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Key Points

•miR-26a is a key regu-
lator for apoptosis of
cancer cells and hema-
topoietic toxicity of
chemotherapy.

• A novel chimera with an
anti-KIT aptamer and
miR-26a can selectively
deliver microRNA to
cancer cells and
HSPCs.

The efficacy of traditional chemotherapy is limited by its toxicity, especially with regard to

hematopoiesis. Here we show that miR-26a plays a critical role in protecting mice against

chemotherapy-induced myeloid suppression by targeting a proapoptotic protein (Bak1)

in hematopoietic stem/progenitor cells (HSPCs). Because c-Kit is expressed at high levels

in HSPCs, we designed a microRNA-aptamer chimera that contains miR-26a mimic and

c-Kit–targeting aptamer and successfully delivered miR-26a into HSPCs to attenuate toxicity of

59 fluorouracil (5-FU) and carboplatin. Meanwhile, our in silico analysis revealed widespread

and prognosis-associated downregulation of miR-26a in advanced breast cancer and also

showed thatKIT is overexpressed among basal-like breast cancer cells and that such expression

is associated with poor prognosis. Importantly, the miR-26a aptamer effectively repressed

tumor growth in vivo and synergized with 5-FU or carboplatin in cancer therapy in the mouse

breast cancer models. Thus, targeted delivery of miR-26a suppresses tumor growth while

protecting the host against myelosuppression by chemotherapy.

Introduction

Because of the highly regenerative nature of the hematopoietic system,1 commonly used cytotoxic
chemotherapy often causes myelosuppression, as manifested by neutropenia and severe anemia.2

Myelosuppression is a cause of dose-limiting toxicity; therefore, it limits the intensity of chemotherapy for
multiple cancer types and thus likely contributes to the reduced therapeutic effect.3

On the basis of analysis of hematopoietic stem-cell (HSC) niches4 and the kinetics of HSC proliferation,5,6

it has been suggested that distinct HSCs are responsible for homeostatic and injury-induced
hematopoiesis.4,5,7,8 Actively cycling HSCs mediate homeostatic hematopoiesis, whereas dormant HSCs
are responsible for injury-induced hematopoiesis.4,5,7,8 Although HSCs responsible for injury-induced but
not homeostatic hematopoiesis are vulnerable to destruction by macrophages unless protected by CD47,9

it is unclear whether the HSCs that mediate homeostatic versus injury-induced homeostatic proliferation
are maintained by distinct molecular programs.

Because chemotherapeutic drugs10-12 cause massive cell loss and trigger injury-induced hematopoi-
esis, understanding regulators that selectively regulate injury-induced hematopoiesis may lead to new
approaches in minimizing myelosuppression associated with chemotherapy. In this context, it is of great
interest to consider the role of microRNA (miRNA). With exception of natural killer T cells, most lineages
of hematopoietic cells developed normally when the Dicer1 gene, a critical regulator for most miRNA,
was deleted in both vascular endothelial stem cells and HSCs.13 However, under conditions that could
have elicited injury-induced hematopoiesis, including treatment that induced inflammation and bone
marrow transplantation, theDicer1 gene as well as specific miRNA, such as miR125, played a major role
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in hematopoiesis.14 It is therefore of interest to explore whether
injury-induced hematopoiesis under the condition of cancer che-
motherapy can be protected by manipulation of specific miRNA.

In this study, we show that miR-26a mediates a converging pathway
in chemotherapy-related myelosuppression and tumor suppression
and describe an miRNA aptamer as a platform to deliver miRNA to
enhance the therapeutic effect of chemotherapy while abrogating
myelosuppression.

Methods

Bioinformatic analyses

Level 3 data of miRNA sequencing and RNA sequencing (version 2)
measured by Illumina HiSeq and clinical annotation tables of breast
tumors from The Cancer Genome Atlas (TCGA) were downloaded
from the University of California Santa Cruz Cancer Genomics
Browser. miRNA expression value wasmeasured as counts normalized
to reads per million mapped reads, and Wilcoxon rank sum tests were
used for comparisons between basal-like breast tumors and normal
breast tissue, with a false-discovery rate , 0.05 and log2 ratio . 0.5
(,0.5) considered significantly upregulated (or downregulated). The
target prediction of miR-26a was performed using TargetScan 3.0
software (http://www.targetscan.org/) and miRBase (http://microrna.
sanger.ac.uk/).

Aptamer and miRNA chimera preparation

DNA sequences for anti-human KIT aptamer15 and mouse c-Kit
aptamers16 conjugated with biotin at 39were functionalized by short
denaturation-renaturation step (95°C for 10 minutes; 5 minutes of
snap cooling on ice). These DNA sequences were 59-GAGGCA
TACCAGCTTATTCAAGGGGCCGGGGCAAGGGGGGGG
TACCGTGGTAGGACATAGTAAGTGCAATCTGCGAA-39 for hu-
man KIT and 59-GCTCAACGCGGGACGGCTCTCCCATTGAC-39
for mouse c-Kit. For chimera preparation, a human KIT–aptamer
or mouse c-Kit–aptamer miR-26a chimera was assembled by 3
compartments of DNA/RNA hybrid sequences. The sequences were
59-GAGGCATACCAGCTTATTCAAGGGGCCGGGGCAAG
GGGGGGGTACCGTGGTAGGACATAGTAAGTGCAATCTG
CGAA/C3 spacer/CCUAUUCUGG-39 for the human KIT aptamer
plus part of the passenger sequence for miR-26a-5p, 59-
GCTCAACGCGGGACGGCTCTCCCATTGAC/C3 spacer/
CCUAUUCUGG-39 for the mouse c-Kit aptamer plus part of the
passenger sequence for miR-26a-5p, 59-GUUACUUGCACG/
TEG (triethylene glycol)-Cholesterol-39 for part of the sequence
for miR-26a-5p plus cholesterol, and 59-UUCAAGUAAUCCAG
GAUAGGCU-39 for the guide sequence for miR-26a-5p (italics
indicate RNA sequences). The guide sequence for scramble
control wasGGUUCGUACGUACACUGUUCA. The RNA sequences
were modified with 2’-fluoro-uridines. The conjugation with cholesterol at
39 oligonucleotide improved in vivo pharmacokinetic properties,
enhanced the permeation of cellular membranes, and protected the
RNA from in vivo degradation.17-19 All oligonucleotides were synthesized
and purified by Integrated DNA Technologies (Coralville, IA).

Chimera treatment in vivo

For tumor models, the NSG mice and BALB/c mice were
subcutaneously injected with 2 3 106 viable MDA-MB-231 cells
and TUBO cells in their right hind limbs, respectively. After the
tumors grew to 1 cm in diameter, mice were randomly divided into

the following groups: the control group, with saline 100 mL
containing 2% serum, or the treatment group, with 670 pmol per
20g of chimeras and/or 5-fluorouracil (5-FU) 50 mg/kg or
carboplatin 40 mg/kg IV injected into the tail vein. Tumor sizes
were measured in 2 dimensions every 3 days. Tumor volume was
calculated as: V 5 (1/2)S2 3 L (where S was the shortest
dimension and L the longest dimension). For chimera treatment in
normal mice, C57BL/6 mice were treated with miR-26a chimera
(670 pmol per 20 g) daily for 3 days by IV injection. At day 2, 5-FU
150 mg/kg and/or carboplatin 120 mg/kg was injected with the
chimera. Peripheral blood was collected at days 5 and 10 after 5-FU
treatment. Complete blood counts were measured by Hemavet
950FS (Drew Scientific, Miami Lakes, FL). The animal protocol was
approved by the Institutional Animal Care and Use Committee at
Children’s National Medical Center.

Statistics

For statistical test selection, distribution fitting and variance testing
were determined to justify test selection. Data were analyzed using
a Student t test to compare between 2 groups, and 2-way repeated-
measures analysis of variance, followed by the Bonferroni post hoc
procedure, was used for follow-up pairwise comparison. Survival
data were analyzed by a Kaplan-Meier survival analysis with log-rank
test. Statistical calculations were performed using GraphPad Prism
software (GraphPad Software, San Diego, CA) and R software
(https://www.r-project.org/).

Data availability

All data generated or analyzed during this study were included in
this article and its supplemental information.

Results

Identification and validation of KIT-targeting miR-26a

chimera that inhibits human breast cancer growth in

vitro and in vivo

To identify an miRNA for treatment of advanced breast cancer, we
analyzed the breast cancer miRNA data set with information from
826 patients in TCGA program. Our in silico analysis revealed that
miR-26a-2 (mature miR-26a-1 and miR-26a-2 have the same
sequence despite being encoded by distinct genes, and the mature
sequence is referred to asmiR-26a) was significantly downregulated in
basal-like breast cancer in comparison with paired normal tissue; it also
showed that the downregulation was significantly associated
with shorter overall survival of patients with basal-like breast cancer
(Figure 1A; supplemental Figure 1A).

Because the ectopic expression of miR-26a inhibited the pro-
liferation and metastasis of basal-like breast cancer cells,20,21 we
sought to develop a method to deliver miR-26a into cancer cells.
To deliver the miR-26a mimic selectively to the basal-like breast
cancer, we sought for the cell-surface proteins enriched on the
basal-like breast cancer cells. Bioinformatic analysis using TCGA
database identified the KIT gene as the most highly expressed cell-
surface protein on the basal-like breast cancer cells compared with
other subtypes of breast cancer (supplemental Figure 1B). The
higher expression of the KIT gene was significantly associated with
poor clinical outcomes in patients with basal-like breast cancer,
although not in those with non–basal-cell breast cancer (supple-
mental Figure 2A-C). A majority of breast cancer samples, including
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Figure 1. Identification and validation of KIT-targeting miR-26a chimera that inhibits human breast cancer growth in vitro and in vivo. (A) Overall survival of patients

with basal-like breast cancer with higher or lower expression of miR-26a-2 based on expression scores compared with the mean value in TCGA cohort. (B) The binding of

anti-KIT antibody and KIT DNA aptamer to MDA-MB-231 cell line. Other cell-targeting aptamer is specific for Ramos cells. (C) The secondary structure of KIT aptamer–miR-26a

chimera. KIT DNA aptamer was linked with C3 linker to complementary RNA passenger sequence that was bound to miR-26a mimic sequence. Another RNA passenger sequence

binding to the 59 of miR-26 mimic was conjugated with triethylene glycol (TEG)–cholesterol. (D) Specific miR-26a delivery by the miR-26a chimera. Two days after incubation with

the miR-26a chimera, significant increase ofmiR-26a expression in the MDA-MB-231 cells compared with control (ctrl) chimera treatment was detected by quantitative polymerase

chain reaction. Data (mean 6 standard deviation [SD]) were pooled from 3 experiments. (E) miR-26a chimera suppressed the growth and induced apoptosis of MDA-MB-231

cells in a dose-dependent manner. After 3 days of culture with miR-26a chimera or ctrl chimera, MDA-MB-231 cell numbers (left) were counted using hemocytometer, and

percentage of annexin V1 cells (right) was determined by flow cytometry. Data (mean6 SD) were pooled from 2 experiments. (F) Significant suppression of EZH2 protein in miR-26a

chimera–treated MDA-MB-231 cells detected by immunoblot. (G) Relative expression of miR-26a in tumor harvested from NSG mice bearing human breast tumor with MDA-MB-

231 cells. Significant increase of miR-26a was observed in KIT1 tumor cells 3 days after IV injection with 670 pmol per 20 g of miR-26a chimera. Data (mean 6 SD) were pooled

from 2 experiments involving a total of 6 mice per group. (H) Therapeutic effect of miR-26a chimera. The tumor-bearing mice were treated daily with miR-26a chimera (670 pmol per

20 g) for 5 or 10 days (first injection defined as day 0). Data (mean 6 SD) were pooled from 2 experiments involving a total of 5 mice per group. Tumor volume over time

(left). Significant difference between miR-26 chimera (35) versus miR26 chimera (310; 2-way repeated-measures analysis of variance followed by Bonferroni post-test for

day 0 to day 18 detected the significant difference (interaction P 5 .0012). Kaplan-Myer survival curve (right). Log-rank test detected significant differences between ctrl chimera

group and miR-26a chimera groups (ctrl chimera vs miR-26 chimera [35], P 5 .002; ctrl chimera vs miR-26 chimera [310], P 5 .002). The difference in survival between

miR-26 chimera (35) and miR26 chimera (310) did not reach statistical significance (P 5 .077). *P , .05, **P , .01. Error bars indicate SD.
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both basal and nonbasal types, expressed high KIT and low miR-
26a (supplemental Figure 2D). Therefore, we decided to target KIT
proteins for the delivery of themiR-26a mimic breast cancer cells to
correct the abnormally suppressed miR-26a expression. Because
basal types expressed higher levels of the KIT gene (supplemental
Figure 2D), they were the primary candidates for the approach.

To evaluate the binding ability of the human KIT aptamer to basal-
like breast cancer cells, we performed flow cytometry analysis and
confirmed the binding to human basal-like breast cancer cell line
(MDA-MB-231). As shown in Figure 1B, the anti-KIT antibody and
aptamer revealed nearly identical distribution of KIT expression
among cancer cells, with higher levels on a small subset of cancer
cells. Using this aptamer, we designed a KIT-targeting miR-26a
chimera comprising (1) miR-26a-5p RNA mimic sequence, (2) anti-
KIT DNA aptamer linked with a part of the miR-26a complementary
sequence, and (3) triethylene glycol–cholesterol linked with the rest
of the complementary sequence (Figure 1C). The KIT receptor was
chosen because this receptor-targeting aptamer enhanced the uptake
of chimera via receptor-mediated internalization22; the conjugation of
triethylene glycol–cholesterol improved in vivo pharmacokinetic proper-
ties, enhanced the permeation of cellular membranes, and protected the
RNA from in vivo degradation17-19 while an internal nicking in the
complementary sequence of miR-26a prevented nonspecific miRNA
targeting by RNA-induced silencing complex complex.23 Using this
system, we confirmed that this chimera successfully delivered miR-
26a into the MDA-MB-231 cells (Figure 1D). Importantly, the chimera
consisting of miR-26a, but not scrambled sequence, inhibited cell
growth by the induction of apoptosis in vitro (Figure 1E). Corre-
spondingly, the chimera treatment in MDA-MD-231 cells significantly
suppressed EZH2 protein expression (Figure 1F), which is a major
oncogene for basal-like breast cancer.21

To evaluate the therapeutic potential of the miR-26a chimera, we
injected the chimera IV into immune-compromised NSG mice
bearing large MDA-MB-231 xenograft tumors daily either 5 or
10 times. To confirm specific targeting, we isolated single-cell
suspension from the tumors at 3 days after single injection, sorted
into KIT1 and KIT2 populations and measured miR-26a levels by
quantitative polymerase chain reaction. As shown in Figure 1G,
significant elevation of miR-26a was detected in KIT1 tumor cells
isolated from mice that received the miR-26a chimera. No increase
of miR-26a was observed in control chimera–treated KIT1 tumor
cells or in KIT2 tumor cells from mice that received either miR-26a
or control chimera. Therefore, the aptamer-based delivery allowed
specific targeting of KIT1 tumor cells. Remarkably, 5 or 10
injections with the miR-26a chimera, but not the control chimera,
significantly suppressed tumor growth and extended survival
(Figure 1H). These results suggest the therapeutic potential of
our miR-26a chimera for basal-like breast cancer treatment.

miR-26a protects hematopoiesis from

chemotherapeutic agent–induced myelosuppression

Because c-Kit is expressed at high levels in HSCs/progenitor cells
(HSPCs),24 we tested the effect of miR-26a on myelosuppres-
sion by 5-FU. As expected, 5-FU induced significant defects in
hematopoiesis, as revealed by reduction in leukocytes (white blood
cells [WBCs]; (Figure 2A; supplemental Figure 3A) and total BM
cellularity (Figure 2B). Remarkably, the miR-26a chimera signifi-
cantly ameliorated myelosuppression, as revealed by increased
leukocyte counts and BM cellularity. Consistent with this notion, we

found that it was transiently and significantly increased in HSPCs
after 5-FU treatment in vivo (supplemental Figure 3B), which
suggests that this acute expression of miR-26a might be involved in
the recovery of BM cells from 5-FU–induced myelosuppression.

Give the preferential expression of c-Kit in the HSPCs, we eval-
uated the protective effect of miR-26a on the HSPCs (LSK
population) against 5-FU. As shown in Figure 2C, 5-FU caused
nearly 10-fold reduction in the LSK population (CD3e2/B2202/
CD11b2/Gr-12/Ter1192/Sca-11/c-Kit1) at 5 days after treatment.
This was largely prevented by the miR-26a chimera (P5 .0063) but
not the control chimera. Correspondingly, the percent of apoptotic
LSK was massively increased by 5-FU and specifically protected by
the miR-26a but not the control chimera (Figure 2D).

Bak1 is a target of miR-26a for its myeloprotection

from chemotherapeutic agent

Using an in silico approach, we searched for miR-26a target genes
that potentially regulate apoptosis. Among them, Bak1 (Bcl-2
antagonist/killer1) is a putative target (Figure 3A). To directly test
whether miR-26a targets Bak1, we cloned the 39UTR of the
Bak1 downstream sequence into a luciferase reporter vector and
cotransfected it with miR-26a precursors miR-26a OE or miR-26a
TuD, which inhibits miRNA function by acting like a sponge for
miRNAs.25 The luciferase activity was significantly downregulated
by the overexpression of miR-26a. Further cotransfection of miR-26a
TuD inhibitor significantly rescued the downregulation of luciferase
activity caused by miR-26a overexpression. The depletion of miR-
26a binding site on the Bak1 39UTR abolished the inhibitory effects
of miR-26a OE on the luciferase expressions, indicating thatBak1 is
a direct target of miR-26a (Figure 3B).

To determine whether Bak1 is a target of miR-26a in vivo, we
compared Bak1 levels among LSK cells in mice that received
5-FU with or without miR-26a or control chimeras. As shown in
Figure 3C, Bak1 expression was massively induced by 5-FU
treatment in LSK cells. miR-26a but not control chimera treatment
significantly diminished the 5-FU–induced Bak1 elevation in vivo
(Figure 3C). To examine the role of Bak1 in chemotherapy-induced
hematopoietic injury, we treated Bak1 knockout mice and wild-type
mice with 5-FU and analyzed the frequency of LSK in bone marrow
at 5 days after treatment. As shown in Figure 3D, 5-FU–treated wild-
type mouse BM had a significantly lower percentage of LSK when
compared with BM of Bak1 knockout mice. When normalized against
the percentage of LSK in BM of the untreated mice, it was clear that
5-FU caused more dramatic reduction of Bak11/1 LSK than Bak12/2

LSK (Figure 3E). The myeloprotective effect against 5-FU by Bak1
deletion was further revealed by increased leukocyte counts and
platelet counts in peripheral blood of the 5-FU–treated Bak12/2 mice
(Figure 3F). These results demonstrate that exogenously delivered
miR-26a mediates myeloprotection from chemotherapy at least in part
by inhibiting Bak1-induced proapoptotic signaling.

miR-26a plays an essential role in hematopoietic

reconstitution by targeting Bak1 after BMT

To investigate the role of endogenous miR-26a on stress hemato-
poiesis, we tested the effect of miR-26a TuD inhibitor on hemato-
poietic recovery from BM transplantation (BMT). Although mice
receiving control inhibitor–treated BM survived the observation
period, .70% of mice receiving transplants of miR-26a TuD BM
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cells died between 7 and 10 days after BMT (Figure 4A), sug-
gesting that miR-26a plays a major role in stress hematopoiesis
during the BMT. Furthermore, we compared the miR-26a TuD–
transduced and control inhibitor–transduced BM cells for their
ability to compete with recipient-type BM. Briefly, donor-type BM
cells (CD45.2) were transduced with control inhibitor or miR-26a
TuD, mixed with equal number of recipient-type BM cells (CD45.1),
and then transplanted into lethally irradiated CD45.1 recipients. At
8 weeks, control inhibitor–transduced BM cells contributed roughly
40% of leukocytes in the peripheral blood, whereas miR-26a
TuD–transduced BM cells contributed only ;20% (Figure 4B left
panel). The significant reduction was observed throughout 20
weeks of observation period (Figure 4B right panel). Similar defects
were observed in B cells, T cells, and myeloid cells (Figure 4C).
Likewise, the miR-26a TuD BM-derived leukocytes were significantly
reduced in BM, spleen, and thymus (Figure 4D). The severe defects

were reflected among LSK cells (CD3e2/B2202/CD11b2/Gr-12/
Ter1192/Sca-11/c-Kit1) and HSCs (CD3e2/B2202/CD11b2/
Gr-12/Ter1192/Sca-11/c-Kit1/CD482/CD1501; Figure 4E). As
shown in Figure 4F, annexin V1 cells were significantly increased
both in miR-26a TuD–treated LSK and HSC populations. As
expected, Bak1 expression levels were also significantly increased
in these populations (Figure 4G). These results suggest that miR-
26a plays an essential role against hematopoietic stresses by
inhibiting an apoptotic pathway.

To further determine whether Bak1 is a target of miR-26a on stress
hematopoiesis, we inhibited miR-26a function in Bak2/2 mouse BM
cells and tested the effect on recovery from BMT. Although .60%
ofmice receiving transplants of miR-26a TuD–treatedBak11/1BMcells
died after BMT, all but 1 recipient of miR-26a TuD–treatedBak12/2BM
cells recovered (Figure 5A). The synthetic lethality suggests that Bak1 is
the critical target gene of miR-26a in stress hematopoiesis. To critically
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Figure 2. miR-26a protects hematopoiesis from chemotherapeutic agent–inducedmyelosuppression. The mice received IV injection of 670 pmol per 20g of miR-26a or

control (ctrl) chimera daily for 3 days. On day 2 of chimera treatment, 5-FU 150 mg/kg was injected. (A) The numbers of WBCs, red blood cells (RBCs), and platelets (PLTs)

10 days after 5-FU treatment. Data (mean 6 SD) were pooled from 2 experiments involving a total of 6 mice per group. (B) The number of bone marrow (BM) cells 10 days

after 5-FU treatment. Data (mean 6 SD) were pooled from 2 experiments involving a total of 6 mice per group. (C) Representative picture of LSK population 5 days after 5-FU

treatment with or without miR-26a chimera treatment (left). Percentages of LSK population (right). Data (mean6 SD) were pooled from 2 experiments involving a total of 6 mice per

group. (D) Apoptosis. Representative picture of annexin V1 in LSK population 5 days after 5-FU treatment (left). Percentages of annexin V1 in the LSK population (right). Data

(mean 6 SD) were pooled from 2 experiments involving a total of 6 mice per group. *P , .05, **P , .01. Error bars indicate SD.
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evaluate the impact of the miR-26a-Bak1 axis on stress hematopoiesis,
donor-type BM cells derived from Bak1/1 or Bak12/2 mice (CD45.2)
were transduced with either control TuD or miR-26 TuD, mixed with
equal number of recipient-type BM cells (CD45.1), and then trans-
planted into lethally irradiated CD45.1 recipients; we then analyzed the
donor contribution at 8 weeks after BMT. As shown in Figure 5B, miR-
26a TuD–transduced Bak12/2 BM cells contributed ;40% of leuko-
cytes in the peripheral blood, whereas miR-26a TuD–transduced
Bak11/1 BM cells contributed only;20% (Figure 5B left panel).
The defects were significantly rescued by using Bak12/2 BM cells
throughout 8weeks of observation period (Figure 5B right panel). Similar
effects were observed in B cells, T cells, and myeloid cells (Figure 5C).

miR-26a chimera inhibits mouse breast cancer growth

and protects from 5-FU–induced myelosuppression

We used the mouse TUBO breast cancer model to evaluate the
therapeutic potential of the miR-26a chimera for the myeloprotection

and antitumor growth in breast cancer chemotherapy. We first tested
the binding ability of an aptamer targeting mouse c-Kit to the TUBO
cells by flow cytometry. As shown in Figure 6A, the biotinylated c-Kit
aptamer bound to TUBO cells at nearly identical levels to an
anti–c-Kit antibody. We also confirmed that this c-Kit aptamer bound
to exogenously expressed mouse c-Kit protein on mouse MEF cells,
comparable to a c-Kit antibody (supplemental Figure 4A). To determine
whether the mouse c-Kit–miR-26a chimera could inhibit the growth of
mouse breast cancer cells in vitro, we treated the TUBO cells with
increasing doses of the miR-26a or control chimera and counted
the viable cells under microscope at 2 days after the treatment. As
shown in Figure 6B (left panel), the miR-26a chimera alone caused a
dose-dependent reduction in tumor-cell number, with 50% inhibitory
concentration of approximately 83 nM. This is considerably more
effective than 7 mM of 5-FU alone, which cause ,20% reduction in
tumor-cell number. In combination, 5-FU and the miR-26a chimera
synergistically reduced tumor cells. The reduction resulted from
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induction of apoptosis as the percentage of apoptotic TUBO cells
were increased by both 5-FU and the miR-26a chimera and their
combination (Figure 6B right panel).

To test the therapeutic effect of the miR-26a chimera, we injected
the miR-26a or control chimera intravenously into TUBO tumor–
bearing mice. As shown in supplemental Figure 5A, significant
levels of the miR-26a chimera could be detected in the blood of

tumor-bearing mice that received 670 pmol of chimera up to 8
hours after injection. Moreover, the accumulation of the miR-26a
chimera in the tumor was visualized by in vivo imaging using
Alexa Fluor 647 dye-conjugated miR-26a chimera (supplemental
Figure 5B). To further confirm the targeting delivery of miR-26a in
vivo, we measured the levels of miR-26a among sorted c-Kit1 and
c-Kit2 TUBO cells at 3 days after injection by quantitative polymerase
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chain reaction. As shown in Figure 6C, a significant increase of miR-
26a was detected among c-Kit1 but not c-Kit2 tumor cells, thus
confirming specific delivery of miR-26a to c-Kit1 tumor cells.
Functional delivery was further confirmed by the specific decrease
in the miR-26a target gene Ezh2 and the protein among c-Kit1 tumor
cells (Figure 6D; supplemental Figure 6A). In contrast, Bak1 was
barely expressed among c-Kit1 tumor cells (supplemental Figure 6B),
and such expression was not significantly regulated by the miR-26a
chimera (P 5 .49; Figure 6E).

The c-Kit aptamer has been reported to bind to a cell population in
mouse BM cells like a c-Kit antibody.16 As shown in supplemental
Figure 4B, we observed that this c-Kit aptamer bound to the lineage2

population (CD3e2/B2202/CD11b2/Gr-12/Ter1192) in BM cells.
Consistent with these results, a selective increase in miR-26a levels
was observed in c-Kit1 BM cells from mice treated with the miR-
26a chimera on day 3 after single treatment in non–tumor-bearing

C57BL/6 mice (Figure 6F). Interestingly, in mice that received no
5-FU treatment, c-Kit1HSPCs also expressed low levels ofBak1, and
its expression was not significantly downregulated by the miR-26a
chimera (Figure 6G). Therefore, it seems that miR-26a regulates only
abnormally induced Bak1 expression during stress-induced hemato-
poiesis, such as within hosts receiving irradiation or chemotherapy.4

To determine whether Bak1 is a target gene of miR-26a in BM and
tumor cells during chemotherapy in vivo, we treated mice bearing
mammary tumors (TUBO) with the miR-26a chimera and 5-FU
(Figure 6H). We observed a significant elevation of Bak1 by 5-FU
treatment in c-Kit1 BM cells, but not in c-Kit1 tumor cells
(Figure 6H-I). Further miR-26a chimera treatment suppressed the
elevation of Bak1 in c-Kit1 BM cells, suggesting a different
sensitivity against 5-FU treatment in this dose between tumor and
BM cells for initiating the Bak1-related apoptotic signaling pathway,
which may explain the different effects of the miR-26a chimera
between tumor and BM cells in vivo.
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Regarding antitumor effect of the miR-26a chimera, we observed a
significant decrease in tumor size after 5 daily injections of the miR-
26a chimera (Figure 6J). Although either 5-FU or miR-26a chimera
monotherapy was sufficient to cause growth retardation, the miR-26a
chimera seemed more effective than 5-FU treatment (Figure 6J).
Remarkably, combining 5-FU with the miR-26a chimera achieved the
most effective growth retardation (Figure 6K).

Notably, the number of leukocytes in TUBO tumor–bearing mice
were nearly 3 times more than the normal range of 8.051/2

1.04 3 103/mL,26 which is consistent with tumor-induced leukocy-
tosis. As expected, 5-FU treatment not only eliminated leukocytosis
but also caused significant leukopenia and thrombocytopenia
(Figure 6L; supplemental Figure 7). Importantly, combination treat-
ment with the miR-26a chimera nearly doubled the number of
leukocytes (WBCs) and thrombocytes (platelets) and largely
prevented leukopenia (Figure 6L; supplemental Figure 7).

miR-26a chimera protects mice from

carboplatin-induced myelosuppression and

inhibits human breast cancer growth

The addition of neoadjuvant carboplatin to the regimen of taxane
and anthracycline significantly increases the proportion of patients
achieving a pathological complete response.27 However, adverse
effects such as anemia, neutropenia, and thrombocytopenia (grade
3 or 4 hematological events) occur more frequently in the patient
group administered carboplatin. We therefore tested the protective
effect of miR-26a on myelosuppression by carboplatin treatment.
As observed in the clinical trial,27 high-dose carboplatin treatment
induced significant defects in hematopoiesis. Compared with
vehicle, a single dose of carboplatin significantly reduced WBC
and platelet counts as early as day 5 (Figure 7A). The defect
persisted and was exacerbated for at least 10 days, when a
reduction of red blood cells was also observed (Figure 7B).
Remarkably, 3 daily injections of the miR-26a chimera, but not the
control chimera, prevented reductions in WBCs and red blood
cells. Although reduction in platelets on day 5 was not prevented,
the miR-26a chimera prevented a further drop in platelets from day
5 to day 10. Therefore, the myeloprotective effect of the miR-26a
chimera is not limited to 5-FU.

To determine the combinational effect of chemoreagents and miR-
26a chimera against human breast cancer growth in vivo, we

treated the mice bearing mammary tumors (MDA-MB-231) with the
miR-26a chimera in combination with either 5-FU or carboplatin
(Figure 7C-D). Although either 5-FU, carboplatin, or miR-26a chimera
monotherapy was sufficient to cause growth retardation, the com-
bination of these chemoreagents with the miR-26a chimera achieved
substantial tumor regression (Figure 7C-D).

Discussion

Taken together, on the basis of our finding that miR-26a mediated a
converging pathway in cancer progression and chemotherapy-
induced myelosuppression, we developed a new combination
therapy that improved efficacy of 5-FU and carboplatin while
ameliorating their main adverse effect. The dual benefit of
combination therapy will likely extend to other chemotherapies,
because miR-26a has been shown to act synergistically
with paclitaxel in killing breast cancer cells in vitro.28 Apart
from 5-FU, our data show remarkable efficacy of the miR-26a
chimera in protecting mice against hematopoietic toxicity from
carboplatin. Carboplatin is a platinum-based and interstrand
cross-linking antineoplastic agent. Platinum-based compounds
remain in use for chemotherapy drugs despite toxicity.27 By
preventing its hematopoietic toxicity, our new approach
may allow even broader use of this class of chemotherapeutic
drugs.

Although general and specific inactivations of miRNA play a major
role in cancer pathogenesis,29-31 difficulties in miRNA delivery to
cancer cells have limited the potential utility of miRNA in cancer
therapy. Although an adenovirus-associated virus-based miRNA
delivery system was reported for miR-26a administration in a liver
cancer model,32 it is unclear whether this is generally applicable to
other cancer types. Here we have demonstrated that an aptamer can
be used for specific delivery of miRNA to targeted cells, providing the
advantages of effectiveness at a lower dose, low immunogenicity,
and high scalability for miRNA delivery with no risk of genomic
integration.33 Given the existence of the large bank of aptamers for
cell-surface markers, the new approach described herein will likely
have a broad impact in the study of the biological function of miRNA
in vivo and in cancer therapy. Although our study needs further
examination to validate the effect of the miR-26a chimera in breast
cancer therapy using primary cells and other cell lines derived from
other subtypes of breast cancer, it has demonstrated the therapeutic

Figure 6. (continued) denote the significant difference between ctrl chimera vs miR-26a chimera and between ctrl chimera plus 5-FU vs miR-26a chimera plus 5FU.

Data (mean 6 SD) were pooled from 2 experiments. (C-E) miR-26a, Ezh2, and Bak1 expressions in c-Kit1 or c-Kit2 cells harvested from TUBO-derived tumors in

BALB/c mice treated with miR-26a chimera (670 pmol per 20 g) for 3 days. Data (mean6 SD) were pooled from 2 experiments involving a total of 6 mice per group. (F,G)miR-26a

and Bak1 expressions in BM detected by quantitative polymerase chain reaction at 3 days after IV injection with the miR-26a chimera (670 pmol per 20 g). Data (mean 6 SD)

were pooled from 2 experiments involving a total of 6 mice per group. (H) Bak1 expression in c-Kit1 BM cells harvested from tumor (TUBO)-bearing BALB/c mice treated with

miR-26a chimera (670 pmol per 20 g; 3 times) and 5-FU 50 mg/kg. Representative plots of Bak1 levels in cKit1 BM cells at day 3 after 5-FU treatment (left). Mean fluorescence

intensity (MFI) of Bak1 staining in cKit1 BM cells (right). Data (mean 6 SD) were pooled from 2 experiments involving a total of 3 mice per group. (I) MFI of Bak1 staining in cKit1

tumor cells harvested from the tumor (TUBO)-bearing BALB/c mice treated with miR-26a chimera (670 pmol per 20 g; 3 times) and 5-FU 50 mg/kg. Data (mean 6 SD) were

pooled from 2 experiments involving a total of 3 mice per group. (J) Tumor volume over time. BALB/c mice bearing TUBO cells were treated with miR-26a chimera (670 pmol per

20 g; 5 times, gray arrows) and 5-FU 50 mg/kg (3 times, blue arrows). Data (mean6 SD) were pooled from 2 experiments involving a total of 6 mice per group. There was significant

difference between the 5-FU–only group vs miR-26a chimera–only group (2-way repeated-measures analysis of variance [ANOVA] followed by Bonferroni post-test for day 0

to day 18; interaction P, .001). (K) Tumor volume over time after combinational treatment with 5-FU and chimeras. Data (mean 6 SD) were pooled from 2 experiments involving a

total of 6 mice per group. There was a significant difference between 5-FU plus ctrl chimera group vs 5-FU plus miR-26a chimera group (2-way repeated-measures ANOVA followed

by Bonferroni post-test for day 0 to day 21; interaction P , .0001). (L) The numbers of WBCs and platelets (PLTs) in the tumor bearing mice 5 days after 5-FU treatment. Data

(mean 6 s.d.) pooled from 2 experiments involving a total of 6 mice per group. *P , .05, **P , .01. Error bars indicate SD.
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Figure 7. miR-26a protects mice against carboplatin-inducedmyelosuppression. The mice received IV injection of 670 pmol per 20 g of miR-26a or control (ctrl) chimera daily

for 3 days. On day 2 of the chimera treatment, carboplatin 120 mg/kg was injected. The numbers of WBCs, red blood cells (RBCs), and platelet (PLTs) 5 days (A) and 10 days (B) after

carboplatin treatment. Data (mean 6 SD) were pooled from 2 experiments involving a total of 3 mice per group. (C) Therapeutic effect of miR-26a chimera with 5-FU. NSG mice

bearing MDA-MB-231 cells were treated with miR-26a chimera (670 pmol per 20 g; 5 times) and/or 5-FU 50 mg/kg (3 times). Data (mean 6 SD) were pooled from 2 experiments

involving a total of 6 mice per group. There was a significant difference between the 5-FU plus ctrl chimera group vs 5-FU plus miR-26a chimera group (2-way repeated-measures

analysis of variance [ANOVA] followed by Bonferroni post-test for day 0 to day 21; interaction P, .0001). (D) Therapeutic effect of miR-26a chimera with carboplatin. NSGmice bearing

MDA-MB-231 cells were treated with miR-26a chimera (670 pmol per 20 g; 5 times) and/or carboplatin 40 mg/kg (3 times). Data (mean 6 SD) were pooled from 2 experiments

involving a total of 6 mice per group. There was a significant difference between the carboplatin plus ctrl chimera group vs carboplatin plus miR-26a chimera group (2-way

repeated-measures ANOVA followed by Bonferroni post-test for day 0 to day 24; interaction P , .0001). *P , .05, **P , .01. Error bars indicate SD.
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potential of our miR-26a chimera for basal-like breast cancer
treatment.

Furthermore, although our study focused on breast cancer models,
miR-26a as a tumor suppressor has been observed in other cancer
types, including prostate cancer, pancreatic cancer, and lung
cancer.34-36 Likewise, KIT is also widely expressed among human
cancers, including gastrointestinal stromal tumors, myeloid leuke-
mia, small-cell lung cancer, prostate cancer, pancreatic cancer,
ovarian cancer, and glioblastoma.37-43 Therefore, the clinical
significance of our miR-26a chimera targeting KIT1 cancers could
extend well beyond breast cancer.
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