










Appendix, Fig. S4 B–D). The high siRNA stability was achieved
by methylating the first three ribonucleotides of the mK3-siRNA,
which efficiently decreased K3 mRNA and protein in nucleofected
BA+K3+ 32D cells (SI Appendix, Fig. S4 B–D). The treatment of
CTLA-4–expressing BA+K3+ 32D cells with the CTLA-4
aptamer-tagged mK3-siRNA also reduced K3 mRNA more than
15-fold when compared with cells treated with CTLA-4 aptamer-
tagged scrambled control-siRNA (scr; SI Appendix, Fig. S4E).
In line with the expression of CTLA-4 on ∼10% BA+K3WT

LSK CD150+ cells (Fig. 5D), the CTLA-4 aptamer bound to 5 to
10% of BA+K3WT but was unable to bind to BA−K3WT LSK
CD150+ cells in vitro (Fig. 5H). A daily short-term treatment of
BA+K3WT mice with the CTLA-4 aptamer-tagged mK3-siRNA
for 4 consecutive days efficiently decreased the K3 mRNA in
CTLA-4+ LSK cells (Fig. 5I). Impressively, two cycles of five
daily injections of the CTLA-4 aptamer-tagged mK3-siRNA over

the course of 14 d normalized neutrophil counts in the PB and
spleen size and dramatically extended the lifespan of BA+K3WT

mice compared with animals treated with CTLA-4 aptamer-
tagged scrambled control-siRNA (Fig. 5 J and K and SI Appen-
dix, Fig. S4 F and G). Moreover, retreatment of BA+K3WT mice
suffering from a relapse, caused by de novo Bcr-Abl expression
and/or treatment-evading LSCs, resulted in prolonged remis-
sions (Fig. 5L). Importantly, the clinical benefits of the CTLA-4
aptamer-tagged mK3-siRNA treatment were due to the K3-
siRNA, as treatments with CTLA-4 aptamer-tagged scrambled
control-siRNA or anti–CTLA-4 blocking antibodies did not im-
prove elevated neutrophil counts in the PB, CML course or ac-
tivity, and numbers of T effector cells in leukemic BA+K3WT

mice (SI Appendix, Fig. S4 H–J).
The reduced CTLA-4+ LSK CD150+CD48− cell numbers in

the BM (Fig. 5M) and the extended lifespan (Fig. 5K) of CTLA-4

Fig. 4. Bcr-Abl elevates integrin-mediated cell adhesion in a K3-dependent manner. (A) Protein expression of Bcr-Abl, c-Abl, murine K3, human K3 (rescue),
and GAPDH by 32D myeloblasts with or without Bcr-Abl expression (BA+ or BA−), with or without Fermt3 gene deletion (K3+ or K3−), and with or without
human K3 reexpression (rescue). (B) 32D cell adhesion to FN (n = 9), VCAM-1 (n = 6), or ICAM-1 (n ≥ 9) under static conditions. (C) 32D cells stably adhering to
FN or VCAM-1 under flow (n ≥ 7). (D) 32D cell chemotaxis toward CXCL12 with or without preincubation with imatinib overnight (n ≥ 6). (E) 9EG7 staining
intensities in 32D cells plated on FN (n ≥ 33) or VCAM-1 (n ≥ 49). Statistics by Kruskal–Wallis test. (F and G) K3 and Talin-1 mRNA (F; n ≥ 9) and Bcr-Abl, c-Abl,
p-CrkL, K3, Talin-1, and GAPDH protein (G; n = 5) expression in 32D cells with or without 24-h imatinib treatment. Data are shown as mean ± SD. Statistics by
one-way ANOVA, Tukey’s multiple-comparison test if not indicated otherwise. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 5. Depletion of K3 in LSCs with a CTLA-4 RNA aptamer-tagged K3-siRNA. (A) Bcr-Abl, CTLA-4, K3, and GAPDH mRNA levels in LSK cells isolated from the
BM of individual wild-type (BA−K3WT) or leukemic (BA+K3WT) mice. (B) CTLA-4 mRNA levels measured by qPCR. Statistics by Mann–Whitney U test, two-sided.
(C) CTLA-4 surface expression on LSK cells isolated from the BM of BA−K3WT or BA+K3WT mice. (D) CTLA-4 surface expression on HSPC subpopulations isolated
from the BM of BA+K3WT mice. (E and F) Ratio between PB CD45.2+ donor and CD45.1+ host cells (E) and percentage of PB neutrophils of CD45.2+ donor cells
(F) in sublethally irradiated CD45.1+ WT recipients transplanted with 100 CD45.2+ LSK CD150+CD48− CTLA4+ or 100 CD45.2+ LSK CD150+CD48− CTLA-4− cells
isolated from BA+K3WT mice (n ≥ 9). Statistics by two-way ANOVA, Sidak’s multiple-comparison test (E), and multiple t test, two-sided (F). (G) Sequence of the
CTLA-4–targeting RNA aptamer linked to stabilized mK3-siRNA labeled with fluorescein isothiocyanate (FITC). (H) Bright-field images of BM-derived LSK
CD150+ cells from BA−K3WT or BA+K3WT mice stained with FITC-labeled CTLA-4 aptamer. (Scale bars, 10 μm.) Percentages indicate the amount of FITC+ LSK
CD150+ cells determined by flow cytometry (n ≥ 5). (I) K3 mRNA levels of CTLA-4+ LSK cells isolated from CTLA-4 aptamer-tagged scrambled control (scr)- or
mK3-siRNA–treated BA+K3WT mice (n = 4). Statistics by Mann–Whitney U test, two-sided. (J) PB neutrophils of BA+K3WT mice before and after treatment with
CTLA-4 aptamer-tagged scrambled control- or mK3-siRNA (n ≥ 5). Statistics by two-way ANOVA, Sidak’s multiple-comparison test. Data are shown as mean ±
SEM. (K) Kaplan–Meier survival curve of BA+K3WT mice treated with CTLA-4 aptamer-tagged scrambled control- or mK3-siRNA (n ≥ 5). Statistics by log-rank
test. (L) PB neutrophil numbers of CTLA-4 aptamer-tagged scrambled control- or mK3-siRNA–treated BA+K3WT mice suffering from a CML relapse (n = 5).
Statistics by unpaired t test, two-sided. (M) CTLA-4 surface expression on LSK CD150+CD48− cells isolated from the BM of BA+K3WT mice treated with CTLA-4
aptamer tagged-scrambled control- or mK3-siRNA (n ≥ 3). (N and O) Ratio between PB CD45.2+ donor and CD45.1+ host cells (N) and percentage of PB
neutrophils of CD45.2+ donor cells (O) in sublethally irradiated CD45.1+ WT recipients receiving 100 or 400 CD45.2+ LSK CD150+CD48− cells derived from CTLA-
4 aptamer-tagged scrambled control- or mK3-siRNA–treated BA+K3WT mice (n ≥ 8). Statistics by two-way ANOVA, Sidak’s multiple-comparison test (N), and
multiple t test, two-sided (O). Data are shown as mean ± SD if not indicated otherwise. *P < 0.05, **P < 0.01, and ***P < 0.001.
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aptamer-tagged mK3-siRNA–treated BA+K3WT mice strongly
suggest that the treatment targets, mobilizes, and eventually
eradicates disease-initiating LSCs. To test the hypothesis, we first
engrafted 100 CD45.2+ LSK CD150+CD48− cells derived from
the BM of CTLA-4 aptamer-tagged scrambled control- or mK3-
siRNA–treated BA+K3WT mice into sublethally irradiated
CD45.1+ WT recipients and monitored PB donor cell repopu-
lation and CML development. Whereas the LSK CD150+CD48−

cells from scrambled control-siRNA–treated BA+K3WT mice rapidly
engrafted and developed a leukemic neutrophil population in 9 out of
12 recipient mice, the LSK CD150+CD48− cells from mK3-
siRNA–treated BA+K3WT animals showed poor repopulation po-
tential and increased neutrophil numbers in only 1 out of 12 recipient
mice (Fig. 5 N and O). The engraftment potential of 400 CD45.2+

LSK CD150+CD48− cells from mK3-siRNA–treated BA+K3WT

donor mice was comparable to that of 400 LSK CD150+CD48− cells
from scrambled control-siRNA–treated BA+K3WT donor mice.
However, the increase of CD45.2+ leukemic neutrophils in the PB
was only observed when mice received LSK CD150+CD48− cells
from scrambled control-siRNA–treated leukemic BA+K3WT donor
mice (Fig. 5 N and O). The calculation of disease-initiating LSCs
revealed that the BM of BA+K3WT mice treated with CTLA-4
aptamer-tagged scrambled control-siRNA harbored 1 LSC per 71
LSK CD150+CD48− cells, while the BM of BA+K3WT mice treated
with CTLA-4 aptamer-tagged mK3-siRNA harbored 1 LSC per 927
LSK CD150+CD48− cells.
Taken together, our results demonstrate that the in vivo de-

livery of a K3-siRNA via LSC-specific anchors targets and dis-
places disease-initiating LSCs in the BM and halts CML
progression in and extends lifespan of CML mice.

Discussion
A hallmark of hematological malignancies that initiate from
LSCs is the profound remodeling and adaptation of the normal
HSPC BM environment, which reinforces the activity of LSCs
and in the end leads to the displacement of normal hemato-
poiesis (3, 4). Attempts to halt disease progression by releasing
LSCs from their malignant BM microenvironment, however,
have produced conflicting results (47–53). The major drawback
of the approach is relocation of the leukemia from the BM to
secondary organs such as the spleen or central nervous system
(48, 54). Since most blood cells including normal HSPCs require
integrins to extravasate and retain in the BM (28, 55, 56), we
asked whether abrogating K3 expression and thereby abolishing
the activation and function of most if not all integrin classes on
LSCs is sufficient to induce LSC detachment from the BM mi-
croenvironment, prevent their settlement in distant organs, and
protect from leukemia.
We used the inducible double-transgenic Scl-tTA/Tre-Bcr-Abl

(BA+) murine CML model (37) to investigate K3 function(s) in
LSCs and for the course of leukemia. Tamoxifen-induced dele-
tion of K3 followed by inducing the expression of Bcr-Abl in
BA+ mixed BM chimeras produced a rapid release of BA+K3−

HSPCs into the circulation, a delayed increase of neutrophil
counts in the PB, and a significant lifespan extension. The cir-
culating BA+K3− HSPCs were unable to settle in secondary
hematopoietic organs and induce an extramedullary leukemia.
The marked lifespan extension of leukemic mice was apparent
irrespective of whether Bcr-Abl expression was induced before
or after the deletion of Fermt3, indicating that K3 loss curbs both
the development and the progression of CML.
Our findings also indicate that K3 deficiency curbs the deadly

blast-like crisis induced with p210 Bcr-Abl–expressing (BA+)
32D myeloid progenitor cells (40, 57) in syngeneic recipient
mice. The lack of K3 expression reduced peripheral survival,
proliferation, and BM homing of BA+ 32D cells and prolonged
the survival of engrafted mice. K3 loss abolished the Bcr-
Abl–mediated integrin hyperactivity of BA+ 32D cells caused

by up-regulating Talin-1 and K3 mRNA transcription. Inducing
integrin hyperactivity is a subtle and highly efficient strategy of
the Bcr-Abl oncogene to induce remodeling of the BM envi-
ronment and strong adhesion to and retention of LSCs in the
protective microenvironment of the BM and secondary organs,
which eventually results in metastatic leukemia.
The disruptive power of K3 loss on LSCs and the course of

CML identified K3 depletion as a treatment strategy. The vital
role of K3 for several hematopoietic cells including normal
HSPCs (28), however, demanded a delivery system that transfers
an anti-K3 compound such as K3-siRNA into LSCs and yet
avoids normal HSPCs. In our search for such a delivery system,
we discovered that the immune checkpoint receptor CTLA-4 is
expressed on ∼10% of BA+ (LSK CD150+CD48−) HSCs but not
normal (BA−) HSCs, and that the disease-initiating LSCs are
enriched in the CTLA-4+ BA+ HSC population. To exploit
CTLA-4 expression on LSCs for a targeted treatment of leuke-
mic BA+K3WT mice, we fused a CTLA-4–binding RNA-based
aptamer (46) to a stable K3-siRNA. This treatment approach
efficiently depleted K3 in CTLA-4+ BA+ LSK cells, decreased
the disease-initiating LSC numbers in the BM and neutrophil
counts in the PB, prevented LSC dissemination into extra-
medullary organs, prolonged the survival of the CML mice, and,
most impressively, induced long-lasting remissions in mice suf-
fering from CML relapses. Importantly, the CTLA-4 RNA
aptamer by itself showed no obvious side effects such as in-
flammation or T cell activation, which is probably due to the
poor anti–CTLA-4 inhibitory activity of the monomeric form of
the RNA aptamer (46) used in our study.
Transplantation experiments with BA+ LSK CD150+CD48−

cells derived from the BM of CTLA-4 aptamer scrambled control-
siRNA–treated BA+ leukemic mice indicate that the disease-
initiating LSCs are rare and lowered by more than 100-fold
upon CTLA-4 aptamer-tagged K3-siRNA treatment. Our calcu-
lations indicate that the leukemia-initiating capacity is restricted to
∼1% of the BA+ LSK CD150+CD48− cell population, which is in
line with a published study (58), and to ∼10% of CTLA-4+ BA+

LSK CD150+CD48− cells, which suggests that the size of the
CTLA-4+ BA+ LSK CD150+CD48− cell population exceeds the
number of CTLA-4+ disease-initiating BA+ LSCs. It is conceiv-
able, therefore, that BA+ LSK CD150+CD48− cells acquire mu-
tations that induce the expression of CTLA-4 before a mutation(s)
arises that cooperates with Bcr-Abl to generate disease-initiating
LSCs. If so, dislodging the entire pool of CTLA-4+ BA+ LSK
CD150+CD48− cells from the BM environment might eliminate
not only disease-initiating LSCs but also their premalignant
progenitors.
Inspection of the published literature revealed that also a CML

patient-derived CD34+ BM cell population expresses CTLA-4
(59). Unfortunately, this CTLA-4+ cell population was not further
characterized, and therefore it is not possible to deduce from these
data whether the human disease-initiating LSCs are, like in the
mouse, enriched in this CTLA-4+ BM cell population. Clearly, the
CTLA-4 aptamer also binds to human CTLA-4 (60) and effi-
ciently delivers a stable human K3-siRNA into activated T cells,
decreasing K3 mRNA expression. These findings highlight the
principal feasibility of our approach in the human system and call
for trials in a humanized mouse model.

Materials and Methods
Detailed descriptions are provided in SI Appendix.

Experimental Models.
Mice. CML was induced in mice carrying the Scl-tTA and Tre-Bcr-Abl (BAcond)
transgenes and blocked by tetracycline administration via drinking water
(0.5 g/L; bela-pharm) (37). K3flox/flox Rosa26Cre-ERT2 (K3cond) mice have been
described (28). These mice were backcrossed and kept on a C57BL/6 back-
ground. C3H/HeOuJ mice were obtained from Charles River. Mice were kept
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under specific pathogen-free conditions in the animal facility of the Max
Planck Institute of Biochemistry. The mouse experiments were approved by
the Government of Upper Bavaria.
Cell lines. All cell lines were cultured at 37 °C and 5% CO2. All cell lines were
routinely screened for mycoplasma contamination by PCR-based screenings
(PCR Mycoplasma Test Kit II; PanReac AppliChem) following the instructions
of the manufacturer. Cell lines were routinely characterized by surface
marker expression using flow cytometry.

32D cells (clone 3, mouse, ACC-411; DSMZ) were cultured in Roswell Park
Memorial Institute (RPMI) 1640 medium (Gibco) supplemented with 10% fetal
calf serum (FCS), 10% preconditioned supernatant of Wehi-3B cell (mouse,
ACC-26; DSMZ) cultures, glutamine, and antibiotics. Wehi-3B cells were cul-
tured in RPMI-1640 supplemented with 10% FCS, glutamine, and antibiotics.

Quantification and Statistical Analysis. Statistical analysis was performed with
GraphPad Prism 6. For every reported dataset at least two independent ex-
periments were performed. All datasets were tested for normal distribution.

Statistical significance was assumed at P < 0.05. *P < 0.05, **P < 0.01, and
***P < 0.001. Statistical tests used for the experiments are described in the
figure legends. Unless otherwise noted, all values are reported as mean ± SD.

Data Availability. We confirm that the data supporting the findings of this
study are available within the article and SI Appendix or in public resources
(Microarray Innovations in Leukemia Study; National Center for Biotech-
nology Information Gene Expression Omnibus [GSE13159]).
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