmospheric air (20% O2) under conditions such as medium 
change, unless mentioned otherwise.

Cell viability assay

During the logarithmic growth phase, the cells were exposed 
to various concentration of IM and/or Vitamin K3 under 1% O2 
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conditions and then incubated with CCK-8 solution. The opti-
cal density (OD) was calculated based on 450 nm absorption 
values using an auto-179-mated enzyme-linked immunosor-
bent assay (ELISA) reader (Perk-180, Elmer, USA).

Cell cycle analysis

The cell cycle was assessed via propidium iodide (PI) staining 
and measured with a FACSCaliburTM flow cytometer. Samples 
were processed as follows: 1) Harvested the cells in the ap-
propriate manner and washed them in PBS. 2) Fixed the cells 
in cold 70% ethanol, added drop-wise to the pellet while vor-
texing. 3) Fixed them for 30 min at 4°C. 4) Washed them in 
PBS and centrifuged them. 5) Treated the cells with ribonucle-
ase and added 50 µl of a 100 µg/ml sock of RNase. 6) Added 
200 µl PI (from 50 µg/ml stock solution). The cell distribution 
of each phase of the cell cycle was evaluated with ModFit LT 
software (BD Biosciences). For analysis, the first gate on the 
single-cell population was used as pulse width vs. pulse area. 
Then, we applied this gate to the scatter plot and gated out 
obvious debris. We combined the gates and applied it to the 
PI histogram plot. Apoptosis of cells was measured using an 
Annexin V-FITC/PI apoptosis detection kit according to the pro-
tocol. The samples were analyzed in flow cytometry.

Quantitative real-time polymerase chain reaction 
(QRT-PCR)

Total RNA was extracted from cells using TRIzol reagent 
(Takara Bio Inc., Otsu, Shiga, Japan) and then reverse-tran-
scribed into cDNA. The sequence of primers used was as fol-
lows: Siah2: forward 5’-TTGCTCATCAGTTGCCACTTCC-3’ and 
reverse 5’-CAGGAGTAGGGACGGTATTCACA-3’; for HIF-1a: for-
ward 5’-TTGCTCATCAGTTGCCACTTCC-3’and reverse5’-AGCAATTC 
ATCTGTGCTTTCATGTC-3’; and for GAPDH: forward 5’-ACCACA 
GTCCATGCCATCAC-3’ and reverse 5’-TCCACCACCCTGTTGCTGTA-3’. 
Reactions were carried out in a Roche Light Cycler 480 system 
(Roche Diagnostics GmbH, Mannheim, Germany) with a SYBR 
Premix ExTaq kit (Takara Bio Inc., Otsu, Shiga, Japan). Using 
the 2–DDCT method, data were normalized to GAPDH expression.

Western blotting analysis

Cells were washed with PBS and lysed in buffer (50 mM Hepes, 
150 mM NaCl, 1% TritonX-100, 0.1% SDS, 50 mM NaF, 10 mM 
NaPPi, 2 mM NaVO3, 10 mM EDTA, 2 mM EGTA, 1 mM PMSF, 
and 10 μg/ml leupeptin) on ice for 10 min. Protein lysate from 
the cells was mixed with loading buffer, denatured for 10 min 
at 65°C, separated on SDS-PAGE, and later transferred to a 
PVDF membrane. After blocking (5% dry milk in Tris-buffered 
saline-T), membranes were incubated at 4°C overnight with 
primary antibodies. After incubation with secondary antibod-
ies, the signals were visualized by chemiluminescence using a 

chemiluminescence (ECL) detection device (Millipore, Billerica, 
MA, USA). Optical densities were visualized and measured as 
arbitrary units via an LAS3000 Imager (Fugifilm, Greenwood, SC, 
USA). The results were normalized to GAPDH using the Multi-
gauge software program (Version 22.0, Fujifilm, Greenwood, 
SC, USA).

ELISA

To measure vascular endothelial growth factor (VEGF) secre-
tion from the K562 and K562-R cell lines, we randomly selected 
cells for 24-h incubation under normoxia (20% O2) or hypox-
ia (1% O2) conditions. We collected supernatants and mea-
sured the levels of VEGFA by using an ELISA kit (R&D Systems).

Statistical analysis

Data are presented as means ± standard deviation (SDs). The 
statistical analysis of the data was carried out with GraphPad 
Prism 5 software (Version 5 for Windows; GraphPad, San 
Diego, CA). Our study utilized a paired Student’s t-test to ob-
serve the findings regarding the cohorts chosen for this ex-
periment. Statistical significance was set at P<0.05. We car-
ried out the procedures 4 times.

Results

The Siah2 expression of CML patients and cell lines under 
normoxic conditions

The expression of Siah2 from CML patients (CML-CP and CML-
BC), healthy donors, and cell lines was detected via Q-PCR 
and Western blotting, as shown in Figure 1. The results show 
that Siah2 mRNA levels in CML-BC patients were significantly 
higher than those of the CML-CP patients and healthy donors. 
Furthermore, our study found no variations between CML-CP 
patients and healthy donors (Figure 1A, 1B). In the cell lines, 
the analysis of Siah2 mRNA levels showed insignificant chang-
es between K562 cells and K562-R cells (Figure 1C). Western 
blotting analysis revealed similar findings (Figure 1D).

The Siah2 expression of K562 cells and K562-R cells under 
hypoxia

To confirm the impact of hypoxia on Siah2, we monitored 
changes in Siah2 expression in K562 cells and K562-R cells. 
We utilized a modular incubation chamber containing humid-
ified hypoxic air to create hypoxic conditions for the analyzed 
cells. K562 cells and K562-R cells were cultured under hypox-
ic conditions (1% O2) for 24 h and 48 h. QPCR and Western 
blotting analyses showed that compared to normoxia, both 
K562 cells and K562-R cells showed increased expression of 
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Siah2 mRNA and protein levels in hypoxic conditions from 24 
h to 48 h, and that the change in K562-R cells was more ap-
parent (Figure 2). However, the Siah2 mRNA and protein lev-
els did not change in normoxia conditions at 24 h and 48 h.

VitaminK3 reduces K562 cells’ and K562-R cells’ 
resistance to IM under hypoxic conditions

Our study aimed to determine whether leukemic cells become 
sensitive to IM, the frontline therapy for CML, in response to hy-
poxia. K562 cells and K562-R cells were maintained in complete 
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Figure 1.  Siah2 was expressed in CML patients and cell lines. (A) Siah2 mRNA expressions, on QPCR, of CML-CP patients, CML-BC 
patients, and healthy controls. (B) Siah2 protein immunoreactivity, on western blots, of CML-CP patients, CML-BC patients 
and healthy controls. b-actin served as a loading control. (C) Siah2 mRNA expressions of K562 and K562-R cells were 
analyzed via QPCR. (D) Siah2 protein expressions of cell lines were analyzed via western blots. Kruskal-Wallis test was 
employed, whereby statistical significance was obtained for continuous variables using a non-parametric analysis of variance. 
For statistical significance, patient groups were compared by employing Dunn’s multiple-comparison test. ** P<0.01.
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Figure 2.  The Siah2 expression of K562 cells and K562-R cells under hypoxia. (A, B) Siah2 expression at mRNA and protein levels of 
K562 cells under hypoxia. (C, D) Siah2 mRNA expression and protein immunoreactivity levels of K562-R cells were analyzed 
under hypoxia. *** P<0.001; ** P<0.01.
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medium at 21% O2 (normoxia) or 1% O2 (hypoxia) for 24 h in 
the presence or absence of IM. A cell viability assay via CCK-8 
showed that hypoxia significantly increased the ability of cells to 
survive upon treatment with IM in comparison with cells under 
normoxic conditions (Figure 3A). This increase was significant-
ly attenuated by pre-treating cells with Vitamin K3 (15 mM) un-
der hypoxia conditions (Figure 3B, 3C). Interestingly, Vitamin K3 
did not influence cell viability in either cell line under normoxia. 
Additionally, the IC50 of IM for K562 cells and K562-R cells under 
hypoxia was 1.62-fold and 1.38-fold higher, respectively, as com-
pared with cells under normoxia, as shown in Figure 3A. After 
Vitamin K3 treatment, the IC50 of IM for K562 cells and K562-R 
cells under hypoxia was 1.51-fold and 1.59-fold, respectively, low-
er than that seen under hypoxia without VitaminK3 treatment 
(Figure 3B, 3C). These results indicate that hypoxia seems to pro-
tect leukemic cells from chemotherapy damage and that Vitamin 
K3 (an inhibitor of Siah2) counteracts this hypoxic protection.

Vitamin K3 sensitizes leukemic cells to IM in a cell-cycle-
arrest-dependent manner

As the above results have demonstrated, hypoxia can inhib-
it the proliferation of CD34-positive cells derived from pa-
tients with CML [14], and hypoxia clearly reduced the pro-
liferation of K562 and K562-R cells by maintaining the cells 
in a quiescent state. In the cell cycle analysis, hypoxia in-
creased the proportions of cells in the G0/G1 phase in both 
cell lines (Figure 4A, 4B). Additionally, IM can also significant-
ly increase the proportion of cells in the G0/G1 phase among 
K562 and K562-R cells (Figure 4C, 4D). Nevertheless, when IM 
was combined with Vitamin K3 treatment, the proportion of 
cells in the G0/G1 phase in both cell lines was significantly 
decreased under hypoxic conditions, while Vitamin K3 alone 
did not induce such an effect (Figure 4A–4D).
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Figure 3.  The imatinib sensitivities of K562 cells and K562-R cells with or without VitaminK3 treatment under normoxia or hypoxia. (A) 
The cell activities of CML cells with imatinib treatment under normoxic or hypoxic conditions. The chemosensitivity of K562 
(B) and K562-R (C) cells was improved by VitaminK3 stimulation in hypoxia. *** P<0.001; ** P<0.01; * P<0.05.
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Vitamin K3 inhibits leukemic cells’ VEGF expression 
through the Siah2-PHD3-HIF pathway

In order to analyze the effect of Vitamin K3 on Siah2 activi-
ty, we observed the variations in the stability of Siah2 sub-
strates. Our study sought to determine whether preventing 
Siah2 ubiquination has any effect on the targeted ubiqui-
nation of the substrates associated with this process, such as 
PHD3. Therefore, we assessed the expression of PHD3, HIF-1a, 
and VEGF in K562 and K562-R cells at the mRNA and protein 
levels. As expected, HIF-1a was not observed under normox-
ic conditions in either of the 2 cell lines. Under hypoxia, leu-
kemic cells showed lower PHD3 and higher HIF-1a and VEGF 
levels in comparison with those observed under normoxia. As 
an inhibitor of Siah2, Vitamin K3 was found to have signifi-
cant effects (Figure 5).

Discussion

We assessed whether Siah2 and hypoxia affected chemo-re-
sistance in chronic myeloid leukemia patients. Our study dem-
onstrated that preventing the signaling pathways of Siah2 and 

hypoxia can be used for therapeutic purposes in cases of CML 
pathogenesis. Protein ubiquitination plays a vital role in hy-
poxia response. Ubiquitination is performed via the successive 
reaction of ubiquitin-activating enzyme E1, ubiquitin-transfer-
ring enzyme E2, and a substrate-specific ubiquitin ligase E3, 
which allows recognition by targeting certain substrates for 
ubiquination [15]. Siah2 belongs to the RING finger ubiquitin 
ligase E3 and is important in the regulation of tumor devel-
opment under hypoxic conditions [10]. Accordingly, consider-
able research has been devoted to understanding the roles 
of Siah2 in tumor development and the effects its inhibition 
may have. In solid tumors, Siah2 has been reported to contrib-
ute to tumor aggressiveness and chemo-resistance in breast, 
prostate, ovarian, lung, and oral tumors [16–19]. For the first 
time, our study found that Siah2 was overexpressed in CML-
BC patients as compared to CML-CP patients. Consistent with 
these findings, K562-R cells showed a significant increase 
in Siah2 expression as compared to K562 cells in a hypoxic 
microenvironment.

Similar to solid tumors, CML cells survive and grow in a hy-
poxic bone marrow microenvironment. Under hypoxic condi-
tions, tumor cells adapt through the up-regulation of HIF-1a 
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Figure 4.  Apoptotic cells were measured via flow cytometry in K562 cells and K562-R cells under imatinib, hypoxia, and/or VitaminK3 
treatment. (A, C). The cell cycle of K562 cells was evaluated via flow cytometry after these cells were subjected to hypoxia, 
imatinib, and/or VitaminK3 stimulation (B, D). The cell cycle of K562-R cells was analyzed after hypoxia, imatinib and/or 
VitaminK3 treatment. IM, imatinib. VitK3, VitaminK3. ** P<0.01; * P<0.05.
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Figure 5.  PHD3, HIF-1a, and VEGF expression levels of both cell lines were evaluated via QPCR, western blot, and ELISA after hypoxia 
and VitaminK3 stimulation. (A) PHD3, HIF-1a, and VEGF mRNA expression levels of K562 and K562-R cells with or without 
VitaminK3 stimulation under normoxic or hypoxic conditions. (B) PHD3 and HIF-1a protein immunoactivity of both cell lines 
on western blots under normoxia, hypoxia, and hypoxia + VitaminK3 treatment. (C) VEGF secretion of both cell lines after 
hypoxia and/or VitaminK3 stimulation. *** P<0.001; ** P<0.01; *P<0.05.
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protein, which in turn promotes the expression of various 
genes, including VEGF. VEGF serves a quintessential role in 
the process of angiogenesis and promotes blood vessel pres-
ervation. Active blood vessels aid in tumor cell growth via pro-
viding oxygen and nutrient supplies, along with the expulsion 
of metabolic products that have been broken down into sim-
pler constituents. In solid tumors, it is well-established that 
angiogenesis plays an important role in tumor development 
and metastasis. Furthermore, angiogenesis prevention could 
be used as a pathway via which to effectively treat cancer pa-
tients [20]. In contrast to solid tumors, the leukemic tumor mi-
croenvironment mainly exists in the bone marrow and can be 
divided into an “osteoblastic niche” and a “vascular niche.” 
The former is responsible for providing the environment for 
long-term quiescent hematopoietic stem cells, and the latter 
fosters the proliferation and differentiation of short-term he-
matopoietic progenitors [21]. Both niches are important for the 
growth and development of leukemic stem cells. Several stud-
ies have suggested that increased vascular density within the 
bone marrow is found in many blood diseases, such as leu-
kemia, myelodysplastic syndromes, and myelomas. Enhanced 
VEGF markers cannot provide effective prognoses for blood-
related pathologies. Hence, enhanced vascular density could 
serve as an important prognostic marker for the overall sur-
vival of patients affected by hematological diseases [22–24]. 
Moreover, in CML, the expression of VEGF is consistent with 
Bcr-Abl1 fusion kinase, and imatinib may suppress the expres-
sion of VEGF [25]. Therefore, we speculate that a higher level 
of VEGF expression may be closely related to leukemic cells’ 
chemo-resistance in CML, and the inhibition of VEGF could be 
used as a novel therapy for increasing the sensitivity of leu-
kemic cells to chemotherapy. However, the molecular mech-
anism behind the angiogenic reaction in the leukemic micro-
environment has been poorly characterized.

HIF-1a protein plays a key role in hypoxia because its expres-
sion is regulated in an oxygen-dependent manner and it is in-
volved in many activities related to cellular adaptation to ox-
ygen-poor conditions. The Siah2-PHD3 pathway may play an 
important role in tumor development, which is considered to 
be the most prominent PHD regulating HIF-1a under normoxia. 

PHD3 actively hydroxylates and negatively regulates HIF when 
oxygen is abundant and is inhibited in hypoxia, enabling HIF-
1a to become active. In embryonic fibroblasts isolated from 
Siah2-knockout mice, HIF-1a expression was significantly de-
creased and accompanied by the reduced expression of VEGF 
when cells were under hypoxic conditions. Nevertheless, PHD3 
expression was obviously increased when compared with cells 
taken from wild-type mice [26]. In accordance with the previous 
research, our study demonstrated that both K562 and K562-R 
cells had lower levels of PHD3 and higher levels Siah2, HIF-1a, 
and VEGF expression as compared with those seen under nor-
moxia. Moreover, Vitamin K3 had significant effects, increas-
ing leukemic cells’ sensitivity to imatinib treatment. Although 
many preclinical studies have indicated that the direct block-
age of VEGF could slow down the progression of hematologic 
malignancies, this suppression was limited in a tumor-type-
specific and context-dependent manner [27,28]. Compared 
with VEGF, Siah2 regulates a wide range of physiological and 
pathological responses to a hypoxic microenvironment. The 
inhibition of Siah2 could prevent the bypassing of the anti-
angiogenesis mechanism and allow residual leukemic cells to 
survive. Therefore, an inhibitor of Siah2, combined with TKIs, 
may be a promising approach to relapsing and refractory CML.

Conclusions

For the first time, our study indicated that Siah2 was overex-
pressed in CML-BP patients as compared to CML-CP patients. 
In accordance with this, K562-R cells showed a significant in-
crease in Siah2 expression as compared to K562 cells in a hy-
poxic microenvironment. In vitro, both cell lines had a lower 
PHD3 and higher Siah2, HIF-1a, and VEGF expression levels 
under hypoxia. As an inhibitor of Siah2, Vitamin K3 restrains 
the expression of Siah2, HIF-1a, and VEGF and may increase 
leukemic cells’ sensitivity to imatinib. The inhibition of Siah2, 
combined with TKIs, might provide a therapeutic opportunity 
for CML, especially for imatinib-resistant patients. Nonetheless, 
further studies are required to elucidate the extensive molec-
ular mechanisms at work in the leukemia-supportive micro-
environment and leukemic chemo-resistance.
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