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MicroRNA-155 (miR-155) is an oncogenic microRNA that regulates
several pathways involved in cell division and immunoregulation.
It is overexpressed in numerous cancers, is often correlated with
poor prognosis, and is thus a key target for future therapies. In this
work we show that overexpression of miR-155 in lymphoid tissues
results in disseminated lymphoma characterized by a clonal, trans-
plantable pre-B-cell population of neoplastic lymphocytes. With-
drawal of miR-155 in mice with established disease results in
rapid regression of lymphadenopathy, in part because of apoptosis
of the malignant lymphocytes, demonstrating that these tumors
are dependent on miR-155 expression. We show that systemic de-
livery of antisense peptide nucleic acids encapsulated in unique
polymer nanoparticles inhibits miR-155 and slows the growth of
these “addicted” pre-B-cell tumors in vivo, suggesting a promising
therapeutic option for lymphoma/leukemia.
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MicroRNAs (miRNAs) govern nearly every biological pro-
cess investigated (1-8). MicroRNA-155 (miR-155) in par-
ticular is one of the most salient miRNAs, and although its role in
immune function has been the subject of much attention (9-14),
manifold studies also implicate it in cancer pathways, particularly
those of hematopoietic origin (11, 15-21). miR-155 is induced in
several lymphomas, such as diffuse large B-cell lymphomas,
Hodgkin lymphomas, and subsets of Burkitt lymphomas (16, 18,
22), and ectopic expression of miR-155 in a transgenic mouse
model leads to B-cell malignancy (15, 23). Furthermore, miR-
155 induction in hematopoietic cells of myeloid origin results in
a myeloproliferative pathology characterized by granulocyte/
monocyte expansion in lymphoid tissues (24, 25). At the mole-
cular level, miR-155 directly targets SH2-containing inositol
phosphatase (SHIP1), a negative regulator of myeloid cell prolif-
eration and survival. Furthermore, in diffuse large B-cell lympho-
mas, miR-155 induction and subsequent SHIP1 repression are
TNF-oa-dependent (23, 24, 26). Although these studies provide
compelling evidence for miR-155 involvement in lymphoproli-
ferative disease, the degree to which the survival of these cancers
depend on maintained miR-155 expression has not been estab-
lished, a crucial point to ascertain in determining whether or
not inhibition of miR-155 has therapeutic promise.

It is known that several protein-coding oncogenes such as Egfr,
Myc, Ras, and Her2 (among others) exhibit oncogene addiction
and that tumors can become dependent on maintained expres-
sion of these genes in mouse models (27-29). Recently, we de-
scribed a miR-21-induced mouse model of lymphoma in which
tumors were dependent on maintained expression of miR-21,
demonstrating that miRNAs are a unique class of genes that
mediate oncogene addiction (30).

Toward cancer therapy, anti-miR molecules could potentially
be used to attenuate oncogenic miRNAs, ultimately exploiting
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the miRNA dependence exhibited by certain tumors. In recent
years, anti-miRs have emerged as useful tools for inhibiting the
function of miRNAs. Chemically modified anti-miRs, such as
cholesterol-conjugated “antagomirs,” locked nucleic acid oligo-
nucleotides, and polylysine-conjugated peptide nucleic acids
(PNAs) have demonstrated effectiveness in vivo (31-33). From a
sterics perspective, the range of functional modifications achiev-
able for anti-miRs is limited. On the contrary, nanoparticulate
delivery systems (<1-pm diameter) are well suited to support a
multitude of delivery-enhancing modifications. Recently, Su et al.
described a nanocomplex that delivers anti-miR-122 to the liver
(34). Furthermore, nanoparticles composed of poly(lactic-co-gly-
colic acid) (PLGA) are safe, biodegradable, and have a long history
of success in enhancing the delivery of therapeutic agents.

Here, we have generated a sophisticated in vivo system to
induce and withdraw miR-155 expression in mouse tissues of
interest using Cre-loxP and tTA technologies and show that anti-
miR-155 molecules introduced to tumors using a unique nanopar-
ticulate-delivery strategy have therapeutic efficacy.

Results

Generation of mir-155:5:TA Mice. We designed a miR-155 Cre-loxP
tetracycline-controlled knockin mouse model, mir-155L5LT4
in which mir-155 is targeted to the ROSA26 locus. ROSA26 is ubi-
quitously expressed in mouse tissues and its disruption does not
exhibit a phenotype (35), allowing for broad regulation of our
system in tissues of interest. The construct contains a loxP-floxed
stop cassette that prevents transcription until the stop cassette is
removed by Cre recombinase, allowing for tissue-specific expres-
sion of miR-155 depending on the promoter-Cre line into which
the animal is crossed (Fig. 14). Furthermore, this system contains
a tTA element that deactivates miR-155 induction upon exposure
to doxycycline (DOX), providing temporal control of miR-155
expression (36) (Fig. 14).

To determine whether induction of miR-155 in various tissues
is sufficient for tumorigenesis, we activated recombination in
brain and lymphoid tissues by crossing these mice with a NesCre8
driver (30) to generate double heterozygote NesCreS; mir-
155LSL1T4 mice, and withdrawing doxycycline from their chow at
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Controlled expression of miR-155 in
mir-155L51TA mice. (A) Schematic of controlled
gene expression in mir-155t7A mice. miR-155 ex-
pression is prevented until exposure to Cre recom-
binase, which excises a stop cassette allowing
transcription to proceed. Transcription can subse-
quently be suppressed by exposure to doxycycline.
Modified from (36). (B) Recombination and stop
cassette removal detected by PCR in the spleen,
thymus, and bone marrow of a 2-wk-old NesCre8;
mir-155L1TA mouse (n = 20). (C) miR-155 levels in
the spleens of wild-type mice and NesCreS;
mir-15551TA mice with and without doxycycline.
Graph represents averages of three mice per group

+ SD. (D) Percentage of mice that showed signs of

z
<
s 3
c 4 £ €
CRE| 8 £ g 8
g £ 28 2
(I XX) £ £ £ Z
FOSAZ5 [ pre-min-155 [ el & 0« o~ 8
ADOXl
RO5A26 | TA 2xPA] Teto-minicmv k| pre-miR-i85 | Pa]
= 1004
C 70 D 2'; -- miR-155LSLITA 4+ DOX
2 o
c 6 g o0 miR-155LSLITA
2 [ = wi
B 50 5 wildtype
P 3 601  p<o0.005
g 40 ]
— > -
£ 30 £ 40
3 ©
2 )
£ 20 S 20
° (7}
S b
w 104 -E- o
- I E
0 B —
WT miR-155£SHTA miR-155 5474 0 25 50
+ nestin-CRE  + nestin-CRE Day
+DOX

birth. Recombination was evident in the spleen, thymus, and bone
marrow of 2-wk-old NesCre8; mir-155154T4 mice (Fig. 1B), and
in the absence of doxycycline, miR-155 expression was increased
approximately 20-fold in spleen and approximately 120-fold in
bone marrow of 2-wk-old mice (Fig. S1 4 and B). miR-155 expres-
sion was increased by approximately 70-fold in adult brain
(Fig. S1C) and approximately 45-fold in adult spleen (Fig. 1C).
This is within the range of miR-155 induction reported in human
lymphoma lines (16). Feeding doxycycline after induction re-
duced miR-155 levels to less than fivefold above normal in brain
(Fig. S1C) and less than twofold in spleen (Fig. 1C), confirming
that the elevated levels of miR-155 were dependent on the
transgene.

Induction of miR-155 in Lymphoid Tissues Causes Disseminated Lym-
phoma. Brains from NesCre8; mir-155~S4T4 mice were harvested
from induced mice euthanized at ages 4-5 mo. Complete gross
and histopathological analysis was performed on all tissues.
Microscopic examinations did not reveal any abnormal brain
pathology, suggesting that the high levels of miR-155 alone are
insufficient to induce brain tumors in our model in the timeframe
evaluated. Similarly, necropsy and histopathologic analysis on
lung tissues harvested from intranasal Adenovirus-Cre-treated
mir-155558T4 mice expressing elevated miR-155 (Fig. S1D)
euthanized at 6 mo post-infection, did not reveal any histopatho-
logic changes indicative of neoplasia, and lung histology appeared
similar to control mice. In contrast, NesCreS; mir-155LSLTA mijce
reared without doxycycline developed clinical signs of lymphoid
pathology as early as age 2 wk, at which time there was marked
expansion of the splenic white pulp by a monotypic population of
lymphocytes (Fig. S1E). As the mice developed postnatally (age
2-4 mo), they presented with a scruffy fur coat, hunched posture,
and, occasionally, ataxia. By age 5 mo the majority of mice devel-
oped pronounced lymphadenopathy (Fig. 1D and Fig. 24 and B),
splenomegaly (Fig. 2B), and labored breathing (in some mice, the
ataxia progressed to severe hind-limb paresis), while all NesCreS;
mir-155LLT4 mice developed splenomegaly. Complete gross
necropsy revealed that NesCre8; mir-155555T4 mice without
doxycycline had marked splenomegaly (Fig. 2B, spleen indicated
by triple asterisk), severe diffuse lymphadenopathy (Fig. 2B,
submandibular lymph nodes indicated by arrows; axillary lymph
nodes by arrowheads), and, in some cases, hepatomegaly (Fig. 2B,
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lymphadenopathy and/or paresis (median time
115 d); p was calculated with a log-rank (Mantel-
Cox) test (n = 20).
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double asterisk) and marked thymic hyperplasia (Fig. 2B, single
asterisk) suggestive of lymphoma. Enlarged spleens averaged
approximately 10 times the weight of corresponding littermate
controls (Fig. S1F). Complete histopathologic examination was
performed on tissues from these mice. Wild-type mice exhibit
normal splenic and thymic architecture (Fig. 2C and D, respec-
tively). In contrast, histopathology of NesCre8; mir-155%SLT4
mice revealed the presence of a monotonous population of
lymphoblasts that effaced and replaced the normal splenic and
thymic architecture (Fig. 2E and F). Malignant lymphocytes were
found in high numbers around hepatic central veins (Fig. 2G,
arrow) and within the submandibular lymph nodes (Fig. 2H,
asterisk). Mice with posterior paresis had inappropriate accumu-
lations of lymphoblasts within the meninges of the brain (Fig. 27,
asterisk) and spinal cord (Fig. 2/, arrowhead) in addition to greatly
enlarged paravertebral lymph nodes (Fig. 27, arrows). Furthermore,
complete blood count analysis was performed on three mice. Mice
with lymphoma tended to be anemic [RBC count 3.3 - 10 RBC/
cmm (reference range 5.5-10 - 106 cells/cmm); hemoglobin 5.9 g/
dL (reference range 13-15 g/dL); hematocrit 18% (reference
range 33-35%)] and leukopenic [3.17 - 10° WBC/cmm (reference
range 5.5-10.5 - 103> WBC/cmm)]. Neither wild-type littermates
nor NesCre8; mir-1555LT4 mice maintained on doxycycline devel-
oped any signs of lymphoma (Fig. 1D), indicating that miR-155
induction is necessary for disease pathology in this model.

Furthermore, given our previous report that miR-21 induction
leads to lymphoma (30), we performed quantitative real-time
PCR (qPCR) to investigate whether or not miR-21 is induced in
spleens of NesCre8; mir-155-5LT4 mice and found that it was not
(Fig. S1G). This indicated that the miR-155 phenotype was not
merely the result of overexpressing miR-21.

Interestingly, in a few instances we observed that NesCreS;
mir-155L3LTA mice reared without doxycycline did not develop
the severe signs of lymphoma, but instead lived for over a year
before they were euthanized. These mice presented with spleno-
megaly (as did all examined NesCre8; mir-155-51T4 mice reared
without doxycycline) but did not exhibit the characteristic signs of
disseminated lymphoma or pathologic changes observed in the
majority of NesCre8; mir-15555T4 mice. qPCR revealed that
miR-155 induction in spleens of these mice was only approxi-
mately 12-fold above wild-type levels (Fig. S1H), which is roughly
half the induction seen in mice that developed aggressive disease,
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Fig. 2. mir-15551TA mice develop
disseminated lymphoma. (A)
NesCre8; mir-155L5LTA mouse with
ruffled fur and massively enlarged
peripheral and axillary lymph nodes
(arrowheads) (n=20). (B) Gross
anatomical level of enlarged spleen
(arrow) and lymph nodes (arrow-
heads) (n = 20). (C, D) Representative
H&E sections from wild-type mice re-
veal distinct periarteriolar lympho-
cyte sheaths (PALS) in spleen and
normal cortex and medullary in
thymus; (n = 20). (E, F) Representa-
tive H&E sections from NesCreS,;
mir-15541TA mouse spleen and thy-
mus. Spleen and thymic parenchyma
are effaced and replaced by a mono-
tonous population of lymphoblasts
(n = 20). (G-J) Lymphocyte infiltra-
tion into liver, submandibular lymph
nodes (SMLN), meninges of the brain
(I, asterisk), paravertebral lymph
nodes (J, arrows), and meninges of
the spinal cord (J, arrowhead). Scale
bars, 500 p (n = 20). (K) Lymphade-
nopathy is observed in nude mice
when injected subcutaneously with
NesCre8; mir-155L5LTA spleen cells
(n = 5). (L) Representative flow cyto-
metry plot reveals that NesCreS;
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mir-1555HTA  spleens  (p = 0.0006)
and thymuses (p = 0.0002) are highly
enriched with a B220+, IgM popula-
tion of cells (Upper Left) (n=3).
The following channels were used
for gating: FL1 channel to detect
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and is borderline insignificant (p = 0.06). Although we are
uncertain why we observed variability in the levels of miR-155
induction between animals, we find it interesting that levels
seemingly need to reach a certain threshold to induce aggressive
disease pathology.

Tumor Cells are Clonal, Transplantable, and Migratory Pre-B cells. We
sought to determine the clonality status of our model by taking
advantage of a PCR strategy developed to detect different diver-
sity (D) and joining (J) rearrangements in splenic B-cell Ig heavy
chain genes (37, 38). Primers flanking the D and J.4 regions of
genomic DNA were used to analyze samples; in the case of a clo-
nal population, we would expect at most two bands representing a
subset of possible rearrangements for the two alleles in one cell.
In contrast to control spleens, which are comprised of a polyclo-
nal population of cells, we found that NesCreS8; mir-155L5LT4
spleens were expanded with a clonal or oligoclonal population
e model, unlike
arly relevant for

FITC-conjugated antibodies, FL2 to

108

detect PE-conjugated antibodies, FL3
to detect APC-conjugated antibo-
dies, and FL4 to detect PI.

104 100 101 102 10° 104
CD3-FITC

understanding human B-cell malignancy, which is almost invari-
ably clonal (39, 40). Interestingly, two mice with reduced miR-155
expression and less aggressive disease (age >1 year) had a poly-
clonal population of cells (Fig. S2). These results suggest that
cells in mice with aggressive disease may have acquired secondary
mutations, conferring them with a selective growth advantage.
We sought to examine the tumorigenic potential of lymphoma
cells from NesCreS8; mir-155%51T4 mice. Affected mice showing
lymphadenopathy or paresis were euthanized and spleens were
harvested and dispersed into single-cell suspensions, which were
injected subcutaneously into nude mice. At an average of 10 d,
palpable tumors were observed (Fig. 3C, Upper), and mice were
subsequently euthanized for humane reasons after another 34 d
because of aggressive tumor growth. Intriguingly, we noticed that
nude mice injected subcutaneously with cells from NesCreS;
mir-155E5LT4 gpleens variably developed splenomegaly and per-
ipheral lymphadenopathy (Fig. 2K, arrowheads). PCR from the
spleen and lymph nodes from these nude mice confirmed that the
cells originated from the NesCre8; mir-155-51T4 mice, indicat-
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ing that these cells had migrated from the original site of subcu-
taneous tumor cell injection and colonized these organs.

We investigated the specific cell type involved in the dissemi-
nated lymphoma by performing flow cytometry on NesCreS;
mir-1555S1T4 gpleens, thymuses, and lymph nodes. We found
that the tumor cells were B220+, IgM-, CD3-, and CD43+, reveal-
ing a pre-B-cell lymphoblastic lymphoma/leukemia (41) (Fig. 2L).

Doxycycline-Induced Withdrawal of miR-155 Causes Rapid Tumor
Regression. Our system allowed us to test whether miR-155-in-
duced pre-B-cell lymphoma cells become addicted to miR-155
expression. Mice that presented with clear clinical symptoms of
disseminated lymphoma (lymphadenopathy and/or paresis) were
fed doxycycline-impregnated food and monitored. Strikingly, mice
fed with doxycycline food rapidly recovered from disease-within
24 h, regression of lymphadenopathy occurred. By 48 h, lymph
node size was markedly reduced and disease virtually undetectable
(Fig. 34, Lower), and by 1 wk, lymph nodes were visibly the same
size as control mice. Within 1 wk the gross symptoms of disease-
including the scruffy coat, hunched posture, paresis, and labored
breathing (likely caused by the markedly enlarged submandibular
lymph nodes)-had also disappeared. In contrast to mice not fed
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Fig. 3. Doxycycline-induced withdrawal of miR-155 leads to rapid tumor re-
gression. (A) Regression of enlarged lymph nodes in NesCre8; mir-155L5t7A
mice exposed to doxycycline (n=10). (B) H&E spleens from NesCreS8;
mir-1551TA mice without doxycycline or on doxycycline for 48 h or 2 wk.
In recovered mice, spleen architecture is restored similar to wild-type mice
(n = 10). (C) Nude mice injected subcutaneously with lymphoma spleen cells
develop aggressive tumors. Tumors regress rapidly when exposed to doxycy-
cline (n = 3 mice per group). (D) Change in tumor volume, V = (length x
width?)/2 (n = 3 mice per group, represented as mean + SD); t test was used
for statistical analysis. (E) Kaplan-Meier survival curve, After developing con-
spicuous signs of disease, mice were fed with doxycycline food for recovery or
normal food (n = 10 mice per group).
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doxycycline (Fig. 3B, Upper), histopathological analysis of the
spleen at 48 h in mice given doxycycline revealed partial recovery
of the splenic architecture (Fig. 3B, Middle). By 2 wk after doxy-
cycline exposure, the spleen (Fig. 3B, Lower) and other lymphoid
organs displayed normal architecture. Additionally, tumors from
nude mice injected with NesCreS8; mir-155L5T4 tumor cells de-
rived from spleen or lymph nodes rapidly recovered (within days)
when exposed to doxycycline (Fig. 3C and D).

To determine differences in overall survival between mice that
received doxycycline and mice that did not, we collected data for
a survival curve. Twenty NesCre8; mir-155%ST4 mice that devel-
oped clear clinical signs of disseminated lymphoma (paresis and/
or lymphadenopathy, which occurred between age 3-5 mo) were
divided into two arms: One arm received doxycycline and the
other did not. Mice died between age 3-5 mo if they were not
fed doxycycline, while mice that were fed doxycycline recovered
and survived until at least 10 mo, when we stopped monitoring
them (Fig. 3E).

Tumor Regression Occurs in Part via Apoptosis. Given the rapid nat-
ure of tumor regression in NesCre8; mir-15555LT4 mice fed with
doxycycline, we hypothesized that recovery occurs, at least in
part, via apoptosis. Supporting this hypothesis, in a genome-scale
screen to identify miRNAs that could modulate tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL)-induced apop-
tosis, miR-155 could suppress apoptosis in MDA-MB-453 cells
and T-cell leukemia Jurkat cells (42). To investigate the degree
to which apoptosis occurs in doxycycline-fed mice, we compared
TUNEL-stained sections of spleen-derived tumors from nude
mice with and without doxycycline. Histopathologic analysis
revealed greater numbers of TUNEL-positive cells in regressing
tumors in doxycycline-fed mice than in tumors from mice not ex-
posed to doxycycline (Fig. 44). Furthermore, we investigated the
earlier stages of apoptosis by examining annexin-V binding in re-
covering tumors (43). We found that tumors exposed to doxycy-
cline had higher levels of apoptosis compared to nondoxycycline
tumors as measured by annexin-V binding (Fig. 4B and C). To
determine if withdrawal of miR-155 affected cell differentiation,
we removed spleen-derived tumors undergoing regression from
nude mice fed on doxycycline and stained the tumor cells for
annexin-V and CD43, a marker for immature B cells (44). We
found that the proportion of CD43-positive tumor cells remained
high in doxycycline-fed mice (Fig. 4C). Together, these results
suggest that miR-155 expression inhibits apoptosis in NesCreS;
mir-15558T4 tumors and that miR-155 withdrawal does not
cause tumor cell differentiation.

SHIP1 is a miR-155 target gene (23, 24) and has been reported
to be a positive regulator of apoptosis (45-47). We found that
SHIP1 protein levels were decreased in splenic cells from NesCreS;
mir-155E5LT4 mice and increased slightly during the recovery
period, 72 h after doxycycline feed (Fig. 4D). Additionally, we
tested whether miR-155 withdrawal reduced tumor cell viability
via Alamar Blue assay. We found that viability in NesCreS;
mir-155LSLT4 gpleen-derived cells not exposed to doxycycline
was highly increased; doxycycline exposure led to a dramatic reduc-
tion in viability in these cells but not in Toledo B cells (Fig. 4E).

Unique Nanoparticles Deliver Anti-miRs to Lymphocytes. The involve-
ment of deregulated miRNA expression in promoting tumor
initiation and progression prompts the exploitation of miRNAs
as therapeutic targets. Several studies have demonstrated the uti-
lity of inhibiting miRNAs using complementary anti-miR mole-
cules; chemically modified antagomirs and PNAs show particular
promise in vivo (31, 32, 48, 49).

Because of their stability and excellent binding affinity, PNAs
are ideal anti-miRs. However, current methods of delivering
PNAs require chemical modifications and extremely high doses
to achieve miRNA-inhibition effects (31). We hypothesized that
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Fig. 4. Tumor regression cccurs in part via apoptosis. (A) TUNEL staining of
tumors from nude mice fed with doxycycline for 48 h or without doxycycline
(n = 3). (B. C) Nude tumors from mice fed with or without doxycycline for
48 h and analyzed for annexin-V binding and/or CD43 staining via flow
cytometry (n = 3). (D) Western blot of spleens from wild-type and NesCre8;
mir-155L5LTA mice treated with doxycycline for 72 h with or without doxy-
cycline (n = 3). (E) AlamarBlue assay to detect relative viability of cells with
and without doxycycline (n = 3, data represented as mean =+ SD).

the delivery efficacy of anti-miR PNAs could be enhanced by
loading the agents into PLGA polymer nanoparticles. Previously
we showed that PLGA nanoparticles could safely and effectively
silence genes in vivo when loaded with siRNA (50) and could
effectively deliver recombination-inducing PNAs in vitro when
loaded with PNA and DNA (51). Unlike most nucleic acids,
PNAs have a charge-neutral backbone, which makes their encap-
sulation into polymer nanoparticles uniquely independent of
electrostatic interactions between cargo and delivery vehicle. We
have shown that less than 5% of naked siRNA is encapsulated
into PLGA nanoparticles by standard fabrication methods;
however, precomplexing siRNA with a polycation can improve
loading efficiency into nanoparticles to approximately 50% (50).
In this work we observed that without the aid of a polycation,
inherently charge-neutral PNAs displayed a similar encapsulation
efficiency (approximately 50%) when loaded into nanoparticles-
we mainly attribute this favorable loading to less charge repulsion
during the nanoparticle synthesis process. In addition, although
polycations are commonly exploited for nucleic acid delivery,
because of their charge density, they may contribute adverse side
effects in physiological and cellular environments (52). Loading
charge-neutral PNAs into nanoparticles presents a nucleic acid—
delivery strategy that is potentially more benign and more effec-
tive than other delivery systems.

Another key advantage of nanoparticulate delivery systems is
their amenability to surface modification with molecules that can
modulate nanoparticle function. To further enhance the ability
of PLGA nanoparticles to delivery cargo intracellularly, we deco-
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rated the particles (with a 100-200-nm diameter measured by
light scattering) with a cell-penetrating peptide, penetratin (53),
using an effective surface attachment strategy that allows for a
high density of ligand deposition and conformational flexibility
(54). Interestingly, we found that pre-B cells uniquely favored
uptake of nanoparticles coated with penetratin (ANTP-NP) as
opposed to other cell-penetrating peptides (e.g., TAT and poly-
arginine) (Fig. S3 A and B). We then tested whether ANTP-
NP-delivering anti-miR PNAs would have therapeutic potential
in B-cell tumor models. Because lymphocytes are usually refrac-
tory to most transfection methods (55), we first used a miR-155
luciferase sensor to verify that nanoparticles could effectively
deliver PNAs to B cells (Fig. 54). Anti-miR-155 delivery by
ANTP-NP into human Toledo B cells elicited an approximately
fourfold increase in luciferase expression, likely a direct result of
miR-155 inhibition. This increase was significantly greater than
that achieved by nanoparticles without surface enhancements
and ANTP-NP loaded with scramble (scrm) control anti-scrm
(Fig. 54). Notably, to ensure target specificity, preconditioning
cells with pre-miR-155 resulted in loss of detectable miR-155
inhibition after ANTP-NP anti-miR-155 delivery (Fig. 54).

B-cell lymphomas with elevated levels of miR-155 have
previously been shown to be sensitive to reduction in miR-155
levels (26); specifically, Toledo xenograft tumors treated with
an anti-TNF-a regimen to decrease the expression of miR-155
showed reduced cell proliferation and delayed tumor growth.
Toward the realization of miRNA-inhibition therapy, nanoparti-
cles loaded with anti-miRs have more applicability than gene-
specific therapeutic strategies that attenuate miR expression
(e.g., anti-TNF-a), which may also have undesirable off-target
effects. Concordantly, ANTP-NP-delivering anti-miR-155 was
effective at diminishing Toledo cell viability with an ICsy of
6.1 pM (Fig. 5B). This efficacy was decreased by more than
10-fold (ICsq of 90.1 uM) when SHIP1 was knocked down prior
to treatment, which further demonstrates the involvement of
miR-155 in regulating apoptosis and the relevance of SHIP1 as
a proapoptotic target of miR-155 (Fig. 5B). Howeyver, it is impor-
tant to note that after knockdown of SHIP1, lymphoma B cells
still exhibited some sensitivity to anti-miR-155 treatment. There-
fore, SHIP1 is likely one of several miR-155 targets that are func-
tionally relevant for maintenance of lymphoma.

Demonstrating therapeutic efficacy in this genetically complex
Toledo model of human B-cell lymphoma has implications for
the widespread applicability of this anti-miR technology. How-
ever, it is unclear whether these B cells developed their cancer
phenotype as a direct result of miR-155, so inhibition of miR-155
in this model may only have ancillary therapeutic effects. On the
contrary, our miR-addicted pre-B cells present a less convoluted
model in which cancer was induced and maintained specifically
by miR-155. To investigate exclusively the involvement of miR-
155 in tumor maintenance, we utilized miR-155-addicted pre-B
cells isolated from NesCreS8; mir-15555LT4 mice as a therapeutic
model. In cultured cells, ANTP-NP elicited 65% reduction of
functional miR-155 levels, and uncoated nanoparticles yielded
23% reduction (Fig. 5C). We note that miRNA degradation is
not the primary outcome of anti-miR binding; reduction of miR-
NA level is attributed to isolation and detection artifacts inherent
to anti-miR-miRNA hybrids (56). Nevertheless, this reduction of
miR-155 indicates effective delivery and binding of complemen-
tary PNAs resulting in loss of endogenous miRNA activity. To
further demonstrate miR specificity, inhibition of miR-155 using
ANTP-NP relieved the suppression of the miR-155 target, SHIP1;
anti-miR-treated pre-B cells displayed elevated levels of SHIP1
relative to both scrambled anti-miR and untreated controls
(Fig. 5D). Thus, PNA binding causes miR-155 inhibition.

Our model capitalizes on the involvement of miR-155 in tumor
maintenance. Accordingly, we observed that neoplastic pre-B
cells derived from NesCre8; mir-155LSLT4 mice were sensitive
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to ANTP-NP-mediated anti-miR-155 treatment with an ICs, of
1.1 pM (Fig. 5E), which was over fivefold more effective than
similar treatment in Toledo cells. Anti-miR-155-loaded nanopar-
ticles without penetratin modification showed an ineffective
dose response that was similar to anti-scrm-loaded ANTP-NP
(Fig. 5E), which further illustrates the utility of enhancing the
nanoparticle surfaces with functional ligands. Thus, nanoparticles
have been shown to be effective anti-miR delivery vehicles to lym-
phocytes in vitro.

Anti-miR-155 Therapy in miR-155-Addicted Tumors. Given the dra-
matic tumor regression seen in response to doxycycline treatment
(Fig. 3C), we investigated the anti-tumor potency of anti-miR-155
treatment in vivo. As with our previous studies (Fig. 3C), cells
derived from the spleens of NesCre8; mir-1555ST4 mice were
inoculated into the flanks of nude mice to generate an aggressive
subcutaneous tumor model of miR-155 addiction. A single local
injection of anti-miR-155 loaded in ANTP-NP significantly

E1700 | www.pnas.org/cgi/doi/10.1073/pnas:1201516109

was used for statistical analysis re-
lative to ANTP-NP anti-155-trea-
ted SHIP1 knockdown group. (C)

miR-155 levels in miR-155-ad-
dicted pre-B cells treated with
anti-miRs (n =3, data repre-

sented as mean + SD); t test was
used for statistical analysis rela-
tive to ANTP-NP anti-scrm group;
(D) Western blot of pre-B cells
treated with anti-miRs demon-
strates SHIP1 response to miR-
155 inhibition. Shown is a repre-
sentative blot of n =3 indepen-
dent experiments per group. (E)
Dose response of cultured pre-B
cells to anti-miR treatment. Cell
viability measured using CellTi-
ter-Blue (Promega) (n =3, data
represented as mean + SD). Two-
way ANOVA was used for statisti-
cal analysis.

diminished tumor growth over the course of 4-6 d (Fig. 64). Anti-
scrm-treated tumors displayed an approximately 10-fold increase
in volume relative to starting volume, while anti-miR-155-treated
tumors were limited to less than an approximately twofold in-
crease at a dose of 1.5 mg/kg (high dose) (Fig. 64). Anti-tumor
efficacy was dependent on the dose of anti-miR-155; tumors trea-
ted with 0.5 mg/kg (low dose) showed less significant growth
delay than the high dose-treated tumors. Notably, confocal mi-
croscopy of FITC-labeled PNAs showed that our nanoparticle
delivery system could effectively deliver anti-miR PNAs to cells
throughout tumor tissue and that nanoparticles were retained by
the tumor for at least 2 d (Fig. S3C). Cell-penetrating peptides,
such as penetratin, facilitate uptake into all types of cells, so it
is possible that nanoparticles are taken up by various cells com-
prising the tumor; however, ANTP-NPs exhibit a proclivity
for uptake by pre-B cells derived from the spleens of NesCreS;
mir-155L5LT4 mice (Fig. S3.4 and B). Histopathological analysis
of treated tumors identified regions of hemorrhage and necrosis
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surrounded by infiltrative inflammatory cells (Fig. 6B). Control-
treated tumors comprised a relatively homogeneous population
of neoplastic lymphocytes with no areas of cell death (Fig. 6B).

An important benefit of this nanoscale delivery system is its
size-dependent exploitation of the enhanced permeability and
retention effect (EPR) for passive targeting of the nanoparticles
to tumors (57)-current methods for miRNA inhibition (ie.,
antagomirs and other chemically modified oligonucleotides) can-
not capitalize on this phenomenon because of size constraints.
Effective and prolonged tumor targeting and accumulation of
systemically administered nanoparticles for up to 5 d was mon-
itored by near-IR fluorescent imaging (Fig. S3D). ANTP-NP
showed preferential targeting to tumor tissue compared to the
lungs, liver, kidneys, spleen, stomach, heart, and brain (Fig. S3E).
In agreement with these targeting results, tail-vein delivery
of 1.5 mg/kg anti-miR-155 PNAs loaded in ANTP-NP for two
treatments over the course of 3 d significantly delayed tumor
growth; after 5 d of treatment, tumors had an approximately 50%
mors (Fig. 6 C
athological ana-

ANTP-NP anti-scrm

ANTP-NP anti-155

Fig. 6. Nanoparticle-based inhibi-
tion of miR-155 induces therapeutic
effects. (A) Fold change in tumor
growth in response to locally admi-
nistered anti-miRs. Arrowheads,
nanoparticle injection (n =3 mice
for control group, n =4 mice for
high dose treatment group, n =3
for low dose treatment group); on
day 1, one high dose anti-miR-155-
treated mouse was removed for
early time point analysis. Data re-
presented as mean + SD. Statistics
were done using two-way ANOVA.
(B) H&E analysis of locally treated
tumors. Scale bar, 100 pm for both
high and low magnification images.
Representative images shown for
n =3 tumors. (C) Fold change in
tumor growth in response to sys-
temically administered anti-miRs.
Arrowheads indicate nanoparticle
injection (n =3 mice per group,
data represented as mean =+ SD).
Two-way ANOVA was used for sta-
tistical analysis. (D) Representative
tumor images before and after sys-
temic treatment, n =3 mice per
group. In accordance with proper
animal care regulations, mice were
euthanized when tumors reached
a volume of 2,000 mm3. (E) TUNEL
staining of systemically treated tu-
mors. Scale bar, 50 pm. Representa-
tive images shown for n = 3 tumors.

lysis confirmed the therapeutic response in systemically treated
tumors (Fig. S3F). Treated tumors showed positive TUNEL stain-
ing in distinct regions throughout the tissue (Fig. 6F), consistent
with the implicated involvement of miR-155 in regulating apop-
tosis. Quantification of miR-155 levels in treated tumors revealed
that control-treated tumors had approximately 80,000 molecules
of miR-155 per tumor cell, while DOX treatment reduced miR-
155 levels to approximately 3,000 molecules per cell (Fig. S3G),
which is consistent with previously reported miR-155 levels in
B-cell lymphomas (16). Both intratumoral (resulting in approxi-
mately 15,000 molecules per cell) and systemic (resulting in ap-
proximately 50,000 molecules per cell) ANTP-NP anti-miR-155
treatment down-regulated miR-155 levels in tumors. In accor-
dance with the anti-tumor response, inhibition of miR-155 was
more effective in intratumoral-treated tumors (Fig. S3G). We
have shown that the therapeutic response is proportional to the
anti-miR-155 dose delivered to the tumor site (Fig. 64); there-
fore, we expect that improved efficacy for systemic treatment
would result at higher doses. We also note that the systemic dose
used here was approximately 25-fold less than anti-miR doses
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that have been used by other groups to achieve therapeutic
miRNA in vivo (32). Thus, anti-miR PNAs delivered by nanopar-
ticles represent a therapeutically viable approach to miRNA
inhibition, which can be a particularly potent treatment strategy
for oncomiR-addicted tumors.

Discussion

Results from our targeted mouse model, in which miR-155 induc-
tion can be controlled both spatially and temporally, indicate that
miR-155 induction in brain and lung is insufficient alone to drive
tumorigenesis at these sites, at least during the timeframe inves-
tigated, but is sufficient for tumor initiation and survival in the
hematopoietic system. Our results do not exclude a role for miR-
155 in initiating solid tumor formation at these sites, however, be-
cause miR-155 may act cooperatively with other oncogenes to
drive tumorigenesis. We show that miR-155 withdrawal can lead
to rapid tumor regression in vivo, demonstrating that malignant
lymphocytes can become dependent on elevated miR-155 levels.
This is just the second known example of oncomiR addiction.

Notably, our results also suggest that tumors in NesCreS;
mir-155154T4 mice may acquire secondary mutations that render
one or a few clonal cell population(s) able to outcompete others.
Recently, Croce and coworkers reported that miR-155 regulates
genes in the DNA mismatch repair (MMR) pathway (58). Further-
more, the same group reported that miR-155 enhances mutation
rates via regulation of pathways other than MMR (59). Accord-
ingly, high expression of miR-155 may lead to a cellular context
in which secondary activating mutations are more likely to occur,
especially when combined with increased proliferation rates.
Thus, we show that our model closely resembles human B-cell ma-
lignancies in which secondary mutations arise and confer monoclonal
status to the tumor (60). We also find in our model that tumor re-
gression involves apoptosis and that miR-155 may directly regulate
apoptosis via SHIP1. As Hanahan and Weinberg describe in their
landmark review (61), cancer cells must overcome numerous obsta-
cles in order to persist. By regulating pathways involved in prolifera-
tion and apoptosis, miR-155 may provide cancer cells with the
“multiple hits” they need to overcome sentinel pathways and survive.

While the levels of miR-155 overexpression in our diseased
animals is in line with levels of overexpression in human lympho-
mas, we also note that some of our animals had relatively less
induction of miR-155 and that these animals did not develop
aggressive disease. This data suggest a threshold of expression
is required for aggressive disease in our mouse model. We do not
understand this phenomenon, but it could be related to the in-
creased mutation rate at high levels of miR-155 mentioned above.
To our knowledge, the observation of a human threshold for
miR-155-induced lymphoma has not been established, but we
believe our study and mouse model provide a basis for further
investigations in humans.

In recent years, studies using anti-miRNA molecules with var-
ious chemical modifications have shown some promise. Nonethe-
less, the potential of utilizing miRNA inhibition as cancer therapy
has so far been unrealized. Effective transport of anti-miRs
into hard-to-transfect lymphocytes presents a technical challenge
(55). Cholesterol-conjugated antagomirs can effectively enter
certain cells, but cellular internalization of lipophilic oligonucleo-
tide conjugates is dependent on lipoprotein transport and, puta-
tively, the presence of the transmembrane protein SID1 (62). The
low expression of SID1 in leukocytes may make them refractory
to antagomir treatment (63). On the contrary, we show that
PLGA nanoparticles surface-endowed with penetratin can effec-
tively deliver anti-miRs to neoplastic human B cells and murine
pre-B cells. Improved intracellular delivery imparted by cell-
penetrating peptides is just one of many potential enhancements
for ligand-coated nanoparticles. For example, nanoparticles can
be coated with targeting molecules that improve delivery to spe-
cific, inflicted tissues and cells; also, nanoparticles can be coated

E1702 | www.pnas.org/cgi/doi/10.1073/pnas:1201516109

with bioactive polymers like PEG to increase circulation time
when administered systemically (64). Coating nanoparticles with
targeting ligands may improve selective uptake into tumor cells
over nonhematopoietic cells, and thus improve therapeutic effi-
cacy. However, we observed that size-dependent passive targeting
of ANTP-NPs was sufficient to achieve accumulation in lymphoid
tumors that comprised a relatively homogeneous population of
neoplastic lymphocytes. Furthermore, it has been shown that
passive targeting of nanotherapeutics can have a greater impact
on biodistribution than active targeting ligands (65). Notably, in
this study we attached penetratin to the nanoparticle surface via a
PEG linker, which may have improved the passive delivery of the
nanoparticles to the hypervascularized pre-B-cell tumors. Long-
circulating nanoparticles can better capitalize on the EPR effect
by which systemically administered nanoscale particles (with a
selective size range of 10-200 nm) target to and accumulate in
tumors that are characterized by leaky vasculature and poor lym-
phatic drainage. Through such modifications, nanoparticles can
be engineered to overcome most any conceivable physiological or
cellular delivery barrier.

While antagomirs and other chemically modified oligonucleo-
tides can be effective anti-miRs, their utility in achieving miRNA
inhibition in vivo may be limited without a delivery vehicle-when
administered systemically, antagomirs show substantial targeting
to the liver (32). Additionally, antagomir treatments generally
require higher concentrations to achieve an effect compared to
the concentration of nanoparticle-encapsulated PNAs that we
used in our study. For example, in their seminal study testing
systemic delivery of antagomirs, Krutzfeldt and coworkers used
80 mg/kg concentration; this has set the standard for numerous
other studies, many of which have used even higher concentra-
tions: e.g., 120 mg/kg (49) or 300 mg/kg (48). In the present
study, we observed that a systemic dose of 1.5 mg/kg was suffi-
cient to achieve a significant therapeutic response. Nanoparticles
and liposomes have been successfully used to deliver DNA and
RNA; however, our work is a previously undescribed in vivo
demonstration employing a nanoscale delivery vehicle to encap-
sulate charge-neutral nucleic acids (i.e., PNAs) without the use of
a cationic component. Through interactions with cells and pro-
teins as well as altered nucleic acid release dynamics, electrostatic
interactions can confound most delivery systems. Efficiently load-
ing charge-neutral nucleic acids into PLGA nanoparticles repre-
sents a less convoluted strategy for nanoparticulate gene therapy.
To our knowledge, our study uniquely employs a systemically de-
livered nanoparticulate delivery system to show that inhibition of
oncomiRs in vivo can lead to lymphoid tumor growth delay, and
suggests a possible therapeutic route for lymphoma/leukemia.

Materials and Methods

Generation of Mice. miR-155 was PCR-amplified from mouse genomic DNA
using the following primers: 5" CTAGCTAGCGAACTATGAACCGTGGCTG and
5" CCGCTCGAGGAGATGTTGTTTAGGATACTGC. This product was cloned into
the pTET-BigT vector containing the tTA “Tet-off” control element (kindly
provided by Andrew McMahon, Harvard University, Cambridge, MA) (36)
using Nhel and Xhol restriction sites. We subsequently subcloned this
“"tTA-miR-155" construct into the pROSA26PAS vector using Pacl and Ascl re-
striction sites. The Yale Transgenic Facility targeted this final “tTA-miR-155-
ROSA26" construct to the ROSA26 locus in B6;129-hybrid ES cells. Mice were
generated, mated to B6 mice, screened for the mir-15555:t7A transgene, and
propagated to form a colony. Once a colony was established, mice were
crossed into NesCre8 mice from a FVB/NJ background. miR-155-positive
mice were identified and genotyped via PCR using the following sets of
primers: knockin allele: P1+ P2, P3 + P4: wild-type allele: P2 +P3; P1: 5
GGGAGGATTGGGAAGACAAT; P2: 5 GGCGGATCACAAGCAATAAT; P3: 5’
TCCCAAAGTCGCTCTGAGTT; P4: 5° GAAAGACCGCGAAGAGTTTG.

Mice were maintained at Yale University in accordance with Yale Animal
Resource Center and Institutional Animal Care and Use Committee guide-
lines. Mice were maintained on doxycycline-impregnated food (with 200-mg
DOX per kg of chow, Bio-Serv). To induce miR-155 overexpression, mice were
fed standard chow from birth.
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Histopathology. Mice were euthanized by CO, asphyxiation or, when blood
collection was desired, by terminal cardiac puncture. Hematologic analysis
was performed by ANTECH Diagnostics East. Tissues were immersion fixed
in either 10% natural buffered formalin or Bouin’s fixative (Ricca Chemical
Company), processed, embedded, sectioned at 5 pm, and stained by hema-
toxylin and eosin (H&E) by routine methods. TUNEL staining was performed
as previously described (66). Tissue sections were evaluated blind to experi-
mental manipulation (CJB) and digital light microscopic images were re-
corded with a Zeiss Axio Imager A1 microscope, AxioCam MRc5 camera,
and AxioVision 4.7.1 imaging software (Carl Zeiss Microimaging).

Western Blot. Western blotting was performed according to standard proto-
cols. Briefly, spleens were ground by mortar and pestle and lysed using RIPA
buffer (50 mM TriseHCl pH 8, 150 mM NaCl, 1% NP-40, 0.5% sodium deox-
ycholate, 0.1% SDS). Protein extracts were size fractionated by SDS/PAGE and
transferred to a nitrocellulose or PVDF membrane. Blotting was performed
using antibodies as follows: SHIP1 (D1163); SHIP1 (sc-1964); CASP3 (8G10)
(cell signaling); Tubulin (sc-32293) (Santa Cruz Biotechnology); GAPDH
(ab9485) (Abcam).

Adenovirus Treatment. Five 4-8-wk-old mir-1555LTA mice (not crossed with
NesCre8 mice) were intranasally infected with 5- 108 pFU Adenovirus-Cre
(Gene Transfer Vector Core). They were monitored for 6 mo after treatment,
euthanized, and their lungs analyzed by processing and H&amp;E staining, as
described above.

gPCR. Total RNA was extracted using Trizol according to standard procedures.
RT and qPCR were performed using primers from ABI and the 7900HT Fast
Real-Time PCR System (ABI) or MyiQ Real-Time Thermal Cycler (Bio-Rad).
All RT reactions were performed using 10 ng of total cell RNA. Measured
miR-155 levels were normalized to U6 internal control (Ambion) and absolute
quantification of miR-155 was performed using a standard curve generated
from synthetic miR-155. Values were converted to copy number per cell by
assuming 0.67 pg of total RNA per pre-B cell (67).

Nanoparticle Synthesis. Anti-miR-loaded PLGA nanoparticles were fabricated
using a double emulsion solvent evaporation method as previously described
(50). Nanoparticle surfaces were modified with the cell-penetrating peptide,
penetratin, as previously described (54). After washing unencapsulated PNA
and unattached penetratin, nanoparticles were lyophilized with the cryopro-
tectant, trehalose, at an equal mass ratio of polymer to carbohydrate. Anti-
miR PNAs were obtained from Bio-Synthesis, Inc.; the sequences were as
follows: anti-miR-155: 5-ACCCCTATCACAATTAGCATTAA-3’; anti-scrm is a
scrambled anti-miR-155 sequence: 5'-ACCCAATCGTCAAATTCCATATA-3'.

Transplantation. Spleens or lymph nodes were extracted from pathologic
NesCre8; mir-15551tTA mice and immediately placed on ice in 5% fetal
bovine serum (FBS) in PBS. Tissues were dispersed into single-cell suspensions,
red blood cells were lysed, and 5 - 108 cells were subcutaneously injected
into nude (CrTac:NCr-Foxn1™) mice. Tumor volume was calculated as:
(length x width?)/2.

PCR To Detect DJ Rearrangements. DJ rearrangements were detected by PCR
as described previously (38). Briefly, the following primers were used to
amplify the D and J regions of genomic DNA: DFS primer: 5’ AGGGATCCTTGT-
GAAGGGATCTACTACTGTG3’; JH4 primer: 5’ AAAGACCTGCAGAGGCCATT-
CTTACC3'. A polyclonal population of cells results in a “ladder” correspond-
ing the DJ.1, DJ.2, DJ.3, and DJ.4 rearrangements, while a clonal population
results in two or less bands.
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Flow Cytometry. RBC-lysed cells were stained with CD45R (B220)-PE, IgM-FITC,
CD3-FITC, and CD43-APC (clone 1b11) (BD) and analyzed using a Calibur Flow
cytometer (BD) with CellQuest software. Apoptosis studies were done using
the Annexin-V-FITC Apoptosis Detection kit (BD) and following the manufac-
turer’s instructions. FL4 was used to gate for living cells without PI. Flow cyto-
metric analysis of nanoparticle uptake by pre-B cells was performed by
incubating single-cell suspensions derived from NesCre8; mir-1555LTA
spleens with nanoparticles labeled with the fluorescent tracer dye, coumarin
6. After 1 h, live cells were stained with CD45R (B220)-PE, washed, and ana-
lyzed by FACScan (BD). For FACS experiments, the following channels were
used: FL1 channel to detect FITC-conjugated antibodies, FL2 to detect PE-con-
jugated antibodies, FL3 to detect APC conjugated antibodies, and FL4 to
detect PI.

Transfection. Toledo cells were transfected with dual luciferase miR-155 re-
porter using Lipofectamine LTX with PLUS Reagent (Invitrogen). After
24 h, cells were treated with anti-miR or relevant controls. Cell lysates were
measured for luciferase activity 48 h after initial transfection using the Dual-
Luciferase Reporter Assay System (Promega). Renilla luciferase signal (con-
taining the miR-155 target sequence within the 3'UTR) was normalized to
Firefly luciferase. For SHIP1 knockdown studies, cells were incubated with
1 uM of Accell siRNA (Invitrogen) targeted against SHIP1 per the manufac-
turer’s protocol 12 h prior to nanoparticle administration.

Viability Assay. Tumor cells were isolated from nude mouse tumors and cul-
tured in the presence or absence of doxycycline (5 pg/mL); Toledo cells were
cultured using standard methods. Alamar Blue (Invitrogen) or CellTiter-Blue
(Promega) were used to assay for cell viability in triplicate.

Intra-Tumoral and Systemic Delivery of Anti-miRs. Prior to injection, nanopar-
ticles loaded with 3.5 ng PNA per mg PLGA were suspended in PBS. When
tumors reached an approximate size of 100-300 mm3, nanoparticles were
administered intravenously in a volume of 0.2 ml (43 mg/ml) or intratumo-
rally in a volume of 0.1 ml (86 mg/ml for high dose, 29 mg/ml for low dose).
Confocal imaging was performed using Leica TCS SP5 Spectral Confocal
Microscope. Tumor tissues were harvested and fixed in 10% neutral-buffered
formalin (NBF), and then incubated overnight in sucrose/OCT. Tumors were
flash frozen in OCT before sectioning and staining. In vivo fluorescence ima-
ging was performed on an IVIS Spectrum (Caliper) system using systemically
administered nanoparticles loaded with a near-IR fluorescent dye (IR-780;
Sigma). Fluorescence images were acquired using 1-s acquisition, small bin-
ning, and 12.5-cm field of view. Live mice were anesthetized using isoflurane
during image acquisition. For biodistribution imaging, organs were har-
vested and fixed in NBF before IVIS visualization.
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