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Dear Editor,

Acute myeloid leukemia (AML) is an aggressive form of a
hematological neoplastic disorder induced by the oncogenic
transformation of hematopoietic stem and myeloid pro-
genitor cells (Bossis et al., 2014). In the treatment of AML,
the major mechanism of chemotherapeutic therapy is widely
acknowledged as the induction of excessive reactive oxygen
species (ROS) and ROS levels are relatively up-regulated in
AML and many other cancers (Irwin et al., 2013). Therefore,
ROS are considered as the vital constituent for effective
AML therapy. The spatiotemporal distribution of ROS in
cells is not uniform but highly dynamic and compartmenta-
lized (Zou et al., 2018). H,0,, the representative ROS, acts as
a secondary messenger in various redox signaling cascades
depending on their subcellular distribution and commu-
nication (Irwin et al., 2013).

In vivo ROS measurement is based on ROS-specific
fluorescent probes (Belousov et al., 2006; Provost et al.,
2010), either chemical fluorescent probes or genetically-en-
coded fluorescent probes. Exogenous chemical probes are
characterized with high specificity and sensitivity. However,
being exogenous to cells may have an unpredictable effect on
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cell growth and metabolism (Passos et al., 2013). En-
dogenous genetically encoded fluorescent sensors can
achieve the real-time and dynamic detection of ROS in living
cells or different subcellular compartments without toxic
effect, such as HyPer family (Belousov et al., 2006), which is
based on the fusion of the H,0,-sensing domain of E. coli
oxyR, with a circularly permutated yellow fluorescent pro-
tein (cpYFP), allowing a ratiometric measurement of H,O,
levels with high sensitivity and reversibility. Likewise, Tri-
Per is developed by replacement of OxyR alanine 187 in
HyPer with cysteine, which is suitable for H,O, detection in
a relatively oxidized environment like endoplasmic re-
ticulum (ER) (Melo et al., 2017).

Although, there has been extensive research on basic and
clinical aspects of the AML, the introduction of exogenous
genes in AML cells is difficult, the AML cells remain to be a
sort of “hard-to-transfect” cells (Basiouni et al., 2012). So
far, ROS biosensors for AML research is barely explored. In
this study, we used HyPer and TriPer as sensing modules and
subcellular localization guide peptides, and adopted lenti-
virus transfection and repeated high-throughput fluores-
cence-activated cell sorting (FACS). Finally, we successfully
constructed a sensor system for measurement of H,O, level
in four subcellular compartments: cytosol, nucleus, mi-
tochondria, and ER of AML cells (Cyto-HyPer, NLS-HyPer,
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MLS-HyPer, and ER-TriPer), which was confirmed by high-
resolution imaging with SIM (Figure 1A1-A12). To char-
acterize the sensitivity and dynamic response of HyPer and
TriPer in AML cells, we performed the ratiometric calibra-
tion in the Cyto-HyPer, NLS-HyPer, MLS-HyPer, and ER-
TriPer stable cell lines, which was determined with H,O,
stimulus by flow cytometry, respectively. Cyto-HyPer, NLS-
HyPer, and MLS-HyPer showed a strong response to exo-
genous H,0O, stimulus with concentration range up to
100 umol L™ and detection limit of 5 umol L' (Figure 1C).
While, TriPer showed a strong response to H,O, with con-
centration range up to 150 umol L' with a detection limit of
5 pmol L (Figure 1D). The response of Cyto-HyPer and
NLS-HyPer reached their maximum with 100 pmol L
H,0, after 2 min (Figure 1E). While, the response of MLS-
HyPer and ER-TriPer reached their peak with 100 pmol L
H,0, after 20 min (Figure 1E and F). Furthermore, the pH-
sensitive SypHer sensor was stably expressed in AML cells
to ensure the fluctuations in fluorescence signals are not due
to pH variations, while the pH almost remained unchanged
after H,0O, treatment (Figure S1A and B in Supporting In-
formation). These results depict HyPer and TriPer can be
applied for the real-time and dynamic detection of H,O, level
in AML cells.

The H,0, basal level in mitochondria was found to be the
highest followed by the cytosol and the lowest in the nucleus
based on the response of HyPer, while ER exhibited a high
H,0, basal level according to the response of TriPer (Figure
1B). However, the basal level of H,O, in the nucleus showed
higher than cytoplasm of human endocardial cells, detected
by the chemical probe H,DCFDA (Provost et al., 2010). It is
not yet clear whether the difference in results is due to the
respective properties of different cells or exogenous chemi-
cal probes themselves might have subtle interference to the
intracellular environment that is unlikely to occur by the
genetically encoded endogenous sensors. While the en-
dogenous biosensors may truly reflect the basic levels of
H,0, in the various subcellular compartments in leukemia
cells. Moreover, considering the ROS level vary among
different cancer types and there is also intercellular H,O,
communication among distinct subcellular compartments, it
makes sense to compare ROS levels in AML cells with he-
matopoietic stem cells and other cancer cells, and monitor
the inter-compartmental communication dynamically using
the endogenous biosensor system.

The effect of drug treatment of AML was systematically
investigated by using this sensor system. At the whole-cell
level, cisplatin-induced the production of H,O, in AML cells
to cause the cell death (Figures S1C and S2A in Supporting
Information); resveratrol demonstrated the bidirectional
regulation of H,O, in AML cells (Figure S1D in Supporting
Information), Prussian blue nanoparticles (PBNPs) can re-
duce the H,0, level (Figure S1E in Supporting Information),
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while Fe;O,4 nanoparticles (NPs) promote the H,O, genera-
tion (Figure S1G in Supporting Information). The results
showed that there is a common mechanism i.e., the alteration
of ROS level caused by drugs is highly associated with cell
death in various cancers including AML. Based on the dis-
covery of the effect of individual drugs on cellular ROS and
cell death (Figures S1E, S1G, S2C, and S2E in Supporting
Information), we further explored the effect of combined
drug therapy. Interestingly, PBNPs and Fe;O, NPs combined
with Ara-C (cytarabine) keep the potency to regulate the
H,0, level in AML cells (Figure S1F and H in Supporting
Information). The combined therapy of PBNPs and Ara-C
may reduce the killing effect on tumor cells (Figure S2D in
Supporting Information), while the combination of Fe;O,
NPs and Ara-C can promote cell death or enhance the effi-
cacy of Ara-C (Figure S2F in Supporting Information).
These findings imply that the sensor system may help to
optimize the drug treatment scheme to improve the ther-
apeutical effect of AML.

The distribution of ROS is compartmentalized in cells, and
the response of subcellular ROS level to anticancer drugs is
complex in AML cells, which needs in-depth research. Using
the sensor system, we have determined the effect of various
typical chemotherapeutic drugs (Ara-C, paclitaxel, and
doxorubicin) on different subcellular H,O, level in AML
cells. We observed that all three drugs could increase the
H,0, level in all four subcellular compartments and induce
cell death (Figure 1G-L; Figure S2G-I in Supporting In-
formation). The response ratio of MLS-HyPer was maximum
upon treatment with 2.5 ug mL™" doxorubicin, and about 4-
fold signal change was recorded, implying mitochondrial
H,0, level was the most sensitive to doxorubicin as com-
pared to the cytosol, nucleus, and ER (Figure 1G and H).
Therefore, mitochondria could be a major target of doxor-
ubicin in the treatment of AML. These results can help for
further exploring the role of ROS-related pathways and de-
veloping the system for mitochondrial-targeted doxorubicin
delivery. Interestingly, as compared to the other compart-
ments, the response ratio of MLS-HyPer reached the plateau
at the lowest concentration of Ara-C (1 pmol Lfl) and pa-
clitaxel (2.5 pmol Lfl), and NES-HyPer displayed the most
change of normalized ratio around 4-fold (Figure 1I-L).
Thus, AML cells with higher ROS levels of cytosol and
mitochondria were more sensitive to Ara-C and paclitaxel.
The drug resistance of Ara-C and paclitaxel in cancer treat-
ments, such as leukemia and ovarian cancer, might be linked
to ROS (Agarwal and Kaye, 2003; Bosc et al., 2017). Both
drugs targeting mitochondrial oxidative metabolism and the
knockdown of nuclear factor erythroid 2-related factor 2, one
major cellular antioxidant system, can sensitize the resistant
cell to Ara-C in AML (Bosc et al., 2017). And paclitaxel-
resistant cells were found to contain alterations in ROS-in-
duced oxidative stress-related genes’ expression, such as
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Figure 1 Intracellular localization of HyPer and TriPer targeted to various subcellular compartments in HL60 cells and their response to H,0,, and different
chemotherapeutic drugs. A, Panels represent the live-cell imaging of HyPer stably expressed in the cytosol (A1, A2, and A3), nucleus (A4, A5, and A6), and
mitochondria (A7, A8, and A9) while TriPer stably expressed in the ER (A10, All, and A12) of HL60 cells by SIM. Panels A2 and AS show staining with
Hoechst 33342, A8 with Mito-Tracker Red, and A1l with ER-Tracker Red. Panels A3 and A6 are merged with Hoechst 33342 staining, A9 with Mito-
Tracker Red, and A12 with ER-Tracker Red. Scale bar: 5 um. B, The normalized fluorescence ratio of HyPer and TriPer excited by 488 and 405 nm lasers of
flow cytometry (>10,000 cells). C, The normalized response ratio (488/405 nm) of HyPer stably expressed in the cytosol, nucleus and mitochondria of HL60
cells after H,O, (0-500 pmol Lfl) treatment by flow cytometry (>10,000 cells). Treatment time: 2 min for cytosol and nucleus, 20 min for mitochondria. D,
The normalized ratio (488/405 nm) of TriPer stably expressed in the ER of HL60 cells 20 min after H,O, (0-500 umol Lfl) treatment by flow cytometry
(=10,000 cells). E, The normalized response ratio (488/405 nm) of HyPer stably expressed in the cytosol, nucleus and mitochondria of HL60 cells after H,0,
treatment (100 pmol L,0-30 min) by flow cytometry (>10,000 cells). F, The normalized ratio (488/405 nm) of TriPer stably expressed in the ER of HL60
cells after H,O, (100 pmol L71,0—30 min) treatment by flow cytometry (>10,000 cells). G-L, The normalized response ratio (488/405 nm) of Cyto-HyPer,
NLS-HyPer, MLS-HyPer, and ER-TriPer to doxorubicin (G, H), cytarabine (I, J) and paclitaxel (K, L) by flow cytometry (>10,000 cells). Drug treatment
time: 24 h. The data was acquired with FACSAria IITu (BD Biosciences, USA) flow cytometry using 488 and 405 nm as excitation wavelengths as well as
530/30 nm and 525/50 nm filter sets for emission. Data are presented as mean+SD, n>3. One-way analysis of variance (ANOVA) was used to compare the
differences between different groups (***, P<0.001; **, P<0.01; *, P<0.05). All the doxorubicin-treated groups are significantly different from the control
group. While, all the cytarabine-treated groups are significantly different from the control group except the 0.1, 0.25, and 0.5 pmol L cytarabine-treated
groups of ER-TriPer, and Except the 0.1 and 0.25 umol L paclitaxel-treated groups of ER-TriPer, all the paclitaxel -treated groups are significantly different
from the control group.
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UGT1A6, MAOA, and CYBA (Agarwal and Kaye, 2003).
So, the monitoring and precisely regulating the cytosolic and
mitochondrial ROS level, and exploring their link to the
corresponding genes’ activity in AML cells might offer an
avenue to improve the therapeutic effects.

In summary, we have successfully constructed the ge-
netically encoded fluorescent H,O, sensor-system for mea-
surement of ROS level in four subcellular compartments in
AML suspension cells. The newly established AML H,0,
sensor-system allows us to profile ROS basal level at the
subcellular level and investigate the drug-sensitive com-
partments in AML cells. We found that the basic H,0, levels
of the four compartments in AML cells are very distin-
guishable and that each compartment responds differently to
drug treatments, with mitochondria and cytoplasm the most
sensitive to anti-AML drugs. The findings demonstrate the
endogenous biosensor-system will become a promising tool
to deeply understand the cytopathy occurrence and drug
mechanism in AML, and develop more effective AML
treatment strategies.
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