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ABSTRACT

Heme oxygenase-1 (HO-1) degrades heme to bilirubin. In addition, it is 
upregulated in malignant disease and has been described as an important factor for 
cancer prognosis and therapy. Under physiological conditions HO-1 is anchored to 
the endoplasmic reticulum (ER). Under stress conditions HO-1 can be cleaved and 
subsequently translocates to the cytosol and nucleus.

In this study we systematically investigated the influence of HO-1’s catabolic 
activity and subcellular localization on resistance against the tyrosine kinase inhibitor 
imatinib in leukemia cells by confocal laser scanning microscopy, hemoglobin synthesis 
experiments and cell viability assays. We created two types of monoclonal K562 cell 
lines stably transfected with GFP-tagged HO-1: cell lines expressing ER anchored 
HO-1 or anchorless HO-1. Since translocation of HO-1 disrupts the association with 
cytochrome P450 reductase, heme degrading activity was higher for ER anchored 
versus anchorless HO-1. Cell viability tests with increasing concentrations of imatinib 
showed IC50-values for all six cell lines with ER localized HO-1 that were similar to 
control cells. However, out of the seven cell lines with anchorless HO-1, two showed 
a statistically significant increase in the imatinib IC50 (19.76 μM and 12.35 μM versus 
2.35 – 7.57 μM of sensitive cell lines) corresponding to plasma concentrations outside 
the therapeutic range.

We conclude that the presence of translocated HO-1 in the cytosol and nucleus 
supports imatinib resistance while it is not sufficient to cause imatinib resistance in 
every cell line. In contrast, an increase in ER anchored HO-1 with high heme degrading 
activity does not contribute to imatinib resistance.

INTRODUCTION

Heme oxygenase-1 (HO-1), an inducible heme 
degrading enzyme important for iron hemostasis and 
oxidative stress response, emerges as a novel target of 
cancer therapy [1]. HO-1 is upregulated in prostate cancer 
[2, 3], pancreas carcinoma [4], myeloid leukemia [5, 6] 
and lymphoblastic leukemia [7]. Under normal conditions, 
HO-1 is carboxy-terminally anchored to the endoplasmic 
reticulum (ER), but under stress conditions, for example 
under hypoxia, it is cleaved and translocates to the cytosol 

and nucleus [8, 9]. Translocation disrupts the association 
of HO-1 with the electron donating enzyme cytochrome 
P450 reductase (CPR) [8, 9]. This reduces heme degrading 
catalytic activity to very low levels [9]. Recently, HO-1 
translocation was found to be mediated by signal peptide 
peptidase (SPP) [10, 11]. High levels of translocated HO-1 
were observed in cell lines with high SPP expression [3, 11, 
12]. In head and neck squamous cell carcinoma [12] and 
multiple myeloma [13] nuclear HO-1 seems to play a role 
in malignant progression or drug resistance. Translocation 
of HO-1 to the cytosol and nucleus has been explicitly 
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linked to imatinib resistance in the chronic myelogenous 
leukemia cell line K562 [14]. To test whether imatinib 
resistance can be induced by overexpression of HO-1, we 
used this cell line as it is amenable to genetic manipulation 
and pharmacological testing.

Imatinib is a competitive inhibitor of the 
oncogenic tyrosine kinase BCR-ABL that causes chronic 
myelogenous leukemia (CML) [15–17]. Mutations in the 
BCR-ABL kinase domain can confer resistance to imatinib 
[18–21]. Beyond these classic cases of imatinib resistance, 
sensitivity to imatinib has been suggested to be influenced 
by HO-1, an enzyme that seems to have no connection to 
imatinib signaling at first sight. However, the observation 
that heme oxygenase is upregulated in myeloid leukemia 
[5, 6] and is induced by imatinib treatment [5], sparked 
interest. Further experiments showed that inhibition 
of HO-1’s catalytic activity with zinc protoporphyrine 
(ZnPP) could recover imatinib sensitivity in formerly 
resistant cells [6, 22]. Surprisingly, a recent study indicates 
that imatinib resistance is mediated by nuclear HO-1 
independent of its catalytic activity [14]. Thus, while 
all studies agree on a role of HO-1 in tumor progression 
and imatinib resistance, it is unclear whether this effect 
is mediated by the catalytic activity of HO-1 or its 
subcellular localization or a combination of both.

In the present study, we systematically investigated 
HO-1 mediated imatinib resistance in leukemia cells to 
analyze the relevance of HO-1’s catalytic activity and 
subcellular localization for the development of drug 
resistance. We created two different types of monoclonal 
stable K562 cell lines overexpressing GFP-tagged 
HO-1:cells with full length ER resident HO-1 and cells with 
an anchorless HO-1 mutant that localizes to the cytosol and 
nucleus representing a model for translocated HO-1. We 
found that overexpression of ER resident HO-1 alone does 
not cause imatinib resistance. However, two out of seven 
cell lines expressing anchorless, translocated HO-1 showed 
imatinib resistance. We conclude that translocated HO-1 
in the cytosol and nucleus seems to foster drug resistance 
while overexpression of ER resident HO-1 does not seem to 
have an influence on imatinib resistance.

RESULTS

Generation of cell models for ER anchored HO-1 
and anchorless HO-1

To analyze the role of HO-1 in imatinib resistance, 
we created monoclonal stable K562 cell lines expressing 
GFP-HO-1 or the anchorless construct GFP-HO-1-ΔC266. 
We additionally generated a monoclonal stable K562 cell 
line expressing GFP only as a control. The expression 
of GFP or the different HO-1 variants was confirmed 
by Western blot with specific anti-GFP and anti-HO-1 
antibodies. In addition, subcellular localization was 
analyzed using live cell imaging.

As expected, untransfected K562 cells did not show 
any signal at around 60 kDa, neither with GFP antibody 
nor with HO-1 antibody. The K562 GFP cell line showed 
a signal detected with GFP antibody at around 30 kDa, 
but no signal for detection with HO-1 antibody (Figure 
1A). All the GFP-fused HO-1 variants could be detected 
with GFP and HO-1 antibodies at a size of around 60 kDa 
(Figure 1B and 1C). Actin, which was used as loading 
control, was clearly detectable at around 40 kDa in all cell 
extracts (Figure 1). Some samples show a second band 
below the GFP-fused HO-1 construct. Such double bands 
have also been observed for HO-1 (but not HO-2) after 
expression in the baculovirus / Sf9 expression system [9]. 
It is unlikely that the lower band represents a carboxy-
terminal degradation product of HO-1 as described by 
Yoshida et al. [23], because the carboxy-terminally 
deleted GFP-HO-1-ΔC266 shows a similar second band 
(Figure 1C and [9]). It is rather likely that the lower band 
represents a different post-translationally modified version 
of HO-1.

In addition, the subcellular localization of GFP and 
the GFP-fused HO-1 constructs was analyzed by confocal 
laser scanning microscopy (Figure 2). As expected, 
GFP is distributed in nucleus and cytosol (Figure 2A). 
Monoclonal stable K562 cell lines expressing GFP-HO-1 
all show the typical ER localization of GFP-fused wild 
type HO-1 (Figure 2B; cell lines 1-6). Notably, the nucleus 
is free of GFP-HO-1. In contrast, monoclonal stable K562 
cell lines expressing GFP-tagged anchorless HO-1 all 
show cytosolic and nuclear localization (Figure 2C; cell 
lines 7-13) similar to translocated GFP-HO-1 [9].

ER anchored HO-1 translocates under hypoxia 
in monoclonal stably transfected K562 cells

HO-1 can be cleaved under stress conditions and 
subsequently translocates to the cytosol and nucleus 
[8-11]. To investigate whether this specific behavior of ER 
anchored HO-1 is also observed in our K562 cell model, 
we incubated our monoclonal stably transfected cells for 
48 h under hypoxic conditions (1 % O2). We observed 
translocation of ER anchored HO-1 to the cytosol and 
nucleus in all six cell lines (Figure 3). After incubation 
under hypoxia, cell lines 1-6 showed the same distribution 
of the GFP fused HO-1 as cell lines 7-13, which mimic 
translocated HO-1. This shows that our GFP-HO-1 variant 
is able to translocate in K562 cells and that translocated 
GFP-HO-1 has the same phenotype as our anchorless 
model construct GFP-HO-1-ΔC266.

ER anchored HO-1 catabolizes heme more 
efficiently than the anchorless HO-1 variant

In comparison to other commonly used cell lines, 
K562 tolerate high hemin levels. When incubated with 
hemin K562 cells start to synthesize hemoglobin. With 
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increasing synthesis of hemoglobin in K562 cells, a 
change in color from white to red is observed. In cell 
extracts the typical spectrum of hemoglobin with the 
Soret band at 415 nm and the two smaller α- and β-bands 
at 542 nm and 577 nm can be measured by UV-Vis 
spectrophotometry [24] (Figure 4). We used this property 
of K562 to draw conclusions about the activity of the 
GFP-fused HO-1 variants. When transfected active HO-1 
catabolizes heme, less hemin is left for the formation of 
hemoglobin in comparison to untransfected cells. This 
should result in a smaller Soret peak of hemoglobin in the 
absorbance spectra and a shift of the color of the cell pellet 
from red to white.

As expected, the two control cell lines, untransfected 
K562 and GFP expressing K562, both have red colored 
cell pellets and similar hemoglobin spectra (Figure 4). All 
monoclonal stable K562 cell lines with the construct GFP-
HO-1 show less colored cell pellets than untransfected 
K562 and a decrease in the Soret band measured by UV-
Vis spectroscopy (Figure 5; cell lines 1-6). Cell lines 
expressing the anchorless variant also have whiter cell 
pellets and a smaller Soret band than untransfected K562 
(Figure 6; cell lines 7-13). This indicates that both types 
of HO-1 constructs are active as a portion of hemin is 
catabolized and not available for hemoglobin formation. 
Based on inspection of cell pellets, cell lines expressing 

Figure 1: Analysis of protein expression of the generated monoclonal stable K562 cell lines by Western blot. The correct 
protein expression of the newly generated monoclonal stable K562 cell lines was analyzed by SDS-PAGE of cell extracts, followed by 
Western blot, detected with specific GFP and HO-1 antibodies. Actin was detected as loading control. (A) Controls-: Untransfected K562. 
GFP: Stable K562 cell line expressing GFP. (B) ER resident K562 GFP-HO-1 1-6. (C) Anchorless variant K562 GFP-HO-1-ΔC266 7-13.  
Left and right: ladder [kDa].



Oncotarget67409www.impactjournals.com/oncotarget

Figure 2: Analysis of the subcellular localization of GFP, GFP-HO-1 and GFP-HO-1-ΔC266 in the positively 
characterized stable K562 cell lines by confocal laser scanning microscopy. (A) In the monoclonal stable K562 cell line 
expressing GFP, the protein is distributed in cytosol and nucleus. (B) In the monoclonal stable K562 cell lines 1-6 GFP-HO-1 is localized at 
the ER membrane. The nucleus is free from GFP-HO-1. (C) In the monoclonal stable K562 cell lines 7-13 GFP-HO-1-ΔC266 is distributed 
in cytosol and nucleus. Figure shows representative data from three pictures per sample measured on a CLSM at 37 °C. Bar represents 
20 μm.
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the anchorless HO-1 construct seem to have weaker HO-1 
activity in comparison to cell lines expressing the full 
length ER anchored HO-1.

To quantify the reduction of hemoglobin synthesis 
upon HO-1 expression, we calculated the area under the 
curve (AUC) of the Soret peak at 415 nm. As expected 
untransfected K562 and K562 GFP synthesized similar 
amounts of hemoglobin (Figure 7A), because both lack 
overexpressed HO-1. Data of cell lines expressing the 
same construct were averaged to compare the activity of 
K562 cells expressing ER resident HO-1 or anchorless 
HO-1 with untransfected K562 cells (Figure 7B). Both 
constructs lead to a decrease in hemoglobin formation 
due to hemin catabolism by HO-1, when compared with 
untransfected K562. However, ER anchored HO-1 had 
higher activity than the anchorless variant compared 
to untransfected K562 cells. This is shown by the 
significantly lower AUC value of the Soret peak, while 

the group with the nuclear and cytosolic HO-1 just 
shows a moderate decrease that does not reach statistical 
significance.

K562 cell lines expressing ER anchored full 
length HO-1 show sensitivity to imatinib

To analyze the effect of ER resident overexpressed 
HO-1 in K562 cells on imatinib resistance we measured 
cell viability with an MTT based cell viability assay of 
all monoclonal stable K562 cell lines and untransfected 
K562 or K562 GFP as controls. Dose-response curves 
of K562 cells expressing the ER anchored HO-1 variant 
were generated (Figure 8A) and the corresponding IC50 
values are given in Table 1 (IC50, mean ± SEM). The 
IC50 values of cell lines expressing ER anchored HO-1 lie 
between 3.78 ± 1.33 μM and 7.08 ± 1.35 μM and are well 
within the range of the IC50 value of untransfected cells 

Figure 3: Analysis of the subcellular localization of GFP-HO-1 in the positively characterized stable K562 cell lines 1-6 
after 48 h hypoxia (1 % O2) by confocal laser scanning microscopy. Under normoxia GFP-HO-1 is localized at the ER membrane. 
The nucleus is free from GFP-HO-1. After 48 h incubation under hypoxia GFP-HO-1 translocated to cytosol and nucleus. Figure shows 
representative data from five pictures per sample out of three independent experiments on a CLSM at 37 °C. Bar represents 20 μm.

Figure 4: Hemoglobin synthesis experiments in a K562 cell line expressing GFP. Cell pellets and hemoglobin absorbance 
spectra of a K562 cell line expressing GFP in comparison to untransfected K562. Cells were incubated for 5 days at 37 °C and 5 % CO2 in 
K562 media. Grey curve: no media supplement. Red curve: supplement of 40 μM hemin. -: Untransfected K562. GFP: K562 expressing 
GFP. Cell pellets and spectra from one representative measurement are shown.
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Figure 5: Hemoglobin synthesis experiments in K562 cell lines expressing ER anchored HO-1. Cell pellets and hemoglobin 
absorbance spectra of different K562 cell lines expressing the ER anchored HO-1 variant GFP-HO-1. Cells were incubated for 5 days at 
37 °C and 5 % CO2 in K562 media. Grey curve: no media supplement. Red curve: supplement of 40 μM hemin. -: Untransfected K562. 1-6: 
K562 expressing GFP-HO-1. Cell pellets and spectra from one representative measurement are shown.
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Figure 6: Hemoglobin synthesis experiments in K562 cell lines expressing anchorless HO-1. Cell pellets and hemoglobin 
absorbance spectra of different K562 cell lines expressing the anchorless HO-1 variant GFP-HO-1-ΔC266. Cells were incubated for 5 days 
at 37 °C and 5 % CO2 in K562 media. Grey curve: no media supplement. Red curve: supplement of 40 μM hemin. -: Untransfected K562. 
7-13: K562 expressing GFP-HO-1-ΔC266. Cell pellets and spectra from one representative measurement are shown.
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(2.87 ± 1.41 μM) or K562 GFP (2.35 ± 1.38 µM). Taken 
together this indicates that all cell lines with ER anchored 
full length HO-1 show sensitivity to imatinib treatment 
just like untransfected K562 cells or K562 GFP.

K562 cell lines expressing anchorless HO-1 may 
develop resistance against imatinib

To evaluate the role of the anchorless HO-1 in 
imatinib resistance, we measured dose-response curves 
(Figure 8B) and determined IC50 values (Table 1). Five 
cell lines (8, 9, 10, 11 and 13) showed IC50 values from 
2.92 ± 1.30 μM to 7.57 ± 1.26 μM that were again similar 
to the IC50 value of untransfected cells or K562 GFP. 

However, two cell lines (7 and 12) showed significantly 
higher IC50 values: 19.76 ± 1.19 μM and 12.35 ± 1.57 
μM, respectively. Hence, cell lines expressing anchorless 
HO-1 can be divided into two groups: imatinib sensitive 
and imatinib resistant cell lines.

Cell morphology confirms imatinib sensitivity or 
resistance of selected K562 cell lines

To validate these findings, one representative cell 
line from each group was selected for confocal laser 
scanning microscopy. Cells were imaged untreated 
and after treatment with 10 μM imatinib for 24 h. The 
imatinib concentration of 10 μM corresponds to a 

Figure 7: Comparison between HO-activity of untransfected or GFP expressing control cells and K562 cell lines 
expressing ER resident HO-1 or the anchorless HO-1 variant. AUCs of the Soret peak at 415 nm were calculated for each cell 
line. (A) Data from four independent experiments were averaged per group to compare the HO-activity in untransfected K562 with K562 
expressing GFP. (B) Data from four independent experiments were averaged per group to compare the HO-activity in untransfected K562 
with the HO-activity in cell lines expressing ER anchored GFP-HO-1 and anchorless GFP-HO-1-ΔC266. Error bars show the SEM. * 
significant compared to untransfected K562 (p<0.05).



Oncotarget67414www.impactjournals.com/oncotarget

plasma concentration of 5897 ng / ml. Trough plasma 
concentrations of imatinib are in the range of 1000 ng / 
ml [25]. The highest reported peak plasma concentration 
(Cmax) of imatinib in CML patients was 4478 ng / ml in a 
study on pharmacokinetics of imatinib [26]. The chosen 
concentration of 5897 ng / ml therefore would probably be 
reached only with exceptionally high doses in patients and 
thus represents a good test dose for imatinib resistance. 
No change in morphology was observed in the imatinib 
resistant K562 cell line 7 expressing anchorless HO-1 
(Figure 9). In contrast, all other tested cell lines showed 
morphological signs of apoptosis which is seen best in 
the differential interference contrast (Figure 9, DIC). 
This indicates that anchorless HO-1 can promote imatinib 

resistance in concert with other factors that is likely 
clinically relevant.

DISCUSSION

An altered expression of HO-1 in cancer and 
leukemic cells was observed in several studies [2-4, 27]. 
In addition, HO-1 translocation from the ER to the cytosol 
and nucleus has been reported [3, 11-14]. Whether HO-1 
represents just a marker of neoplastic disease, or whether 
there is a causal relationship between HO-1 and malignant 
growth is unclear until now. However, it is this distinction 
that decides whether HO-1 is indeed a promising novel 
target of cancer therapy [1]. Translocation of HO-1 to the 

Figure 8: Dose-response curves of cell lines expressing ER resident or anchorless HO-1 treated with imatinib. (A) 
Dose-response curves for cell lines expressing ER anchored GFP-HO-1. (B) Dose-response curves for cell lines expressing the anchorless 
HO-1 variant GFP-HO-1-ΔC266. Dose-response curves of untransfected K562 and K562 GFP are added to both graphs for comparison. 
The curves show data from triplicate measurements of at least three independent experiments and the calculated dose-response curves for 
each cell line. Error bars show the SEM.
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cytosol and nucleus has been explicitly linked to imatinib 
resistance in the chronic myelogenous leukemia cell 
line K562 [14]. To challenge these findings, we decided 
to study whether imatinib resistance can be induced by 
overexpression of HO-1 variants. Our results show that 
overexpression of full length ER resident HO-1 has no 
effect on imatinib resistance. However, overexpression of 
an HO-1 variant mimicking translocated HO-1 (anchorless 
HO-1) resulted in imatinib resistance in two out of seven 
cell lines. This is in full agreement with the findings of 
Tibullo et al. showing that the translocated, anchorless 
HO-1 causes imatinib resistance, rather than the ER 
resident form [14].

The observation that only two out of seven cell lines 
were resistant clearly shows that anchorless HO-1 is not 
a direct cause of imatinib resistance. However, it is in 
fact a high percentage of resistant cells from the clinical 
perspective as CML patients have to take imatinib for 
a long period. To develop a clinically relevant imatinib 
resistance one single resistant cell is enough, because 
imatinib sensitive leukemia cells are killed regularly and 
imatinib resistant leukemia cells survive and accumulate 
over time [20, 28]. This is a well-known principle in long 
term hematological-oncological therapy with tyrosine 
kinase inhibitors [29]. For example in a study with 85 
CLL (chronic lymphocytic leukemia) patients treated with 

the Bruton’s tyrosine kinase (BTK) inhibitor ibrutinib 7 
patients developed Richter`s transformation, a more 
aggressive lymphoma form, during ibrutinib treatment 
[30].

Our findings show that overexpression of 
anchorless HO-1 alone is not sufficient to cause imatinib 
resistance. A possible explanation is that translocated 
HO-1 has an effect on an intervening factor that causes 
imatinib resistance with some variability. This idea 
would fit to more recent work by Tibullo et al. who 
showed that nuclear HO-1 promotes genomic instability 
in malignant cells [13]. This is also in line with signs 
of imatinib resistance occurring as a consequence of 
somatic mutations in some but not all cell lines. Nuclear 
HO-1 has been shown to interact with Nrf2 (NF-E2 
related factor 2) [31] and additional transcription factors 
such as STAT3, CDP, Brn-3, CBF and AP-2 [8]. Thus, a 
direct or indirect influence on DNA repair mechanisms is 
well conceivable [13].

It cannot be ruled out completely that inactivation of 
unrelated genes due to genomic integration of constructs 
has an influence on imatinib resistance. Nevertheless, it 
is unlikely that coding genes are inactivated, it is very 
unlikely that these coding genes have an influence on 
imatinib resistance and it is extremely unlikely that this 
happens twice and only in cell lines overexpressing the 

Table 1: IC50 values of the tested monoclonal stable K562 cell lines and untransfected K562

Cell line IC50
[μM]

SEM IC50
[μM]

IC50
[ng/ml]

SEM IC50
[ng/ml]

K562 GFP 2.35 1.38 1386 814

K562 - 2.87 1.41 1692 831

K562 GFP-HO-1 1 3.78 1.33 2229 784

K562 GFP-HO-1 2 5.68 1.22 3349 719

K562 GFP-HO-1 3 5.19 1.23 3061 725

K562 GFP-HO-1 4 6.07 1.24 3579 731

K562 GFP-HO-1 5 5.99 1.27 3532 749

K562 GFP-HO-1 6 7.08 1.35 4175 796

K562 GFP-HO-1-ΔC266 7 19.76 * 1.19 11652 * 702

K562 GFP-HO-1-ΔC266 8 3.72 1.30 2193 767

K562 GFP-HO-1-ΔC266 9 7.57 1.26 4464 743

K562 GFP-HO-1-ΔC266 10 3.96 1.54 2335 908

K562 GFP-HO-1-ΔC266 11 5.65 1.41 3332 831

K562 GFP-HO-1-ΔC266 12 12.35 * 1.57 7283 * 926

K562 GFP-HO-1-ΔC266 13 2.92 1.30 1722 767

The first column shows the name of the tested cell line, the second and fourth column the determined IC50 value as mean 
of at least three independent experiments in μM or ng/ml, the third and fifth column the SEM of the IC50 in μM or ng/ml. 
* significant increase of IC50 compared to untransfected K562 or K562 GFP (p<0.05).
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anchorless construct GFP-HO-1-ΔC266 but not in cell 
lines expressing GFP-HO-1 or GFP.

Our finding that overexpression of ER resident 
HO-1 does not lead to imatinib resistance, argues against 
the idea that products of the enzymatic heme oxygenase 
reaction such as biliverdin / bilirubin or the gaseous 
molecule carbon monoxide induce imatinib resistance. 
It is rather likely that mutations in other signal pathways 
of the leukemic cell together with imatinib treatment, 
lead to upregulation of HO-1 in the leukemic cell. This 
might allow the cell to cope with imatinib toxicity and the 
metabolic derangements typical of malignant cells [32].

HO-1 enables renal carcinoma cells with a defect 
in fumarate hydratase to proliferate despite the defect in 
the tricarboxylic acid cycle [27]. In this study, HO-1 was 
said to be synthetically lethal with the tumor suppressor 

fumarate hydratase [27]. Two genes are synthetically 
lethal if mutation of either alone is compatible with 
viability but mutation of both leads to death [33]. This 
represents a unique opportunity because targeting a gene 
that is synthetically  lethal to a cancer-relevant mutation 
should kill only cancer cells and spare normal cells 
[33]. In analogy to a cancer relevant mutation (such as 
the BCR-ABL oncogene) that leads to a compensating 
HO-1 increase, imatinib treatment can also lead to a 
similar compensating HO-1 increase. In both cases, the 
compensating gene represents a promising drug target 
or co-target. This idea is supported by the finding that 
inhibition of HO-1 induces apoptosis in BCR-ABL-
positive B-ALL (acute lympohoblastic leukemia) and 
increases the sensitivity to treatment by imatinib [34]. 
Similarly, HO-1 has recently been found to be upregulated 

Figure 9: Confocal laser scanning microscopy of selected imatinib treated K562 cell lines. (A) Untreated. (B) 24 hours after 
incubation with 10 μM imatinib. Figure shows representative data from five pictures per sample out of three independent experiments on a 
CLSM at 37 °C. DIC: differential interference contrast. Bar represents 20 μm.
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in pancreatic cancer treated with imatinib [35] and was 
also suggested as co-target of imatinib treatment.

It has previously been shown that anchorless HO-1 
is less active than ER anchored HO-1 [8]. We can confirm 
this with our hemoglobin synthesis experiments. In cell 
lines expressing anchorless HO-1 more hemoglobin 
could be synthesized than in cell lines expressing ER 
anchored HO-1. Hence, ER resident GFP-HO-1 had 
higher heme catabolizing activity than the anchorless 
variant GFP-HO-1-ΔC266. The reason for this lies in 
the subcellular localization of HO-1. CPR is the electron 
donor for heme catabolism [36] and is located at the ER 
membrane. Although anchorless HO-1 still contains the 
CPR and BVR (biliverdin reductase) binding sites [37, 38], 
it is less likely to form a complex with CPR as HO-1’s ER 
anchor increases CPR binding affinity [39, 40]. Interaction 
of CPR with anchorless HO-1 is still possible in the 
cytosol, but very unlikely in the nucleus. However, there 
may be alternative electron donors in the nucleus which 
may provide electrons to translocated HO-1, since it has 
been shown that modulation of some transcription factors 
by nuclear HO-1 depend on heme degrading activity [8].

Heme induced hemoglobin synthesis in K562 
cells also reflects erythroid differentiation of the 
megakaryocyte-erythroid bone marrow progenitor cell 
[24, 41]. It has been shown that erythropoietin protects 
leukemia cells from imatinib-induced killing by promoting 
erythroid differentiation [42]. This is in line with the 
effect of heme which promotes both imatinib resistance 
and erythroid differentiation [28]. Results from Jacquel et 
al. indicate that imatinib treatment of K562 cells either 
leads to apoptosis or erythroid differentiation [43]. Taken 
together erythroid differentiation may play a role in HO-1 
mediated drug resistance, although our experiments do not 
indicate any correlation between hemoglobin formation 
from supplemented hemin and imatinib resistance.

In summary, we suggest that HO-1 plays a dual 
role in imatinib resistant CML: endogenous ER resident 
HO-1 can represent a survival factor for leukemic cells, 
but overexpression of ER resident HO-1 does not lead 
to imatinib resistance, whereas translocation of HO-1 
to the nucleus and cytosol supports imatinib resistance 
in some but not all cell lines. We conclude that further 
studies should focus on the potential of inhibiting the 
translocation mechanism of HO-1. This might be achieved 
by the avoidance of hypoxia and the use of SPP inhibitors 
and may represent a general strategy for the prevention 
of genomic instability and drug resistance of cancer cells.

MATERIALS AND METHODS

Materials

Unless stated otherwise, chemicals were purchased 
in high purified quality from Sigma-Aldrich Chemie 
GmbH (Steinheim, Germany), Applichem GmbH 

(Darmstadt, Germany) or Serva Electrophoresis GmbH 
(Heidelberg, Germany). Cell culture media were received 
from Life Technologies GmbH, Invitrogen™ (Darmstadt, 
Germany) or BIO & Sell e. K. (Feucht, Germany).

Cloning of HO-constructs

GFP-HO-1 and the anchorless construct GFP-HO-1-
ΔC266 were cloned as described before [9] corresponding 
to the UniProt accession code P09601.

Cell culture

K562 were purchased from DSMZ (Leibniz Institute 
DSMZ, German Collection of Microorganisms and Cell 
Cultures, Braunschweig, Germany, DSMZ-No. ACC 
10) [41]. They were cultivated in RPMI (Roswell Park 
Memorial Institute) 1640 with 10 % fetal bovine serum 
and 1 % Penicillin/Streptomycin at 37 °C with 5 % CO2. 
For cultivation of stable K562 cell lines 1 % G418 was 
added.

Generation and characterization of monoclonal 
stable K562 cell lines

Stable K562 cell lines were created as described in 
Zeyda et al. [44]. Transient transfection of K562 cells was 
made by electroporation with Neon® Transfection System 
(Thermo Fisher Scientific, Walthram, USA) according to 
manufacturer’s recommendations. Freshly electroporated 
cells were kept in media without antibiotics. 48 h after 
transient transfection cells were sorted for the first time. 
GFP+ cells were kept and cultivated in RPMI 1640 with 
10 % fetal bovine serum and 1 % Penicillin/Streptomycin 
+ 1 % G418. Sorting of GFP+ cells in a batch was done for 
two more times, each after 10-12 more days of cultivation. 
After a minimum of three batch sorts, single GFP+ cells 
were seeded into 96 well plates for achieving monoclonal 
stable cell lines. Cell sorting was carried out on a BD FACS 
Aria II (Becton Dickinson GmbH, Heidelberg, Germany) 
at the platform for flow cytometry of the Helmholtz 
Center for Infection Research, Braunschweig, Germany. 
All monoclonal stable K562 cell lines were screened for 
GFP and HO-1 expression by Western blot analysis with 
specific anti-GFP and anti-HO-1 antibodies and correct 
localization of the HO-1 variant using live cell imaging. In 
cell lines expressing ER anchored HO-1 hypoxia mediated 
translocation was additionally tested. Just positively 
characterized cells were included in further experiments.

Cell extracts

Cell extracts were made by sonification of K562 
cells (Sonoplus HD 2070, Bandelin electronic GmbH & 
Co. KG, Berlin, Germany) in TEA (triethanolamine)-lysis-
buffer (50 mM TEA, 1 mM EDTA, pH=7.4) containing 
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one tablet cOmplete protease inhibitor cocktail per 
50 ml (Roche Diagnostics Deutschland GmbH, Mannheim, 
Germany) and subsequent centrifugation for 30 min at 
21 000 x g and 4 °C. Overall protein concentration of the 
cell extracts were determined by Bradford assay [45].

SDS-PAGE and western blot

For Western blot analysis cell extracts containing 
90 μg protein and the equivalent volume of sodium dodecyl 
sulphate (SDS) sample-buffer (1 % SDS, 100 mM DTT 
(Dithiotreitol), 50 mM Tris, 30 % Glycerol, pH=7.5) 
were used. The samples were cooked for 3 min at 99 °C. 
Afterwards bromophenol blue was added and the samples 
were loaded on 10 % gels. PageRuler™ Prestained Protein 
Ladder and PageRuler™ Unstained Protein Ladder (Thermo 
Scientific, Walthram, USA) were used for size control. After 
SDS-PAGE gels were blotted on nitrocellulose membranes, 
stained with Ponceau S and blocked for at least 1 hour in 
TBST (Tris-buffered saline with Tween®20) buffer (10 mM 
Tris–HCl, 150 mM NaCl, 0.1 % Tween® 20, pH=8.0) 
containing 5 % non-fat dry milk. For detection we used used 
rabbit-anti-HO-1 (1:5000, Stressgen, Enzo Life Sciences, 
Lörrach, Germany), rabbit-anti-GFP (1:2000, Clontech 
Laboratories, Inc., Mountain View, USA) and mouse-anti-
actin (1:2000, Sigma-Aldrich Chemie GmbH, Steinheim, 
Germany). As secondary antibody we used horseradish 
peroxidase-conjugated anti-rabbit or anti-mouse IgGs 
(1:2000, Cell Signaling Technology, Inc., Danvers, USA). 
HO-1 antibody was diluted in TBST buffer, containing 
1 % non-fat dry milk, all other antibodies were diluted in 
TBST buffer. The membranes were incubated for 1-2 h at 
room temperature with primary antibodies, washed three 
times for 5 minutes with TBST and then incubated with 
the secondary antibodies for 45 min. After another three 
washing steps the membranes were detected with Lumi-
LightPLUS Western Blotting Substrate (Roche Diagnostics 
Deutschland GmbH, Mannheim, Germany) according to 
manufacturer`s recommendations in an ECL ChemiLux 
Imager (Intas, Göttingen, Germany).

Live cell imaging

Stable transfected K562 cell lines were imaged 
at 37 °C on a Nikon Ti-E microscope equipped with an 
incubation chamber (Okolab) using a 60 x oil immersion 
objective (NA 1.4, Nikon). A focused 488 nm laser was used 
for GFP excitation. Emission was measured between 500-550 
nm. For translocation experiments all cell lines expressing 
GFP-HO-1 were imaged before and after incubation under 
hypoxia (1 % O2) for 48 h. For cell viability experiments 
selected cell lines were incubated with 10 μM imatinib for 24 
h, imaged and compared to cells without imatinib stimulation. 
For data collection and picture editing we used NIS-Elements 
Ar Microscope Imaging Software (Nikon Instruments Europe 
BV, Amsterdam, Netherlands).

Hemoglobin formation experiments

1 Million cells per sample of untransfected K562 
and stable transfected K562 cell lines were cultivated at 
37 °C and 5 % CO2 in RPMI 1640 with 10 % fetal bovine 
serum and 1 % Penicillin/Streptomycin once with, once 
without the supplement of 40 μM hemin. Five days later 
the cells were centrifuged at 900 x g, 4 °C for 5 min, the 
supernatant was refused and the pellet was washed in 1 ml 
PBS (phosphate-buffered saline). After washing cells were 
centrifuged at 2000 x g, 4 °C for 5 min and the pellet was 
photographed. After removing the supernatant cells were 
resuspended in 500 μl fresh PBS, sonified as described 
above and centrifuged at 15000 x g, 4 °C for 30 min. 
Absorbance spectra of the supernatants were measured 
on a UV-Vis spectrophotometer Cary 50 (Varian/Agilent 
Technologies, Waldbronn, Germany).

Cell viability assay

20000 cells per well were seeded in RPMI 1640 
with 10 % fetal bovine serum and 1 % Penicillin/
Streptomycin in 96 well plates. The next day they were 
stimulated with increasing concentrations of imatinib 
(0/0.1/1/5/10/100 μM) and cultivated for 22 more 
hours, before MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium-bromide) was added. After incubation 
for 2 more hours cells were harvested and resuspended 
in extraction buffer (DMF (dimethylformamide) / H2O 
(v/v) 1:1, 10 % SDS (w/v)). Cell viability was measured 
colorimetric at 550 nm on a Sunrise™ Absorbance Reader 
(Tecan Deutschland GmbH, Crailsheim, Germany). Data 
was calculated as ratio to untreated control.

Statistical analysis

Data values of at least three independent 
experiments were analyzed by one-way ANOVA (analysis 
of variance) followed by paired student`s t-test versus 
untransfected K562 or K562 GFP. P-values <0.05 (*) were 
considered significant. Data are presented with indicated 
error bars showing ± SEM.

Abbreviations

ALL: acute lymphoblastic leukemia; ANOVA: 
analysis of variance; AP-2: activator protein-2; 
AUC: area under the curve; Brn-3: group of related 
transcription factors in the POU family; BTK: Bruton’s 
tyrosine kinase; BVR: biliverdin reductase; CBF: core-
binding factor; CDP: CCAT displacement protein; 
CLSM: confocal laser scanning microscope; Cmax: 
maximum concentration; CLL: chronic lymphocytic 
leukemia; CML: chronic myelogenous leukemia; 
CPR: cytochrome P450 reductase; DIC: differential 
interference contrast; DMF: dimethylformamide; DNA: 
deoxyribonucleic acid; DTT: dithiothreitol; EDTA: 
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ethylenediaminetetraacetic acid; ER: endoplasmic 
reticulum; GFP: green fluorescent protein; HO-1: 
heme oxygenase-1; IC50: half maximal inhibitory 
concentration; K562: cell line from chronic myeloid 
leukemia in blast crisis; MTT: 3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium-bromide; PBS: 
phosphate-buffered saline; Nrf2: NF-E2 related factor 
2; RPMI: Roswell Park Memorial Institute; SDS: 
sodium dodecyl sulphate; Sf-9: ovary cell line from 
Spodoptera frugiperda; SPP: signal peptide peptidase; 
STAT3: signal transducer and activator of transcription 
3; TBST: Tris-buffered saline with Tween®20; TEA: 
triethanolamine; UV-Vis: ultraviolet-visible; ZnPP: zinc 
protoporphyrine.

Author contributions

BS conducted all experiments, analyzed the results, 
and wrote most of the paper. SB conceived the idea for 
the project, reviewed the results and wrote the paper 
with BS. Both authors approved the final version of the 
manuscript.

ACKNOWLEDGMENTS

The excellent support in the generation of 
monoclonal stable K562 cell lines by sorting of Dr. 
Lothar Gröbe from the platform for flow cytometry of the 
Helmholtz Center for Infection Research, Braunschweig, 
Germany is gratefully acknowledged. We also thank I. 
Gloeckner, I. Thomsen and G. Henze-Wittenberg for their 
excellent technical assistance.

CONFLICTS OF INTEREST

The authors declare that they have no conflicts of 
interest with the contents of this article.

FUNDING

The study was supported by the Deutsche 
Forschungsgemeinschaft (INST 188/286-1).

REFERENCES

1. Chau L. Heme oxygenase-1: emerging target of cancer 
therapy. J Biomed Sci. 2015; 22:22.

2. Li Y, Su J, DingZhang X, Zhang J, Yoshimoto M, Liu S, 
Bijian K, Gupta A, Squire JA, Alaoui Jamali MA, Bismar 
TA. PTEN deletion and heme oxygenase-1 overexpression 
cooperate in prostate cancer progression and are associated 
with adverse clinical outcome. J Pathol. 2011; 224:90–100.

3. Sacca P, Meiss R, Casas G, Mazza O, Calvo JC, Navone 
N, Vazquez E. Nuclear translocation of haeme oxygenase-1 

is associated to prostate cancer. Br. J. Cancer. 2007; 
97:1683–1689.

4. Berberat PO, Dambrauskas Z, Gulbinas A, Giese T, Giese 
N, Künzli B, Autschbach F, Meuer S, Büchler MW, Friess 
H. Inhibition of heme oxygenase-1 increases responsiveness 
of pancreatic cancer cells to anticancer treatment. Clin 
Cancer Res. 2005; 11:3790–3798.

5. Mayerhofer M, Florian S, Krauth M, Aichberger KJ, Bilban 
M, Marculescu R, Printz D, Fritsch G, Wagner O, Selzer 
E, Sperr WR, Valent P, Sillaber C. Identification of heme 
oxygenase-1 as a novel BCR/ABL-dependent survival 
factor in chronic myeloid leukemia. Cancer Res. 2004; 
64:3148–3154.

6. Mayerhofer M, Gleixner KV, Mayerhofer J, Hoermann 
G, Jaeger E, Aichberger KJ, Ott RG, Greish K, Nakamura 
H, Derdak S, Samorapoompichit P, Pickl WF, Sexl V, et 
al. Targeting of heat shock protein 32 (Hsp32)/heme 
oxygenase-1 (HO-1) in leukemic cells in chronic myeloid 
leukemia: a novel approach to overcome resistance against 
imatinib. Blood. 2008; 111:2200–2210.

7. Cerny-Reiterer S, Rabenhorst A, Stefanzl G, Herndlhofer 
S, Hoermann G, Mullauer L, Baumgartner S, Beham-
Schmid C, Sperr WR, Mannhalter C, Sill H, Linkesch W, 
Arock M, et al. Long-term treatment with imatinib results 
in profound mast cell deficiency in Ph+ chronic myeloid 
leukemia. Oncotarget. 2015; 6:3071–3084. doi: 10.18632/
oncotarget.3074.

8. Lin Q, Weis S, Yang G, Weng Y, Helston R, Rish K, Smith 
A, Bordner J, Polte T, Gaunitz F, Dennery PA. Heme 
oxygenase-1 protein localizes to the nucleus and activates 
transcription factors important in oxidative stress. J Biol 
Chem. 2007; 282:20621–20633.

9. Linnenbaum M, Busker M, Kraehling JR, Behrends S. 
Heme oxygenase isoforms differ in their subcellular 
trafficking during hypoxia and are differentially modulated 
by cytochrome P450 reductase. PLoS One. 2012; 7:e35483.

10. Boname JM, Bloor S, Wandel MP, Nathan JA, Antrobus R, 
Dingwell KS, Thurston TL, Smith DL, Smith JC, Randow F, 
Lehner PJ. Cleavage by signal peptide peptidase is required 
for the degradation of selected tail-anchored proteins. J Cell 
Biol. 2014; 205:847–862.

11. Hsu F, Yeh C, Sun Y, Chiang M, Lan W, Li F, Lee W, Chau 
L. Signal peptide peptidase-mediated nuclear localization 
of heme oxygenase-1 promotes cancer cell proliferation and 
invasion independent of its enzymatic activity. Oncogene. 
2015; 34:2360–2370.

12. Gandini NA, Fermento ME, Salomón DG, Blasco J, Patel 
V, Gutkind JS, Molinolo AA, Facchinetti MM, Curino AC. 
Nuclear localization of heme oxygenase-1 is associated 
with tumor progression of head and neck squamous cell 
carcinomas. Exp Mol Pathol. 2012; 93:237–245.

13. Tibullo D, Barbagallo I, Giallongo C, Vanella L, 
Conticello C, Romano A, Saccone S, Godos J, Di 
Raimondo F, Li Volti G. Heme oxygenase-1 nuclear 
translocation regulates bortezomibinduced cytotoxicity 



Oncotarget67420www.impactjournals.com/oncotarget

and mediates genomic instability in myeloma cells. 
Oncotarget. 2016; 7:28868–28880. doi: 10.18632/
oncotarget.7563.

14. Tibullo D, Barbagallo I, Giallongo C, La Cava P, 
Parrinello N, Vanella L, Stagno F, Palumbo GA, Li 
Volti G, Di Raimondo F. Nuclear translocation of 
heme oxygenase-1 confers resistance to imatinib in 
chronic myeloid leukemia cells. Curr Pharm Des. 2013; 
19:2765–2770.

15. Deininger M, Buchdunger E, Druker BJ. The development 
of imatinib as a therapeutic agent for chronic myeloid 
leukemia. Blood. 2005; 105:2640–2653.

16. Nagar B, Bornmann WG, Pellicena P, Schindler T, Veach 
DR, Miller WT, Clarkson B, Kuriyan J. Crystal structures 
of the kinase domain of c-Abl in complex with the small 
molecule inhibitors PD173955 and imatinib (STI-571). 
Cancer Res. 2002; 62:4236–4243.

17. Rowley JD. Letter: A new consistent chromosomal 
abnormality in chronic myelogenous leukaemia identified 
by quinacrine fluorescence and Giemsa staining. Nature. 
1973; 243:290–293.

18. Gorre ME, Mohammed M, Ellwood K, Hsu N, Paquette 
R, Rao PN, Sawyers CL. Clinical resistance to STI-571 
cancer therapy caused by BCR-ABL gene mutation or 
amplification. Science. 2001; 293:876–880.

19. Roumiantsev S, Shah NP, Gorre ME, Nicoll J, Brasher BB, 
Sawyers CL, van Etten RA. Clinical resistance to the kinase 
inhibitor STI-571 in chronic myeloid leukemia by mutation 
of Tyr-253 in the Abl kinase domain P-loop. Proc Natl Acad 
Sci U S A. 2002; 99:10700–10705.

20. Shah NP, Nicoll JM, Nagar B, Gorre ME, Paquette RL, 
Kuriyan J, Sawyers CL. Multiple BCR-ABL kinase domain 
mutations confer polyclonal resistance to the tyrosine kinase 
inhibitor imatinib (STI571) in chronic phase and blast crisis 
chronic myeloid leukemia. Cancer Cell. 2002; 2:117–125.

21. Soverini S, de Benedittis C, Mancini M, Martinelli G. 
Mutations in the BCR-ABL1 kinase domain and elsewhere 
in chronic myeloid leukemia. Clin Lymphoma Myeloma 
Leuk. 2015; 15:S120-8.

22. Ma D, Fang Q, Wang P, Gao R, Wu W, Lu T, Cao L, Hu 
X, Wang J. Induction of heme oxygenase-1 by Na+-H+ 
exchanger 1 protein plays a crucial role in imatinib-resistant 
chronic myeloid leukemia cells. J Biol Chem. 2015; 
290:12558–12571.

23. Yoshida T, Ishikawa K, Sato M. Degradation of heme by a 
soluble peptide of heme oxygenase obtained from rat liver 
microsomes by mild trypsinization. Eur J Biochem. 1991; 
199:729–733.

24. Alves LR, Costa ES, Sorgine MHF, Nascimento-Silva 
MCL, Teodosio C, Bárcena P, Castro-Faria-Neto HC, 
Bozza PT, Orfao A, Oliveira PL, Maya-Monteiro CM. 
Heme-oxygenases during erythropoiesis in K562 and 
human bone marrow cells. PLoS One. 2011; 6:e21358.

25. Miura M. Therapeutic drug monitoring of imatinib, 
nilotinib, and dasatinib for patients with chronic myeloid 
leukemia. Biol Pharm Bull. 2015; 38:645–654.

26. Peng B, Hayes M, Resta D, Racine-Poon A, Druker BJ, 
Talpaz M, Sawyers CL, Rosamilia M, Ford J, Lloyd P, 
Capdeville R. Pharmacokinetics and pharmacodynamics of 
imatinib in a phase I trial with chronic myeloid leukemia 
patients. J Clin Oncol. 2004; 22:935–942.

27. Frezza C, Zheng L, Folger O, Rajagopalan KN, MacKenzie 
ED, Jerby L, Micaroni M, Chaneton B, Adam J, Hedley 
A, Kalna G, Tomlinson IPM, Pollard PJ, et al. Haem 
oxygenase is synthetically lethal with the tumour suppressor 
fumarate hydratase. Nature. 2011; 477:225–228.

28. Bonovolias ID, Tsiftsoglou AS. Hemin counteracts the 
repression of Bcl-2 and NrF2 genes and the cell killing 
induced by imatinib in human Bcr-Abl(+) CML cells. Oncol 
Res. 2009; 17:535–547.

29. Burchert A, Wang Y, Cai D, von Bubnoff N, Paschka P, 
Müller-Brüsselbach S, Ottmann OG, Duyster J, Hochhaus 
A, Neubauer A. Compensatory PI3-kinase/Akt/mTor 
activation regulates imatinib resistance development. 
Leukemia. 2005; 19:1774–1782.

30. Byrd JC, Furman RR, Coutre SE, Flinn IW, Burger JA, 
Blum KA, Grant B, Sharman JP, Coleman M, Wierda WG, 
Jones JA, Zhao W, Heerema NA, et al. Targeting BTK with 
ibrutinib in relapsed chronic lymphocytic leukemia. N Engl 
J Med. 2013; 369:32–42.

31. Biswas C, Shah N, Muthu M, La P, Fernando AP, Sengupta 
S, Yang G, Dennery PA. Nuclear heme oxygenase-1 (HO-1) 
modulates subcellular distribution and activation of Nrf2, 
impacting metabolic and anti-oxidant defenses. J Biol 
Chem. 2014; 289:26882–26894.

32. Linehan WM, Rouault TA. Molecular pathways: Fumarate 
hydratase-deficient kidney cancer--targeting the Warburg effect 
in cancer. Clin Cancer Res. 2013; 19:3345–3352.

33. Kaelin WG Jr. The concept of synthetic lethality in the 
context of anticancer therapy. Nat Rev Cancer. 2005; 
5:689–698.

34. Lin X, Zou X, Wang Z, Fang Q, Chen S, Huang J, Zhe N, 
Yu M, Zhang Y, Wang J. Targeting of Heme oxygenase-1 
attenuates the negative impact of Ikaros isoform 6 in adult 
BCR-ABL1-positive B-ALL. Oncotarget. 2016; 7:53679-
53701. doi: 10.18632/oncotarget.10725.

35. Lee J, McKinney KQ, Mougeot J, Bonkovsky HL, Hwang 
S. Proteomic strategy for probing complementary lethality 
of kinase inhibitors against pancreatic cancer. Proteomics. 
2013; 13:3554–3562.

36. Schacter BA, Nelson EB, Marver HS, Masters BS. 
Immunochemical evidence for an association of heme 
oxygenase with the microsomal electron transport system. 
J Biol Chem. 1972; 247:3601–3607.

37. Higashimoto Y, Sugishima M, Sato H, Sakamoto H, 
Fukuyama K, Palmer G, Noguchi M. Mass spectrometric 
identification of lysine residues of heme oxygenase-1 that 



Oncotarget67421www.impactjournals.com/oncotarget

are involved in its interaction with NADPH-cytochrome 
P450 reductase. Biochem Biophys Res Commun. 2008; 
367:852–858.

38. Wang J, de Montellano, Paul R Ortiz. The binding sites 
on human heme oxygenase-1 for cytochrome p450 
reductase and biliverdin reductase. J Biol Chem. 2003; 
278:20069–20076.

39. Huber WJ, Backes WL. Expression and characterization 
of full-length human heme oxygenase-1: the presence 
of intact membrane-binding region leads to increased 
binding affinity for NADPH cytochrome P450 reductase. 
Biochemistry. 2007; 46:12212–12219.

40. Huber Iii WJ, Scruggs BA, Backes WL. C-Terminal 
membrane spanning region of human heme oxygenase-1 
mediates a time-dependent complex formation with 
cytochrome P450 reductase. Biochemistry. 2009; 
48:190–197.

41. Lozzio CB, Lozzio BB. Human chronic myelogenous 
leukemia cell-line with positive Philadelphia chromosome. 
Blood. 1975; 45:321–334.

42. Kirschner KM, Baltensperger K. Erythropoietin promotes 
resistance against the Abl tyrosine kinase inhibitor imatinib 
(STI571) in K562 human leukemia cells. Mol Cancer Res. 
2003; 1:970–980.

43. Jacquel A, Herrant M, Legros L, Belhacene N, Luciano 
F, Pages G, Hofman P, Auberger P. Imatinib induces 
mitochondria-dependent apoptosis of the Bcr-Abl-positive 
K562 cell line and its differentiation toward the erythroid 
lineage. FASEB J. 2003; 17:2160–2162.

44. Zeyda M, Borth N, Kunert R, Katinger H. Optimization of 
sorting conditions for the selection of stable, high-producing 
mammalian cell lines. Biotechnol Prog. 1999; 15:953–957.

45. Bradford MM. A rapid and sensitive method for the 
quantitation of microgram quantities of protein utilizing 
the principle of protein-dye binding. Anal Biochem. 1976; 
72:248–254.


