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Summary

Acute myeloid leukaemia (AML) is a haematopoietic malignancy that continues to
demonstrate lapses in current treatment modalities as evidenced by therapy refrac-
tory disease, disease relapse and high rates of lethality. The influence of nutritional
factors, including trace elements, on disease development and progression is not yet
well understood. We utilized AML cell lines and patient samples to further investi-
gate zinc homeostasis and the dependency of leukaemic cells on zinc. Compared to
control individuals, we found significantly increased zinc levels in malignant blasts
with concomitant serum hypozincaemia. Increased cellular zinc levels were accom-
panied by the upregulation of zinc influx transporters such as ZIP6, ZIP9 and ZIP10.
Subsequent in vitro experiments showed the importance of zinc for myeloid cell pro-
liferation, survival and block of differentiation. We validated our results with data
from the Leukemia Mile (n=542) and the BeatAML2.0 study (n=3805). Importantly,
we identified ZIP10 (as one of the highly upregulated zinc transporters in malignant
blasts) which, when targeted, resulted in impaired zinc uptake and decreased ma-
lignant cell growth. These findings suggest that therapeutic approaches that target
the zinc influx transporter ZIP10 may offer novel means of treatment for patients
suffering from AML.
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EXPLORING ZIP10 AS APOTENTIAL THERAPEUTIC TARGET IN AML

BRITISH JOURNAL OF HAEMATOLOGY

INTRODUCTION

Despite advancements in understanding myeloid malig-
nancies, effectively treating patients with acute myeloid
leukaemia (AML) remains a major challenge. Currently,
about 40%-50% of all AML patients below 60years of age
relapse after first-line therapy. Second-/third-line therapies
are associated with significantly worse treatment responses.’
In particular, patients with high-risk mutations, secondary
AML and blast phase myeloproliferative neoplasms (MPNs)
show a poor prognosis.>> The standard treatment for pa-
tients with intermediate- or high-risk AML is an allogenic
stem cell transplantation (allo-SCT). Nevertheless, about
20%-50% of all transplanted patients relapse, illustrating
the strong need for improved therapies.* Nonetheless, how
leukaemic stem cells can survive after allo-SCT is not suffi-
ciently understood so far.

The benefits of zinc on immune cell function has been
intensively studied demonstrating its importance for cell
homeostasis, cell survival and proliferation.”® Zinc is
an important enzymatic cofactor and impacts the func-
tion of at least 300 different human enzymes. As a second
messenger, zinc is crucial for genetic stability and for the
functioning of various signalling cascades.®” Clinically
apparent zinc deficiency mainly manifests itself in body
tissues with high cell turnover.” Thus, patients with zinc
deficiency present with hair loss, mucosal lesions, eczem-
atous skin alterations, wound healing disorders, diarrhoea
and impairment of the immune system.®® Interestingly, a
recent study showed that the efficiency of allo-SCT with
concomitant T-cell reconstitution can be improved by sup-
plementation with the trace element zinc thereby arguing
for its administration.”"

Due to its vital role on cell proliferation, we hypothe-
size that increased zinc supply may also have adverse ef-
fects on AML pathogenesis and disease-free survival after
allo-SCT.” While intrinsic mechanisms of AML pathogen-
esis, such as mutations and epigenetic changes, are well
investigated, research focusing on the impact of vitamins
and trace elements is underrepresented. Some recent pa-
pers already discuss zinc transporters as a potential ther-
apeutic target for various diseases'' and show low zinc
levels in AML patients,'? but detailed studies are lacking.
Interestingly, a recent study showed a strong dependency
between AML blasts and vitamin B6 levels indicating the
importance of nutritional factors."> Furthermore, as early
as the 1940s, changes in the folic acid metabolism in chil-
dren with acute lymphoid leukaemia (ALL), uncovered
by Sidney Farber, led to the development of a new class
of drugs, the folic acid antagonists, which revolutionized
ALL therapy."

Despite strong indications that altered zinc homeostasis
may impact AML pathogenesis, work in this regard is rare.
Therefore, we investigated the question of whether zinc has
supportive or detrimental effects on a malignant myeloid
disease such as AML by using various cell lines, primary pa-
tient samples and publicly available datasets.

METHODS

The methods used are described in the Appendix S1.

RESULTS

Intracellular zinc levels are increased in
peripheral blood and bone marrow of AML
patients

First, we used patient biomaterial to evaluate serum zinc
levels in the peripheral blood (PB) (Figure 1A, n=11) and
bone marrow (BM) (Figure 1B, n=11). Biomaterial from pa-
tients (serum zinc: n = 15; total cellular zinc: n=6) who had
either been cured from AML by chemotherapy alone (n=3),
recovered from AML after successful allo-SCT (n=7) or
had another (malignant) diagnosis without BM involve-
ment (n=5) served as controls. All AML patients had a blast
infiltration of at least 23% in the BM. Samples used to meas-
ure the total cellular zinc amount in cells from the PB had a
minimum peripheral blast count of 17%. Characteristics of
all recruited AML patients (n=43) including co-mutations
at the time of diagnosis and overall survival are shown in
Table 1 and Table S1. Zinc concentrations in the serum of
PB (Figure 1A; p=0.0466) and BM (Figure 1B; p=0.0058)
were significantly lower in patients with AML compared to
control individuals. Next, in cases where sufficient leuco-
cyte numbers were isolated, total cellular zinc was assessed
for PB (n=3) and BM (n=38) cells (Figure 1C,D). We found
that intracellular zinc levels were significantly higher in
PB cells (Figure 1C; p=0.0069) and BM cells (Figure 1D;
p=0.0215) from patients with first diagnosis of AML com-
pared to control subjects. Copper levels and the zinc/copper
ratio were not significantly altered in patients with AML
compared to control subjects (Figure S1).

Zinc influx transporters are upregulated
in AML

To explain higher zinc concentrations in cells from AML
patients, we screened the mRNA expression of Zrt-, Irt-
like proteins (ZIPs) and zinc transporters (ZnTs) in the BM
of patients with first-diagnosis or relapsed AML. ZIPI-
ZIP14 (zinc influx transporters) and ZnT1-ZnT10 (zinc
efflux transporters) were analysed (Figure 2; Figure S2;
Table S2). We found significantly higher expression of
ZIP6 (Figure 2A; p=0.0429), ZIP9 (Figure 2B; p=0.0070)
and ZIPI0 (Figure 2C; p=0.0171) in treatment-naive AML
patients. All three transporters are known to be responsi-
ble for zinc uptake into the cytoplasm. Interestingly, zinc
storage proteins such as metallothionein 1 and 2 (MT-1/2)
were less expressed in BM cells from AML patients com-
pared to control samples (Figure 2D; p=0.0253). Based
on the mRNA expression results from all individual sam-
ples, the most significant differences between AML and
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FIGURE 1 Zinclevel in patients with first diagnosis or relapse of acute myeloid leukaemia. Atomic absorption spectroscopy (AAS) was used to
measure the zinc concentration in (A) blood and (B) bone marrow serum (control subjects: n =15, patients with first diagnosis of acute myeloid leukaemia

(AML): n=11). The protein-adapted cellular zinc concentration was measured after cell lysis by using inductively coupled plasma mass spectrometry
(ICP-MS) in (C) peripheral blood cells (control subjects: n=6, AML: N=3) and (D) bone marrow cells (control subjects: n=6, AML: n=8). The control
cohort consisted of patients with a diagnosis other than leukaemia without bone marrow and/or blood involvement (n=5), patients cured after successful
AML therapy (n=3) and patients with AML after successful allogenic stem cell transplantation (n=7). Data are displayed as mean +standard deviation

(SD). Significance is indicated by *p <0.05 and **p <0.01 (Student's ¢-test).

control samples were observed for ZIPI0 and MT-1/2
(Figure S3A-D).

Therefore, we used available data from the Leukemia
Mile Study">™” and the Beat AML2.0 study'®'® to confirm
our data on increased ZIP10 (=SLC39A10) expression in
AML patients. Indeed, study data showed increased ZIPI10
expression in all AML subtypes including AML with normal
karyotype (n=351), complex karyotype (n=48), inversion of
chromosome 16 AML inv(16) (n=28), acute promyelocytic
leukaemia (AML FAB M3) with PML-RARa translocation
(AML t(15;17); n=37), translocation of chromosome 8 and
21 (AML t(8;21)) (n=40) and KMT2A (MLL)-rearrangement
(AML (MLL)) (n=38) compared to healthy controls (n="73)
(Figure S3E). On the other hand, ZIP10 mRNA expression in
patients with myelodysplastic neoplasms (MDS) (n=206)—a
disease that predisposes individuals to the development of
AML—was not increased compared to healthy subjects
(n=73) (Figure S3F). We also confirmed an increase of ZIP10
in PB (p=0.0004) and BM (p=0.0002) from AML patients
on protein level by western blotting (Figure 2E-G).

Interestingly, we found cell type specific differences in
ZIP10 mRNA expression by comparing those to periph-
eral blood mononuclear cells (PBMCs) from healthy do-
nors (‘Healthy’). Leucocytes (n=5) and granulocytes (n=4)
isolated from healthy donors showed low ZIPI0 mRNA
expression (Figure 2H). In contrast, enriched monocytes
(n=5) exhibited higher ZIPI0 mRNA expression compared
to PBMCs from healthy donors (n=5, p=0.1890). A similar

tendency was observed in granulocyte colony stimulating
factor (G-CSF)-mobilized CD34" cells from healthy individ-
uals (n=5, p=0.8635) (Figure 2H).

Deleterious effects of zinc deprivation on AML
cell lines

To further examine the importance of zinc homeostasis in the
context of AML, we used cell lines originating from an (bi-
phenotypic) acute monoblastic/monocytic leukaemia (MV4-
11) and an acute monocytic leukaemia (THP-1). The cells
were supplemented with zinc sulphate or treated with the
cell-permeable zinc-depleting molecule N,N,N’,N’-tetrakis(2-
pyridinylmethyl)-1,2-ethanediamine (TPEN) for 72h. The
cell count was examined daily for MV4-11 (Figure 3A) and
THP-1 (Figure 3B). After 72h of incubation, MV4-11 cells
showed significantly decreased cell counts after incuba-
tion with 100puM zinc sulphate (p=0.0113) or 4pM TPEN
(p=0.0399) (Figure S4A). THP-1 cells exhibited a significantly
decreased cell count after 72 h of incubation with 4 uM TPEN
(p=0.0033) (Figure S4B). Cell viability was significantly re-
duced in both MV4-11 cells (Figure 3C, n=7, p=0.0472) and
THP-1 cells (Figure 3D, n=4, p=0.0005) after 72h incubation
with 4 uM TPEN. We detected significantly decreased intracel-
lular zinc levels after incubation with 4 pM TPEN in MV4-11
cells (Figure 3E, n=6, p<0.0001) and THP-1 cells (Figure 3F,
n=4, p=0.0134) proving efficient zinc chelation.
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FIGURE 2 Zinc transporter expression in acute myeloid leukaemia. mRNA expression of (A) Zrt- and Irt-like protein (ZIP)6 (Control: n=6,

AML: n=7; p=0.0429), (B) ZIP9 (Control: n=6, AML: n=7; p=0.0070), (C) ZIP10 (Control: n=6, AML: n=7; p=0.0171) and (D) metallothionein-1/
metallothionein-2 (MT-1/2) (Control: n=9, AML: n=10; p=0.0253) were analysed in bone marrow cells after isolation with hydroxyethyl starch (HES) in
control probands as well as patients with initial diagnosis of acute myeloid leukaemia (AML). Western blot analysis using (E + F) peripheral blood cells
(PB) (control: n=7, AML: n=8; p=0.0004) or (E + G) bone marrow cells (BM) (control: n=9, AML: n=10; p=0.0002) from control individuals or patients
with first diagnosis of AML after HES isolation. (H) ZIP10 mRNA expression compared to healthy subjects (n=5) in HES-isolated peripheral blood cells
of patients with first diagnosis of AML (n=4; p=0.0179), granulocytes isolated from healthy probands (n=4; p=0.9847), isolated (adherent) peripheral
blood cells from healthy subjects (‘enriched monocytes’) (n=>5; p=0.1890) and granulocyte-colony-stimulating factor (G-CSF)-mobilized CD34" cells
from healthy individuals (n=5; p=0.8635). (A-D + F+ G): Student's ¢-test and (H): One-way ANOVA—Dunnett's multiple comparison were used to
calculate statistical significance. Data are displayed as mean + standard deviation (SD). Significance is indicated by *p <0.05, **p <0.01 and ***p <0.001

(Student's t-test or one-way ANOVA—Dunnett's multiple comparison).

After 72h supplementation with 50pM (p=0.0401) or
100 uM zinc (p=0.0163), we found decreased ZIPI0 expres-
sion in MV4-11 cells (n=5) (Figure 3G). On the other hand,
zinc depletion with 4uM TPEN caused increased mRNA
expression of ZIP10 (p <0.0001) (Figure 3G). Comparable re-
sults were found in THP-1 cells (n=4) treated with 100 uM
zinc (p=0.0382) or 4uM TPEN (p=0.5060) (Figure 3H). By
applying an MTT assay, we found reduced metabolic activ-
ity in MV4-11 cells (n=4) after incubation with 100 uM zinc
sulphate (p=0.0065) or 4pM TPEN (p=0.0029) (Figure 3I)
and in THP-1 cells after incubation for 72h with 4uM
TPEN (n=7) compared to the control (Figure 3], p=0.0002).
Concordant with the reduction in cell count and viability,
we analysed the expression of the proapoptotic factors BAX
and BAK. BAX expression was significantly increased in
MV4-11 cells after incubation with 4uM TPEN (Figure 3K;
p=0.0020; n=8). Increased expression of BAX in THP-1 cells
(Figure 3L; p=0.9997; n=3), BAK in MV4-11 (Figure S4C;
p=0.3716; n=6) and BAK in THP-1 (Figure S4D; p=0.3072;
n=3) after 4uM TPEN did not reach statistical significance.
Thus, zinc depletion caused apoptosis and a compensatory
upregulation of ZIP10 in AML cell lines.

Inhibitory effects of zinc-deficient medium on
AML cell lines

Since TPEN induces strong and rather non-physiological
zinc depletion by chelating extracellular, intracellular and
protein-bound zinc, we further examined the effect of mild
zinc starvation induced via zinc-deficient medium (ZDM).
We cultured MV4-11 cells (Figure 4A; n=7), THP-1 cells
(Figure 4B; n=5) and Raji cells (Figure 4C; n=6), a B-cell
line, for 96h in ZDM, and observed significantly decreased
cell growth by zinc starvation of MV4-11 cells (Figure 4A;
n=7) after 72h (p=0.0200) and 96h (p=0.0193) as well
as THP-1 cells (Figure 4B; n=5) after 96h (p=0.0278).
However, Raji cells did not respond to the incubation in
ZDM (Figure 4C; n=6). Raji cells were used to compare my-
eloid cells with a lymphoid cell line. Cultivation in ZDM did
not affect the cell viability of any cell line (data not shown).
After 96h of cultivation in ZDM, we found significantly
elevated mRNA levels of the zinc influx transporter ZIPI10
in MV4-11 (Figure 4D; p=0.0438; n=7) and THP-1 cells
(Figure 4E; p=0.0207; n=11) compared to cells cultured in
zinc-adequate medium.
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FIGURE 3

Deleterious effects of zinc deprivation on AML cell lines. Cell growth of (A) MV4-11 (n=4) and (B) THP-1 cells (n=4) under zinc-rich

(25 pM zinc sulphate, 50 pM zinc sulphate, 100 pM zinc sulphate) and zinc-depleted conditions by using N,N,N’,N'-tetrakis(2-pyridinylmethyl)-1,2-
ethanediamine (TPEN) (1pM TPEN, 2 uM TPEN, 4pM TPEN) was evaluated daily for 72 h. Cell viability by excluding propidium iodide (PI)-positive
cells (C) MV4-11 (n=7); (D) THP-1 (n=4) and zinc staining by using Zinpyr-1 (E) MV4-11 (n=6); (F) THP-1 (n=4) after 72h are indicated. Zinpyr-1
staining is indicated as mean fluorescence intensity (MFI). mRNA expression of ZIP10 after 72h in (G) MV4-11 (n=5) and (H) THP-1 (n=4). MTT
assay over 4 h with (I) MV4-11 cells (n=4) or (J) THP-1 cells (n="7) after 72h of cell growth after the respective cell treatment. nRNA expression of BAX
(K) MV4-11 (n=38); (L) THP-1 (n=3) after 72h. Two-way ANOVA—Dunnett's multiple comparison (A + B) OR one-way ANOVA—Dunnett's multiple
comparison (C-L) were used to calculate statistical significance. Data are displayed as mean +standard deviation (SD). Significance is indicated by

*p<0.05, **p<0.01, **p <0.001 and ***p <0.0001.

Zinc is an important factor for cell
signalling and the block of myeloid cell
differentiation

To further examine the impact of zinc deficiency on AML
cell signalling, we cultured MV4-11 and THP-1 in ZDM
and, subsequently, stimulated both with 2000 U/mL G-CSF
for 45 min. G-CSF was chosen to accentuate myeloid signal-
ling as one of the most important haematopoietic pathways.
We found significantly decreased G-CSF-induced phos-
phorylation of STAT3 and FLT3 in zinc-deficient MV4-11
(Figure 4F, STAT3: n=7, p=0.0395, FLT3: n=7, p=0.0103)
and THP-1 cells (Figure 4G, STAT3: n=9, p=0.0162, FLT3:
n=>5, p=0.0122). Even zinc deficiency alone resulted in de-
creased phosphorylation of STAT3 and FLT3 in MV4-11 and
THP-1 (data not shown). Interestingly, STAT5 phosphoryla-
tion was significantly decreased in MV4-11 cells, which har-
bour the FLT3'™ mutation (Figure S4E; n=3; p=0.0033),
but remained unchanged in THP-1 cells (Figure S4F; n=3;
p=0.6957). Furthermore, we found significantly increased
phosphatase activity in THP-1 cells (Figure S4G, n=12,
p=0.0023) explaining decreased phosphorylation under
zinc-deficient conditions. Telomerase activity was not im-
paired by zinc deficiency (Figure S4H).

Apart from cell proliferation, we also focused on the
zinc-dependent block of cell differentiation. We used NB-4
cells that have the PML-RARa translocation as its essential
malignant aberration.”” The PML-RARa translocation is
characteristic of acute promyelocytic leukaemia (AML FAB
M3) and treatment with all-trans retinoic acid (ATRA) can
be used to abolish the differentiation block. NB-4 cells were
pre-incubated for 2days in RPMI 1640 (control) or ZDM.
After 3 and 5days, differentiation was evaluated by mea-
suring CD66b surface staining. We found decreased CD66b
staining of NB-4 cells under zinc-rich conditions. Increased
CD66b staining was significant after 3 (Figure S4I, n=9,
p=0.0295) and 5days (Figure 4H, n=6, p=0.0092). Zinc
deficiency increased cell differentiation after 3 (Figure S4J,
n=8, p=0.0390) and 5days (Figure 4I, n=6, p=0.0200).
The efficiency of zinc supplementation (Figure S5A) and
zinc deprivation (Figure S5B,C) were proven by intracellu-
lar zinc staining. During the differentiation process itself,
we saw decreasing intracellular zinc levels (Figure S5D).
Furthermore, we analysed the presence of the PML-RAR«a
fusion protein after zinc deficiency. After 72h in ZDM, we
found decreased (relative) levels of PML-RARa (normalized
to P-actin) (p=<0.0001; n=18), which showed a compara-
ble but less effective effect to the treatment of NB-4 cells
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FIGURE 4

Inhibitory effects of zinc-deficient medium on AML cell lines. Cell growth of (A) MV4-11 (n=7), (B) THP-1 (n=5) and (C) Raji cells

(n=6) in zinc-adequate (ZA) or zinc-deficient medium (ZDM) for 92h. mRNA expression of ZIP10 in (D) MV4-11 (n=7) and (E) THP-1 (n=11) after

96h in ZDM. (F+G) Western blots targeting pSTAT3/panSTAT3 and pFLT3/panFLT3 after stimulation of (F) MV4-11 (STAT3: n=7, p=0.0395; FLT3:
n=7,p=0.0103) or (G) THP-1 cells (STAT3: n=9, p=0.0162; FLT3: n=5, p=0.0122) with 2000 U/mL G-CSF for 45min (‘G’) after cultivation in RPMI
1640 or ZDM. (H-K) CD66b expression of NB-4 cells were detected after 5days of cell differentiation by using 1 pM ATRA (H) with or without 50 pM
zinc sulphate (p=0.0092) or (I) ZDM (p=0.0200). (J) Presence of PML-RARa/p-actin normalized to untreated NB-4 cells after 72h incubation in RPMI
1640 with 1 pM ATRA or ZDM (n =18, ATRA: p<0.0001, ZDM: p <0.0001). (K) Representative western blot after 72h of incubation with the indicated
supplements. (A-C) Two-way ANOVA—Dunnett's multiple comparison and (D-K) Student's t-test were used to calculate statistical significance. Data are
displayed as mean + standard deviation (SD). Significance is indicated by *p <0.05, **p <0.01, ***p <0.001 and ***p < 0.0001.

with 1 uM ATRA (39% vs. 87% reduction, n=18, p=0.0001)
(Figure 4J). Increased PML-RARa degradation by zinc de-
ficiency is also presented by a representative western blot
(Figure 4K).

Impact of a zinc-deficient environment on
primary AML blasts

To prove that zinc deficiency also has a relevant impact on
primary AML blasts, we performed similar experiments
with patient material. Bone marrow mononuclear cells
(BMMCs) or PBMCs from newly diagnosed AML patients
that were incubated for 72h with 4pM TPEN showed sig-
nificantly lower cell counts (Figure 5A; n=9; p<0.0001)
and decreased cell viability (Figure 5B; n=9; p=0.0061).
Additionally, we found significantly increased mRNA ex-
pression of BAX (Figure 5C; n=6; p=0.0446) and BAK
(Figure 5D; n=7; p=0.0266). Also, significantly increased
intracellular zinc was detected after zinc supplementation
(100 uM zinc: p=0.0081; n=8) (Figure 5E). The co-staining of
PBMCs from AML patients with Zinpyr-1 and LysoTracker
(or MitoTracker) demonstrated that Zinpyr-1 co-localizes
within the lysosomal compartment (Figure S5E), but not

the mitochondrial (Figure S5F). Cells with blast morphol-
ogy showed positive surface staining for CD34 and ZIP10 as
revealed using microscopy (Figure S6A) and flow cytometry
(Figure S6B). By looking at the amount of free intracellular
zinc in CD34" cells, we found that CD34" cells had signifi-
cantly higher mean fluorescence intensity (MFI) in Zinpyr-1
fluorescence compared to CD34-negative cells (‘remaining
cells’) (Figure 5F, n=6, p=0.0488). This is in line with our
previous measurements of (whole) cellular zinc amount
(Figure 1C,D). Strikingly, we found significantly higher zinc
uptake after 72h of culture in zinc-supplemented media in
CD34" cells compared to CD34~ cells for all tested zinc con-
centrations (n=6) (Figure 5Q).

The increase of ZIP10 and zinc uptake of malignant
CD34" cells may be a sign of special dependency of these
cells to zinc nutrition. Therefore, we incubated primary
patient material for 72h in ZDM (a milder model of zinc
deficiency) and found decreased cell counts (Figure 5H;
p=0.0475) as well as decreased cell viability (Figure 5I;
p=0.0432; t-test). Specifically, CD34" cells treated with 4 uM
TPEN (Figure S6C; n=4; p=0.0130) or ZDM (Figure S6D;
n=3; p=0.0145) showed increased cytotoxicity compared
to CD34" cells. Furthermore, we observed a decreased per-
centage of CD34" cells among all cells after 72h in ZDM
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FIGURE 5 Impactofa zinc-deficient environment on primary AML blasts. Primary peripheral blood cells or bone marrow cells from patients
with first diagnosis of acute myeloid leukaemia (AML) were used. Blast concentration differed from 20% to 87%. (A) Cell concentration in relation to
the control condition after incubation for 72 h with zinc sulphate (25uM, 50 uM, 100 uM) or N,N,N’,N’-tetrakis(2-pyridinylmethyl)-1,2-ethanediamine
(TPEN) (1pM, 2puM, 4 uM) to cause zinc depletion (n=9). (B) Cell viability was measured using propidium iodide (PI) (n=9). mRNA expression of (C)
BAX (n=6) and (D) BAK (n=7) after 72h. (E) Measurement of the free intracellular zinc concentration of primary patient materials by using Zinpyr-1
staining after 72 h of incubation with zinc sulphate (25 pM, 50 uM, 100 pM) or TPEN (1 pM, 2 pM, 4uM) (n=38). (F) Free intracellular zinc in CD34" cells
compared to CD34-negative cells (remaining cells) after 72h of incubation by comparing the mean fluorescence intensity (MFI) of the zinc dye Zinpyr-1
(n=6). (G) Influx of zinc into CD34" cells (black coloured) compared to CD34-negative cells (remaining cells) (white coloured) (n=6) by using % MFI
after incubation for 72h with zinc sulphate (25 pM, 50 pM, 100 pM). (H) Cell concentration and (I) cell viability by using propidium iodide (PI) after
incubation of primary AML blasts in RPMI 1640 or zinc-deficient medium (ZDM) for 72h. (J) Primary bone marrow cells from AML patients were
treated with TPEN [4 uM] or cultured in ZDM for 72 h. Cell viability was evaluated by using PI. For every condition, 5000-50 000 viable cells were applied
into semi-solid medium to perform a CFU assay. After 14 days, colonies were counted and normalized to control. (A +B+E+]) One-way ANOVA—
Dunnett's multiple comparison and (C+D + F-I) Student's t-test was used to calculate statistical significance. Data are displayed as mean +standard
deviation (SD). Significance is indicated by *p <0.05, **p <0.01, ***p <0.001 and ***p <0.0001.

(Figure S6E, n=4; p=0.0492), whereas no significant change
was detected in the percentage of CD3" cells (Figure S6F;
n=4; p=0.8974). If CD34" blasts are particularly targeted
by zinc depletion, clonogenic growth should be decreased
upon treatment. Therefore, we performed CFU assays using
equal cell numbers after 72 h of TPEN treatment or ZDM cell
culture. After 14 days, colony growth was significantly de-
creased in zinc-deficient conditions (Figure 5J; 4uM TPEN:
n=>5, p=0.0016; ZDM: n =5, p=0.0443).

Treatment of AML cell lines with a ZIP10
antibody

Since ZIP10 was one of the most upregulated zinc transport-
ers in AML (Figure 2C) and it has been demonstrated to be
essential for mitosis,” we further examined whether block-
ing zinc transport via ZIP10 impacts AML cell viability.

Unfortunately, current market-available antibodies that tar-
get the opening region of the ZIP10 transport protein contain
the preservative sodium azide, which is toxic for cells and was
therefore not applicable for our in vitro experiments.*>** We
used a ZIP10 antibody (ZIP10Ab) that binds to the (extra-
cellular) opening region of the ZIP10 protein (Figure 6A,B)
thereby impairing zinc uptake as previously described.”"
Therefore, we treated MV4-11 cells with 8pg/mL, 20pg/
mL (2.5x) and 28 pg/mL (3.5x) of a purified ZIP10Ab. After
72h, cell growth was gradually decreased depending on the
administered antibody concentration ZIP10Ab (p=0.0092),
ZIP10Ab (2.5%) (p<0.0001) and ZIP10AD (3.5%) (p<0.0001)
(Figure 6C). Moreover, treatment with ZIP10Ab (2.5x)
(p=0.0477) and ZIP10AD (3.5%) (p<0.0001) resulted in sig-
nificantly increased number of dead AML cells (Figure 6D).
Mechanistically, we found decreased intracellular zinc stain-
ing after 72 h of treatment (Figure 6E; p=0.0081). Treatment
with the same amount of elution buffer showed no impact on
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FIGURE 6 Evaluation of the efficacy of a ZIP10 antibody as a therapeutic molecule in acute myeloid leukaemia (AML). Dependence of AML on the
ZIP10 protein. (A) Predicted protein structure of ZIP10 by using AlphaFold*** and the (B) binding region of the experimentally used ZIP10 antibody
(ZIP10Ab) that is essential for zinc uptake required to trigger mitosis. (C) Cell count after treatment of MV4-11 cells with 8 pg/mL (1x), 20 pg/mL

(2.5x) and 28 pg/mL (3.5x) purified ZIP10Ab. After 72h, cell count (n =13) was significantly different compared to controls that were treated with the
highest concentration of elution buffer (ZIP10Ab: p=0.0092; ZIP10Ab (2.5%): p<0.0001 and ZIP10Ab (3.5%): p<0.0001). (D) PI-positivity (n=11) after
72h treatment with ZIP10Ab (p=0.9587), ZIP10AD (2.5x) (p=0.0477) and ZIP10Ab (3.5x) (p<0.0001). (E) Zinpyr-1 staining in MV4-11 cells (n=11)
after treatment with the purified ZIP10Ab for 72h (p=0.0081). (F) Co-expression analysis of ZIP10 in AML patients.'®" (G) ZIP10 expression in AML
patients with FLT3'™ compared to patients with wildtype FLT3 included in the Beat AML2.0 studyls‘19 (FLT3"": n=511; FLT3"™®: n=158; p<0.0001). (H)
Dependency of various AML cell lines on the ZIP10 (surface) protein (a negative Chronos dependency score implies a higher probability that the ZIP10
gene is indispensable for the respective cell line). AML cell lines with a known copy number (absolute) in the Fit3 gene were selected from the depmap
portal (red-marked: >3 copies).**™>’ (C) Two-way ANOVA—Dunnett's multiple comparison. (D) One-way ANOVA—Dunnett's multiple comparison, and
(E+G) Student's t-test was used to calculate statistical significance. Data are displayed as mean +standard deviation (SD). Significance is indicated by
*p<0.05, **p<0.01, **p<0.001 and ***p <0.0001.

cell count after 72h (Figure S7A). Successful surface bind- by tendency, a stronger dependency on ZIP10 (Figure 6H,
ing of the ZIP10 antibody was proven after 24h and 72h  p=0.1863).
(Figure S7B,D).

DISCUSSION
Dependency of AML on the ZIP10 protein

Zinc is a micronutrient which is crucial for diverse cellular
Co-expression analyses of ZIPI0 in AML patients showed  processes and has been discussed to be important for the
positive correlations with genes that are associated with  survival of different cancer cell types, such as breast can-
proliferation and apoptosis resistance, such as FLT3, BCL2,  cer.”>* In this study, we demonstrate that both total cellu-
CDK6 and SOX4 (Figure 6F). Interestingly, patients with  lar zinc as well as free intracellular zinc were significantly
pathogenic changes in the FLT3 gene such as FLT3'"®  elevated in AML cells compared to controls, suggesting al-
showed significantly higher ZIP10 expression compared to tered zinc metabolism in AML blasts (see also Appendix S2).
other AML patients (Figure 6G). Since FLT3'"” is associated ~ We focused on ZIP10 as it showed low expression in almost
with increased proliferation and survival in AML cells,”®  all control samples and significant overexpression in AML
we assessed the dependency of different AML cell lines  cases (Figure S3 + Figures S8-S10).

in regard to the ZIP10 protein. In an extensive knock-out Zinc deprivation decreased proliferation and viability
CRISPR screen dataset,”*>” most AML cell lines showed a ~ of AML cell lines and primary blasts. Interestingly, we
strong dependency on the ZIP10 protein indicated by a nega- found no significant impairment of cell growth under

tive Chronos dependency score (Figure 6H). Cell lines that ~ zinc-deficient conditions in a malignant B-cell line.
harbour a proven aberration in FLT3 (red + orange) showed, = Mechanistically, we saw that severe intracellular zinc
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depletion by TPEN treatment caused apoptosis in MV4-
11 and THP-1. To counteract zinc deficiency, AML cells
upregulated ZIP10. We also identified another mechanism
involving reduced STAT3, FLT3 and STATS5 phosphoryla-
tion under zinc-deficient conditions. Moreover, zinc depri-
vation has been shown to promote cell differentiation into
monocytes,’®* a process that is of particular relevance
given that several subtypes of AML exhibit monocyte-
like morphology.”” Consistent with these findings, we ob-
served similar effects when applying zinc deprivation to
the promyelocytic leukaemia cell line NB-4.

Targeting the ZIP10 influx transporter on the cell surface
effectively inhibited AML cell growth by disrupting intra-
cellular zinc uptake, or at the very least, by preventing zinc
accumulation near the transporter, thereby impairing mito-
sis.”! As previously suggested,”>>* ZIP10 may be primarily
and predominantly expressed on the surface of proliferating
cells. Given that ZIP10 and ZIP6 can form a heterodimer to
synergistically promote zinc-mediated mitosis, it is espe-
cially noteworthy that both are overexpressed in AML pa-
tients.”! Consistent with our study, it was shown that ZIP10
is an essential (transport) protein for haematopoiesis in ze-
brafish and loss of ZIP10 resulted in zinc deficiency-induced
apoptosis of fetal HSCs.**

In summary, we show that AML blasts have higher zinc
levels with concurrent upregulation of transporters im-
portant for zinc uptake. Furthermore, targeting the upreg-
ulated ZIP10 transporter decreased AML cell proliferation.
This prompts future studies to explore whether monitoring
zinc levels and modulating zinc homeostasis could provide
a mechanistic approach to optimize AML therapy and di-
minish the risk of relapse after allo-SCT. Our study primar-
ily highlights ex vivo effects. Hence, future in vivo studies
will be valuable in further exploring and confirming these
observations.
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