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Abstract
Three-dimensional organotypic culture using reconstituted basement membrane matrix (rBM 3-D)
is an invaluable tool to characterize morphogenesis of epithelial cells and to elucidate the tumor-
modulating actions of extracellular matrix. microRNAs (miRNA) are a novel class of tumor
modulating genes. A substantial amount of investigation of miRNAs in cancer is carried out using
monolayer 2-D culture on plastic substratum, which lacks a consideration of the matrix-mediated
regulation of miRNAs. In the current study we compared the expression of miRNAs in rBM 3-D
and 2-D cultures of two lung adenocarcinoma cell lines. Our findings revealed a profound
difference in miRNA profiles between 2-D and rBM 3-D cultures of lung adenocarcinoma cells.
The rBM 3-D culture-specific miRNA profile was highlighted with higher expression of the tumor
suppressive miRNAs (i.e., miR-200 family) and lower expression of the oncogenic miRNAs (i.e.,
miR-17~92 cluster and miR-21) than that of 2-D culture. Moreover, the expression pattern of
miR-17, miR-21, and miR-200a in rBM 3-D culture correlated with the expression of their targets
and acinar morphogenesis, a differentiation behavior of lung epithelial cells in rBM 3-D culture.
Over-expression of miR-21 suppressed its target PTEN and disrupted acinar morphogenesis. In
summary, we provide the first miRNA profile of lung adenocarcinoma cells in rBM 3-D culture
with respect to acinar morphogenesis. These results indicate that rBM 3-D culture is essential to a
comprehensive understanding of the miRNA biology in lung epithelial cells pertinent to lung
adenocarcinoma.
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1. Introduction
The tumor microenvironment consists of extracellular matrix (ECM), growth factors, and
inflammatory cytokines that are crucial determinants of tumorigenesis (McAllister and
Weinberg, 2010). During tumorigenesis, cancer cells progressively loose differentiation
response to basement membrane matrix, such as apical-basolateral polarity (Paszek et al.,
2005; Lee et al., 2007). In vivo properties of epithelial cells, such as apical-basolateral
polarity, have been faithfully modeled using the three-dimensional organotypic culture
based on reconstituted basement membrane matrix Matrigel (rBM 3-D) (Paszek et al., 2005;
Hebner et al., 2008). Therefore, rBM 3-D culture provides an invaluable platform to
elucidate the molecular mechanisms that mediate the dysregulated cellular responses to
basement membrane matrix during tumorigenesis, which cannot be accomplished using 2-D
culture (2-D) (Vargo-Gogola and Rosen, 2007). The clinical significance of rBM 3-D
culture is supported by a recent study that indicates the gene expression signature of rBM 3-
D culture of breast cancer cells holds prognostic values for patients with breast cancer
(Martin et al., 2008). Besides breast cancer, rBM 3-D culture bears promising utilization in
elucidating molecular and cell biology of lung cancer cells. In rBM 3-D culture, primary
human lung alveolar type II cells form alveolar acini in which a polarized monolayer of
alveolar type II cells form a single central lumen and express cell type specific markers,
such as surfactant proteins (Yu et al., 2007). Because lung adenocarcinoma originates from
alveolar type II cells, it is plausible that disruption of alveolar acini in rBM 3-D reflects a
pivotal dedifferentiating step during the course of lung tumorigenesis. In support of this
notion, over-expression of the tumor suppressive peroxisome proliferator-activated receptor-
gene can restore alveolar acini in rBM 3-D culture of H2122 cells, an aggressive and poorly
differentiated human lung adenocarcinoma cell line, as well as inhibition of tumor growth of
the grafted H2122 cells (Bren-Mattison et al., 2005).

A microRNA (miRNA) is a ~22 nucleotide long non-coding RNA that inhibits gene
expression via binding to its complementary sequences within the 3′ untranslated region (3′
UTR) of its target mRNAs (Trang et al., 2008). Profiling miRNAs in human cancer
specimens and cell lines reveals a growing number of oncogenic and tumor suppressive
miRNAs. Among the tumor suppressive miRNAs, the miR-200 family is frequently silenced
in cancer (Peter, 2009). The oncogenic miR-17~92 cluster and miR-21 are often up-
regulated in cancer (Volinia et al., 2006). Despite tremendous growth of our understanding
of miRNAs, the expression and function of miRNAs have not been investigated in rBM 3-D
culture that provides unique advantage to elucidate the cell biology pertinent to
tumorigenesis, such as epithelial cell polarity and cross talk between the tumor cells and
their microenvironment (Vargo-Gogola and Rosen, 2007). Therefore, the current study is
aimed to identify the rBM 3-D culture-specific miRNA expression with respect to acinar
morphogenesis via comparison of expression profiles of miRNAs of lung adenocarcinoma
cells in rBM 3-D and 2-D cultures.

2. Materials and Methods
2.1. Cell Culture

A549 cells, a human lung adenocarcinoma cell line, were purchased from ATCC and
cultured in DMEM (Sigma, St. Louis MO) as previously described (Shan and Morris, 2005).
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A549LC cells, a more aggressive subpopulation of A549 cells, were established from A549
cells using a murine model of lung metastasis as we previously described (Bao et al., 2004).
Briefly, A549 cells were injected via the jugular vein at 106 cells/mouse into adult female
beige-SCID mice (Charles River, Wilmington MA). Four months after injection, lungs were
inspected and one metastatic nodule was excised, disaggregated and established in culture.
mK-ras-LE cells, a murine lung epithelial cell line, was established from a lung tumor
bearing K-rasLA1 mouse and cultured in RPMI-1640 as previously described (Li et al., 2011;
Johnson et al., 2001). A miR-21 over-expressing variant of mK-ras-LE (mK-ras-LE-
miR-21) was generated using a retroviral vector expressing a 314 nucleotide fragment of pri-
miR-21 from the pMSCV-Puro-GFP backbone vector as we previously described (Nguyen
et al., 2012). A control variant of mK-ras-LE (mK-ras-LE-vec) was generated in parallel
using the backbone vector.

2.2. rBM three-dimensional organotypic culture
Overlay rBM 3-D culture was carried out as described elsewhere (Li et al., 2011; Yu et al.,
2007). Briefly, A549 and mK-ras-LE cells were seeded at 2 × 105 cells/well in a 6-well cell
culture plate that was coated with Matrigel (BD Biosciences, Rockville MD). DMEM
culture medium was supplemented with 4% of Matrigel and replaced every two days.
According to the time course of morphogenesis of lung epithelial cells in rBM 3-D culture
the morphology of cell colonies was monitored for 12 days and recorded using an inverse
phase contrast microscope equipped with a digital camera (Li et al., 2011). The
morphogenesis was also visualized by staining for filamentous actin using Alexa 594
conjugated phalloidin (Invitrogen, Carlsbad CA) followed by con-focal fluorescent
microscopy analysis on a Bio-Rad Radiance 2100 system (Bio-Rad, Hercules CA) in 2-D
and rBM 3-D cultures as we previously described (Li et al., 2011; Shan et al., 2008).

2.3. RNA Extraction and Analysis of mRNA and miRNA Expression
Total cell RNA was extracted using Trizol (Invitrogen, Carlsbad CA) from 2-D culture and
from rBM 3-D culture on day 12 post-seeding as we previously described (Li et al., 2011).
Quantitative RT-PCR (qRT-PCR) was carried out to determine the expression of miR-17,
miR-92b, miR-21, miR-200a, primary miR-21 (pri-miR-21), and vacuole membrane protein
1 (VMP1) as described elsewhere (Nguyen et al., 2012). The miRNAs were quantified using
TaqMan assays (Invitrogen, Carlsbad CA). The sequences of the primers for pri-miR-21 and
VMP1 were listed in Supplementary Materials. The gene expression was normalized to the
values of U6 for miRNAs and to the values of 36B4 for VMP1 and pri-miR-21. A fold
change of each RNA was obtained by setting the values from the control group to one. All
the measurements were repeated on the RNA samples collected from three independent
experiments.

2.4. miRNA microarray analysis
The miRNA expression profiling service was provided by LC Sciences (Houston, TX) using
μParaflo® technology and proprietary probe hybridization (Cy3 and Cy5 dendrimer dyes)
that enables highly sensitive and specific direct detection of mouse miRNAs. The miRNA
chip was designed based on Sanger Institute mouse miRbase version 14 that included 700
mouse miRNAs. The miRNA microarrays of each culture condition were conducted on the
RNA samples collected from three independent experiments. As advised by the service
provider, any miRNA with a fluorescent intensity value below 100 in all of the compared
groups was excluded from the analysis. Multi-array log2 transformation, normalization, and
t-test were performed to identify the differentially expressed miRNAs between any two
selected groups using the geWorkbench genomic analysis software suite (http://
www.geworkbench.org) (Floratos et al., 2010; Floratos et al., 2011). False Discovery Rate
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(FDR) was calculated using the Significance Analysis of Microarrays suite (Tusher et al.,
2001). The miRNAs that exhibited a difference of P < 0.01 and FDA < 0.05 between any
two compared groups were considered significantly differentially expressed. The
differentially expressed miRNAs were plotted in a heatmap using the geWorkbench Suite.

2.5. Immunoblots
Total cell lysates were extracted from cell colonies isolated from 2-D and rBM 3-D culture
using Laemmli buffer as we previously described (Li et al., 2011). The expression of the
proteins of interest was determined using immunoblots. Cell Signaling Technology
(Danvers, MA) provided the primary antibodies specific for β-actin, Zinc finger E-box-
binding homeobox 2 (ZEB2), phosphatase and tensin homolog (PTEN). The IRDye800-
conjugated secondary antibodies were used at a dilution of 1:15,000 and detected using an
Odyssey Infrared Imaging System (Licor Biosciences, Lincoln, NE) (Shan et al., 2010). The
results were representative of two independent experiments.

2.6. Statistical analysis
Statistical significance in the difference between any two selected groups was determined
using the unpaired two-tailed Student T test (Prizm Version 5). A P value < 0.05 was
considered significant.

3. Results
A recent study has uncovered a profound difference in global gene expression between 2-D
and rBM 3-D cultures of breast cancer cells (Kenny et al., 2007). Because normal lung
alveolar type II epithelial cells and well-differentiated lung adencarcinoma cells undergo
acinar morphogenesis in rBM 3-D culture, we set to profile miRNA expression of the well-
differentiated lung adenocarcinoma cells (Li et al., 2011; Bren-Mattison et al., 2005; Yu et
al., 2007). We established rBM 3-D culture of m-K-ras-LE and A549 cells because they
maintain the signature traits of alveolar type II cells (Li et al., 2011; Johnson et al., 2001;
Wang et al., 2007). In 2-D culture, mK-ras-LE cells exhibited typical epithelial morphology
as evidenced by cortical distribution of F-actin (Figure 1, A1). In rBM 3-D culture mK-ras-
LE cells underwent acinar morphogenesis that featured a monolayer of polarized cells
enclosing a single central lumen, a characteristic of normal alveolar type II cells (Figure 1,
A2) (Johnson et al., 2001; Yu et al., 2007). To identify the rBM 3-D responsive miRNAs,
we compared the miRNA profiles between 2-D and rBM 3-D cultures of mK-ras-LE cells
using miRNA microarrays. Out of 154 mouse miRNAs considered for analysis, 54 miRNAs
were significantly differentially expressed between 2-D and rBM 3-D cultures using the
criteria as defined in the section of Materials and Methods (Figure 1C). Within this panel of
miRNAs, 39 miRNAs exhibited a >2-fold difference with 22 miRNAs being higher and 17
miRNAs being lower in rBM 3-D than that in 2-D (Table 1). The elevated miRNAs featured
several well-established tumor suppressive miRNAs, such as miR-192 and three members of
the miR-200 family (miR-200a, miR-200b, and miR-429) (Kim et al., 2011; Wang et al.,
2010; Wang et al. 2011; Peter, 2009). The repressed miRNAs featured several well-
established oncogenic miRNAs, such as miR-21, miR-155, and seven members of the
miR-17~92 cluster and miR-17 family (miR-17, miR-18a, miR-19b, miR-20a, miR-92b,
miR-106a, and miR-106b) (Osada and Takahashi, 2011; Volinia et al., 2006; Mendell, 2008;
Krichevsky and Gabriely, 2009). The differential expression of four miRNAs from Table 1
was further confirmed using qRT-PCR. The expression of the oncogenic miRNAs miR-17,
miR-92b, and miR-21 was reduced in rBM 3-D culture to 35%, 24%, and 46% of their
corresponding values in 2-D culture, respectively (Figure 1C). In contrast miR-200a
exhibited 4.7-fold increase in rBM 3-D culture over that in 2-D culture (Figure 1D). Because
PTEN is a common target of the miR-17~92 cluster and miR-21, we questioned whether the
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protein levels of PTEN were up-regulated in rBM 3-D culture as a consequence of a
decrease in their suppressors miR-17~92 cluster and miR-21 (Meng et al., 2007; Xiao et al.,
2008). As expected, the protein levels of PTEN were substantially higher in rBM 3-D than
2-D (Figure 1E). In contrast, the protein levels of ZEB2, a target of the miR-200 family,
were lower in rBM 3-D than 2-D, which was consistent with the increased expression of the
miR-200 family in rBM 3-D culture (Figure 1E) (Park et al., 2008). These findings
demonstrate an inverse correlation between the rBM 3-D responsive miRNAs and their
targets.

We then questioned whether human lung adenocarcinoma cells exhibited similar differential
expression of miRNAs between 2-D and rBM 3-D cultures. We employed the well-
differentiated A549 cells and its more aggressive derivative A549LC cells that were
established as described in the section of Materials and Methods. When grafted
subcutaneously into the flank of nude mice, A549 presented organized glandular structure
that mimicked acini in rBM 3-D culture, whereas A549LC cells displayed disorganized
architecture and lacked the glandular histology (unpublished observations). Moreover, the
grafted A549LC cells doubled the growth of the implanted parental A549 cells in terms of
tumor weight (unpublished observations). Despite the distinct histology and tumorigenic
behavior in vivo, morphology of A549 and A549LC cells was nearly identical in 2-D culture
(Figure 2, A1 & A2). However morphogenesis of A549 and A549LC cells was distinct in
rBM 3-D culture (Figure 2, A3 & A4). Similar to normal alveolar type II epithelial cells,
A549 cells formed acini, a polarized cell sphere with a single central lumen in rBM 3-D
culture (Figure 2A3, as pointed by the arrows) (Li et al., 2011; Bren-Mattison et al., 2005;
Yu et al., 2007). In contrast A549LC cells exhibited mass morphology that featured irregular
cell clusters void of a central lumen, which resembled morphogenesis of H2122 cells, a
poorly differentiated lung adenocarcinoma cell line in rBM 3-D culture (Figure 2A4) (Bren-
Mattison et al., 2005). We then questioned whether the rBM 3-D culture-specific difference
in morphology between A549 and A549LC cells correlated with differential expression of
the tumor modulating miRNAs as revealed in mK-ras-LE cells (Table 1). To this end, we
compared the expression of miR-17, miR-92b, miR-21, and miR-200a between A549 and
A549LC cells in 2-D and rBM 3-D cultures. Congruent to their indistinguishable
morphology in 2-D culture, the expression of these four miRNAs did not exhibit significant
difference between A549 and A549LC cells (Figure 2, B & C). On the other hand, only
A549, but not A549LC cells exhibited a substantial decrease in the oncogenic miR-17,
miR-92b, and miR-21, and a substantial increase in the tumor suppressive miR-200a in rBM
3-D culture over that in 2-D culture (Figure 2, B & C). Biogenesis of miR-21 can be
regulated at the levels of transcriptional production of pri-miR-21, processing from pri-
miR-21 to pre-miR-21, and pre-miR-21 to mature 21 (Ribas and Lupold, 2010). To
determine how rBM 3-D culture repressed the expression of miR-21, we compared the
expression of pri-miR-21 between rBM 3-D and 2-D cultures. The primers for pri-miR-21
were designed to specifically amplify pri-miR-21, but not the overlapping 3′ UTR of its
upstream gene, VMP1 (see Supplementary Materials). The RNA levels of pri-miR-21 in
rBM 3-D cultured were reduced to 25% of that in 2-D culture (Figure 2D). Because the
transcription start site of pri-miR-21 is located within the 3′ UTR of VMP1, we questioned
whether the expression of VMP1 was co-regulated with pri-miR-21 in rBM 3-D culture
(Ribas and Lupold, 2010). Therefore, we compared the expression of VMP1 between rBM
3-D and 2-D cultures. The primers of VMP1 were designed to specifically amplify VMP1,
but not the overlapping pri-miR-21 (see Supplementary Materials). Similar to the response
of pri-miR-21 to rBM, the mRNA levels of VMP1 were reduced to 16% of that in 2-D
culture. These findings from mK-ras-LE, A549, and A549LC cells reveal a strong
correlation between the miRNA expression profile and acinar morphogenesis in rBM 3-D
culture.
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Among the rBM 3-D culture responsive miRNAs we chose to examine the role of miR-21 in
acinar morphogenesis because miR-21 targets PTEN, an essential regulator of acinar
morphogenesis (Fournier et al., 2009; Ma et al., 2011). Stable over-expression of miR-21
was established using retroviral transduction. The miR-21 overexpressing mK-ras-LE-
miR-21 variant exhibited a more than 6-fold increase in the RNA levels of miR-21 over the
control mK-ras-LE-vec variant (Figure 3A). Moreover, the protein levels of PTEN were
substantially lower in mK-ras-LE-miR-21 than that in mK-ras-LE-vec in rBM 3-D culture
(Figure 3B). A similar reduction of PTEN was also observed in 2-D culture of mK-ras-LE-
miR-21 (data not shown). Consistent with a decrease in PTEN, mK-ras-LE-miR-21 cells
failed to form acini in rBM 3-D and grew into irregular cell cluster void of a central lumen,
whereas mK-ras-LE-vec underwent acinar morphogenesis (Figure 3C). These findings
suggest that miR-21 regulates acinar morphogenesis via its target PTEN.

4. Discussion
A recent gene expression profiling of mammary epithelial cells lines of diverse tumorigenic
properties in 2-D and rBM 3-D cultures identifies the gene expression signatures of distinct
morphogenesis (Kenny et al., 2007). Using a similar strategy, we establish a miRNA
expression profile that correlates with acinar morphogensis of lung adenocarcinoma cells in
rBM 3-D culture. The acinar morphogenesis associated miRNA profile provides unique and
novel insight to guide future investigations of morphogenesis and tumorigenesis of lung
epithelial cells as pioneered by several recent studies (Wu et al., 2011; Bren-Mattison et al.,
2005; Yu et al., 2007).

In our comparison of the miRNA profiles between 2-D and rBM 3-D cultures of mK-ras-LE
cells, a considerable portion of the differentially expressed miRNAs bear well-documented
tumor-modulating activities (Figure 1 & Table 1). For instance, the tumor-promoting
miR-17~92 cluster and miR-21 are substantially repressed in rBM 3-D culture of mK-ras-
LE cells relative to that in 2-D culture (Figure 1 & Table 1) (Osada and Takahashi, 2011;
Volinia et al., 2006; Mendell, 2008; Krichevsky and Gabriely, 2009). On the other hand, the
tumor suppressive miR-200 family and miR-192 are activated in rBM 3-D culture (Figure 1
& Table 1) (Kim et al., 2011; Wang et al., 2010; Wang et al. 2011; Peter, 2009). Because
rBM 3-D culture promotes differentiation of lung epithelial cells, a decrease in oncogenic
miRNAs and an increase in tumor suppressive miRNAs strongly suggest that miRNAs
regulate differentiation response of lung epithelial cells to basement membrane matrix (Wu
et al., 2011; Bren-Mattison et al., 2005; Yu et al., 2007). Indeed, the difference in the
expression of the miR-17~92 cluster, miR-21, and the miR-200 family between 2-D and
rBM 3-D cultures matches the difference in the expression of their target genes between the
two culture conditions (Figure 1E). Moreover over-expression of miR-21 alone is sufficient
to suppress PTEN and disrupt acinar morphogenesis, which strongly suggests that down-
regulation of miR-21 facilitates acinar morphogenesis via de-repression of the expression of
PTEN (Figure 3). Correlation of an increase in members of miR-200 family with acinar
morphogenesis also implicates a role of epithelial mesenchymal transition in acinar
morphogenesis of lung epithelial cells because the miR-200 family is one of the most potent
suppressors of epithelial-mesenchymal transition (Figure 1 & 2) (Peter, 2009). We further
extrapolate that the expression profile of miR-21, miR-17, miR-92b, and miR-200a in rBM
3-D culture represents a miRNA signature of acinar morphogenesis because these four
miRNA are differentially expressed 1) between 2-D and rBM 3-D cultures of mK-ras-LE
cells; 2) between A549 cells of acinar morphogenesis and A549LC cells of mass
morphogenesis (Figure 1 & 2). These findings warrant further investigation whether the
identified miRNA candidates regulate acinar morphogenesis.
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Besides differentiation promoting signals from rBM, rBM 3-D culture is also more
compliant and less stiff than 2-D culture (Hebner et al., 2008; Butcher et al., 2009). A stiff
and fibrotic tumor microenvironment promotes tumorigenesis and the aberrantly stiff
extracellular matrix is a well-documented risk factor of breast cancer (Butcher et al., 2009).
Recent advances in lung cancer research indicate a similar presence and function of a
fibrotic tumor microenvironment. For instance, the expression of fibrogenic mediators TGF-
β1 and fibronectin is up-regulated in human lung cancer and promote invasion and
metastasis in experimental models of lung cancer (Toonkel et al., 2010; Han et al., 2006;
Han and Roman, 2006; Soltermann et al., 2008). Thus, the differential expression of the
tumor-modulating miRNAs between 2-D and rBM 3-D implicates that stiffness up-regulates
the tumor-promoting miRNAs and down-regulates the tumor suppressive miRNAs to
promote tumorigenesis. In support of this postulate, our recent report indicates that type I
collagen, a stiffer matrix than rBM, can up-regulate the expression of miR-21 and the
miR-17~92 cluster in rBM 3-D culture of mK-ras-LE and A549 cells (Li et al., 2011).
Moreover, miR-21 is up-regulated in pulmonary fibrois induced by TGF-β1 and bleomycin
(Liu et al., 2011). These findings raise the possibility that miRNAs transmit the tumor
promoting actions of the stiff tumor microenvironment.

The expression of miR-21 can be regulated via diverse mechanisms. miR-21 can be
transcriptionally activated by STAT3 and androgen receptors that bind to the cis elements in
the miR-21 promoter (Ribas and Lupold, 2011). miR-21 can also be post-transcriptionally
up-regulated in response to extracellular cues. The SMAD proteins promote processing of
pri-miR-21 to pre-miR-21 in vascular smooth muscle cells exposed to TGF-β1 or BMP
(Davis et al., 2008). Type I collagen is suggested to up-regulate miR-21 via promoting
processing of pre-miR-21 to mature miR-21 in rBM 3-D culture (Li et al., 2011). In the
current study, our results implicate that rBM 3-D culture transcriptionally represses the
expression of miR-21 because the expression of pri-miR-21 is reduced to a greater extent
than that of mature miR-21 in rBM 3-D culture over that in 2-D culture (Figure 2). Our
results further suggest that miR-21 is co-regulated with its upstream protein-coding gene
VMP1. VMP1 regulates a variety of cell behaviors including autophagy, cell adhesion, and
membrane traffic (Calvo-Garrido et al., 2008). miR-21 can potentially regulate these cellular
behaviors via targeting the protein-coding genes. For instance, miR-21 can indirectly
regulate autophagy via targeting PTEN, a negative regulator of the Akt-mTOR axis that is
crucial to autophagy (Janku et al.; Meng et al., 2007). Because autophagy has emerged as a
pivotal regulator of acinar morphogenesis, it is plausible that co-regulated expression of
VMP1, PTEN, and miR-21 participates in fine-tuning of authophagy in acinar
morphogenesis (Debnath, 2008).

5. Conclusion
To the best of our knowledge, the current study provides the first miRNA expression profile
that correlates with acinar morphogenesis of lung adenocarcinoma cells in rBM 3-D culture.
Our findings have established a platform and a reference miRNA catologue to guide future
investigations of miRNAs in acinar morphogenesis with respect to lung adenocarcinoma.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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VMP1 vacuole membrane protein 1
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HIGH LIGHTS

• Distinct miRNA profiles between rBM 3-D and 2-D cultures of lung epithelial
cells.

• Enrichment of the tumor-modulating miRNAs in the rBM 3-D responsive
miRNAs.

• Correlation of tumor modulating miRNAs and acinar morphogenesis in rBM 3-
D culture.
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Figure 1.
Distinct miRNA profiles of mK-ras-LE cells in 2-D and rBM 3-D cultures. A) mK-ras-LE
cells were grown in 2-D and rBM 3-D culture. Morphology of the cells was visualized using
fluorescent staining for F-actin. The images of rBM 3-D culture were captured at the central
planes of cell clusters using a confocal fluorescent microscope on day 12 post-seeding. The
images were captured at 600x magnification. Representative images of each culture
condition were displayed. B) Total cell RNA was extracted from mK-ras-LE cells in 2-D
and rBM 3-D cultures. miRNA expression profiles were compared between the two culture
conditions using miRNA microarrays. A heatmap of the significantly differentially
expressed miRNAs was generated using geWorkbench suite (n = 3, P < 0.01, FDR < 0.05).
C) The expression of miR-17, miR-92b, and miR-21 was measured using qRT-PCR in total
cell RNA collected from 2-D and rBM 3-D cultures of mK-ras-LE cells. A fold change of
each miRNA of interest was obtained by setting the values of each miRNA in 2-D culture to
one and normalization to the values of U6. D) Similar to part C except that the expression of
miR-200a was compared between 2-D and rBM 3-D cultures. E) The culture conditions
were similar to part A. The cell lysates were collected from the cell colonies extracted from
the culture. The protein levels of ZEB2, PTEN, and -actin were determined using
immunoblots. The data were presented in averages and standard deviations obtained from
three independent experiments. and indicated a P value < 0.05 and 0.01, respectively.
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Figure 2.
miRNA expression associated with aincar morphogenesis. A) A549 and A549LC cells were
cultured in 2-D (A1 & A2) and rBM 3-D (A3 & A4) cultures. Morphology was recorded
using an inverse phase contrast microscope. Polarized monolayer of the cells and the central
lumen were pointed at by white arrows. B) The expression of miR-17, miR-92, and miR-21
was measured using qRT-PCR in total cell RNA collected from 2-D and rBM 3-D of A549
and A549LC cells. A fold change of each miRNA was obtained by setting the values of each
miRNA from A549 cells in 2-D culture to one and normalization to the values of U6. C)
Similar to part A except that the expression of miR-200a was compared across the groups.
D) The culture conditions were similar to part A. The RNA levels of pri-miR-21 and VMP1
were measured in A549 cells using qRT-PCR. A fold change of each RNA was obtained by
setting the values of RNA from A549 cells in 2-D culture to one and normalization to the
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values of 36B4. The data were presented in averages and standard deviations obtained from
three independent experiments. , , and indicated a P value < 0.05, 0.01, and 0.001,
respectively.

Li et al. Page 14

Gene. Author manuscript; available in PMC 2014 March 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Disruption of aincar morphogenesis by overexpression of miR-21. A) The RNA levels of
miR-21 were measured in mK-ras-LE-miR-21 and mK-ras-LE-vec variants using qRT-PCR.
A fold increase in miR-21 was determined by setting the values from mK-ras-LE-vec to one.
B) Total cell lysates were extracted from mK-ras-LE-miR-21 and mK-ras-LE-vec variants in
rBM 3-D culture. The protein levels of PTEN were determined using immunoblots. C) mK-
ras-LE-miR-21 and mK-ras-LE-vec variants were monitored in rBM 3-D culture for 12
days. Morphogenesis of the mK-ras-LE variants in rBM 3-D culture was recorded using an
inverse phase contrast microscope. Representative cell colonies were pointed at by white
arrows.
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Table 1

Disparate expression of miRNAs between rBM 3-D and 2-D cultures of mK-ras-LE cells. Total cell RNA was
extracted from rBM 3-D and 2-D cultures. miRNA arrays were carried out and analyzed as described in
Methods. A fold change of each miRNA was obtained by setting the values from 2-D culture to one. The
results were average of three miRNA microarrays. The miRNAs bearing documented tumor-modulating
properties were highlighted in bold.

rBM 3-D/2-D

Lower Expression Higher Expression

Gene Name Fold Change Gene Name Fold Change

mmu-miR-689 0.03 mmu-miR-1937b 2.06

mmu-miR-19b 0.09 mmu-miR-99b 2.17

mmu-miR-106a 0.09 mmu-miR-2142 2.22

mmu-miR-29b 0.11 mmu-miR-466f-3p 2.25

mmu-miR-20a 0.19 mmu-miR-200a 2.33

mmu-miR-18a 0.23 mmu-miR-2133 2.39

mmu-miR-106b 0.24 mmu-miR-23b 2.47

mmu-miR-350 0.26 mmu-miR-574-5p 2.61

mmu-miR-29c 0.26 mmu-miR-122 2.72

mmu-miR-155 0.27 mmu-miR-2137 2.75

mmu-miR-17 0.30 mmu-miR-2138 3.06

mmu-miR-29a 0.34 mmu-miR-192 3.15

mmu-miR-31* 0.41 mmu-miR-2134 3.23

mmu-miR-21 0.42 mmu-miR-195 3.35

mmu-miR-92b 0.42 mmu-miR-191 3.40

mmu-miR-290-5p 0.46 mmu-miR-2132 3.47

mmu-let-7f 0.47 mmu-miR-467f 3.71

mmu-miR-466i 4.01

mmu-miR-200b 4.20

mmu-miR-1187 6.02

mmu-miR-429 6.31

mmu-miR-214 7.15
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