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MicroRNAs (miRNAs) are a recently discovered class of post-

transcriptional regulators of gene expression with critical func-

tions in health and disease. Their role in the pathogenesis of

hypersplenism, however, is completely unknown. To determine

whether miRNA expression is altered in splenic macrophages

associated with hypersplenism due to portal hypertension in

hepatitis-B-virus (HBV)-related cirrhosis, we analyzed the entire

miRNAome in macrophages from normal and portal hypertensive

spleen samples by microarray and Real-Time PCR. In this study,

we identified 99 miRNA differences in expression in splenic

macrophages associated with hypersplenism due to portal

hypertension in HBV-related cirrhosis. Among the miRNAs

identified in this study, hsa-miR-615–3p was significantly up-

regulated in hypersplenism. Dynamic changes in miRNA expres-

sion occurred during the pathogenesis of portal hypertension-

induced hypersplenism in HBV-related cirrhosis. The miRNAs

then are novel regulatory RNAs in hypersplenism in patients with

HBV-related cirrhosis. Exp Biol Med 233:1454–1461, 2008
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Introduction

MicroRNAs (miRNAs) are a class of noncoding RNAs

that are ;22 nucleotides in length (1). They specifically

regulate the expression of many protein-coding genes by

targeting their messenger RNAs through pairing interactions

in a combinatorial fashion (2–4). Since the discovery of the

first miRNA, lin-4 (5), considerable progress has been made

in the elucidation of their precise functions. miRNAs are

involved in various important biological processes, such as

developmental timing and patterning, apoptosis, hemato-

poietic differentiation, cell proliferation, organ develop-

ment, as well as tumorigenesis and other diseases (6–8).

Moreover, it is estimated that 10–30% of all protein-coding

genes are regulated by miRNAs in the human genome (9).

The progressive discovery of new miRNA functions implies

their association with the regulation of almost every aspect

of cell physiology and pathology.

Currently, much is yet to be learned concerning the

pathogenesis of hypersplenism due to portal hypertension

(HS-PHT) in patients with hepatitis-B-virus (HBV)-related

cirrhosis. It is generally accepted that cytopenia results

predominantly from the increased phagocytosis and de-

struction of hemocytes in splenic macrophages (M/) (10).

However, no research has been undertaken with regard to

the role of miRNAs in HS-PHT. Consequently, the present

study investigated the miRNAome of splenic M/ in HS-

PHT using miRNA microarray techniques.

Materials and Methods

Patients. Two groups of patients were studied (Table

1). Twenty patients (median age 44.6 years, range 27–69

years; twelve males and eight females), with HS-PHT in our

hospital during September 2006 to March 2007, were

included as the HS-PHT group. As splenectomy is

commonly performed in patients with portal hypertension
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and hypersplenism in China, all patients in the study

underwent splenectomy and pericardial devascularization.

Free portal vein pressure was measured by placing a catheter

connected to a water-based pressure manometer in the main

omental vein during the procedure. Based on this method, 13

to 24 cm of H2O is considered as normal, whereas .30 cm of

H2O indicates portal hypertension. In addition, the diagnosis

of cirrhosis and portal hypertension was made based on

supporting evidence including clinical features, abnormal

laboratory tests, and ultrasonography. In this regard, hyper-

splenism was defined by anemia, leukopenia, or thrombocy-

topenia with splenomegaly; a normal or hypercellular bone

marrow; and normalization of the peripheral blood cell

counts after splenectomy. Conversely, eight patients (median

age 35.8 years, range 18–43 years; six males and two female)

with traumatic rupture of the spleen were enrolled in the

control group. Hepatitis, cirrhosis, history of hypersplenism,

and abnormalities in postoperative laboratory findings and

pathological examinations were absent in the participants.

All patients provided written informed consent, while the

hospital ethics committee approved the protocol.

Sample Preparation and RNA Extraction.

Splenic M/ were isolated and purified by anchored

cultivation from all the patients, and total RNA was isolated

with TRIzol reagent (Invitrogen, Carlsbad, CA) as pre-

viously described (11, 12).

LNA-Based miRNA Microarray. The profiling of

miRNA in RNAs from both splenic M/ in HS-PHT (n¼ 4)

and the normal group (n¼ 4, mixed into a sample pool) was

performed using the miRCURYe LNA microRNA Array

(Version 8.1 Exiqon, Vedbaek, Denmark). The total RNA

from the HS-PHT and control groups were labeled with

Hy5e and Hy3e fluorescent dye, respectively, using the

miRCURYe LNA Array labeling kit (Exiqon, Denmark).

The Hy3e-labeled samples and the Hy5e-labeled refer-

ence pool RNA samples were mixed pair-wise and were

hybridized to the miRCURYe LNA array, which contains

capture probes targeting all human miRNA listed in

miRBASE Version 8.1 (13, 14). The hybridization was

performed according to the miRCURYe LNA array

manual using a Tecan HS4800 hybridization station

(Tecan, Austria), the slides scanned by Axon 4000B

(Axon, Union City, CA), and the resulting images analyzed

with species-specific GenePixt Array Lists files by GenePix

4.0 (Axon Instruments, Union City, CA). The signal from

each spot was analyzed with Spotfire 8.0 (TIBCO, Palo

Table 1. Description of the Patients

Patient
number

Platelet count
(3 109/L)

Erythrocyte count
(3 1012/L)

Leukocyte count
(3 109/L)

Analysis

Microarray PCR

HS-PHT

1 26 2.98 2.10 = =
2 53 2.94 2.32 = =
3 27 3.11 2.86 = =
4 22 3.16 1.26 = =
5 39 2.22 1.66 =
6 52 3.51 2.99 =
7 40 2.94 1.86 =
8 34 5.10 1.09 =
9 22 3.7 1.77 =

10 39 2.83 1.65 =
11 32 3.45 1.38 =
12 69 2.92 1.73 =
13 33 2.68 1.42 =
14 29 2.86 2.45 =
15 38 3.41 3.21 =
16 44 3.23 2.80 =
17 18 2.53 1.92 =
18 42 3.21 3.14 =
19 35 2.42 2.50 =
20 32 2.30 2.62 =

Control

1 178 4.26 9.52 = =
2 216 4.46 10.14 = =
3 158 4.74 10.42 = =
4 182 3.98 8.52 = =
5 162 4.50 8.69 =
6 193 3.86 9.31 =
7 172 4.83 8.37 =
8 169 4.78 8.94 =
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Alto, CA). Afterwards, the resulting signal intensity values

were normalized to per-chip median values and then were

used to obtain the geometric means and standard deviations

for each miRNA. Statistical comparisons were performed

next by using the Analysis of Variance (ANOVA) statistic.

For visualization of differentially expressed miRNAs, a

heat map was generated using TreeView (http://jtreeview.

sourceforge.net).

Quantitative Real-Time PCR. Quantification of

miRNAs by TaqMant Real-Time PCR was carried out as

described by the manufacturer (Applied Biosystems, Foster

City, CA). In brief, 10 ng of template RNA was reverse

transcribed employing the TaqMant MicroRNA Reverse

Transcription Kit and miRNA-specific stem-loop primers

(Applied Biosystems). A 1.5 ml RT product was introduced

into the 20 ml PCR reactions which were incubated in 96-

well optical plates on the Applied Biosystems 7300

Sequence Detection system at 958C for 10 min, followed

by 40 cycles of 958C for 15 s and 608C for 1 min. Target

miRNAs expression was normalized between different

samples based on the values of U48 RNA expression.

Student’s t test was then used to determine the statistical

significance of data.

Prediction of miRNA Target (9, 15–17). The

miRNA predicted targets were analyzed by way of four

programs: TargetScan (http://www.targetscan.org), PicTar

(http://pictar.bio.nyu.edu/), miRanda (http://cbio.mskcc.org/

cgi-bin/mirnaviewer/mirnaviewer.pl), and miRBase targets

database (http://microrna.sanger.ac.uk). The predicted target

genes were then distributed into classes by the molecular

function of gene ontology (GO) on Ensembl GOView

(Ensembl release 45, June 2007, http://www.ensembl.org/

Homo_sapiens/goview?acc¼GO). The experimentally sup-

ported miRNA targets were later analyzed using Tarbase

(http://www.diana.pcbi.upenn.edu/ tarbase.html).

Results

Marked Difference in the miRNA Expression of
Splenic M/. Analysis of the microarray data showed that

the miRNAs are expressed in a non-random manner

between splenic M/ from the HS-PHT and normal group

(Fig. 1A). We identified that 292 miRNAs were expressed

in splenic M/, and 99 miRNAs were differentially

expressed between HS-PHT and normal group (Fig. 1B,

C; Suppl Table S1, which is available in the online version

of the journal). Among the miRNAs identified, two findings

were noted in comparison with the normal spleen: (I)

consistent up-regulation of miRNAs in the HS-PHT group

(e.g. miR-494, miR-615–3p, miR-363, miR625), and (II)

consistent miRNAs down-regulation in HS-PHT (e.g. miR-

324–3p, miR-483, miR-20a), as compared to normal spleen.

However, only hsa-miR-615–3p (MIMAT0003283, miR-

Base release 10.0: August 2007) was significantly up-

regulated in the HS-PHT group.

Figure 1. Comparison of expression profiles of miRNAs between HS-PHT and normal splenic M/. (A) MicroRNA (miRNA) array comparison of
splenic M/ from normal spleens (n¼4) and spleens with HS-PHT (n¼4). Total RNA from splenic M/ was labeled and hybridized to microarrays
containing probes corresponding to known miRNA sequences. (B) The heat map summarizes the biological replicates for the splenic M/
specimens, the four experiments are grouped as experiments 1, 2, 3, and 4 and then subheadings of four replicates per experiment represent
the technical replicates of the same sample. Color intensity is scaled within each row so that the highest expression value corresponds to bright
red and the lowest to bright green. Gene names are listed to the right. The hsa-miR-615, in the heat map, has been renamed as hsa-miR-615–
3p in miRBase (release 10.0: August 2007). (C) Venn diagram for the miRNAs expression. 292 miRNAs were expressed in splenic M/, and 99
miRNAs were differentially expressed between HS-PHT and normal group.
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To confirm the results obtained by microarray profiling,

we performed quantitative real-time PCR analysis of hsa-

miR-615–3p and hsa-miR-24 expression on the RNA

samples obtained from HS-PHT and normal group (Fig.

2). In accordance with the microarray data, quantitative real-

time PCR results showed significantly (P , 0.01) increased

hsa-miR-615–3p levels in splenic M/ from the HS-PHT

group when compared with normal spleen. The expression

of hsa-miR-24 was with no difference between two groups.

Taken together, HS-PHT is characterized by a distinct

miRNA expression profile in comparison with normal

spleen.

Details of hsa-miR-615–3p. hsa-miR-615–3p be-

longs to the miR615 family, which has a seed region of
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CCGAGCC. The sequence of hsa-miR-615 is located in

chromosome 12:52,713,537–52,714,560 and has overlap-

ping transcripts with intron1 of Homobox protein C5

(HOXC5). It used to be named hsa-miR-615, but because

another mature miRNA sequence (hsa-miR-615–5p) has

been found in the Homo sapiens miR-615 stem-loop in

miRBase (release 10.0: August 2007), it has been renamed

as hsa-miR-615–3p (13, 14, 18, 19).

Target Prediction of hsa-miR-615–3p. Ten con-

served target genes were found by TargetScan (release 4.0),

with a total of 10 conserved sites and 1 poorly conserved

site (Table 2) (15). There were also 1041 Homo sapiens
transcript identifiers found in the miRBase targets database

(Table 3). Conversely, there was no information about target

prediction on PicTar or miRanda, nor any experimentally

supported miRNA targets on Tarbase.

Discussion

Hypersplenism is a clinical syndrome common in PH

due to hepatic cirrhosis. It is characterized by splenomegaly

as well as the associated destruction of one or more cell

lines in the peripheral blood (20). Nonetheless, there are

little data present about the pathogenesis of hypersplenism

in PH. It is generally accepted that cytopenias result

predominantly from the increased phagocytosis and de-

struction of hemocytes in splenic M/. Our prior studies

have indicated that phagocytosis of M/ was augmented; the

rate of phagocytosis and the index of phagocytosis of

splenic M/ were notably in negative correlation with the

count of leukocyte and platelet in peripheral blood.

Likewise, we have also identified 121 differentially ex-

pressed genes by cDNA microarray in the splenic M/ of

hypersplenism due to PH, including 21 known up-regulated

and 73 known down-regulated known genes. These differ-

ently expressed genes were related with ionic channel and

transport proteins, cyclins, cytoskeletons, cell receptors, cell

signal conduct, metabolism, immunity, and so on (21–23).

However, the mechanism for increased phagocytosis in

hypersplenism and the molecular regulation in splenic M/
are yet unknown.

The spatial and temporal expression patterns of

miRNAs can provide clues for their possible functions.

Profile studies have already shown that many miRNAs are

specific for organs, cell types and developmental stages. In

fact, a number of different methods, including Northern

blotting, oligonucleotide microarrays, and quantitative PCR

have been developed for miRNA profiling study. Micro-

array-based miRNA profiling assays, in particular, is an

efficient approach in screening, in a parallel fashion, the

expression of a large number of miRNAs through extensive

sample (24–27).

Recently, a new microarray platform (miChip) using

LNA-modified capture probes showed increased sensitivity

and specificity (26, 28, 29). Therefore, the miRNA

expression analysis was carried out using the miRCURYe

LNA microRNA Array, which has a normalized 728C

melting temperature (24). Among 292 miRNAs expressed in

splenic M/, 99 miRNAs were identified as differentially

expressed between HS-PHT and normal spleen, suggesting

that miRNAs may be involved in the pathogenesis of HS-

PHT.

Dysregulation of miRNA levels would be anticipated to

affect the translation of multiple protein coding genes. With

this in mind, even though minimal information about

miRNA target genes hampers a full understanding of the

biological functions of miRNAs, the prediction of miRNA

targets can provide an alternative approach. Because of the

general existence of endotoxemia and hormone metabolic

abnormalities in patients with HS-PHT, we hypothesized

that TRIM8 and LCoR were the most likely targets of hsa-

miR-615–3p. They might regulate the activation of splenic

M/ in pathological ‘‘homeostasis’’ and might as well be

involved in the pathogenesis of HS-PHT (30–34).

In addition, we also have compared the miRNA

expression to the previous expression array data. We tested

whether the differentially expressed genes in cDNA micro-

array could be the targets of miRNAs by analysis in

TargetScan program. The results showed that there was

some relationship between the differentially expressed

genes and miRNAs (Suppl Table S2, which is available in

the online version of the journal). It is interesting that the

up-regulation of hsa-mir-625 was in coincidence with the

down-regulation of ARAF1 (NM_001654, Homo sapiens v-

raf murine sarcoma 3611 viral oncogene homolog 1) and

MPL (NM_005373, Homo sapiens myeloproliferative

leukemia virus oncogene), and the down-regulation of

Figure 2. The expressions of the functionally active, mature forms of
hsa-miR-615–3p and hsa-miR-24 analyzed using quantitative real-
time PCR in the splenic M/ from normal spleens (n¼ 8) and spleens
with HS-PHT (n¼20). Data are expressed in relative units compared
to U48 RNA. * P , 0.01.
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Table 3. Classification of 1041 Predicted hsa-mir-615 Targets in miRBase Target Databasea

GO ID Molecular function Genes

None/unknown 384 36.90%
Known function 657 63.10%

GO:0016209 Antioxidant activity 2 (0.2%)
GO:0004601 Peroxidase activity 2
GO:0015457 Auxiliary transport protein activity 1 1 (0.1%)
GO:0005488 Binding 12 327 (31.4%)
GO:0030246 Carbohydrate binding 2
GO:0003682 Chromatin binding 3
GO:0043167 Ion binding 94
GO:0008289 Lipid binding 10
GO:0003676 Nucleic acid binding 56
GO:0000166 Nucleotide binding 51
GO:0001871 Pattern binding 3
GO:0005515 Protein binding 69
GO:0005102 Receptor binding 25
GO:0043021 Ribonucleoprotein binding 1
GO:0008430 Selenium binding 1
GO:0003824 Catalytic activity 7 170 (16.3%)
GO:0016491 Oxidoreductase activity 12
GO:0009055 Electron carrier activity 3
GO:0004386 Helicase activity 2
GO:0016787 Hydrolase activity 67
GO:0016853 Isomerase activity 5
GO:0016874 Ligase activity 7
GO:0008639 Small protein conjugating enzyme activity 3
GO:0016740 Transferase activity 63
GO:0004803 Transposase activity 1
GO:0030234 Enzyme regulator activity 36 (3.5%)
GO:0008047 Enzyme activator activity 5
GO:0004857 Enzyme inhibitor activity 14
GO:0030695 GTPase regulator activity 16
GO:0019208 Phosphatase regulator activity 1
GO:0060089 Molecular transducer activity 53 (5.1%)
GO:0004871 Signal transducer activity 4
GO:0004872 Receptor activity 48
GO:0005057 Receptor signaling protein activity 1
GO:0003774 Motor activity 1 (0.1%)
GO:0003777 Microtubule motor activity 1
GO:0005198 Structural molecule activity 8 16 (1.5%)
GO:0005201 Extracellular matrix structural constituent 3
GO:0005200 Structural constituent of cytoskeleton 1
GO:0005212 Structural constituent of eye lens 2
GO:0003735 Structural constituent of ribosome 2
GO:0030528 Transcription regulator activity 1 12 (1.2%)
GO:0003702 RNA polymerase II transcription factor activity 5
GO:0003709 RNA polymerase III transcription factor activity 2
GO:0016563 Transcriptional activator activity 1
GO:0003711 Transcriptional elongation regulator activity 2
GO:0016564 Transcriptional repressor activity 1
GO:0045182 Translation regulator activity 1 1 (0.1%)
GO:0005215 Transporter activity 15 38 (3.7%)
GO:0005275 Amine transporter activity 3
GO:0005386 Carrier activity 1
GO:0015267 Channel or pore class transporter activity 2
GO:0015075 Ion transporter activity 12
GO:0005326 Neurotransmitter transporter activity 1
GO:0015932 Nucleobase, nucleoside, nucleotide and nucleic acid trans-

porter activity
3

a The number and percentage of transcripts annotated with various Gene Ontology molecular function categories are shown for targets of hsa-
mir-615. One Ensembl gene identifier can map to several Refseq identifiers or Ensembl transcript identifiers corresponding to different splice
forms of a gene. The amounts of genes refer to the transcript identifiers.
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hsa-mir324-3p, 20a were also in coincidence with MED23

(NM_004830, Homo sapiens mediator complex subunit 23).

Taken together, miRNA expression patterns distinguish

HS-PHT from normal spleen. The results reported here

reveal a new layer of regulatory mechanisms in the

pathogenesis of HS-PHT in HBV related cirrhosis. Because

miRNAs are master switches that ultimately affect complex

cellular processes and functions through the regulation of

several proteins, miRNA-based therapies may be more

effective than drugs targeting single proteins.

We thank Sam Griffiths-Jones from Trust Sanger Institute and George

Bell from MIT for helping us in the miRNA targets prediction.

1. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and

function. Cell 116:281–297, 2004.

2. Wu L, Fan J, Belasco JG. MicroRNAs direct rapid deadenylation of

mRNA. Proc Natl Acad Sci U S A 103:4034–4039, 2006.

3. Meister G, Tuschl T. Mechanisms of gene silencing by double-stranded

RNA. Nature 431:343–349, 2004.

4. Llave C, Xie Z, Kasschau KD, Carrington JC. Cleavage of scarecrow-

like mRNA targets directed by a class of Arabidopsis miRNA. Science

(New York, NY) 297:2053–2056, 2002.

5. Lee RC, Feinbaum RL, Ambros V. The C. elegans heterochronic gene

lin-4 encodes small RNAs with antisense complementarity to lin-14.

Cell 75:843–854, 1993.

6. Zhang B, Pan X, Cobb GP, Anderson TA. MicroRNAs as oncogenes

and tumor suppressors. Dev Biol 302:1–12, 2007.

7. Perkins DO, Jeffries CD, Jarskog LF, Thomson JM, Woods K,

Newman MA, Parker JS, Jin J, Hammond SM. MicroRNA expression

in the prefrontal cortex of individuals with schizophrenia and

schizoaffective disorder. Genome Biol 8:R27, 2007.

8. Krichevsky AM, Sonntag KC, Isacson O, Kosik KS. Specific

microRNAs modulate embryonic stem cell-derived neurogenesis. Stem

Cells (Dayton, Ohio) 24:857–864, 2006.

9. Lewis BP, Burge CB, Bartel DP. Conserved seed pairing, often flanked

by adenosines, indicates that thousands of human genes are microRNA

targets. Cell 120:15–20, 2005.

10. Gielchinsky Y, Elstein D, Hadas-Halpern I, Lahad A, Abrahamov A,

Zimran A. Is there a correlation between degree of splenomegaly,

symptoms and hypersplenism? A study of 218 patients with Gaucher

disease. Br J Haematol 106:812–816, 1999.

11. Yan F, Li Z, Su Q, Ma S, Cao G, Zhang S. Extraction and productivity

of total RNA in macrophages isolated from human spleen. Chin J Exp

Surg 22:176–177, 2005.

12. Yan F, Li Z, Zhang S, Yang J, Li A, Liu X. Isolation and purification of

macrophages from human spleen. J Xi’an Jiaotong Univ (Med Sci) 25:

513–516, 2004.

13. Griffiths-Jones S, Grocock RJ, van Dongen S, Bateman A, Enright AJ.

miRBase: microRNA sequences, targets and gene nomenclature.

Nucleic Acids Res 34:D140–144, 2006.

14. Griffiths-Jones S. The microRNA registry. Nucleic Acids Res 32:

D109–111, 2004.

15. Grimson A, Farh KK, Johnston WK, Garrett-Engele P, Lim LP, Bartel

DP. MicroRNA targeting specificity in mammals: determinants beyond

seed pairing. Mol Cell 27:91–105, 2007.

16. Sethupathy P, Megraw M, Hatzigeorgiou AG. A guide through present

computational approaches for the identification of mammalian micro-

RNA targets. Nat Methods 3:881–886, 2006.

17. John B, Enright AJ, Aravin A, Tuschl T, Sander C, Marks DS. Human

microRNA targets. PLoS Biol 2:e363, 2004.

18. Landgraf P, Rusu M, Sheridan R, Sewer A, Iovino N, Aravin A, Pfeffer

S, Rice A, Kamphorst AO, Landthaler M, Lin C, Socci ND, Hermida L,

Fulci V, Chiaretti S, Foa R, Schliwka J, Fuchs U, Novosel A, Muller

RU, Schermer B, Bissels U, Inman J, Phan Q, Chien M, Weir DB,

Choksi R, De Vita G, Frezzetti D, Trompeter HI, Hornung V, Teng G,

Hartmann G, Palkovits M, Di Lauro R, Wernet P, Macino G, Rogler

CE, Nagle JW, Ju J, Papavasiliou FN, Benzing T, Lichter P, Tam W,

Brownstein MJ, Bosio A, Borkhardt A, Russo JJ, Sander C, Zavolan M,

Tuschl T. A mammalian microRNA expression atlas based on small

RNA library sequencing. Cell 129:1401–1414, 2007.

19. Cummins JM, He Y, Leary RJ, Pagliarini R, Diaz LA Jr, Sjoblom T,

Barad O, Bentwich Z, Szafranska AE, Labourier E, Raymond CK,

Roberts BS, Juhl H, Kinzler KW, Vogelstein B, Velculescu VE. The

colorectal microRNAome. Proc Natl Acad Sci U S A 103:3687–3692,

2006.

20. Shah SH, Hayes PC, Allan PL, Nicoll J, Finlayson ND. Measurement

of spleen size and its relation to hypersplenism and portal hemody-

namics in portal hypertension due to hepatic cirrhosis. Am J

Gastroenterol 91:2580–2583, 1996.

21. Li ZF, Gao J, Zhang S, Zhang Y, Sun Y, Su QH. The observation of

quantity and phagocytosis of splenic macrophages in patients with

portal hypertension-associated hypersplenism. Chin J Exp Surg 23:

1288–1290, 2006.

22. Li Z, Zhang S, Yan F, Huang C, Li A. Identification of differentially

expressed genes in hypersplenism due to portal hypertension with

cDNA microarray. HPB 8:185, 2006.

23. Yongxiang W, Zongfang L, Guowei L, Zongzheng J, Xi C, Tao W.

Effects of splenomegaly and splenic macrophage activity in hyper-

splenism due to cirrhosis. Am J Med 113:428–431, 2002.
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