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Donor T cells that respond to host alloantigens following allogeneic bone marrow transplantation (BMT) 
induce graft-versus-host (GVH) responses, but their molecular landscape is not well understood. Micro
RNAs (miRNAs) regulate gene (mRNA) expression and fine-tune the molecular responses of T cells. We 
stimulated naive T cells with either allogeneic or nonspecific stimuli and used argonaute cross-linked 
immunoprecipitation (CLIP) with subsequent ChIP microarray analyses to profile miR responses and their 
direct mRNA targets. We identified a unique expression pattern of miRs and mRNAs following the allostimu-
lation of T cells and a high correlation between the expression of the identified miRs and a reduction of their 
mRNA targets. miRs and mRNAs that were predicted to be differentially regulated in allogeneic T cells com-
pared with nonspecifically stimulated T cells were validated in vitro. These analyses identified wings apart-
like homolog (Wapal) and synaptojanin 1 (Synj1) as potential regulators of allogeneic T cell responses. The 
expression of these molecular targets in vivo was confirmed in MHC-mismatched experimental BMT. Targeted 
silencing of either Wapal or Synj1 prevented the development of GVH response, confirming a role for these 
regulators in allogeneic T cell responses. Thus, this genome-wide analysis of miRNA-mRNA interactions iden-
tifies previously unrecognized molecular regulators of T cell responses.

Introduction
The molecular landscape of T cell responses to specific antigens is 
not well understood. The functional responses of cells rely upon 
the genes that are expressed and the fine-tuning of these genes by 
micro-RNAs (miRNAs), which have emerged as critical regulators 
of the mammalian immune system (1). Expression patterns and 
levels of miRNAs are regulated in concert with protein-coding 
genes (mRNAs) during immune responses (2). The mRNA and/or 
miR expression profiles in different T cell subsets, such as naive, 
effector, and memory CD8 T cells (3), CD8 T cells after nonspecific 
CD3/CD28 (CD3/28) activation (4), and tolerant CD8 T cells (5), 
as well as T cell activation responses to nonphysiological nominal 
antigen and OVA (6), have been recently reported. However, all of 
these analyses were performed using mRNA and miRNA profiling 
microarrays. Furthermore, there are no data on the mRNA-miR 
interactome in response to biologically and clinically relevant anti-
gens such as alloantigens.

Predicting the target mRNAs of an miR is a major challenge. 
miRs regulate the expression of genes by hybridizing the target 
sites with complementary sequences, resulting in translational 
repression, mRNA cleavage, or destabilization through effec-
tor RNA–mediated silencing complexes (RISCs) and argonaute- 
containing (AGO-containing) micro-ribonucleoprotein (miRNP) 
effector complexes (7, 8). Although bioinformatic analyses have 
greatly improved the ability to predict bona fide miRNA binding 
sites, the computational algorithms used are imperfect and dispa-
rate. In addition, these algorithms may have a high false-positive 
rate of target prediction (4, 9, 10) because of the inability to defin-
itively distinguish direct and indirect miRNA target interactions, 

even when the miRNAs are coimmunoprecipitated with AGO 
proteins (11, 12). Recently, AGO-CLIP has been demonstrated to 
provide a robust platform for the exploration of the specificity and 
range of miR actions and the identification of precise sequences of 
clinically relevant miRNA-mRNA interactions (11, 13–15).

Allogeneic hematopoietic cell transplantation (HCT) is an 
important therapy for many hematopoietic and epithelial malig-
nancies as well as a spectrum of nonmalignant diseases (16, 17). 
During HCT, the donor T cells from allografts are critical for the 
success and effectiveness of this therapy. The donor T cells that 
respond to alloantigens cause GVH responses (16, 17), whereas 
those that respond to nonalloantigens are critical for immune 
reconstitution (16). The miRNA-mRNA interactome of the T cells 
that respond to alloantigens has not been elucidated.

We hypothesized that the specific changes in the expression of 
miRNAs and/or mRNAs in allogeneically activated T cells that 
occur during HCT would be distinct from those in T cells that 
respond to nonspecific stimulation. To test this hypothesis and to 
mitigate the potential false-positive and negative results, we used 
a modified version of the novel high-throughput sequencing of 
RNA isolated by cross-linking immunoprecipitation (HITS-CLIP 
technology). We used the CLIP procedure and standard microarray 
platforms to screen for miRNA and mRNA transcripts instead 
of HITS to avoid establishing libraries based on the restricted 
amount of the copurified RNA and the two required RNA liga-
tion reactions, which may cause a reduction or overexpression of 
some signals (12, 18, 19). The microarray profiling was based on 
stringently purified ternary AGO/miRNA/mRNA complexes that 
were obtained from the CLIP procedure (AGO-CLIP-ChIP). We 
detected 44 miRs that were differentially enriched and 48 mRNAs 
that were uniquely enriched in T cells stimulated with allogeneic 
DCs compared with T cells that were subjected to syngeneic or 
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CD3/28 stimulation. Among them, Wapal and Synj1 were found 
to be the most differentially expressed. These two molecules and 
other highly differentially expressed miRs and mRNAs were vali-
dated by PCR and protein analyses, both in vitro and in vivo. The 
functional relevance of these novel molecules, Wapal and Synj1, in 
the regulation of allostimulated T cell proliferative and cytokine 
responses was confirmed. Thus, we elucidate here the miRNA- 
mRNA landscape and identify what we believe to be novel molecu-
lar regulators of allogeneic T cell responses.

Results
AGO-CLIP analyses of allostimulated T cells. CD3/28 costimulation was 
used to model nonspecific T cell activation. However, the factors 
involved in allogeneic T cell activation, e.g., mismatched MHC mol-
ecules, alloantigens, and the panoply of costimulatory molecules 
in addition to CD28, suggest that alloantigen-stimulated T cell 
responses are likely to be qualitatively different from those induced 
by nonspecific CD3/28 stimulation (Supplemental Table 1).  
To evaluate the distinct molecular landscape of allostimulated  
T cells from that of nonspecifically activated cells and to distinguish 
this landscape from the mere engagement of costimulatory mole-
cules and TCR triggering in the absence of an alloantigen stimulus, 

we compared the differential patterns of miR-mRNA expression in  
T cells stimulated by CD3/28-activated T cells, allogeneic DCs, and 
syngeneic DCs. Following stimulation, the T cells were processed 
for CLIP-ChIP analysis (Figure 1), as described in Methods.

The AGO proteins were purified while bound to mouse T cell 
RNAs (mRNAs and miRNAs) by immunoprecipitation with 
anti-AGO antibodies after ultraviolet irradiation under strin-
gent conditions (11). The bound mRNAs and miRNAs were 
isolated from split samples and used in miRNA (Exiqon) and 
gene expression (Affymetrix) microarrays. The Pearson’s cor-
relation coefficient R of biological triplicates of the mRNA 
microarrays of the syngeneically stimulated T cells (Syn T 
cells), the allogeneically stimulated T cells (Allo T cells), and the 
CD3/28-stimulated T cells was greater than 0.8 (Supplemen-
tal Figure 1A; supplemental material available online with this 
article; doi:10.1172/JCI70013DS1). In addition, the Pearson’s 
correlation coefficient of biological duplicates of the miRNA 
microarrays of the Syn T, Allo T, and CD3/28 T cells was greater 
than 0.91 (Supplemental Figure 1C). We also analyzed the Pear-
son’s correlation coefficient of the miRNA and mRNA enrich-
ment data for different T cell groups. In experiments 1, 2, and 3, 
for mRNA microarrays of Syn T versus Allo T cells, the Pearson’s 

Figure 1
AGO-CLIP-ChIP procedures and mRNA CLIP-ChIP profiles of Allo T versus CD3/28 T cells. (A) Schematic illustration of the enrichment profiles of 
miRNAs and their targets using AGO-CLIP-ChIP. After CLIP, the miRNPs were coimmunoprecipitated with anti-AGO2 antibodies and then bound 
to the bridge antibody [anti-rabbit IgG F(c)], which links to the protein A agarose beads. The miRNAs and the target mRNAs that associated with 
the AGO protein were processed using Exiqon miRNA and Affymetrix Gene 430.2 microarrays. This high-throughput assay can screen direct and 
legitimate miRNA targets in a genome-wide manner and can be used to identify an miRNA-mediated gene regulation network. (B) mRNA CLIP-
ChIP profiles of Allo and CD3/28 T cells. Transcript enrichments after CLIP were screened using Affymetrix 430.2 GeneChips. Enrichment values 
were calculated for each gene using a robust multiarray average. This modeling strategy converts the PM probe values into an enrichment value 
(log2 transformed) for each gene. The probe sets with a fold change of 2 or greater were selected (an enrichment value of 26 or greater was used 
for one of the two samples to prevent the selection of large fold changes based on two small numbers).
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correlation coefficient R = 0.76, 0.78, and 0.78, respectively; for 
Syn T versus CD3/28 T cells, R = 0.67, 0.65, and 0.67, respec-
tively; for Allo T versus CD3/28 T cells, R = 0.71, 0.77, and 0.74, 
respectively (Supplemental Figure 1B). In experiments 1 and 2, 
for miRNA microarrays of Syn T versus Allo T cells, R = 0.75 and 
0.77, respectively; for Syn T versus CD3/28 T cells, R = 0.7 and 
0.75, respectively; for Allo T versus CD3/28 T cells, R = 0.82 and 
0.8, respectively (Supplemental Figure 1D).

To analyze the transcripts that were enriched in the gene expres-
sion microarrays of the stringently purified samples after CLIP, 
the enrichment values were calculated for each gene using a robust 
multiarray average (RMA) (20, 21). The probe sets with a fold 
change of 2 or greater were selected (the probe sets were subjected 
to the additional constraint that one of the two samples had an 
enrichment value of 26 or greater to prevent the selection of genes 
with large fold changes based on two small numbers); approx-
imately 10,000 transcripts were selected from the 45,000 candi-
dates on the Affymetrix mouse genome 430 2.0 array platform. 
The number of probe sets that were unique and common in the 
comparisons of the Allo T and CD3/28 T cells with the Syn T cells 
were analyzed to ensure a fold change of 2 or greater. The analy-
sis of the three sets of experiments revealed that 1,226 transcripts 
were commonly enriched in both Allo T and CD3/28 T cells, 200 
transcripts were uniquely enriched in the Allo T cells, and 288 
transcripts were uniquely enriched in the CD3/28 T cells (Table 1, 
Figure 1B, Supplemental Tables 2–4, and Supplemental Table 11).

From these, a total of 44 miRNAs were found to be enriched 
in the stringently purified samples after AGO-CLIP. The results 
imply that only active miRNAs that are bound to RISCs are selec-
tively detected after the stringent CLIP protocol. These were iden-
tified from an miRNA microarray platform that included probes 
specific for 1,032 mouse miRNAs and have been annotated by 
miRBase, version 16.0. These data thus suggest that the number 
of miRNAs involved in active RISC-mediated gene expression in 
T cells represents only 5% of the 1,032 mouse miRNAs (Table 2). 
This number of enriched miRNAs is lower than, but comparable 
to, a previous study based on cloning frequency, which found that 
the total number of individual miRNAs that were cloned from 
mouse naive, effector, and memory T cells was 69, 51, and 54, 
respectively; in addition, 50% of the top 15 identified miRNAs 
overlapped with our results (3).

The enriched miRNAs were then classified into four groups based 
on their enrichment in comparison with Syn T cells and were com-
posed of 11, 7, 18 and 5 miRNAs, respectively (Table 2 and Figure 2). 
Specifically, compared with the enrichment values in the Syn T cells, 
group 1 showed significantly increased enrichment in both Allo T 
and CD3/28 T cells, group 2 displayed increased enrichment only 
in Allo T cells and reduced or unchanged enrichment in CD3/28 
T cells, group 3 exhibited reduced enrichment in Allo T cells and 
increased or unchanged enrichment in CD3/28 T cells, and group 4 
displayed reduced enrichment in both Allo T and CD3/28 T cells. Of 
the remaining three miRNAs that were found to be enriched, miR-
541 and miR-875-3p exhibited increased or reduced enrichment in 
CD3/28 T cells only, whereas miR-3100-3p did not show changes in 
any of the three T cell groups that were studied (Figure 2).

Computational analyses of differentially expressed miRNAs and 
mRNAs. We next determined whether the mRNA landscape of 
the T cells that respond to alloantigens, syngeneic stimulus, or 
CD3/28 stimulation is different and linked those to the changes 
in miRNA enrichment after CLIP, because miRNAs functionally 
guide miRNPs to target mRNAs (13). T cell activation is domi-
nated by widespread differential gene upregulation (22), which 
is due at least in part to the alleviation of the miRNA-associated 
repression of genes. We focused on the group 3 miRNAs, which 
was the group in which they were decreased in the Allo T cells but 
increased or unchanged in the CD3/28 T cells when compared 
with Syn T cells (see above and Supplemental Figure 2). Thus, the 
potential targets in the distinct gene set that is differentially reg-

Table 1
Enrichment of 48 transcripts reduced in alloactivated T cells  
after CLIP

Symbol	 Fold change (log)
Fchsd2	 –1.36619
Lpp	 –1.27923
AI314180	 –1.2673
Zc3h7a	 –1.25412
Yipf1	 –1.24532
Rab24	 –1.24232
Pex6	 –1.23133
Flot2	 –1.21728
Fmnl1	 –1.18548
Lipa	 –1.18236
Mtor	 –1.17886
Hsd17b4	 –1.15936
Bat2	 –1.15317
Ankrd17	 –1.14679
Ptpra	 –1.14011
Ccdc55	 –1.13829
Prf1	 –1.13095
Cyb5r3	 –1.12556
AK010713	 –1.12289
Akap8	 –1.10654
Zc3h7a	 –1.10101
Crnkl1	 –1.10023
Nfyb	 –1.09778
Synj1	 –1.09761
Dock9	 –1.09586
Zfp622	 –1.09407
Narf	 –1.09255
AI326418	 –1.09216
Lipa	 –1.08997
Cir1	 –1.08946
Cd200r1	 –1.08569
L3mbtl3	 –1.08459
Igl-V1	 –1.08459
Tgs1	 –1.08063
Wapal	 –1.08012
Ing1	 –1.07058
Rsrc2	 –1.06999
Nub1	 –1.06992
Med17	 –1.06989
BI466860	 –1.06342
4933433P14Rik	 –1.05726
Ifngr2	 –1.05496
Mll3	 –1.05494
Kidins220	 –1.05463
Mmp15	 –1.04937
Atp1a1	 –1.04807
Cyth3	 –1.04686
Brd8	 –1.04647
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ulated in response to activation signals might be the 68 enriched 
transcripts that were uniquely downregulated by at least 2-fold 
only in Allo T cells (Table 1). The 68 uniquely downregulated tran-
scripts in this group represent 66 genes, 64 of which have been 
annotated with Gene Ontology (GO) Biological Process domain 
terms (http://www.geneontology.org/), and many of which have 
been suggested to be associated with immune response, cell divi-
sion, and spindle assembly (Table 3).

The formation of miRNA/AGO/mRNA ternary complexes (11) 
after CLIP preserves the coexistence of miRNAs and their target 
transcripts in RISCs and thus permits the identification of more 
stringent and direct miRNA-mRNA interactions and enhances 

the true target prediction rate (11, 22, 23). We therefore used 
TargetScan (version 6) and miRanda to determine the target fre-
quencies of the group 3 miRNAs (decreased in Allo T cells but 
increased or unchanged in the CD3/28 T cells when compared 
with Syn T cells) and their potential targets (Table 1). The 68 
uniquely downregulated transcripts represent 66 genes, 63 of 
which were recognized by TargetScan and miRanda. A total of 
18 miRNAs from group 3 targeted 50 of these 63 gene transcripts 
(mRNAs) (79.4%; Table 4). Importantly, most transcripts were tar-
geted by multiple miRNAs; in fact, 56% of the transcripts were tar-
geted by at least 4 miRNAs (Supplemental Table 5). This finding 
indicates that the stringent CLIP protocol that was used allowed 
the miRNAs to interact with their bona fide target transcripts, 
thus significantly increasing the targeting frequency.

To further determine whether the high targeting rate in the 
samples processed after AGO-CLIP commonly reflected the coex-
istence of miRNAs and their target transcripts in RISC, the differ-
ences between the average targeting frequencies of the enriched or 
unenriched miRNAs for the same transcripts were calculated. We 
reasoned that the transcripts that were uniquely reduced in the 
Allo T cells (Table 1) are potential targets of the group 3 miRNAs  
(Figure 2 and Supplemental Figure 2) and conversely, the tran-
scripts that were uniquely enriched in the Allo T cells (Supple-
mental Table 2) are potential targets of the group 2 miRNAs 
(Figure 2). We randomly selected a set of miRNAs that were not 
enriched after AGO-CLIP (this set included the same number of 
miRNAs as that in groups 2 and 3; Supplemental Tables 6–8) and 
assumed that the transcripts listed in Table 1 and Supplemental 
Table 2 are their potential targets. Using the prediction programs 
TargetScan and miRanda, the average targeting frequencies of the 
transcripts of the enriched miRNAs were 5–7 times higher than 
those of the targeting frequencies of the unenriched miRNAs 
(Supplemental Figure 3); this was true for the transcripts that are 
both uniquely increased (Supplemental Tables 2, 7, and 8) and 
reduced in Allo T cells after CLIP (Tables 1 and 4, and Supplemen-
tal Table 6). Because a reduced enrichment of transcripts in RISC 
may also reflect the release of transcripts due to the reduction in 
the amounts of the targeting miRNAs, the targeted genes are in 
turn “freely” expressed, allowing Allo T cells to uniquely respond 
to allostimulation. We used gene set enrichment analysis (GSEA) to 
identify the most predominant genes that uniquely respond to allo-
stimulation, (24) and to identify the miRNA-targeted transcripts 
in this category that are most substantially overrepresented. The 
Syn T and Allo T cell data were analyzed under the assumption 
that the enriched transcripts in Syn T cells will be enriched to a 
greater extent than those in Allo T cells. We identified 8 transcripts 
that were most significantly enriched (with an enrichment score 
[ES] of 0.973, a normalized enrichment score [NES] of 1.098, and a 
false discovery rate [FDR] q value of 0.136), and 48 of 50 transcripts 
obtained a positive enrichment score (Figure 3, Supplemental Fig-
ure 4, Supplemental Table 9, and data not shown).

These results collectively suggest that the active miRNAs and 
their targeted transcripts coexist in RISCs because of the similar 
changes in their molecular quantities and provided for more accu-
rate miRNA target predictions.

Validation of the differentially regulated miRNAs in alloactivated 
T cells. Using quantitative PCR (qPCR), we next analyzed and 
verified the enriched patterns of some of the group 3 miRNAs, 
including miR-142-3p, -142-5p, -16, -29a, and -669d, which are 
hematopoietic specific and were previously reported to be immu-

Table 2
Profile of miRNAs enriched in miRNPs after CLIP, ranked by 
signal strength

Name	 Syn	 Allo	 CD3/28
mmu-miR-709	 841.5	 1083.75	 770.625
mmu-miR-691	 314.375	 285.625	 320.5
mmu-miR-16	 239.5	 148.75	 315.5
mmu-miR-142-3p	 199.375	 120	 398
mmu-miR-204	 193.125	 252	 175.125
mmu-miR-1897-5p	 167	 216.375	 76.75
mmu-miR-29a	 145.25	 92.625	 146
mmu-miR-669l	 138.5	 82.875	 144.75
mmu-miR-669d	 132.5	 90.375	 161.25
mmu-miR-1937a/b	 130.75	 72.125	 94.75
mmu-miR-325	 105.75	 126.875	 119.375
mmu-miR-3100-3p	 101.125	 100.25	 96.875
mmu-miR-1937a	 80.75	 27	 55.25
mmu-miR-875-3p	 79.625	 82.25	 52.125
mmu-miR-467e	 68	 44.375	 83.5
mmu-miR-541	 53.625	 53.375	 100
mmu-miR-142-5p	 50.75 	 22	 103.875
mmu-miR-185	 49.625	 77.125	 62.375
mmu-let-7e	 48	 57.875	 39.75
mmu-miR-351	 48	 31.5	 31
mmu-miR-15b	 47.625	 38.75	 73
mmu-miR-467a	 39.125	 27.25	 53.875
mmu-miR-361	 36	 78.5	 56.75
mmu-miR-1958	 32.25	 38.625	 20.75
mmu-miR-667	 31.375	 13	 36.625
mmu-miR-3082-5p	 30.75	 35.625	 41.625
mmu-miR-540-3p	 30.75	 85.25	 43.875
mmu-miR-335-3p	 29.125	 23.375	 28.125
mmu-miR-29b	 28.625	 33	 55.625
mmu-miR-883a-5p	 26.75	 21.5	 51.625
mmu-miR-150	 26.625	 33.375	 59.125
mmu-miR-423-5p	 25.75	 22.875	 14.875
mmu-miR-297a	 25	 17.375	 37.75
mmu-miR-1947	 23.125	 19.625	 35.5
mmu-miR-882	 22.75 	 34.875	 30.5
mmu-miR-183*	 22.125	 35.625	 25.875
mmu-miR-374c	 22.125	 36.625	 24.25
mmu-miR-706	 21	 26.75	 35.25
mmu-miR-3081	 20.875	 24.875	 20.25
mmu-miR-669f-3p	 20.875	 14.125	 34.5
mmu-miR-30b	 20.625	 10.625	 33.25
mmu-miR-24	 20.125	 14.875	 24.75
mmu-miR-669p	 20.125	 16.75	 36.375
mmu-miR-2137	 12.75	 23.25	 78.625
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nomodulating miRNAs (3, 25–27). These miRNAs were selected 
based on the average signals obtained in the miRNA microarray, 
which were at least 100 times greater in one experimental set of 
Syn T–, Allo T–, or CD3/28 T cell–stimulated cells (Figure 2 and 
Supplemental Figure 2) and were predicted to target all eight of 
the transcripts that were found to be substantially enriched in 
this group (group 3) by GSEA analysis (Figure 3 and Supplemen-
tal Table 9). We validated the RNAs that were isolated from Syn T,  
Allo T, or CD3/28 T cells following the stringent AGO-CLIP 
protocol, as discussed above and as described in Methods. The 
miRNA expression profile was determined by TaqMan probes 
specific for the selected mature miRNAs. Compared with Syn T 
cells, the expression levels of the 5 miRNAs tested were signifi-
cantly reduced in Allo T cells. In addition, miR-16, 142-3p, and 
142-5p, but not miR-669D and -29a, were increased in CD3/28 T 
cells (Figure 4A). This pattern was thus identical to that obtained 
from the miRNA microarrays (Supplemental Figure 2).

We next analyzed whether there was any potential artifact in the 
expression levels of miRNA from subjecting the samples to CLIP 
analyses. Therefore, to determine the relationship between miRNA 
levels in the AGO-CLIP–enriched T cells and whole-cell lysates, we 
isolated the total cellular RNA, which contains small RNA, from 
Syn T, Allo T, and CD3/28 T cells that had not been subjected to 
CLIP. Compared with Syn T cells, the expression levels of miR-16, 
142-3p, 142-5p, 669D, and 29a were significantly reduced in Allo T 
cells, similar to the results obtained after CLIP (Figure 4, A and B). 
In addition, the expression of miR-142-3p and -142-5p was signifi-
cantly increased in CD3/28 T cells, and a nonsignificant increase 
in miR-16, miR-669D, and 29a expression was observed in CD3/28 
T cells (Figure 4B). Another miRNA, miR-351, which was assigned 
to group 4 because of its reduced enrichment in both Allo T  
and CD3/28 T cells compared with Syn T cells, was also chosen as 
an additional validation control (Figure 4, A and B). These find-
ings indicate that the miRNA profiles before and after CLIP are 
similar and that the levels of enriched active miRNAs in RISCs are 
indeed determined by whole-cell levels of the miRNAs, i.e., by the 

transcriptional regulation of the miRNA target genes. Collectively, 
all of these validation results mirrored the results of the miRNA 
microarrays (Figure 2 and Supplemental Figure 2). Although the 
purity of T cells harvested for analyses after culture was consis-
tently greater than 90%, these data cannot rule out a potentially 
small contamination by DCs. Such a contamination is nonetheless 
likely to have an effect on all the culture groups except for the anti-
CD3/28 Ab–stimulated group.

Validation of the expression of the mRNA and protein targets of miRNAs 
in alloactivated T cells. To verify the enriched transcript expression 
pattern identified by gene expression microarray following the 
AGO-CLIP protocol and to avoid the positive selection of a single 
transcript by the analysis algorithm, the six genes that were tar-
geted by multiple miRNAs and involved in different GO biological 
processes (Table 3) were selected: Wapal, Lpp, Synj1, Fchsd2, Cyb5r3, 
and Med17. We extracted all of the transcripts in the Affymetrix 
datasets that were detected by multiple perfect-match (PM) probe 
sets for a single gene. Compared with Syn T cells, the average tran-
script signals of the six genes were significantly reduced in Allo T 
cells but, with the exception of Lpp, were not significantly different 
in CD3/28 T cells (Supplemental Figure 5). These results are con-
sistent with the global analysis (Figure 1B and Table 1).

Next, we further validated three of these six candidate genes, Wapal, 
Synj1, and Lpp (Figure 5 and Table 3), and also Fchsd2. Synj1 and Lpp 
have been implicated in developmental abnormalities (28–31), Wapal 
has been implicated in the regulation of cell proliferation through 
the promotion of sister chromatid resolution during the mitotic 
prophase (refs. 32–34 and Table 3), and the function of Fchsd2 (FCH 
and double SH3 domains protein 2) has not yet been identified. 
The enrichment of the transcripts of these four selected genes was 
examined by qPCR with specific primers from the RNA isolated from  
Syn T, Allo T, or CD3/28 T cells following the AGO-CLIP protocol. 
Compared with Syn T cells, we detected significantly reduced signals 
in Allo T cells for all four genes; however, with the exception of Lpp, 
no remarkable differences in the enrichment of any of the genes were 
observed in CD3/28 T cells (Figure 5A).

Figure 2
miRNA CLIP-ChIP profile. A total of 44 miRNAs that are annotated in miRBase, version 16.0, were detected after CLIP using the sixth-gener-
ation miRCURY LNA Chip. These miRNAs were classified into four groups according to the differential enrichment profiles that were observed 
in Syn, Allo, and CD3/28 T cells.
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We next further validated these four genes and their proteins 
in the whole cells (without subjecting them to AGO-CLIP enrich-
ment) from Syn T, Allo T, and CD3/28 T cells to rule out any 
potential artifact from the AGO-CLIP protocol. We analyzed the 
mRNA and protein expression levels by qPCR and immunoblot-
ting. Consistent with the above findings, compared with Syn T 
cells, the mRNA and protein expression levels of Wapal, Synj1, 
Lpp, and Fchsd2 were significantly increased in Allo T cells but not 
in CD3/28 T cells (Figure 5, B and C; no FCHSD2 antibody was 
available for immunoblotting). These data collectively suggest that 
Wapal, Synj1, and Lpp expression is regulated through the combi-
natorial targeting of multiple miRNAs (Table 4), and these genes 
are uniquely expressed only in T cells following allostimulation.

Confirmation of the differentially expressed miRNA-mRNAs during in 
vivo GVH reaction. Because the donor T cells that respond to allo-
antigens cause GVH disease (GVHD), these data imply that the 
genes might be uniquely regulated and expressed in vivo in the 
donor T cells following MHC-mismatched allogeneic bone mar-
row transplantation (BMT) (16, 17). Therefore, we next performed 
allogeneic BMT across MHC disparity, as described previously and 
here in Methods (35, 36). Donor T cells were then purified from 
the spleens of either allogeneic or syngeneic recipients (n = 6 mice 
per group) on day 14 (as donor T cell expansion is maximal at this 
time point) after B6→BALB/c BMT (35, 36). We performed qPCR 
analysis to isolate total cellular RNA from the purified donor  
T cells (using congenic CD45.1,H2b) from either syngeneic or allo-
geneic recipients and also from naive B6 mice. Compared with 
naive and Syn T cells, three of the miRNAs evaluated (miR-16, 
-142-5p, and -669D as representative of those that were unique to 
Allo T cells from the in vitro group 3 miRNAs) were significantly 
downregulated in the T cells from allogeneic recipients (Figure 6A). 
To avoid misleading fold changes based on extremely low levels of 
miRNA expression, we examined the expression levels of the selected 
miRNAs in naive T cells and found that miR-16, miR-142-5p,  
and miRNA-669D exhibited Ct values of 17 (highest), and 20 and 
28 (lowest); in addition, snoRNA135, which is a stably expressed 
small nucleolar RNA used as a loading control, had a Ct value of  

20 (Supplemental Figure 6). These results are consistent with a 
previous report that miR-16 and miR-142-5p, but not miRNA- 
669D, are hematopoietic miRNAs and mirror the expression rank 
that was observed in the miRNA microarray experiments after CLIP 
(Table 2), indicating that the enriched miRNA signals in RISCs are 
closely related to the in vivo expression levels within cells.

Correspondingly, the expression levels of the Wapal, Lpp, and 
Synj1 mRNAs were also significantly increased in Allo T cells (Fig-
ure 6B), consistent with the results obtained in vitro (Figure 5, B 
and C). Importantly, Wapal, Lpp, and Synj1 were most substantially 
overrepresented in GSEA analysis and are the combinatorial targets 
of group 3 miRNAs, including miR-16, -142-5p, and -669D. Wapal 
is a combinatorial target of miR-16, -24, 142-5p, -467e, and -15b; 
Lpp is targeted by miR-142-3p, -142-5p, and -669D; and Synj1 is the 
target of miR-142-5p, -297a, -467e, -669f-3p, and -1947 (Table 4).  
These in vitro and in vivo findings collectively demonstrate the 
important roles of specific miRNAs in the regulation of specific 
mRNAs and suggest that Wapal, Lpp, and Synj1 might be novel reg-
ulators of in vivo allogeneic T cell responses following BMT.

Wapal and Synj1 regulate allogeneic T cell responses. We next deter-
mined whether the miRNA-regulated unique expression of Wapal, 
Synj1, and Lpp in T cells actually has a functional role in regulating 
T cell response to alloantigens. Previous studies have implicated 
Wapal in the promotion of sister chromatid resolution during the 
mitotic prophase (32–34) and have implicated Synj1 in multiple 
biological processes, including phosphatidylinositol-mediated sig-
naling (31, 37, 38) and the positive regulation of receptor-mediated 
endocytosis (38). However, to date, there have been no reports on 
the role of Wapal and Synj1 in T cell function or in immunity. We 
therefore used shRNA lentiviral particles to silence Wapal and Synj1 
in T cells by first testing the silencing efficiency. After Allo T cells 
were infected with WAPAL and SYNJ1 shRNA lentiviral particles or 
control shRNA lentiviral particles for 3 days, the T cells were iso-
lated by negative selection, and RNA was isolated for qPCR analysis. 
The results showed that Wapal and Synj1 were successfully knocked 
down by approximately 70%–80% compared with their levels in Allo 
T cells infected with control shRNA lentiviral particles; however, 

Table 3
Genes with reduced enrichments after CLIP in allogeneic activated T cells were associated with GO Biological Process domain terms

GO Biological Process	 Gene (64)	 Targeted by miRNAs (50)	 Most enriched  
			   transcripts by GSEA (8)
Immune response	 Synj1, Lpp, Prf1, Lipa, Il6st, Mtor, Ifi203, 	 Synj1, Lpp, Prf1, Lipa, Il6st, Ifi203, 	 Synj1, Lpp
	 Cd200r1, Igl-V1, Ifngr2, Terf2ip	 Cd200r1, Ifngr2, Terf2ip
Cell growth, death, cell cycle, 	 Wapal, Katna1, Itm2c, Ing1, Cabin1, 	 Wapal, Itm2c, Ing1, Cabin1, Zfp622, 	 Wapal, Dock9
  division, migration	 Zfp622, Akap8, Dock9, Fmnl1	 Akap8, Dock9
RNA processing	 Crnkl1, Phrf1, Cir1, Ccdc55, Ankrd17	 Crnkl1, Ccdc55, Ankrd17	
Transcription and epigenetic or 	 Nfyb, Cbx7, Rcor1, Klf7, Sirt7, L3mbtl3, 	 Nfyb, Cbx7, Rcor1, Sirt7, L3mbtl3, Mll3, 	
  posttranslational modification	 Mll3, Brd8, Lrrfip1, Tgs1, Med17, Nub1	 Brd8, Lrrfip1, Tgs1, Med17, Nub1
Phosphorylation	 Ptpra, Clk3, Ctdsp1, Kidins220	 Ptpra, Clk3, Ctdsp1	 Clk3
Cell adhesion	 Yipf1, Narf, Flot2, Cyth3	 Yipf1, Narf, Flot2, Cyth3	 Cyth3
Metabolism	 Pex6, Cyb5r3, Hsd17b4, Atp1a1, 	 Cyb5r3, Hsd17b4, Atp1a1, 	 Mmp15, Atp1a1
	 Mmp15, Itpr1, Use1	 Mmp15, Itpr1
Autophagy	 Rab24, Rnf185	 Rab24, Rnf185	
No detailed information	 AI314180, Fchsd2, Zc3h7a, Bat2, Zc3h7a, 	 Fchsd2, Bat2, Rsrc2, 4933433P14Rik, 	
	 Rsrc2, Akap9, C87436, 4933433P14Rik, 	 C87436, Akap9
	 2310009A05Rik

Genes (as in Table 1) with reduced enrichment in Allo T cells after AGO-CLIP-ChIP and their associated GO Biological Process domain terms.
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the lentiviral particles did not affect the expression level of P300/
CBP-associated factor (PCAF), which was used as a control (Supple-
mental Figure 7). We then used the shRNA lentiviral–infected T cells 
in mixed lymphocyte reaction (MLR) experiments. When the T cells 
were infected with control shRNA lentiviral particles, a significantly 
higher degree of proliferation was observed for Allo T cells, but not 
Syn T cells. However, the proliferation of Allo T cells infected with 
WAPAL or SYNJ1 shRNA lentiviral particles but not with scrambled 
control was significantly reduced compared with that of Allo T cells 
infected with control lentiviral particles (Figure 7A). Interestingly, 
the double-infected T cells (infected with both WAPAL and SYNJ1 
shRNA lentiviral particles) exhibited even greater inhibition of prolif-
eration than Allo T cells infected with only WAPAL or SYNJ1 shRNA 
lentiviral particles (Figure 7A). These results imply that both Wapal 
and Synj1 specifically affect T cell proliferation during allostimula-
tion. We also evaluated the effect of Wapal and Synj1 in the ability of 
the allostimulated T cells to produce cytokines under the conditions 
illustrated in Figure 7A. Silencing of Wapal and/or Synj1, but not the 
scrambled lentiviral control, reduced the secretion of IFN-γ, IL-17, 
and IL-6 (Figure 7, B–D). However, the secretion of IL-2 (Figure 7E) 
and TGF-β (data not shown) was not affected, while knockdown of 
Lpp did not affect T cell proliferation (data not shown).

Next, we determined whether Wapal and Synj1 were uniquely 
critical for the regulation of T cell responses following allogeneic 
stimulation. The knockdown of Wapal and/or Synj1 did not alter 
the proliferation of T cells when stimulated by anti-CD3/28 (Fig-
ure 7F), consistent with the lack of change in expression levels 
(Figure 5, B and C). These data suggest that Wapal and Synj1 reg-
ulate T cell responses following alloantigen stimulation, but not 
when stimulated by anti-CD3/28 Abs.

However, allostimulation in an MLR is a composite effect of mul-
tiple Allo-Ag stimulation in the context of many available costim-
ulatory molecules, whereas CD3/28 activation mimics polyclonal 
activation using only one costimulatory pathway. Therefore, we 
next determined whether T cells respond to a defined nominal 
antigen (OVA) in the context of many of the potentially avail-
able costimulatory molecules. We therefore tested the response 
of OT-II–specific CD4+ T cells when stimulated by DCs pulsed 
with OVA and compared the expression of Wapal and Synj1 to that 
following allogeneic stimulation. Compared with unstimulated 
OT-II T cells, the expression of both Wapal and Synj1 was signifi-
cantly increased in OT-II–specific T cells that were stimulated by 
OVA-pulsed DCs (Figure 7G). However, the expression of Wapal 
and Synj1 was significantly less than was observed following allo-
antigen stimulation of WT naive T cells (Figure 7G).

We further analyzed whether the differences in the increases in 
Wapl and Synj1 expression following stimulation with nominal 
antigen OVA and alloantigen in vitro are also relevant in vivo. 
To this end, we tested the expression of Wapal and Synj1 on day 7  
following in vivo stimulation of B6 OT-II T cells and compared 
it with their expression in B6 donor T cells following allogeneic 
B6→BALB/c BMT. Consistent with the in vitro expression, stimu-
lation of T cells with OVA in vivo caused an increase in the expres-
sion of Wapl and Synj1 when compared with unstimulated naive 
OT-II cells (Figure 7H). However, the increase in Wapal and Synj1 
expression was significantly lower than that in B6 T cells follow-
ing allogeneic BMT (Figure 7H). It is, however, important to note 
that in contrast to the T cells harvested following OVA stimula-
tion (in which 100% of them are OVA-specific OT-II cells), the  
T cells harvested following allogeneic BMT are mixed and not just 

Table 4
Transcripts in Allo T cells with uniquely reduced enrichments after AGO-CLIP-ChIP (as in Table 1) were targeted by enriched miRNAs  
in group 3 in a combinatorial manner

miRNA name	 Targeted transcripts in Allo T cells whose enrichments 	 No. of targets 
	 were uniquely reduced after CLIPA 	
Mmu-miR-142-3p	 Lpp, Ankrd17, Cyb5r3, Mmp15, Il6st, Cbx7	 6
Mmu-miR-142-5p	 Lpp, Ankrd17, Synj1, Dock9, Zfp622, L3mbtl3, Tgs1, Rsrc2, Med17, Brd8, Lrrfip1, 	 16
	 Sirt7, Il6st, Cbx7, Akap9, Ifi203
Mmu-miR-16	 Fchsd2, Bat2, Cyb5r3, Zfp622, Cd200r1, Wapal, Rsrc2, Nub1, Med17, 4933433P14Rik, Mll3, 	 16
	 Itpr1, Ctdsp1, Cbx7, Akap9, Terf2ip
Mmu-miR-29a	 Bat2, Ccdc55, Ing1, Ifngr2, Il6st, Rcor1, Ifi203	 7
Mmu-miR-669i	 Dock9, Narf, Cd200r1, L3mbtl3, Rsrc2, Med17, 4933433P14Rik, Mmp15, Il6st, Ifi203	 10
Mmu-miR-669d	 Lpp, Lipa, Bat2, Ing1, Rnf185, Cbx7	 6
Mmu-miR-297a	 Ccdc55, Synj1, Narf, Ing1, Nub1, Rnf185, Rcor1, Itm2c, C87436, Cbx 7	 10
Mmu-miR-30b	 Ankrd17, 4933433P14Rik, Mll3	 3
Mmu-miR-467a	 Ifngr2, Sirt7, Cabin1, Il6st, Ctdsp1, Itm2c, C87436	 7
Mmu-miR-467e	 Synj1, Zfp622, Wapal, Rsrc2	 4
Mmu-miR-667	 Rab24, Lipa, Dock9, L3mbtl3, Med17, Ctdsp1, Cbx7	 7
Mmu-miR-669f-3p	 Ankrd17, Ptpra, Nfyb, Synj1, Narf, Cd200r1, Tgs1, Ing1, Rsrc2, 4933433P14Rik, Mll3, 	 16
	 Brd8, Itpr1, Il6st, Ctdsp1, Akap9
Mmu-miR-1947	 Akap8, Synj1, Dock9, Zfp622, Mll3, Mmp15, Lrrfip1, Itm2c, Hadh	 9
Mmu-miR-24	 Lipa, Hsd17b4, Ccdc55, Tgs1, Wapal, Brd8, Lrrfip1, Rnf185, Il6st, Cbx7, Terf2ip	 11
Mmu-miR-15b	 Fchsd2, Cyb5r3, Zfp622, Cd200r1, Wapal, Rsrc2, Nub1, Med17, 4933433P14Rik, Mll3, 	 15
	 Itpr1, Ctdsp1, Cbx7, Akap9, Terf2ip
Mmu-miR-691	 Yipf1, Crnkl1, Narf, Med17, Ifngr2, Il6st, Rcor1	 7
Mmu-miR-883a-5p	 Lipa, Ccdc55, Akap8, Nub1, Med17, Mll3, Mmp15, Rnf185	 8
Mmu-miR-669p	 Ccdc55, Rsrc2	 2

A(Table 1) (50 of 63, 79.4%).
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specific for MHC-disparate alloantigen. Nonetheless, despite con-
taining a much smaller percentage of antigen-specific (MHC-spe-
cific) T cells, Wapal and Synj1 expression was significantly greater 
in the T cells harvested from Allo BMT recipients than in OT-II 
T cells responding to OVA (Figure 7H). These data thus collec-
tively suggest that the expression of Wapal and Synj1 is enhanced 
when stimulated by any antigens (nominal OVA or MHC-disparate 
alloantigen) in the presence of multiple costimulatory molecules, 
but the increase in expression is significantly greater in the T cells 
responding to alloantigen (Figure 7H).

Wapal and Synj1 regulate GVHD. We next determined the func-
tional relevance for the increased in vivo expression of Wapal and 
Synj1 in donor T cells following MHC-disparate experimental 
BMT. We performed allogeneic BMT using a clinically relevant B6 
(H2b)→BALB/c (H2d) MHC-disparate model as discussed in Meth-
ods (35, 36). All of the recipient animals were conditioned lethally 
and transplanted with T cell–depleted (TCD) BM along with B6 
donor T cells that were infected with either control shRNA lentivi-
ral particles or WAPAL- and SYNJ1-specific shRNA lentiviral parti-
cles to knock down both Wapal and Synj1. As shown in Figure 8, all 
of the syngeneic animals survived without signs of clinical GVHD, 
ruling out nonspecific toxicity from the lentiviral transduction of  
T cells. The allogeneic animals that received control lentiviral–
transfected T cells showed signs of severe clinical GVHD (Figure 8A)  

and demonstrated 100% mortality (Figure 8B) by day 45. By con-
trast, allogeneic animals that were transplanted with WAPL/SYN-
J1-specific shRNA showed a significant reduction in the severity 
of clinical GVHD and demonstrated significantly greater survival 
(Figure 8, A and B). We believe that these data collectively suggest a 
heretofore unreported novel and functional role for Wapl and Synj1 
as regulators of in vivo allogeneic T cell responses.

Discussion
The molecular landscape of mRNAs and miRs during T cell 
responses to nonspecific stimuli has been reported (3, 6), but to 
date, the miR-mRNA interactome of T cells to biologically relevant 
antigenic stimuli such as alloantigens has not been reported. It is 
unknown whether the responses to biologically relevant allostimu-
lation would be germane to those to nonspecific nominal antigens. 
We therefore compared the miR-mRNA interactions between allo-
stimulation and nonspecific stimulation of T cells and found sev-
eral specific alterations in the T cell molecular landscape. miRNAs  
regulate gene (mRNA) expression and fine-tune the molecu-
lar responses of T cells. However, two major challenges in the 
study of the posttranscriptional regulation of gene expression by  
miRNAs are the definition of their targets and the profiling of 
miRNA expression across different tissues and/or cells under vari-
ous experimental conditions. Using a novel CLIP method and sub-

Figure 3
GSEA. To identify the most predominant genes that uniquely respond to allostimulation and exhibit reduced enrichment after CLIP (Table 2), we 
used GSEA to identify the transcripts that were most significantly overrepresented. The Syn and Allo data were analyzed with the assumption 
that the number of enriched transcripts in the Syn T cells would be higher than that in Allo T cells. Of the 50 transcripts that exhibited reduced 
enrichment (Table 1) and were predicted by TargetScan and miRanda to be targets of the group 3 miRNAs (Figure 2 and Supplemental Figure 2),  
48 were positively confirmed by GSEA analysis. Of these, 8 transcripts were most significantly enriched, including Wapal, Synj1, and Lpp.
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sequent ChIP microarray analyses, we profiled the miR responses 
and the direct mRNA targets of the responding miRs in T cells 
following allostimulation and compared them with nonspecific 
and syngeneic stimulation. We identified and validated, both in 
vitro and in vivo, a unique expression pattern of miRs and mRNAs 
following the allostimulation of T cells. This genome-wide analy-
sis of miRNA-mRNA interactions identified the previously unrec-
ognized molecules Wapl and Synj1 as potentially novel regulators 
of allogeneic T cell responses.

Specific miRNA-mRNA interactions and high-throughput anal-
yses of the downstream effects of miRNAs on mRNAs and pro-
teins have been the focus of many research studies and were first 
experimentally studied through the use of RNA-binding protein 
immunoprecipitation microarray and ChIP (RIP-ChIP), which 
provided valuable insights on miRNA networks and the regulation 
of gene expression (15). However, RIP-ChIP cannot distinguish 
direct and indirect miRNA target interactions. HITS-CLIP was 
developed to directly identify AGO-miRNA-mRNA interactions in 
living cells in a genome-wide manner (11–13, 39). In this study, we 
used a modified version of this novel technology, i.e., we used ChIP 
microarrays instead of HITS to avoid establishing libraries based 
on the restricted amount of copurified RNA and the two required 
RNA ligation reactions (19, 39). Similar to AGO-HITS-CLIP, AGO-
CLIP-ChIP is capable of identifying direct miRNA-mRNA target 
interactions in living cells.

Previous CLIP or HITS-CLIP experiments that analyzed either 
binary protein-RNA interactions or ternary protein-small RNA-
RNA interactions were performed in neuronal and other tis-
sues (13, 18, 39–44), but not in primary immune cells. In brain 
tissue, AGO-HITS-CLIP had much greater predictive value (true 
positive rate of 73%), and false-positive rates were improved by 
10- to 12-fold; for example, the 3′UTR of the Itgb1 mRNA has 
approximately 50 predicted miRNA target sites, but only 5 AGO- 
mRNA ternary clusters (11). In the current study, AGO-CLIP-ChIP 
yielded a 79.4% prediction rate and average targeting frequencies 
that were increased by 5- to 7-fold in T cells (Table 4 and Sup-

plemental Figure 3). Compared with other reports, the CLIP-ChIP 
experiments detected only 5% of the miRNAs that were enriched 
in the stringently purified CLIP samples from the 1,032 candidates 
on the platform. This value is lower than that detected by either 
the cloning frequency, which yielded values of the total number 
of individual miRNAs that were cloned from mouse naive, effec-
tor, and memory T cells of 69, 51, and 54, respectively (50% of the 
top 15 identified miRNAs overlapped with our results; ref. 3), or 
than that detected by qPCR, which revealed that 71 miRNAs were 
differentially expressed in human T cells (4). These observations 
imply that only active miRNAs that are bound to RISCs are selec-
tively enriched by the CLIP-ChIP technology, which has a lower 
detection rate. However, compared with previous CLIP-sequenc-
ing or HITS-CLIP experiments, AGO-CLIP-ChIP detected approx-
imately 30-fold more enriched transcripts than CLIP sequencing 
(10,000 transcripts versus 343 CLIP tags) (18) as well as 50% of the 
HITS-CLIP tag clusters (10,000 transcripts versus 19,158 HITS-
CLIP tag clusters) (12, 13), indicating that the detection capability 
of CLIP-ChIP is much higher than that of CLIP sequencing, but 
lower than that of HITS-CLIP. In the CLIP-ChIP experiments, the 
obtained Pearson’s correlation coefficient was greater than 0.8 
between duplicates of mRNA/AGO complexes and greater than 
0.91 between duplicates of miRNA/AGO complexes; these coeffi-
cients are close to those obtained in previous HITS-CLIP studies 
(11) and demonstrate sufficient quality control. All 63 transcripts 
in Table 2, which were obtained by AGO-CLIP, could be targeted 
by group 3 miRNAs. However, we only obtained a 79.4% predic-
tion by TargetScan and miRanda. It is likely that the remaining 
20.6% of the transcripts (genes) are targeted by miRNAs outside of 
their 3′ untranslated region (UTR), such as a 5′UTR with no bio-
logical activity (11, 45), a functional 3′UTR located within 10 kb 
downstream of the annotated transcript and exons, and intron or 
noncoding locations with unknown function, all of which are not 
included or considered in the current computational algorithms 
for target prediction (11, 46, 47). This observation partially explains 
why the number of HITS-CLIP tag clusters (19,158) is higher than 

Figure 4
Validation of the selected miRNAs that were enriched in group 3 after AGO-CLIP-ChIP. Expression patterns of the selected miRNAs in T cells 
were assessed by TaqMan qPCR. (A) Enrichment of selected group 3 miRNAs in Syn, Allo, and CD3/28 T cells after AGO-CLIP. Data shown are 
the combined results of three independent experiments (mean ± SEM). (B) Relative miRNA expression levels in whole-cell lysates of Syn, Allo, 
and CD3/28 T cells. Data shown are the combined results of three independent experiments (mean ± SEM).
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the number of CLIP-ChIP detected transcripts (10,000) (12, 46, 48). 
Thus, our results show that CLIP-ChIP technology outperforms 
bioinformatics approaches for the screening of direct, legitimate 
miRNA targets in a genome-wide manner and could be used to 
identify a miRNA-mediated gene regulation network.

Previous studies have reported the comparison of miRNA pro-
files in naive, effector, and memory T cells based on cloning fre-
quency (3) and an integrated profile of the miRNAs, mRNAs, and 
proteins in activated T cells based on a PCR-miRNA array, but 
were done without CLIP (4, 6). Furthermore, to date, the miRNA- 
mRNA interactome of T cells responding to allostimulation has not 
been mapped. By contrast, our study used CLIP-ChIP to profile the 
ternary AGO-enriched genome-wide miRNA-mRNA interactions in 
T cells and determined that the profiles in Allo T cells are distinct 
from those in Syn T and nonspecific CD3/28–stimulated T cells.

Because the most immune-responsive genes exhibited marked 
regulatory expression 12–24 hours after stimulation (4, 25, 49), we 
used this time point to harvest the T cells for all of our analyses. 
Compared with syngeneic stimulation (self-antigen stimulated 
with engagement of all costimulatory molecules), the alloantigen-
stimulated (MHC disparate and engagement of all costimulatory 
molecules) and the CD3/28-stimulated (non-MHC–mediated acti-
vation with engagement of only CD28 costimulatory molecule)  
T cells displayed different gene expression patterns. Although 72% 
of the pattern was shared between the alloantigen- and CD3/28- 
activated T cells, a significant number of these (11.5% and 16.5% 
of the genes) were uniquely regulated in either Allo T or CD3/28 
T cells, respectively, which implies that the activation of T cells by 
mismatched MHC and alloantigens, as well as costimulatory mol-

ecules, may contribute to the specific and distinct miRNA and the 
corresponding mRNA/protein profiles rather than to the nonspe-
cific and non-MHC–activated (stimulated by CD3/28) T cells. This 
finding is in agreement with the 2-signal model for the ligation of 
the TCR with the CD3 complex, which states that T cell activation 
involves the formation of an MHC/antigen/peptide complex and 
the engagement of the CD28/CTLA4/B7 family (50, 51). The fact 
that different T cell responses were observed in response to alloan-
tigen and CD3/28 stimulation also suggests the existence of dif-
ferent molecular landscapes in T cells that respond to alloantigens 
and those that respond to nominal or non-alloantigens.

We hypothesized that the downregulated miRNAs do not 
repress the expression of their target genes as part of the immune 
response program and that the released gene will thus produce 
proteins at functional levels and regulate cell activity. We observed 
that miRNAs are differentially regulated in Allo T and CD3/28 T 
cells and that their target gene profiles were different. As shown 
in the CLIP miRNA microarray, the enriched miRNAs were cat-
egorized into four groups depending on their differential regu-
latory patterns. Groups 1 and 4 were similarly regulated in both 
Allo T and CD3/28 T cells (either increased or reduced in both 
cell types). Groups 2 and 3 were differentially regulated in Allo T 
and CD3/28 T cells: the group 2 miRNAs were uniquely increased, 
and the group 3 miRNAs were uniquely reduced in Allo T cells. 
The changes in miRNA enrichment after CLIP were related to 
miRNA expression levels in the whole cells, suggesting that the 
enriched miRNAs in RISCs depend on their cellular levels, which 
are regulated by the cellular response to different stimulations. We 
also observed that many of the transcripts of the genes that were 

Figure 5
Validation of the expression patterns of selected genes targeted by group 3 miRNAs. (A) mRNA enrichment of selected genes targeted by group 3 
miRNAs after AGO-CLIP. Data shown are the combined results of three independent experiments (mean ± SEM). (B) Whole-cell mRNA expression 
patterns of selected genes targeted by group 3 miRNAs. Data shown are the combined results of three independent experiments (mean ± SEM).  
(C) Whole-cell protein expression patterns of selected genes (Wapal, Synj1, and Lpp) targeted by group 3 miRNAs. Protein expression was assessed 
by Western blot. Data shown are representative of three independent experiments. Full, uncut gels are shown in the Supplemental Figure 8.
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uniquely reduced (Table 1) or increased (Supplemental Table 2) 
in Allo T cells were targeted by multiple miRNAs and that a sin-
gle miRNA targets multiple transcripts (Table 4 and Supplemen-
tal Table 5). In addition, the targeted transcripts were classified 
by GO analyses as participating in several biological processes, 
including immune response, the cell division cycle, and spindle 
assembly (Table 3). This finding suggests that an miRNA-medi-
ated network functions in the specific regulation of Allo T cell 
activation. Of the 50 predicted transcripts that were obtained by 
the AGO CLIP-ChIP protocol, 48 were confirmed by GSEA anal-
ysis. Of these, eight transcripts were most significantly enriched, 
including Wapal, Synj1, and Lpp (Figure 3). More importantly, the 
specific expression patterns of these three genes in Allo T cells were 
confirmed by in vivo allogeneic BMT experiments.

Our analyses uncovered a previously unknown role for two pro-
teins, WAPAL and SYNJ1, in the regulation of T cell responses. 
WAPAL regulates sister chromatid resolution by controlling the 
association of cohesin and chromatin (34). It is associated with 
cohesin throughout the cell cycle and has been implicated in het-
erochromatin formation. However, the effects of WAPAL on T cell 
responses have not heretofore been recognized. Synaptojanin 1 
(SYNJ1) is critical for development (30, 31). Its role in immune 
responses has neither been anticipated nor reported. The tran-
scripts of these proteins are combinatorially targeted by group 3  
miRNAs. The CLIP-ChIP and GSEA analyses revealed that the 
transcripts of these proteins were significantly reduced in Allo 
T cells. In addition, the mRNA and protein levels of WAPAL and 
SYNJ1 in the whole-cell lysates were higher in Allo T cells than in 
CD3/28 T cells, as determined by in vitro experiments and in vivo 
allogeneic BMT experiments. These data clearly demonstrate that 
the increased expression of the Wapal and Synj1 targets is due to 
the release of their repression by the miRNAs. The specific miRNA 
targeting these novel regulators will need to be determined in 
future studies. Nonetheless, knockdown studies confirmed the 
functional relevance of Wapal and Synj1 in modulating the Allo T 
cell proliferative and cytokine responses. Our observations were 
made in MHC-disparate alloantigen stimulation in polyclonal 
mixed T cells that were responding in the presence of potentially 
multiple costimulatory and coinhibitory molecular engage-
ments. Wapal and Synj1 expression was also enhanced when T cells 
responded to a specific nominal antigen (OVA) in the presence 

of multiple costimulatory and coinhibitory molecules, but to a 
markedly lesser extent. These data suggest that the differential 
expression of Wapal and Synj1 is likely independent of the engage-
ment of various costimulatory molecules. However, our data are 
limited by the lack of analyses in single alloantigen–specific T cells 
and do not address the questions of antigen density and avidity. A 
detailed analysis of the reasons for the differential expression and 
functional effects of Wapal and Synj1 in single alloantigen–specific 
responses will be performed in future studies. In addition, it is also 
possible that several of the other differentially expressed miRs and 
their putative targets are relevant as well, a question that will have 
to be addressed in later studies.

In vivo Synj1 regulates clathrin-mediated endocytosis and mod-
ulates neuronal and renal functions (31, 52). It has been associated 
with the development of neuronal diseases in mice and humans 
(30, 53). Its role and expression in T cells has heretofore not been 
reported. Nonetheless, Synj1 is activated by calcium influx and cal-
cineurin, leading to its binding with endophili and thus facilitat-
ing clathrin-mediated endocytosis (30, 31, 52, 54). Furthermore, 
although Synj1 expression in T cells has not been analyzed, the 
calcineurin pathway is critical for T cell responses, while clathrin-
mediated endocytosis also plays an important role in TCR and 
CTLA-4 endocytosis following T cell activation (55, 56). It is there-
fore possible that upon alloantigenic stimulation, a calcineurin- 
dependent process leads to an increased expression and activation 
of Synj1 that modulates T cell responses via TCR/CTLA-4 endocy-
tosis. Such a process may be dependent on the context of costim-
ulatory molecule engagement and the avidity of MHC-disparate  
T cell stimulation. It is also interesting to speculate whether Synj1, 
which plays a key role in regulating neural synaptic transmission, 
might also play an important role in the regulation of immunolog-
ical synapses under certain conditions. The role and mechanisms of 
Synj1 in T cell responses to MHC-disparate allostimulus and other 
cognate antigens will be explored in future studies.

WAPAL is a key component of the cohesin complex that regu-
lates the formation of sister chromatids (57). Specifically, replac-
ing WAPAL with soronin from the WAPAL/PDS5 complex leads to 
sister chromatid cohesion in the S phase (32, 33). However, upon 
entry into mitosis, soronin is replaced by WAPAL, leading to a loss 
of cohesion and entry of the cell beyond the prophase of mitosis 
(32, 33, 57). Thus, WAPAL is required for the cells to progress into 

Figure 6
Use of in vivo BMT to validate selected group 3 
miRNAs and the mRNA expression patterns of 
their predicted targets (Wapal, Synj1, and Lpp). 
(A) Expression patterns of selected group 3 
miRNAs in isolated naive T cells and donor T 
cells (Syn T and Allo T cells) on day 14 after 
BMT. Data shown are the combined results of 
two independent experiments (mean ± SEM). 
(B) mRNA expression patterns of selected 
genes that are predicted targets of group 3 
miRNAs. These patterns were determined 
using isolated naive T cells and donor T cells 
(Syn T and Allo T cells) 14 days after BMT. Data 
shown are the combined results of two inde-
pendent experiments (mean ± SEM).
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mitosis. Although a specific role for WAPAL has not been demon-
strated in T cell mitosis, given its fundamental and evolutionarily 
conserved role in facilitating mitosis, an increase in WAPAL itself 
may not be a specific consequence of alloantigen stimulation of  
T cells, but may instead be a reflection of the cell cycling and pro-
liferation induced by the strength and avidity of TCR stimulation. 
Given the increased expression of Synj1 and Wapal, it is possible 
that Synj1-dependent mechanisms might lead to increased Wapal 
expression and T cell mitosis following allogeneic stimulation. The 
dependence of T cell proliferation on these two molecules follow-

ing MHC-disparate stimulation may be more a consequence of 
the context, avidity, and strength of TCR stimulation. Indeed, it 
appears that these molecules might play a less important role in the 
responses of T cells to less avid stimulation, such as by the minor 
alloantigens (data not shown). Nonetheless, the regulation of Synj1 
and Wapl expression following T cell stimulation, specifically in the 
context of MHC-disparate allostimulation, and whether they are 
functionally related to each other, remains to be explored.

Our comprehensive analyses of the molecular landscape of  
T cell responses to biologically relevant allostimulation thus pro-

Figure 7
Effects of Wapal and Synj1 knockdown on allogeneic T cell responses. Effects of Wapal and/or Synj1 knockdown on the production of (A) Allo T 
cells, (B) IFN-γ, (C) IL-17, (D) IL-6, and (E) IL-2. (F) Proliferation of T cells stimulated with CD3+CD28+ antibodies. Data shown are the combined 
results of three independent experiments (mean ± SEM). (G) Relative mRNA expression of Synj1 and Wapal was significantly increased in 
OVA-specific OT-II TCR transgenic T cells cocultured with OVA323-339–pulsed DCs. (H) Increased expression of Synj1 and Wapal in OVA-specific 
TCR transgenic T cells after transplantation. OT-II T cells were purified 7 days after transplantation. mRNA expression of Synj1 and Wapal was 
assessed by qPCR. The expression of Synj1 and Wapal was significantly higher in OT-II T cells than in naive T cells, but was significantly lower 
than in B6 T cells following B6→BALB/c BMT. Data shown are the combined results of three independent experiments (mean ± SEM). *P < 0.01; 
**P < 0.001. KD, knockdown; Scra, scrambled; S, Synj1; W, Wapal.
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vide what we believe to be novel insights into T cell biology. They 
have uncovered previously unknown molecular regulators of  
T cell immunity, Wapl and Synj1. Targeting these molecules could 
potentially have tangible and specific clinical benefit in patients 
who have undergone MHC-disparate allogeneic BMT and also be 
germane to solid organ allotransplantation.

Methods
Mice. Female C57BL/6 (B6, H-2b, CD45.2+) and BALB/c (H-2d) mice were 
purchased from The Jackson Laboratory. B6 Ly5.2 (H-2b, CD45.1+) mice 
were purchased from the NCI’s Frederick Cancer Research Facility. RAG2/
OT-II (CD45.2) mice were purchased from Taconic.

DCs and T cells. To obtain murine DCs, BM cells from C57BL/6 or BALB/c 
mice were cultured with murine GM-CSF (10 ng/ml; BD PharMingen) and 
IL-4 (10 ng/ml; PeproTech) for 7 days and harvested as described previously 
(36). The DCs were harvested and positively selected using an autoMACS 
Pro Separator (Miltenyi Biotec) to obtain CD11c+ cells of 95% purity. To 
obtain murine T cells without affecting the cell-surface proteins through 
antibody cross-linking, the spleens of C57BL/6 or RAG2/OT-II and BALB/c 
mice were removed, and the highly pure T cells (>95% purity) were nega-
tively isolated by the depletion of the magnetically labeled nontarget cells 
from splenocytes using the Pan T Cell Isolation Kit II (Miltenyi Biotec).

Mixed T cell culture and T cell purification. Mixed cell culture was prepared 
by incubating a 1-ml culture of 2 × 106 T cells with syngeneic C57BL/6 DCs 
(at a ratio of 20:1), allogeneic BALB/c DCs (at a ratio of 20:1), or 0.1 μg/ml 
anti-CD3e and anti-CD28 mAB9 (BD Biosciences) for 24 hours. All cells 
were collected and incubated with CD11c microbeads for 30 minutes. The 
T cells were then isolated by magnetic negative selection (autoMACS Pro 
Separator; Pan T Cell Isolation Kit II) (36). For OT-II CD4+ T cell stimu-
lation with OVA, C57BL/6 DCs were pulsed with or without OVA323-339 
(10 μg/ml) for 16 hours, then cocultured for 5 days with T cells purified 
from spleens of B6 RAG2/OT-II or WT C57BL/6 mice (at a ratio of 20:1). 
The T cells were then isolated by magnetic negative selection using the 

autoMACS Pro Separator and the Pan T Cell Isolation Kit II and processed 
for RNA isolation, reverse transcription, and qPCR.

CLIP and RNA isolation. Purified T cells were rinsed once with PBS. The 
cells were then added to 10 ml PBS/plate (100 mm) and exposed to 400 
mJ/cm2 UVA light, followed by an additional 200 ml/cm2 from a UVAR 
light set (Therakos). The light set was calibrated periodically using a UVX 
meter fitted with a UVA detector (UVP; Therakos). The cells were collected, 
washed twice with PBS, and then lysed on ice for 20 minutes with lysis buf-
fer (25 mM Tris-HCl, pH 8.0, 150 mM NaCl, 2 mM MgCl2, 0.5% NP-40, and 
mM DTT) and a freshly added protease inhibitor cocktail (Pierce), 1 mM 
PMSF, and 250 U/ml RNasin (Promega). The lysates were then centrifuged 
at 10,000 g at 4°C for 10 minutes, and the supernatants were subjected to 
preclearance by a 60-minute incubation at 4°C with preblocked protein A 
agarose beads, which were prepared by incubating protein A agarose with 
salmon sperm DNA (100 μg/ml) and BSA (10 mg/ml) overnight at 4°C. A 
volume of 400 μl of the protein A agarose beads was added to each tube 
of cross-linked lysate. Prior to their addition to the lysate, the beads were 
washed three times with 0.1 M Na phosphate, pH 8.0, prior to the addition 
of 50 μl of bridge Ab [2.4 mg/ml; donkey anti-rabbit IgG F(c); Abnova]. The 
tubes were then rotated at room temperature for 60 minutes and washed 
three times with 0.1 M Na phosphate, pH 8.0. The beads were resuspended 
in 400 μl 0.1 M Na phosphate, pH 8.0, prior to the addition of 10 μl of 
argonaute 2 rabbit mAb (Cell Signaling Technology). The tubes were 
rotated at 4°C for 5 hours and washed three times with lysis buffer. The 
cross-linked and precleared lysate was added to one prepared tube of beads, 
and the bead/lysate mix was rotated for 4 hours at 4°C. The beads were 
then washed twice with lysis buffer, three times with lysis buffer containing  
900 mM NaCl and 1% NP-40, twice with lysis buffer, and once with lysis 
buffer containing 0.05% NP-40. After washing, the beads were subjected to 
DNase treatment by incubation with 250 μl of a DNA digestion solution 
containing 40 mM Tris-HCl, pH 8.0, 10 mM MgSO4, 1 mM CaCl2, 200 U/ml  
RNasin, and 0.04 U/ml DNase I (Promega) at 38°C for 20 minutes, with 
gentle shaking every 5 minutes. The RNAs caught by CLIP were extracted 
with either TRIzol LS (Invitrogen), which permits the isolation of total 
RNA, or an miRNeasy kit (QIAGEN), which is designed for the purification 
of total RNA, including miRNA and other small RNA molecules.

Affymetrix microarrays and analyses. The total cellular RNA (tcRNA) was 
extracted with TRIzol LS reagent from the CLIP agarose beads and cleaned 
with RNeasy columns (QIAGEN). After the quality of the total RNA was 
verified by an Agilent 2100 Bioanalyzer, the samples were processed using 
the WT-Ovation Pico System (Affymetrix), which requires only 500 pg of 
total RNA and a single round of amplification for samples with even stricter 
concentration restraints. This system incorporates oligo(dT) and random 
primers for amplification at the 3′ end and throughout the whole tran-
scriptome. Affymetrix mouse genome 430 2.0 arrays (Affymetrix), which 
contain 45,000 transcripts for annotated genes and expressed sequence 

Figure 8
Knockdown of Synj1 and Wapal in T cells attenuates acute GVHD 
severity and mortality. BALB/c mice received 800 cGy of total body irra-
diation (split dose) and were transplanted with 5 × 106 TCD BM. They 
also received 0.75 × 106 T cells from allogeneic B6 donors that were 
transduced prior to infusion with lentiviral particles containing WAPAL- 
and SYNJ1-specific shRNAs or scramble control ex vivo. Syngeneic B6 
mice were given 1,000 cGy of total body irradiation and transplants of 
5 × 106 BM and 2 × 106 T cells from B6 Ly 5.2 donors that were trans-
duced with scramble control particles ex vivo. Knockdown of Synj1 and 
Wapal reduced (A) GVHD clinical severity after allogeneic BMT and 
(B) increased survival. Data shown are the combined results of two 
independent experiments (mean ± SEM). **P < 0.03.



research article

4752	 The Journal of Clinical Investigation      http://www.jci.org      Volume 123      Number 11      November 2013

Transcriptase (50 U/μl; Invitrogen), 1.50 μl 10X RT buffer, 0.188 μl RNase 
inhibitor (20 U/μl), 4.192 μl nuclease-free water, and 3 μl 5X-specific RT 
primers for miR142-3p, miR-142-5p, miR-16, miR-29a, miR-669i, miR-
669d, and snoRNA135 (as an internal control) (all from Applied Biosys-
tems) at 16°C for 30 minutes, 42°C for 30 minutes, and 85°C for 5 min-
utes. qPCR was performed on an Eppendorf Realplex2 system, which was 
set to the following program: 95°C for 10 minutes followed by 40 cycles 
of 95°C for 15 seconds and 60°C for 60 seconds. Each PCR reaction mix 
contained 10 μl of TaqMan 2X Universal PCR Master Mix (no AmpErase 
UNG), 7.67 μl nuclease-free water, 1.33 μl RT product, and 1 μl 20X- 
specific PCR primers for miR142-3p, miR-142-5p, miR-16, miR-29a, miR-
669i, miR-669d, and snoRNA135 (all from Applied Biosystems). All of the 
samples were tested in triplicate. snoRNA-135 was used to normalize the 
expression levels of the target miRNAs by correcting the differences in the 
amount of RNA loaded into the qPCR reactions. The threshold levels for 
each experiment were set during the exponential phase of the reaction. For 
mRNA qPCR, the total RNA was isolated from Allo T, Syn T, and CD3/28 
T cells before or after CLIP using TRIzol reagent (Invitrogen). Briefly,  
2 μg of total RNA was reverse transcribed into cDNA using SuperScript 
III (Invitrogen) in the presence of random hexamers (Invitrogen). All of 
the reactions were performed in triplicate with SYBR Green Master Mix 
(Applied Biosystems) and 25 ng of both forward and reverse primers, 
according to the manufacturer’s recommended thermocycling conditions, 
and were then subjected to melt curve analysis. The threshold levels for 
each experiment were set during the exponential phase of the reaction. The 
DNA in each sample was quantified by interpolation of its threshold cycle 
(Ct) value from a standard curve of Ct values. The calculated quantity of 
the target gene for each sample was divided by the average sample quan-
tity of the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) to obtain the relative gene expression. All of the oligonucleotide 
primers were synthesized by Integrated DNA Technologies. The primer 
sequences are provided in Supplemental Table 10.

Immunoblot analyses. Cell lysates were prepared from Allo T, Syn T, and 
CD3/28 T cells and combined with a proteinase inhibitor mixture (Roche). 
A 50-μg quantity of each protein extract was boiled in sample buffer, sepa-
rated by SDS-PAGE, and transferred onto a PVDF membrane (GE Health-
care). The membrane was incubated for 30 minutes with 5% nonfat dry 
milk and then incubated overnight at 4°C with the following antibodies: 
anti-WAPAL rabbit polyclonal antibody (1:500 in 5% nonfat milk; Pro-
teintech Group, Inc.), anti-LPP mouse monoclonal antibody (1:500 in 5% 
nonfat milk; Cell Signaling Technology), anti-SYNJ1 mouse monoclonal 
antibody (1:250; Acris Antibodies, Inc.), and anti-actin mouse monoclonal 
antibody (1:1,000; Abcam). After washing with TBS-T, the blot was incu-
bated with an HRP secondary antibody. The signals were visualized by 
enhanced chemiluminescence (Thermo Scientific).

BMT and in vivo OT-II T cell responses. The BMTs were performed as previ-
ously described (36). Briefly, the recipient B6 Ly5.1 BALB/c mice received 
1,000 cGy of total body irradiation on day –1. Splenic T cells (4 × 106) and 
BM cells (5 × 106) from B6 Ly5.2 mice were i.v. injected into the recipients 
on day 0. The donor T cells were isolated from the recipient spleens on 
day 14. The T cells were isolated from individual or pooled spleen cell 
suspensions by negative selection (Pan T cell Isolation Kit II; Miltenyi 
Biotec). The cells were then incubated with biotinylated anti-CD45.1 and 
subjected to positive selection with anti-biotin microbeads (Miltenyi Bio-
tec) (58). The RNA from purified donor T cells from syngeneic or alloge-
neic BMTs and naive B6 mice were isolated and analyzed by qPCR. To test 
whether Synj1 and Wapal expression would be regulated in OVA-specific 
TCR transgenic T cells, 1 million OT-II T cells were seeded into naive B6 
(ly5.2, CD45.1) mice 24 hours before s.c. injection of OVA323-339 (300 μg  
in PBS). After 7 days, the expanded T cells were isolated by negative selec-

tags, were used. The stained arrays were scanned on an Agilent Gene 
Array Scanner (Affymetrix) with a 560-nm filter. The data were published 
and analyzed using the R statistical environment (http://cran.r-project. 
org/) provided by Bioconductor (http://www.bioconductor.org/). The 
expression values were calculated for each gene using an RMA (20, 21). 
This modeling strategy converts the PM probe values into an expression 
value (log2 transformed) for each gene. The probe sets with a fold change 
of 2 or greater were selected (an expression value of 26 or greater was used 
for one of the two samples to prevent the selection of large fold changes 
based on two small numbers). The number of probe sets that were uniquely 
and commonly detected in Allo T and CD3/28 T cells in comparison with 
Syn T cells was analyzed. The microarray data were deposited in the Gene 
Expression Omnibus (GEO) database (GSE43636).

Exiqon miRNA microarrays and analyses. Total RNA, including miRNAs 
and other small RNA molecules, was purified from CLIP agarose beads 
using the miRNeasy Mini Kit (QIAGEN). After the quality of the total 
RNA was verified by an Agilent 2100 Bioanalyzer, miRNA microarray 
experiments were conducted using a single channel for Hy5 on the Exiqon 
sixth-generation miRCURY LNA miRNA array; these experiments were 
performed in duplicate. The RNAs and the spike-in miRNAs were treated 
with calf intestinal alkaline phosphatase (CIP) and then labeled using the 
Exiqon miRCURY LNA microRNA Array Power Labeling Kit. The dena-
tured, labeled samples were hybridized to miRNA array slides at 56°C for 
16 hours using an Agilent Hybridization SureHyb chamber and gasket 
slide. The samples were then subjected to a stringent wash protocol. The 
slides were scanned with a GenePix 4000 microarray scanner (Molecular 
Devices). The images were captured and analyzed by GAL-file (Exiqon 
Inc.), which included 1,032 miRNA IDs that had been annotated by  
miRBase, version 16.0 (http://microrna.sanger.ac.uk). The median of the 
spot signals after the subtraction of the relative background signals was 
used as the expression value. The expression levels were calculated using 
the signals that were above the background level. A probe was retained if 
the signals in at least half of the samples in at least one condition were 2.5 
times above the background signal. The microarray data were deposited 
in the GEO database (GSE43636).

miRNA prediction tools and estimates of improvements in the true positive rates. 
We integrated the output results of two major prediction programs: 
TargetScan (http://www.targetscan.org/) and miRanda (http://www.
microrna.org/microrna/). TargetScan predicts targets based strictly on 
evolutionary conservation and is one of the most frequently used predic-
tion tools. The miRanda algorithm computes the optimal sequence com-
plementarity between a set of mature miRNAs and a given mRNA using 
a weighted dynamic programming algorithm. We integrated the outputs 
from both target prediction programs. According to the principle of post-
translational gene expression regulation, miRNAs guide the miRNPs, of 
which the AGO proteins are central components, to form miRNA/target 
mRNA/AGO ternary complexes (15); consequently, we can obtain the pro-
portion of miRNA/target mRNA complexes after AGO-CLIP. To estimate 
the improvement in the false-positive rates as a result of the CLIP-ChIP 
protocol, we calculated the prediction frequencies of the potential mRNA 
targets in Allo T cells that were reduced (or increased) by miRNAs that were 
simultaneously uniquely reduced (or uniquely increased) in Allo T cells. 
In addition, miRNAs that were not enriched by the CLIP protocol for the 
same presumed targets (11) were used as controls.

PCR. miRNA and mRNA real-time qPCR assays were performed as 
previously described (25). For miRNA qPCR, total RNA, including small 
RNAs, was isolated from Allo T, Syn T, and CD3/28 T cells before or after 
CLIP using the miRNeasy Mini Kit (QIAGEN). Reverse transcription was 
performed by incubating a mixture of 10 ng RNA, 0.15 μl of 100 mM 
deoxynucleotide triphosphatases (dNTPs), 1.00 μl MultiScribe Reverse 
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thymidine (1 μCi/well) by the proliferating T cells during the final 6 hours 
of culture was measured. The assays were performed according to the man-
ufacturer’s protocols and read at 450 nm with a Bio-Rad microplate reader.

Statistics. All gene expression and relative quantification data were ana-
lyzed on a log (base 2) scale. Comparisons of the gene expression values 
across the sample classes were performed using the paired, two-sample Stu-
dent’s t test. Survival curves were plotted using Kaplan-Meier estimates. 
The Mann-Whitney U test was used for the statistical analysis of clinical 
scores, while the Mantel-Cox log-rank test was used to analyze survival 
data. A P value less than 0.05 was considered statistically significant.

Study approval. All animals were cared for under regulations reviewed 
and approved by the University Committee on Use and Care of Animals 
of the University of Michigan, based on University Laboratory Animal 
Medicine guidelines.
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tion, and OT-II T cells were purified by FACS sorting after staining with 
CD90 and CD45.2 antibodies. The T cells were processed for RNA isola-
tion, reverse transcription, and qPCR. To examine the functional role of 
SYNJ1 and WAPAL in acute GVHD after allogeneic BMT, the recipient 
B6 and BALB/c mice received 800 cGy of total body irradiation on day –1. 
Donor T cells were purified from B6 splenocytes that were infected with 
lentiviral particles carrying WAPAL shRNA, SYNJ1 shRNA, or nontarget-
ing shRNA for 3 days by negative selection. T cells (2 × 106 for B6 mice 
and 1 × 106 for BALB/c mice) and BM cells (5 × 106) from B6 mice were 
i.v. injected into the recipients on day 0. Survival was monitored daily and 
GVHD clinical scores were measured weekly.

Lentiviral infection, MLR, and ELISA. Lentiviral transduction particles con-
taining either shRNA specific for WAPAL (NM_001004436.3) or SYNJ1 
(NM_001045515.1) or nontargeting shRNA were obtained from Santa 
Cruz Biotechnology, Inc. Splenocytes were cultured in complete medium 
for 24 hours. The medium was then replaced with complete medium sup-
plemented with Polybrene (Sigma-Aldrich) at a final concentration of  
5 μg/ml, and the cells were infected with lentiviral particles carrying 
WAPAL shRNA, SYNJ1 shRNA, or nontargeting shRNA for 3 days. T cells 
were isolated by negative selection (Pan T cell Isolation Kit II; Miltenyi Bio-
tec), and their RNA was isolated. The knockdown efficiency was examined 
by SYBR Green qPCR using specific primers for WAPAL, SYNJ1, PCAF, 
and GAPDH (the sequences are provided in Supplemental Table 10). After 
infection with WAPAL shRNA, SYNJ1 shRNA, or nontargeting shRNA for 
3 days, the purified B6 T cells (2 × 105) were cultured with B6- or BALB/c 
BM–derived DCs (5 × 103) for 94 hours. The supernatants were collected 
after 80 hours to measure cytokines. The incorporation of 3H-thymidine 
(1 μCi/well) by the proliferating T cells during the final 16 hours of culture 
was measured with a Betaplate reader (Wallad). The concentrations of IL-6, 
IL-2, IFN-γ, IL-17, and TGF-β in the culture supernatants were measured 
by ELISA with specific anti-mouse mAbs for their capture and detection, 
and the appropriate standards were purchased from BD Biosciences and 
BD Pharmingen. B6 T cells were also treated with 0.1 μg/ml anti-CD3e and 
anti-CD28 mAB9 (BD Biosciences) for 48 hours and incorporation of 3H- 
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