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Abstract
MicroRNA-22 (miR-22), a short non-coding RNA that post-transcriptionally regulates mRNA stability and protein synthesis, has been shown to enhance metastatic potential and to suppress
HER-3, an important mRNA marker for non-small cell lung cancer (NSCLC). However, the effect of
miR-22 has not been investigated in lung adenocarcinoma (LADC), the most common type of
NSCLC in the Far East. In this study, we analyzed the role of miR-22 expression in LADC patients.
Expression of miR-22 was detected by reverse-transcription polymerase chain reaction (RT-PCR),
and confirmed by cDNA sequencing. Signals of miR-22 in LADC sections were identified using in
situ hybridization (ISH). The association between miR-22 expression and survival was evaluated
by the log-rank test. Induction of miR-22 expression and the effect on HER-3 levels, as well as the
subsequent cell behavior were also investigated in vitro. Two types of miR-22: miR-22 and miR22H, were detected by RT-PCR. The miR-22H had extra 13 bases, 5’-TGTGTTCAGTGGT-3’, at the 3’end, and this segment was named miR-22E. Using ISH, miR-22E overexpression was detected in
225 (83.0%) of 271 LADC patients. A significant difference was found in cumulative survival between patients with high miR-22E levels and those with low miR-22E levels (p < 0.0001). In vitro,
epidermal growth factor induced miR-22, but reduced HER-3 expression. Expression of miR-22
increased cell movement ability. In conclusion, expression of miR-22 is closely associated with
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tumor recurrence, metastasis and overall survival in LADC patients by suppressing HER-3 protein
expression to enhance epithelial-mesenchymal transition and metastasis.
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1. Introduction
Recent development of chemotherapy targeting at mutated EGFR has successfully become a major strategic
treatment for the lung adenocarcinoma (LADC) [1]. The patients who responded well to tyrosine kinase inhibitors (TKIs) were primarily young Asian female non-smokers [2]. However, not all patients with the similar characteristics achieved the same treatment efficacy, suggesting that other factors were involved. Using a data mining to search EGFR-related web documents of LADC, several potential genes have been identified, including
DNA repair-, mitochondria transport-, and membrane receptor-associated proteins, such as hepatocyte growth
factor (HGF), HGF receptor (also known as c-MET) [3]-[9] and HER-3 (also known as v-ErbB-2 avian erythroblastic leukemia viral oncogene homolog 3, ErbB-3) [10].
HER-3 is a member of HER family [11], in which only HER-1 and HER-4 have complete membrane tyrosine
kinase receptor configuration. HER-2 does not possess ligand-binding site, and HER-3 is lack of cytoplasmic
tyrosine kinase activity [12], and the receptor does not transduce signals [11]. Such deficiency suggests that
HER-3 may act as a decoy receptor [13] to compete with HER1 and HER-4 [14] [15]. However, using statistical
software to analyze data from microarray and quantitative reverse-transcription polymerase chain reaction, expression of HER-3 mRNA has been shown to be one of the high risk genes correlated with relapse-free and
overall survival of patients with non-small cell lung cancer (NSCLC) [10], though the cell type, which expresses
HER-3, has not been identified.
Interestingly, microRNA-22 (miR-22), which affects mRNA stability and protein synthesis [16], suppresses
HER-3 protein levels [17]. Expression of miR-22 is up-regulated by AKT, a serine/threonine kinase that relays
signals from epidermal growth factor (EGF), transformation growth factor alpha (TGF-α), insulin-like growth
factor (IGF), fibroblast growth factor (FGF), or HGF, when growth factors bind the receptors [18] [19]. In
LADC patients, cigarette smoking induces HGF overexpression in alveolar type II (ATII) pneumocytes and
LADC cells [3]. HGF, via c-MET, activates focal adhesion kinase (FAK), phosphatidylinositol 3-kinase (PI3K)
and AKT [4].
Recently, Kasahara et al. showed that LADC patients with higher HGF levels had worse response to TKI
treatments [20]. Yano et al. demonstrated that activation of PI3K/AKT circuit could outweigh the effectiveness
of gefitinib [21], suggesting that miR-22 and HER-3 might be involved in TKI resistance. In this report, we studied correlations of miR-22 and HER-3 as well as the pathophysiological regulation of their expressions in
LADC cells.

2. Materials and Methods
Tissue specimens and cell lines. From January 2006 to December 2008, tissue specimens were collected from
271 patients with newly diagnosed lung adenocarcinoma (LADC). The stage of the disease was classified according to the new international staging system for lung cancer [22]. The Medical Ethics Committee of China
Medical University Hospital approved the protocol (DMR101-IRB1-213), and written informed consent was
obtained from every patient before surgery. All patients had undergone surgical resection and radical N2 lymph
node dissection. After treatment, patients were routinely followed every 3 to 6 months. The average age of the
male patients (n = 184) was 61.6 ± 15.6 years old and that of the female patients (n = 87) was 52.5 ± 12.3 years
old (p = 0.0154). ISH was performed using a single-blind procedure. Eight NSCLC [H23, H125, H226, H838,
H1437, H2009, H2087, A549 (H125 and H226 are lung squamous cell carcinoma; the others are lung adenocarcinoma)], and five breast cancer cell lines (MCF-1, MCF-7, BT-20, T47D and 60055) were used for the in vitro
evaluation. The cell lines were obtained from American Type Cell Culture (http://www.atcc.org/). Cells were
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grown at 37˚C in a monolayer in RPMI 1640 supplemented with 10% fetal calf serum (FCS), 100 I.U./ml penicillin and 100 μg/ml streptomycin.
Reverse transcription-polymerase chain reaction (RT-PCR). The total RNA was extracted from biopsies and cell
lines by a phenol/chloroform method [3]-[9]. Following RNA extraction and synthesis of cDNA, an aliquot of
cDNA was subjected to PCR to determine the integrity of -actin mRNA (3). Primers were selected using Primer3
(http://www.bioinformatics.nl/). For HER-3, the primers are: HER-3s: 5’-ATAGAAACCTGGCT GCCCGA-3’
[NM_001982] and HER-3a: 5’-AGAGAGGCACTGAGGTCTGA-3’. The cDNA fragment for HER-3 was 1210
base-pair (bp). For miR-22, the primers are: miR-22 reverse: 5’-CGAATTCTAGAGCTCGAG GCAG-3’ and
miR-22 forward: 5’-AAGCTGCCAGTTGAAGAACTGT-3’ [nts 53-74, NR_029494].
Preparation and characterization of mouse antibodies. Recombinant protein containing C-terminal amino
acids 852 to 1222 of HER-3 was used to immunize BALB/c mice. Two protein bands, a 180-kDa and a 185-kDa,
were detected by immunoblotting. The respective band was excised from the gel and subjected to an analysis of
a MALDI-TOF.
Immunoprecipitation and immunoblotting analysis. For immunoprecipitation, protein G sepharoseTM (Amersham Biosciences AB, Uppsala, Sweden) was pre-washed before mixing with cell lysate. The mixture was incubated at 4˚C for 60 min, and centrifuged at 800 × g for 1 min. The supernatant was reacted with purified antibodies and protein G at 4˚C for 18 hours. The reaction mixture was centrifuged at 800 × g for 1 min. The precipitate was washed, and dissolved in loading buffer (50 mM Tris, pH 6.8, 150 mM NaCl, 1 mM disodium EDTA,
1 mM PMSF, 10% glycerol, 5% β-mercaptoethanol, 0.01% bromophenol blue and 1% SDS) before eletrophoresis in polyacrylamide gels. Immunoblotting was performed following the routine protocol [3]. Briefly, after
electrophoresis proteins were transferred to a nitrocellulose membrane. The proteins were probed with antibodies, and visualized by exposing the membrane to an X-Omat film (Eastman Kodak, Rochester, NY).
Slide evaluation of miR-22E expression by in situ hybridization (ISH). For ISH, three different probes, αmiR22H, αmiR-22L and αmiR-22E, were prepared.
αmiR-22H: 5’-FITC-ACCACTGAACACAACAGTTCTTCAACTGGCAGCTT-3’;
αmiR-22L: 5’-FITC-ACAGTTCTTCAACTGGCAGCTT-3’;
αmiR-22E: 5’-FITC-ACCACTGAACACAACAG-3’.
In pathological section, non-tumor lung tissue (NTLT) served as internal negative control. Slides were evaluated
by pathologist without clinicopathological knowledge. A specimen was considered positive when more than 25%
of cancer cells were stained (miR-22+); and negative, if less than 25% of cells were stained (miR-22−) [3] [5] [6].
Statistical analysis. Correlation of miR-22E signal with clinicopathological factors was analyzed by Fisher’s
exact test or Chi-Square test for trend. Survival curves were plotted using the Kaplan-Meier estimator [23]. Statistical difference in survival was compared by the log rank test [24]. Statistical analysis was performed using
GraphPad Prism 5 statistics software (San Diego, CA).

3. Results
Expression of miR-22 was detected by RT-PCR and in situ hybridization (ISH). Expression of miR-22 was detected by RT-PCR in all four LADC cell lines (Figure 1(a)), and all five LADC samples examined (Figure 1(b)).
Interestingly, two RT-PCR-amplified miR-22 DNA fragments were identified in H838 cells (Figure 1(c)). The
higher molecular weight one was named miR-22H, and the lower molecular weight one was named miR-22L.
The respective DNA fragments were subjected to DNA sequence analysis (by Mission Biotech, Taipei, Taiwan;
www.missionbio.com.tw). Nucleotide sequence homology of the cDNA fragments was matched to the public
databases using a web program (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
The miR-22L (Figure 1(d)) fragment matched that of miR-22: NR_029494, Homo sapiens microRNA-22. No
mutation was detected. The miR-22H fragment, however, had extra 13 bases, 5’-TGTGTTCAGTGGT-3’ at the
3’-end, which were not encoded by the miR-22 gene, and this segment was named miR-22E. Based on these results, we constructed three different probes for in situ hybridization (ISH), the first one was an antisense to
miR-22H, the second one was an antisense to miR-22L, and the third one was targeting at miR-22E. A probe
with scrambled antisense sequences of miR-22H was used as a negative control for ISH. As determined by ISH,
miR-22H, miR-22L and miR-22E were respectively detected in 245 (90.4%), 241 (88.9%), and 225 (83.0%) of
271 patients (Figure 1(e)). Because no major difference in clinicopathological parameters had been found be
tween miR-22H- and miR-22L-positive patient groups, we focused on miR-22E. Expression of miR-22E was
detected in 168 (62.0%) of metastatic lymph nodes.
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Figure 1. Detection of miR-22 expression in lung adenocarcinoma cell lines and LADC biopsies by
RT-PCR and in situ hybridization. (a) Expression of miR-22 in 4 LADC cell lines as determined by
RT-PCR. (b) Expression of miR-22 in 5 LADC specimens. The RT-PCR-amplified miR-22 fragments
in both sample groups have two different molecular weights. (c) The two RT-PCR-amplified miR-22
products from H838 cells. The higher molecular weight one was named miR-22H, and the lower molecular weight one was miR-22L. (d) The sequence analyses of miR-22H and miR-22L (sequence
matched that of miR-22: NR_029494, Homo sapiens microRNA-22). The miR-22H has extra 13 bases,
5’-TGTGTTCAGTGGT-3’, at the 3’-end, which are not found within the miR-22 gene. This fragment
is named miR-22E. (e) Results of in situ hybridization (ISH). The antisense oligonucleotide probes
were designed to target miR-22E, and the miR-22E was mainly located in LADC cells. (f) The outcome estimates of LADC patients (Kaplan-Meier plot of overall survival). Subgroups were compared
using the log-rank test. Patients who highly expressed miR-22E had significantly poorer survival rate
than those who rarely expressed miR-22E (median 31 months vs. 10 months, hazard ratio [HR] =
3.127, 95% confidence interval [CI], 1.75 to 3.65; p < 0.0001).

Among the 225 patients who expressed miR-22E, 139 (61.8%) patients had tumor recurrences. Among the 46
patients who had low miR-22E levels, only 12 (21.7%) patients had metastatic lesions. All 151 patients with recurrence developed tumor within 24 months after operation. Patients with miR-22E expression were at higher
risk (about 3.7-fold) of tumor recurrence. The survival rate of patients who expressed miR-22E was significantly
worse than that of patients had low miR-22E expression (Figure 1(f)). The differences in cumulative survivals
were significant (p < 0.0001). Statistical analysis showed that expression of miR-22E correlated with patient’s
gender, smoking habit, cell differentiation, tumor stage and lymphovascular invasion (Table 1), suggesting that
miR-22E expression could be associated with cell growth and metastatic potential.
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Table 1. Comparison of clinicopathological parameters between patients with and
without miR-22 expression.
miR-22 expression
Parameter

p value
High (n = 225)

Low (n = 46)

57.6 ± 12.8

56.7 ± 11.2

0.17†

Male (n = 184)

147

37

0.046‡

Female (n = 87)

78

9

Smokers (n = 195)

189

6

Non-smokers (n = 76)

36

40

I (n = 47)

36

11

IIa (n = 66)

50

16

IIb (n = 132)

112

20

IIIa (n = 27)

27

0

8

18

146

27

Age (yr)
Gender

Smoking
<0.001‡

Stage
0.023‡

Cell differentiation
Well (n = 26)
Moderate (n = 173)

<0.01‡

Poor (n = 72)

71

1

Mitotic index (#/10 HPF)

3.9 ± 2.5

5.6 ± 3.2

<0.001†

163

5

<0.001‡

62

41

Lymphovascular invasion
Positive (n = 168)
Negative (n = 103)
†

Two-sided p value determined by t test. Two-sided p value determined by the χ2 test.
‡

Expression of HER-3 in lung and breast cancer cell lines as determined by RT-PCR and immunoblotting. Expression of HER-3 mRNA was examined by RT-PCR in eight NSCLC and five breast cancer cell lines. HER-3
mRNA was detected in all cell lines (Figure 2(a)). Following sequence analysis, nucleotide sequence of cDNA
fragments from the eight NSCLC cell lines matched that of HER-3: NM_001982
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). No mutation was found.
HER-3 antibodies were raised in our lab following published protocols [4]-[6]. Specificity of the antibodies
was determined by immunoblotting analysis. HER-3 was detected in all five breast cancer, but barely detected in
one (H1437) of 8 lung cancer cell lines (Figure 2(b)). Interestingly, two protein bands (180- and 185-kDa) were
recognized. The 185-kDa protein was highly expressed in breast cancer cell lines, MCF-1, MCF-7 and T47D.
Using small hairpin RNA (shRNA), levels of both 180- and 185-kDa protein were markedly reduced in T47D
cells, indicating that both proteins were HER-3 (Figure 2(c)). Moreover, both 180- and 185-kDa proteins were
precipitated by HER-3 specific antibodies. The precipitates were analyzed by MALDI-TOF, and the peptide
mass fingerprints of both protein bands matched HER-3: UniProtKB/Swiss-Prot: P21860, suggesting that the
185-kDa protein could be a post-translationally modified 180-kDa HER-3. Findings of HER-3 with various
forms in normal tissues, e.g., stomach, large intestine and spleen, further support that HER-3 expression is physiologically controlled (Figure 2(d)).
The distinct discrepancy in levels of abundant mRNA and rarely detected protein in lung cancer cells suggested that HER-3 expression could also be pathophysiologically regulated. However, our previous study of eukaryotic elongation factor 2 (eEF2) showed that the total translation efficacy in LADC cells was in fact enhanced [25]. The present results implicated that inhibition of protein synthesis could be HER-3 gene specific.
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Figure 2. Expression of ErB3 in lung and breast cancer cells as detected by RT-PCR and immunoblotting. (a) Expression of HER-3 mRNA in 8 lung and 5 breast cancer cell lines as detected by RT-PCR.
Expression of β-actin was used as a monitoring standard for the relative expression of HER-3 mRNA.
(b) Expression of HER-3 protein in 8 lung and 5 breast cancer cell lines as detected by an immunoblotting analysis. β-actin served as a loading control. HER-3 was recognized in all 5 breast cancer cell
lines. However, only a weak 180-kDa HER-3 was identified in H1437 of the 8 NSCLC cell lines. The
185-kDa protein was highly expressed in 3 breast cancer cell lines, MCF-1, MCF-7 and T47D. (c) The
effect of small hairpin RNA (shRNA) on expression of HER-3 protein as determined by immunoblotting analysis. Addition of shRNA reduced both 180- and 185-kDa protein levels in T47D cells, indicating that HER-3 proteins could have two forms, and the 185-kDa protein could be a post-translationally modified HER-3. (d) The immunoblotting analysis of HER-3 expression in normal murine
tissues. HER-3 with various molecular weights was detected in the brain, lung, liver, stomach, large
intestine and spleen, supporting the notion that expression of HER-3 is physiologically regulated.

We, therefore, used web programs to search for potential microRNA (miRNA), which might suppress HER-3
protein synthesis, and we identified miR-22 as one of the most probable candidates (Table 2). Unlike other
miRNAs, which can be categorized into subfamilies, miR-22 is unique.
Addition of hsa-miR-22E to breast cancer cells reduces HER-3 protein levels, and ectopic expression of hsamiR-22 inhibitor in LADC cells increases HER-3 protein levels. As shown in Figure 3(a), addition of hsa-miR22 (ABM, Richmond, BC, Canada) or miR-22E reduced HER-3 protein expression in a time-dependent fashion
in MCF-7 cells. Addition of miR-342 (a microRNA targeting at HER-2), however, did not affect HER-3 expression. Interestingly, miR-22E inhibited both 180- and 185-kDa HER-3 at the same rate, whereas miR-22 reduced
the 180-kDa HER-3 first and then the 185-kDa protein at a slower rate, suggesting that miR-22E could simultaneously impede HER-3 protein biosynthesis and phosphorylation. Ectopic expression of miR-22 inhibitor (lentimiRa-Off-hsa-miR-22, ABM, Richmond, BC, Canada), on the other hand, increased both 180- and 185-kDa
HER-3 protein bands in H23 and H1437 cells (Figure 3(b)), confirming that miR-22 could down-regulated
HER-3 protein expression [17].
Using miR-22E mimics to inhibit HER-3 expression increased mobility, but reduced growth of T47D cells
(Figures 4(a)-(c)). In contrast, using ectopic miR-22 inhibitor to augment HER-3 expression decreased movement of H23 cells (Figure 4(b) and Figure 4(c)).
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Table 2. Using online software programs, TargetScan6.0 (www.targetscan.org), miRDB (http://www.mirdb.org/), miRanda
(www.microrna.org), miRBase (www.ebi.ac.uk), TarBase (http://diana.imis.athena-innovation.gr/), and RepTar
(http://www.benoslab.pitt.edu/comir/), to search for the potential microRNA (miRNA), which could suppress HER-3 protein
synthesis.
Web softwares

TargetScan 6.0

miRDB

miRanda

miRBase

TarBase

RepTar

Prospective
microRNAs I
(miR-17 family)

hsa-miR-106a
hsa-miR-17
has-miR-20b
hsa-miR-93
hsa-miR-106b
hsa-miR-20a

hsa-miR-106a
hsa-miR-17
has-miR-20b
hsa-miR-93

hsa-miR-106a
hsa-miR-17
has-miR-20b
hsa-miR-93
hsa-miR-106b
hsa-miR-20a

hsa-miR-106a
hsa-miR-17
has-miR-20b
hsa-miR-93
hsa-miR-106b
hsa-miR-20a

hsa-miR-106a
hsa-miR-17
has-miR-20b
hsa-miR-93
hsa-miR-106b
hsa-miR-20a

hsa-miR-106a
hsa-miR-17
has-miR-20b
hsa-miR-93
hsa-miR-106b
hsa-miR-20a
hsa-miR-130a

Prospective microRNAs hsa-miR-130a
II (miR-130 family)
hsa-miR-130b

hsa-miR-130b

hsa-miR-130a
hsa-miR-130b

hsa-miR-130a
hsa-miR-130b

hsa-miR-148a
hsa-miR-148b
hsa-miR-152

hsa-miR-148a
hsa-miR-148b
hsa-miR-152

hsa-miR-148a
hsa-miR-148b
hsa-miR-152

Prospective
microRNAs III
(miR-148 family)

hsa-miR-148a
hsa-miR-148b
hsa-miR-152

Prospective microRNAs
IV (miR-205 family)

hsa-miR-205

hsa-miR-205

hsa-miR-205

hsa-miR-205

Prospective microRNAs
V (miR-22 family)

hsa-miR-22

hsa-miR-22

hsa-miR-22

hsa-miR-22

Prospective microRNAs
VI (miR-515 family)

hsa-miR-519d

hsa-miR-519d
hsa-miR-519d
hsa-miR-520b
hsa-miR-520b
hsa-miR-520d-3p hsa-miR-520d-3p

(a)

hsa-miR-519d
hsa-miR-520b
hsa-miR-520b
hsa-miR-520d-3p hsa-miR-520d-3p

(b)

Figure 3. The effect of miR-22E mimics, hsa-miR-22 mimics and hsa-miR-22 inhibitor on HER-3 expression. (a) The
effect of synthetic miR-22E and hsa-miR-22 on HER-3 protein expression in MCF-7 cancer cells as determined by immunoblotting analysis. Ectopic expression of miR-22E mimics inhibited both 180- and 185-kDa HER-3 at about the
same rate, whereas miR-22 reduced the 180-kDa HER-3 first and then the 185-kDa protein at a slower rate. Addition of
miR-342 (a miRNA targeting at HER-2), used as a negative control, did not affect expression of HER-3 [39] [40]. (b)
Addition of ectopic miR-22 inhibitor (lentimiRa-Off-hsa-miR-22) increased both 180- and 185-kDa HER-3 proteins in H23
and H1437 cells as determined by immunoblotting analysis, confirming our previous results that miR-22 reduced HER-3
protein expressions, and the miR-22 inhibitor reversed the suppressive effect by inhibiting the function of miR-22.

Addition of EGF increases expression of miR-22H and miR-22L in cancer cells. In vitro, addition of EGF or
concurrent addition of EGF and HGF significantly increased EGFR, but reduced HER-3 expression in BT-20
cells (Figure 5(a)). Addition of HGF alone, however, only increased molecular shifting of EGFR, but not
HER-3 expression. Interestingly, by showing that challenge cells with EGF or with EGF and HGF could simultaneously increase expression of miR-22H and miR-22L (Figure 5(b)), which in turn reduced HER-3 protein
levels, our data confirmed that miR-22 could inhibit HER-3 translation. Cell biology studies demonstrated that
EGF induced cell growth (Figure 5(c), upper panel), whereas HGF activated cell mobility (Figure 5(c), lower
panel). Moreover, tissue levels of heparin-binding EGF-like growth factor (HB-EGF) in patients with positive
miR-22 expressions (163 ± 21.85 pg/mg; n = 53) were significantly higher than those with negative miR-22 expressions (76 ± 6.7 pg/mg; n = 10) (Figure 5(d)), also supported our in vitro observation.
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Figure 4. The effect of miR-22 and miR-22 inhibitor on cell proliferation and movement. (a) The respective
effect of miR-22 and miR-22 inhibitor on cell movement out of agarose gel droplet. T47D cells, which highly
expressed HER-3, did not readily move out of the agarose (the left panel). In the presence of miR-22E, the
cells were more readily to move out of the agarose (the right panel). On the other hand, H23 cells, which
hardly expressed HER-3, readily moved out of the agarose (the left panel). In lentimiRa-Off-hsa-miR-22
transfected H23 cells, expression of ectopic miR-22 inhibitor reduced cells moving out of the agarose (the
right panel). (b) The statistical summaries of the effect of miR-22 on the cell proliferation and movement. (c)
The statistical summaries of the effect of miR-22 inhibitor on the cell proliferation and movement.

4. Discussion
Our results show that although HER-3 mRNA is abundantly detected in LADC cells, HER-3 protein is rarely
identified. Compared to breast cancer cells, which highly expressed HER-3 proteins, miR-22H which contained
an extra 13 bases, 5’-TGTGTTCAGTGGT-3’ (miR-22E), at 3’-end was found to inhibit HER-3 protein synthesis in LADC cells. However, the source of miR-22E sequences was not identified in the near vicinity of miR-22
gene by an online software BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi), suggesting that miR-22H could be a
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Figure 5. The effect of EGF and HGF on the expression of EGFR, HER-3 and miR-22 as well as cell
behavior of BT-20 cells. (a) The effect of EGF, HGF or the combination of both growth factors on the
expression of EGFR, HER-3, proliferation marker topoisomerase II-alpha (Topo IIα), and EMT marker
vimentin in BT-20 cells as determined by the immunoblotting analysis. In vitro, treatment with EGF
alone or concurrent treatment with EGF and HGF significantly increased EGFR and topo IIα, but reduced
HER-3 expression. Addition of EGF alone, however, reduced vimentin expression. Addition of HGF
alone, on the other hand, increased not only the molecular weight shifting of EGFR, but also the vimentin
expression. (b) The effect of EGF, HGF or the combination of both growth factors on the expression of
miR-22. When cells were challenged with EGF or simultaneously with EGF and HGF, expression of both
miR-22H and miR-22L were elevated, which correlated with the increased EGFR expression, but with
reduced HER-3 protein levels, validating our data that miR-22 repressed HER-3 protein expression. (c)
The effect of EGF, HGF or the combination of both growth factors on the cell behaviors. Addition of
EGF induced cell growth, whereas addition of HGF activated cell mobility. (d) Tissue levels of heparin-binding EGF-like growth factor (HB-EGF) in patients with miR-22 expressions (163 ± 21.85 pg/mg;
n = 53) were significantly higher than those with no miR-22 expression (76 ± 6.7 pg/mg; n = 10).

product of post-transcriptional modifications, e.g., maturation [26] and splicing [27]. Pathologically, miR-22E
was highly detected in surgical specimens of LADC patients, and the miR-22E expression level was clearly correlated with higher incidence of early tumor recurrence and increased metastasis, which ultimately reflected in
worse clinical outcomes (Table 2).
In vitro, miR-22E had a higher efficiency in reducing HER-3 protein levels than miR-22. Furthermore, miR22E inhibited both 180- and 185-kDa HER-3 at the same rate, while miR-22 reduced 180-kDa HER-3 first and
then the 185-kDa protein, indicating that miR-22E was functional and could simultaneously interrupt HER-3
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protein biosynthesis and phosphorylation. Inhibition of HER-3 protein synthesis reduced proliferation, but increased mobility of T47D cells. Ectopic expression of hsa-miR-22 inhibitor, on the other hand, increased levels
of both 180- and 185-kDa HER-3, verifying our results that miR-22 could concurrently interfere HER-3 protein
synthesis and phosphorylation. Although increase of HER-3 expression reduced cell movement, it did not affect
cell growth, implicating that up-stream factors were involved in balancing the expression of miR-22 and HER-3,
and the cell behaviors.
In fact, increased miR-22 levels have been shown to enhance metastatic potential of MCF-7 breast cancer
cells by modulating expression of methylcytosine dioxygenases (also known as ten eleven translocases, TETs),
the enzymes which are essential for DNA demethylation [28]. Without proper DNA demethylation, miR-200
synthesis was inhibited to favor expression of metastasis-associated genes [26], e.g., platelet-derived growth
factor (PDGF) [29], interleukin-8 (IL-8), chemokine (C-X-C motif) ligand 1 (CXCL-1) [30], and vimentin [31],
but to reduce expression of metastasis-suppressive genes, e.g., E-cadherin, SEC23A (Sec23 homolog A of S. cerevisiae), insulin-like growth factor binding protein 4 (igfbp4) and tubulointerstitial nephritis antigen-like 1 (tinagl1) [32]. Imbalance of metastasis-associated over metastasis-suppressive gene expressions would aggravate
epithelial-to-mesenchymal transition (EMT) and distant metastasis of tumor cells. However, miR-22 expression
was not emphasized in those studies.
Bar and Dikstein showed that through activation of phosphoinositide 3-kinase (PI3K) and production of
phosphatidylinositol-3,4,5-triphosphate (PIP3), AKT could up-regulate miR-22 expression to facilitate cell migration [19]. The receptor tyrosine kinase, which mediated PI3K activation, however, was not specified. The
present study sheds some light on this issue, and suggests that activated EGFR is accountable for the increase of
miR-22 expression [33]. It was further shown that by interacting with argonaute 2 (AGO2), EGFR which was
activated by hypoxia could inhibit Dicer activity and miRNA maturation [34]. Two forms of EGFR activation
have been demonstrated [4] [34]: one form is through EGF to increase EGFR synthesis and tyrosine phosphorylation; the other form is to increase phosphorylation of serine/threonine residues via HGF [3] [4]. Through
c-MET, HGF activates FAK, PI3K and AKT, as well.
Interestingly, hypoxia also increases expression of heparin-binding EGF-like growth factor (HB-EGF) [35]
and gefitinib resistance in NSCLC cells [36]. All these data considered together supported our current results
and several previous studies, which suggested that EGF, TGF-α, IGF, and FGF respectively regulated miR-22
expression [18] [19]. Moreover, our results showed that exogenously added EGF induced expression of EGFR,
and miR-22, which, on the other hand, reduced protein levels of HER-3, a prospective decoy receptor that counteracted the effect of EGFR, indicating that there could be a possible feedback circuit to orchestrate intracellular
events to benefit cancer cell survival and to overcome the harsh microenvironments [6] [13] [37].
It is worth noting that although our data show that HER-3 mRNA is highly expressed in LADC cells [10], the
HER-3 protein is rarely identified. On the contrary, miR-22 is frequently detected in LADC specimens, especially those from patients who have smoking history. Statistical analyses showed that the increased miR-22 expression was closely associated with the malignant disease progression, including lymphovascular invasion and
the advanced stages of disease. In vitro, miR-22 inhibits HER-3 protein expression, and increases cell’s traversing ability, ratifying our pathologic findings [3] [4]. In fact, when evaluating microRNA expression profiles,
Park et al. had elegantly classified 60 multifarious cancer cell lines into epithelial and mesenchymal subtypes,
and found that the miR-200 family was specific for epithelial phenotype. They also showed that the miR-155,
miR-210 and miR-22 were unique for the mesenchymal phenotype [31], which further supported our data that
miR-22 expression favored EMT, and cancer cell metastasis. However, other explanations are possible. For instance, we have not determined the role of miR-155 or miR-210 in the LADC, which are up-regulated in many
different cancer types [31] [38]. In an ongoing study, we are checking these aspects. It should be noted that rapid
cancer cell growth during disease progression often resulted in reduced supply of oxygen as well as nutrients,
and the subsequent accumulation of tumor cell-specific metabolites and growth factors in tumor nests. Our findings may provide some explanations for how changes in microenvironments affect gene expression patterns of
tumor cells, including microRNA as well as intracellular detoxification-, mitochondrial transport-, DNA repair-,
and membrane receptor-related proteins, to benefit survival and potential metastasis of cancer cells [5]-[9],
which in turn reflect in poor prognosis. Our data clearly show that parameters for determining tumor cell behaviors and the prospective therapeutic efficacies in cancer patients are multifactorial, involving several levels of
gene expression regulations.
In conclusion, our results suggest that HER-3 may act as a decoy receptor of EGFR family in LADC cells,
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and miR-22, especially miR22-E, inhibits HER-3 protein expression to promote disease progression. Expression
of miR-22 could be a counter-feedback to maintain EGFR function.
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