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MicroRNAs (miRNAs) are an emerging group of short, noncoding
RNAs that play an important role in regulating expression of
classical genes. Thus far little is known about their role in
autoimmune demyelination. In this study, we analyzed changes
in the miRNA profile in CD4+ T cells that occurred during the rec-
ognition of the myelin autoantigen, MOG35–55. We found that,
both in vivo and in vitro, myelin antigen stimulation resulted in
significant up-regulation of miR-301a, miR-21, and miR-155. Fur-
thermore, these three miRNAs were overexpressed in T cells in-
filtrating the CNS in animals with experimental autoimmune
encephalomyelitis. Use of specific miRNA antagonists, antagomirs,
revealed that miR-301a contributed to the development of the
T-helper type 17 subset via targeting the IL-6/23–STAT3 pathway.
This contribution appeared to be mediated by the miR-301a effect
on the expression of the PIAS3, a potent inhibitor of the STAT3
pathway. Manipulation of miR-301a levels or PIAS3 expression in
myelin-specific CD4+ T cells led to significant changes in the sever-
ity of experimental autoimmune encephalomyelitis. Thus, we have
identified a role of miR-301a in regulating the function of myelin-
reactive T-helper type 17 cells, supporting a role for miR-301a and
PIAS3 as candidates for therapeutic targets for controlling of au-
toimmune demyelination.

Multiple sclerosis (MS) is an organ-specific autoimmune
disease manifested by chronic inflammatory demyelination

of the CNS. CD4+ T-cell–mediated autoimmunity, with a critical
role of a putative myelin autoantigen, has long been accepted
as one of the most important aspects of MS pathogenesis, es-
pecially for the early initiation of disease (1). This understanding
has been particularly complemented by the research on the MS
animal model, experimental autoimmune encephalomyelitis
(EAE). T-helper type 1 (Th1) cells, characterized by the ex-
pression of the transcription factor T-bet and the production of
IFN-γ, originally were considered the major effector T-helper
cells that mediate the pathogenesis of autoimmune demyelination
(2). More recently another subset of T-helper cells, Th17, char-
acterized by expression of the transcription factors retinoic acid
receptor-related orphan receptor alpha (ROR-α) and retinoic acid
receptor-related orphan receptor gamma t (ROR-γt) and by the
production of IL-17, has been considered pivotal for the propa-
gation of autoimmune demyelination (3). Mice with impaired
numbers or function of Th17 cells, particularly mice deficient in
the cytokines IL-6 or IL-23, are largely resistant to EAE (4–6).
However, precise mechanisms governing the development and
function of Th17 cells resulting in autoimmune demyelination are
still unclear. Thus, Th17-targeting therapeutic approaches for MS
have not yet been established.
MicroRNAs (miRNAs) have begun to emerge as an important

component in the differentiation and function of cells involved
in the immune response. miRNAs operate as noncoding RNA
molecules ∼22 nt in length that are processed from larger tran-
scripts of nonclassical genes by Drosha and Dicer nucleases (7).
miRNAs are incorporated along with core argonaute proteins
into the RNA-induced silencing complex. Binding of this com-
plex to the products of classical genes in mammalian cells leads
to direct or indirect interference, thus resulting in lower protein
expression (8). It has been estimated that expression of as many

as one-third of the classical genes may be regulated by miRNA
(9). Recently, emerging data have documented the importance
of miRNA in EAE development. miR-326 (10) and miR-155
(11) modulate T-cell and dendritic cell function, whereas miR-
124 (12) controls quiescence of the CNS-resident antigen-pre-
senting cell (APC) population, microglia. Furthermore, ways of
blocking microRNA activity in vivo have been pursued. The best
validated is the use of chemically engineered oligonucleotides,
termed “antagomirs,” that act as efficient, specific, and safe
silencers of endogenous miRNAs in vivo and in vitro (13, 14).
Thus, microRNA-targeted therapies have become an option for
treatment of autoimmune demyelination.
To extend our knowledge of the role of miRNA in autoim-

mune demyelination and to define potential goals for miRNA-
targeted therapies, we screened for changes in miRNAs in CD4+
T cells during myelin antigen recognition in vitro and in vivo.
Here we report that miR-301a, miR-21, and miR-155 are up-
regulated significantly in T-helper cells in response to myelin
oligodendrocyte protein (MOG) antigen. In a series of experi-
ments, we identified a role for miR-301a in regulating Th17
differentiation and its in vivo contribution to the pathogenesis of
autoimmune demyelination. We found that the effect of miR-
301a on Th17 cells was mediated by the inhibition of PIAS3,
a negative regulator of the STAT3 activation pathway.

Results
miR-21, miR-155, and miR-301a Are Up-Regulated in T-Helper Cells
During the Response to the Myelin Autoantigen. To identify the
changes in miRNA levels during the development of the re-
sponse to myelin autoantigen in vivo, we immunized C57BL/6
mice with MOG peptide 35–55 (MOG35–55) in Freund’s com-
plete adjuvant (CFA). Fourteen days later inguinal and popliteal
peripheral lymph node (PLN) cells of MOG35–55/CFA-immu-
nized and control mice were stimulated in vitro with MOG35–55.
Subsequently, CD4+ T cells were purified and used as a source of
RNA for the microarray analysis of the miRNA expression. The
results of miRNA expression profiling highlighted an up-regu-
lation in the expression of three distinct miRNA—miR-21, miR-
155, and miR-301a—in the CD4+ T cells of MOG35–55/CFA-
immunized mice when restimulated with MOG35–55 (Fig. 1A). To
confirm the significance of the observed changes in the miRNA
profiling, we analyzed extensively the relative expression levels of
miR-21, miR-155, and miR-301a in PLN of the MOG35–55/CFA-
immunized mice and naive mice. Indeed, we saw a significant up-
regulation of the expression of all three miRNA in MOG35–55-
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restimulated CD4+ T cells as early as day 4 after immunization
(Fig. 1B). Expression levels for all the analyzed miRNAs reached
a maximum around day 14 after antigen challenge, followed by
a decline to the initial response levels by day 32. The kinetics of
miR-21, miR-155, and miR-301a expression responses in CD4+
T cells following MOG35–55/CFA immunization resembled the
changes in the proliferative responses of PLN induced by
MOG35–55 restimulation, with miR-301a showing the highest up-
regulation (Fig. 1B). Furthermore, we analyzed the changes in
expression in the CD4+ T cells of mice that transgenically ex-
press T-cell receptor alpha (TCRα) and TCRβ chains of
a MOG35–55-reactive T-cell clone (15). MOG35–55–TCR CD4+
(henceforth, “2D2”) T cells displayed a strong up-regulation of
miR-21, miR-155, and miR-301a expression in response to in-
creasing doses of MOG35–55 antigen (Fig. 1C). We also detected
an up-regulation of miR-21, miR-155, and miR-301a expression
in naive CD4+ T-cells in response to anti-CD3 and anti-CD3/
CD28 stimulation (Fig. 1D), although this up-regulation was less
robust than the response following antigenic peptide recognition.
Collectively our data indicate that miR-21, miR-155, and miR-
301a are particularly up-regulated in response to in vitro TCR
stimulation of CD4+ T cells.

miR-301a Is Overexpressed by Infiltrating T Cells in the CNS of
Animals with EAE. To explore the in vivo significance of miRNA
changes observed following in vitro TCR restimulation, we an-
alyzed miR-21, miR-155, and miR-301a expression in animals
sensitized to develop EAE. We isolated the mononuclear cells
from the brains (BMN) of animals at different stages of the
disease, from day 0 (control), day 12 (preclinical), day 27 (acute
EAE), and day 60 (EAE remission). As expected, the flow
cytometry profiles of the BMN cells confirmed significant
increases in T cells during the course of EAE (Fig. 2A). These
inflammatory changes were accompanied by a several-fold up-
regulation of miR-21, miR-155, and miR-301a expression (Fig.
2B). The presence of all three microRNAs increased during the
acute phase of the disease (up to day 27). miR-21 and miR-155
continued to be highly overexpressed during the late stage of
EAE (day 60), whereas mir-301a expression declined during the
remission period (Fig. 2B). Thus, miR-301a overexpression
within the infiltrating cells may reflect a role that differs from
that of miR-21 and miR-155.
EAE inflammatory BMN cells can be divided into several

distinct populations: T cells, microglia, and active APCs (mac-
rophages and activated microglia). To identify which population
was responsible for the observed miRNA overexpression, high-
purity sorted fractions of each cell population were analyzed for
miR-21, miR-155, and miR-301a expression during two different
phases of EAE: acute (day 27) and remission (day 60) (Fig. 2C).
The greatest changes in miR-21 and miR-155 expression oc-
curred in the brain T-cell fraction and in macrophages and ac-
tivated microglia (CD11b+CD45hi), with essentially no changes
in the classical microglia (CD11b+CD45int). Changes in miR-
301a expression were associated almost exclusively with the brain
T-cell fraction, most notably during the acute disease phase (Fig.
2C). These in vivo data support a specific up-regulation of miR-
301a in T cells during acute EAE.

miR-301a Inhibition Down-Regulates Th17 Responses. To search for
a role for miR-21, miR-155, and miR-301a in activated T cells,
we applied selective miRNA antagonists, antagomirs. None of
the antagomirs affected the proliferative responses of T cells,
regardless of whether the response was induced specifically by
antigen or by a nonantigen (Fig. 3 A and B). However, miRNA

Fig. 1. Quantitative analysis of miRNA changes in CD4+ T cells responding
to myelin antigen. (A) Mice were immunized with MOG35–55 in CFA or with
CFA alone, and 14 d later PLN cells were isolated and stimulated in vitro with
MOG35–55 for 3 d followed by CD4+ T-cell sorting. Microarray analysis of
miRNA expression profiles was performed comparing sorted CD4+ T cells
from mice immunized with MOG35–55 in CFA with CD4+ T cells from mice
immunized with CFA alone. miR-21, miR-155, and miR-301a showed highest
expression levels after MOG35–55 stimulation. Data represent a plot of the
median of ratios of the miRNA probe signal from the individual sample
versus the miRNA probe signal for pooled samples (n = 5 mice per group). (B)
Kinetics of the response of PLN cells from MOG35–55-immunized mice fol-
lowing 3-d restimulation in vitro to MOG35–55 proliferation (Left) and
changes in expression levels of miR-21, miR-155, and miR-301a (Right),
normalized to day 0 responses. Data represent mean ± SEM of two or three
mice per time point. (C) Analysis of expression of miR-21, miR-155, and miR-
301a in CD4+ T cells from PLNs of 2D2 mice stimulated in vitro with different
doses of MOG35–55. Representative results (mean ± SEM) from three in-

dependent experiments are shown. (D) Analysis of expression of miR-21,
miR-155, and miR-301a in naive CD4+ T cells from PLNs of C57BL/6 mice
stimulated with plate-bound anti-CD3 or with plate-bound anti-CD3 and
anti-CD28. Representative results (mean ± SEM) from three independent
experiments are shown.
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blockade resulted in significant changes in the cytokine secretion
profiles following MOG35–55 stimulation (Fig. 3 C–F). Antago-
mirs against miR-21 and miR-155 resulted in down-regulation of
IFN-γ secretion and a minor up-regulation of IL-4 secretion.
However, most notably, transfection with antagomir against
miR-301a resulted in decreased IL-17 secretion, whereas anta-
gomirs against miR-21 and miR-155 had no significant effect on
this cytokine (Fig. 3D). In addition, an antagomir against miR-
301a resulted in increased IL-4 production (Fig. 3E). IL-10
production levels were largely unaffected by any of the three
antagomirs (Fig. 3F). These data suggest miR-301a has a strong
influence on the Th17-like cytokine secretion profile.
To confirm the effects of miR-21, miR-155, and miR-301a on

T-helper cell profiles, we subsequently analyzed the expression
pattern of gene markers of T-helper cell differentiation (Fig.
3G). In highly purified CD4+ T cells fluorescently labeled with
antagomirs, we found that inhibition of miR-155 led to an in-
crease in Gata3 expression reminiscent of a Th2 shift described
in miR-155-deficient mice (16). The levels of transcription for
Tbx21 and Foxp3 were largely unaffected by the inhibition of any
of the studied miRNAs. Most notably, the antagomir against
miR-301a treatment resulted in a marked decrease in mRNA for
Rora, Rorc-γt, Ahr, Il17A, and Il17F, indicating a strong influence
on Th17 differentiation (Fig. 3G). These data suggest that miR-
301a is specifically involved in Th17 cell differentiation but not in
Th1 cell differentiation.

In VitroModulation ofmiR-301a in T Cells Impacts Th17 Differentiation.
To confirm further the relationship between miR-301a and Th17
cells, we compared the expression levels of this miRNA in different
T-helper cell subsets: Th1, Th2, Th17, and naive T-helper cells.We
found that ex vivoTh17 cells expressedmiR-301a at very high levels
in comparison with the other T-helper cell subsets (Fig. 4A).
In addition, we analyzed the kinetics of miR-301a expression

during the in vitro differentiation of Th17 cells.Weobserved a highly
significant up-regulation of miR-301a in the Th17-polarized naive T
cells as early as 3 d after the start of differentiation (Fig. 4B). When
we analyzed themiR-301a expression profiles of the various in vitro-
generated T-helper cell populations, miR-301a was enriched most
significantly in the Th17 subset (Fig. 4C). Furthermore, we assessed
the effect of miR-301a inhibition on the in vitro development of
Th17 cells. We found that inhibition of miR-301a in naive CD4+ T
cells rendered them fourfold less sufficient for in vitro generation of
Th17 cells (Fig. 4D). In addition, we observed that expression of
CCR6, a chemokine receptor linked to a Th17-cell phenotype (17),
was down-regulated in stimulated naive CD4+ T cells when miR-
301a was blocked by antagomir and, conversely, was up-regulated by
an miR-301a mimic (Fig. 4E). Thus, these data strongly suggested
that miR-301a promotes differentiation of the Th17 subset.

miR-301a Interferes with the IL-6–STAT3 Phosphorylation Pathway.
Because different signaling pathways [e.g., TGF-β, IL-6, and IL-
23 (3, 5, 18)] contribute to Th17 generation in vitro, we in-
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Fig. 2. Analysis of expression of miR-21, miR-155, and miR-
301a in the CNS during EAE. (A) BMN composition in naive
mice (day 0) or mice at the preclinical (day 12), peak (day 27),
or remission (day 60) stage of EAE. Four or five mice per group
were used. (B) Kinetics of expression of miR-21, miR-155, and
miR-301a in EAE BMN at different days after disease induction
as shown by qPCR. Representative results (mean ± SEM) from
two or three independent experiments are shown. Four or five
brains were used in each experiment. (C) BMN from mice at
the peak (day 27) or remission (day 60) stage of EAE were
sorted by flow cytometry into T-cell (TCRβ+CD11b−), microglia
(CD11b+CD45int), and macrophages/activated microglia (CD11b+

CD45hi) subsets. Subsequently these fractions were analyzed for
levels of miR-21, miR-155, and miR-301a by qPCR, normalized to
BMN expression in naive mice. Representative results (mean ±
SEM) from two independent experiments are shown. Four or
five brains were used in each experiment.
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Fig. 3. Effects of antagomir inhibition of miR-21, miR-155, and miR-301a on CD4+ T-cell function. (A) PLN CD4+ T cells were transfected with antagomirs
against miR-21, miR-155, miR-301a, or control antagomir, and their proliferative responses to plate-bound anti-CD3 or plate-bound anti-CD3 and anti-CD28
stimulation were compared with the responses of untransfected PLN CD4+ T cells. Representative results (mean ± SEM) from three independent experiments
are shown. (B) PLN cells of mice immunized 12 d earlier with MOG35–55 were transfected with antagomirs against miR-21, miR-155, miR-301a, or control
antagomir or were not transfected following in vitro restimulation for 3 d with indicated doses of MOG35–55. Proliferative responses were analyzed. (C–F)
Culture supernatants were analyzed for the levels of IFN-γ (C), IL-17 (D), IL-4 (E), and IL-10 (F). Representative results (mean ± SEM) from three independent
experiments are shown. **P < 0.001. (G) PLN cell cultures, as described in B, were restimulated in vitro with 50 μg/mL of MOG35–55. Subsequently antagomir-
affected CD4+ T cells were sorted, and RNA was analyzed with qPCR for expression levels of Tbx21, Gata3, Rora, Foxp3, Ror-γt, Ahr, Il17A, Il17F, CSf2, Il21, Il22,
and c-maf. Data were normalized to the expression levels in CD4+ T cells from untransfected cultures. Representative results (mean ± SEM) from three in-
dependent experiments are shown. *P < 0.05, **P < 0.001.
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vestigated which pathways might be affected by miR-301a. For
the TGF-β pathway, we analyzed in vitro differentiation of naive
T cells into regulatory T-cells (Tregs) in the presence of anta-
gomir for miR-301a and found no changes in the in vitro gen-
eration of Tregs (Fig. 4F). In IL-6– and IL-23–induced Th17
development, STAT3 activation is a critical step (19, 20). We
found that STAT3 phosphorylation in CD4+ T cells, in re-
sponse to either IL-6 or IL-23, was severely impaired in cells
with antagomir against miR-301a (Fig. 4G). In addition to
STAT3 phosphorylation, IL-6 activation also results in signaling

from two other pathways: STAT1 and PI3K/AKT (21, 22). How-
ever, we found that both STAT1 and AKT phosphorylation in
CD4+ T cells, after IL-6 stimulation, was unaffected by trans-
fection of antagomir to miR-301a (Fig. 4G). These results sug-
gest an association between miR-301a and IL-6 function in Th17
differentiation.
To exclude a direct effect of miR-301a on IL-6 receptors or

STAT3 levels, we assessed expression of these genes in CD4+ T
cells transfected with antagomir to miR-301a. We found no
changes in IL-6 receptor alpha (Il6rα), IL-6 signal transducer

Fig. 4. Analysis of the role of miR-301 in T-helper cell differentiation. (A) RNA was extracted from ex vivo sorted Th1, Th2, and Th17 cells and analyzed for the
expression levels of miR-301a by qPCR. The miR-301a expression data were normalized for the expression of U6 snRNA and were compared with the ex-
pression level of naive CD4+ T cells. Representative results (mean ± SEM) from two to four independent experiments are shown. (B) Naive CD4+ T cells were
stimulated in vitro with plate-bound anti-CD3 and anti-CD28 in the presence of IL-6, TGF-β, IL-1β, IL-23, anti–IFN-γ, and anti–IL-4 to polarize them toward Th17
cells. RNA was extracted at the indicated days, and miR-301a levels were assessed by qPCR and compared with the day 0 levels. Representative results (mean ±
SEM) from two independent experiments are shown. (C) Naive CD4+ T cells were stimulated in vitro with plate-bound anti-CD3 and anti-CD28, in the Th0-,
Th1-, Th2-, Th17-, and Treg-polarizing condition. RNA was extracted at the day 14, and miR-301a levels were assessed by qPCR and compared with the ex-
pression level of the Th0 condition. Representative results (mean ± SEM) from two independent experiments are shown. *P < 0.01 (D) Naive CD4+ T cells were
transfected with an antagomir against miR-301a or with a control antagomir, were polarized toward Th17 cells as described in B, and were assayed for the
secretion of IL-17 and IFN-γ by intracellular flow cytometry on day 6 after the start of stimulation. The data show gated antagomir-positive cells. Repre-
sentative results from four independent experiments are shown. (E) Naive CD4+ T cells were transfected with an antagomir against miR-301a or with a mimic
for miR-301a or with a control oligonucleotide, were stimulated for 3 d with plate-bound anti-CD3 and anti-CD28, and were assayed for surface expression of
CCR6 by flow cytometry. The data show gated antagomir-positive cells. Representative results from four independent experiments are shown. (F) Naive CD4+

T cells were transfected with antagomir against miR-301a (antago-miR-130a) or with a control antagomir and were stimulated in vitro with plate-bound anti-
CD3 and anti-CD28 in the presence of TGF-β, IL-2, anti–IFN-γ, and anti–IL-4 to polarize them toward Treg cells. Cells were assayed for the presence of FOXP3 by
intracellular flow cytometry on day 6 after the start of stimulation. The data show gated antagomir-positive cells. Representative results from two in-
dependent experiments are shown. (G) CD4+ T cells were transfected with antagomir against miR-301a or with a control antagomir, were stimulated in vitro
with either IL-6 or IL-23 for 30 min at 37 °C, and were assayed for pSTAT3 by intracellular flow cytometry (Upper) or were stimulated in vitro with IL-6 for 30
min at 37 °C and were assayed for pSTAT1 (Lower Left) or for pAKT (Lower Right) by intracellular flow cytometry. The data show gated antagomir-positive
cells. Representative results from two to four independent experiments are shown. (H) CD4+ T cells were transfected with antagomir against miR-301a or with
a control antagomir and were stimulated in vitro with plate-bound anti-CD3 and anti-CD28 for 3 d. Antagomir-positive cells were sorted by flow cytometry,
and RNA was isolated and analyzed for the expression levels of IL6ra, IL6st, and Stat3 by qPCR. Data were normalized to the expression levels of unstimulated
CD4+ T cells. Representative results (mean ± SEM) from three independent experiments are shown.
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(Il6st; gp130) or Stat3 message levels in T-helper cells following
inhibition of miR-301a (Fig. 4H). Thus, it appears that miR-301a
inhibition impairs IL-6–induced signaling by selective interaction
with events leading to STAT3 activation.

miR-301a Interfereswith Intracellular Levels of PIAS3.Wenext searched
bioinformatic databases (MIRANDA, PicTar, and TargetScan) to
identify possible miR-301a target molecules in the IL-6–STAT3
pathway. We also analyzed four recently reported potential targets
of miR-301a, Nkrf (23), FoxF2, Bbc3, and Pten (24). Of these 13
tested putative target genes, themajor increase followingmiR-301a
inhibition was found for Pias3 (Fig. 5A). The miRNA target-pre-
diction software RNAhybrid (version 2.1; http://bibiserv.techfak.
uni-bielefeld.de/rnahybrid/) in concert with a MIRANDA search
revealed the presence of two major binding sites for miR-301a
within the Pias3 RNA 3′UTR (Fig. 5B). Thus, Pias3 RNA repre-
sents an attractive target for the action of miR-301a. To confirm
a link between miR-301a and PIAS3, we transfected CD4+ T cells
with miR-301a mimics or antagomirs and analyzed the levels of
PIAS3 (Fig. 5C). PIAS3 levels clearly were diminished in cells

treated with miR-301a mimics and were increased in cells with an
miR-301a inhibitor. In contrast, mimics or antagomirs for miR-21
and miR-155 had no effect on PIAS3 levels (Fig. 5C).
Next, using a luciferase reporter system, we sought to confirm

that miR-301a directly binds the mRNA encoding Pias3 and
down-regulates expression of this protein. HEK-293 cells were
transfected with a construct containing the full-length Pias3 3′
UTR sequence downstream of firefly luciferase. The transfected
cells showed luciferase activity, which the cotransfection with
miR-301a inhibited by 82% (Fig. 5D). Neither transfection of
control oligonucleotide into the cells expressing Pias3 3′ UTR-
modified luciferase nor transfection of an miR-301a mimic into
the cells with a wild-type luciferase affected the luciferase ac-
tivity. These data confirm that miR-301a directly targets the
mRNA encoding Pias3 and reduces expression of this protein.
Because our data showed differential expression of miR-301a

in different T-helper subsets (Fig. 4A), we analyzed the expres-
sion of Pias3 in the same T-helper populations (Fig. 5E). We
found the Pias3 transcript to be nearly absent in Th17 cells, in
contrast to both Th1 and Th2 cells. This result supports the
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Fig. 5. miR-301a down-regulates PIAS3 in CD4+ T
cells. (A) CD4+ T cells were transfected with anta-
gomir against miR-301a or with a control antago-
mir and were stimulated in vitro with plate-bound
anti-CD3 and anti-CD28 for 3 d. Antagomir-positive
cells were sorted by flow cytometry. RNA was iso-
lated and analyzed for the expression levels of Braf,
Kras, Pias3, Pik3r, Rela, Socs2, Socs4, Socs5, Socs6,
Nkrf, FoxF2, Bbc3, and Pten by qPCR. Data were
normalized to the expression levels in CD4+ T cells
transfected with control antagomir. Representa-
tive results (mean ± SEM) from four independent
experiments are shown. *P < 0.01. (B) Prediction
of major interference sites betweenmiR-301a and
Pias3 mRNA 3′ UTR. (C) Western blot analysis of
PIAS3 and GAPDH in CD4+ T cells that were
transfected with mimics against miR-21, miR-155,
or miR-301a or with control oligonucleotide (Left)
or with antagomirs for miR-21, miR-155, or miR-
301a or with control oligonucleotide (Right) and
were stimulated in vitro with plate-bound anti-
CD3 and anti-CD28 for 3 d. Numerical values rep-
resent quantification by densitometry, normal-
ized to the GAPDH levels and comparedwith the T
cells transfected with the control oligonucleotide.
Representative results from three independent
experiments are shown. (D) Luciferase activity in
HEK-293 cells transfected with reporter constructs
containing either wild-type firefly luciferase or
luciferase with Pias3 3′ UTR. The HEK-293 cell line
was cotransfected with the indicated constructs
and with either an miR-301a mimic or control ol-
igonucleotide; normalized levels of luciferase ac-
tivity are shown. Representative results (mean ±
SEM) from two independent experiments are
shown. **P < 0.001. (E) RNA was extracted from
ex vivo sorted Th1, Th2, and Th17 cells and ana-
lyzed for expression levels of Pias3 by qPCR. The
data were normalized to the expression levels of
naive CD4+ T cells. Representative results (mean ±
SEM) from two or three independent experiments
are shown.
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notion that the presence of miR-301a has a negative effect on
Pias3 expression in Th17 cells.

Modulation of miR-301a and PIAS3 Directly Changes in Vivo Encepha-
litogenicity of CD4+ T Cells. To assess the in vivo relevance of miR-
301a in myelin-specific CD4+ T cells for the development of
autoimmune demyelination, we used a transfer model of EAE in
Rag2-KO mice. 2D2 T cells were transfected with miR-301a
mimic, miR-301a antagomir, or a control scrambled oligonu-
cleotide and were grafted into Rag2-KO mice in which EAE
subsequently was induced. Mice from all groups developed signs
of disease with a similar day of onset (Fig. 6A). However, over
the next 25 d of observation, the mice that received 2D2 CD4+ T
cells expressing a mimic of miR-301a developed a very aggressive
form of EAE that resulted in the death of all tested animals. In
contrast, the group that received 2D2 CD4+ T cells with an
antagomir for miR-301a developed a significantly milder EAE
(Fig. 6A). EAE in these mice also was less severe than in animals
that received control transfected 2D2 CD4+ T cells. We re-
covered infiltrating CD4+ T cells from the CNS of Rag2-KOmice
that had received 2D2 T cells that were transfected with either
mimic, or antagomir-miR-301a or with a control oligonucleotide.
Using fluorescein-labeled oligonucleotides for transfection, we

were able to detect a significant fraction of fluorescein-positive
CD4+ T cells in the CNS of these mice as late as 15 d after
transfer (Fig. 6B). In accordance with the clinical data, the mice
that received the mimic miR-301a–transfected 2D2 T cells had an
increased number of CD4+ T-cells in their CNS at 15 d after
transfer, whereas mice that received 2D2 T cells with antagomir
miR-301a had significantly smaller infiltrates (Fig. 6C). Further-
more CD4+ T cells in the CNS of mice that received 2D2 T cells
with antagomir miR-301a produced less IL-17, whereas CD4+ T
cells in the CNS of mice that received 2D2 T cells with mimic
miR-301a had increased IL-17 generation (Fig. 6D).
Because PIAS3 appeared to be an important intermediary of

miR-301a in CD4+ T cells, we also tested the effect of PIAS3
inhibition on EAE development. We inhibited PIAS3 in 2D2
CD4+ T cells using a combination of three different siRNAs to
enhance the knockdown effect (Fig. 6E). The transfer of such
cells into Rag2-KO mice resulted in severe, fatal EAE in all
animals (Fig. 6F), thus resembling the disease profile induced by
transfer of MOG35–55-specific CD4+ T cells with up-regulated
miR-301a (Fig. 6A). Taken together, these in vivo results con-
firmed the role of miR-301a and its target molecule, PIAS3, in
the regulation of EAE.
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Fig. 6. Analysis of in vivo function of miR-301a and PIAS3 in
myelin-specific CD4+ T cells in EAE development. (A) 2D2
cells were isolated and transfected in vitro with antagomir
against miR-301a or with a mimic for miR-301a or with
a control oligonucleotide and were transferred to Rag2-KO
mice in which EAE with MOG35–55 subsequently was in-
duced. Clinical scores of the mice are presented as mean ±
SEM. Scoring is described in Materials and Methods. Five
mice per group were used. *P < 0.03, **P < 0.02. (B) The
percentage of the fluorescein-positive CNS-infiltrating CD4+

T cells in Rag2-KO mice described in A was determined by
flow cytometry analysis of gated CD4+ T cells at 15 d after
transfer. Representative results from three different mice
per group are shown. (C) Quantification of CNS-infiltrating
CD4+ T cells in Rag2-KO mice described in A at 15 d after
transfer. Each dot represents an individual mouse brain;
horizontal lines mark the mean. *P < 0.03, **P < 0.02. (D)
The intracellular production of IL-17 by CNS-infiltrating
CD4+ T cells in Rag2-KO mice described in A was determined
by flow cytometry analysis of gated CD4+ T cells at 15 d after
transfer. Representative results from three different mice
per group are shown. (E) Western blot analysis of PIAS3 and
GAPDH in CD4+ T cells 3 d after transfection with three
different siRNAs for Pias3, alone or combined, or with con-
trol siRNA and in untransfected T cells. Numerical values
represent quantification by densitometry, normalized ac-
cording to the GAPDH levels and compared with the un-
transfected condition. Representative results from three
independent experiments are shown. (F) 2D2 cells were
isolated and transfected in vitro with a mixture of three of
the siRNAs against Pias3 (described above) or with a control
siRNA and then were transferred to Rag2-KO mice in which
EAE with MOG35–55 subsequently was induced. Clinical
scores of the mice (described in Materials and Methods) are
presented as mean ± SEM. Five mice per group were used.
*P < 0.03.
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Discussion
Our findings indicate that the development of myelin antigen-
specific CD4+ T cell responses correlates with significant
changes in miRNA expression profiles in peripheral and brain-
infiltrating T cells. The most notable up-regulations were ob-
served for miR-301a, miR-21, and miR-155. Mechanistic studies
showed that miR-301a influenced the development of Th17 cells
via inhibition of the IL-6–induced STAT3 pathway. A molecular
search highlighted and validated PIAS3, a STAT3 inhibitor, as
a target of miR-301a in CD4+ T cells. In vivo studies in animals
with EAE and manipulation of miR-301a levels in myelin-
autoreactive CD4+ T cells demonstrated a specific role for miR-
301a in the regulation of EAE. Accordingly, inhibition of PIAS3,
a target molecule for miR-301a, resulted in up-regulation of
EAE. Thus, we have confirmed a significant role for miRNA in
the regulation of autoimmune demyelination and have demon-
strated a specific role of miR-301a and its target molecule PIAS3
as critical players in this process.
Many observations link changes in miRNA expression to the

development of autoimmunity. For example, general ablation of
miRNA in T cells by conditional deletion of Dicer resulted in the
spontaneous development of autoimmunity in aged mice (25).
This phenomenon has been linked in particular to the loss of
function of miRNA-deficient Tregs, and mice with either a gen-
eral deficiency of miRNA or selective knockdown of miR-146a in
Tregs displayed a fatal autoimmune disease (26–30). However,
miRNA ablation in T cells also results in defects in natural killer
T-cell development (31, 32) and the differentiation of T-helper
cells that may contribute independently to autoimmunity (25, 33).
miR-301a, a highly evolutionarily conserved miRNA, along

with miR-130a, miR-130b, and miR-301b, belongs to the miR-
130/301 family in the mouse genome (www.mirbase.org; ref. 34).
Recently, Mir-301a has been reported as being expressed in re-
sponse to activation in CD8+ T cells, where it probably plays
a role as a regulator of CD69 expression (35). miR-301a also has
been identified among the miRNA enriched in Th1 and Th2
populations (36). Additionally miR-301a is up-regulated in re-
sponse to IL-6 stimulation of malignant cholangiocytes (37). We
found miR-301a to be significantly and specifically up-regulated
in CD4+ T cells during myelin antigen recognition. miR-301a
also is strongly up-regulated within CNS T cells in animals with
EAE, where its up-regulation was found to be monophasic and
related to the clinically acute period of the disease. Although
miR-301a appeared to be up-regulated following TCR stimula-
tion, the inhibition of miR-301a did not influence the proliferative
responses of the CD4+ T cells. Most significantly, miR-301a in-
hibition down-regulated secretion of IL-17 and expression of the
Th17 population marker genes such as Rora, Rorc-γt, and Ahr.
miR-301a expression was particularly pronounced in Th17 cells,
both in vivo and in vitro, suggesting that miR-301a modulates
Th17 development. Indeed, miR-301a blockade in vitro hampered
the generation of Th17 cells but had no effect on the capacity to
generate Tregs. Most intriguingly, signaling of IL-6 and IL-23 was
blocked substantially by down-regulation of miR-301a with a spe-
cific antagomir, leading to marked loss of STAT3 phosphorylation
but not of STAT1 or AKT activation. The activation of the IL-6/
23–induced STAT3 pathway is a critical and specific step required
for the generation and maintenance of Th17 cells (19, 20). Thus,
miR-301a directly affects Th17 cell development.
A subsequent search for a molecular mechanism for the action

of miR-301a on Th17 cell development demonstrated that in-
terference with PIAS3 is likely to mediate this effect. PIAS3 is an
E3 SUMO ligase that has been shown to act as both a tran-
scriptional coactivator and a corepressor and to regulate the
activity of many classes of transcription factors (38). However,
PIAS3 activity has been linked primarily to the inhibition of
STAT3 (39). So far little has been known about the role of
PIAS3 in T-helper cell differentiation and function and in par-
ticular in the control of Th17 generation. In this study we have
demonstrated that, although the PIAS3 transcript is essentially
absent in Th17 cells, it is readily detectable in both the Th1 and

Th2 subsets. Furthermore, a transfer of myelin-specific CD4+ T
cells with siRNA-mediated knockdown of PIAS3 resulted in
severely up-regulated EAE in recipient animals. Thus, PIAS3
inhibition alone was sufficient to mimic the effect of miR-301a
up-regulation. This observation indicates an inverse relationship
between miR-301a and PIAS3 and functionally supports the
notion that miR-301a down-regulates PIAS3, promoting Th17
development. Thus, we suggest here a role for PIAS3 as a regu-
lator of Th17 subset development and function. In this regard, it
is interesting that a related E3 SUMO ligase, PIAS1, recently has
been demonstrated to be a critical factor involved in the regu-
lation and accessibility of the Foxp3 locus influencing Treg de-
velopment, also with strong implications for the pathogenesis of
EAE (40).
Our miRNA profiling of CD4+ T cells responding to MOG35–55

identified, in addition to miR-301a, up-regulation of two other
miRNAs, miR-21 and miR-155. Mir-155 was among the first
miRNAs identified as operating in T cells, and its expression has
been linked to activation following TCR stimulation (41, 42).
Mice deficient in miR-155 develop an increased inflammatory
remodeling of lung airways, reminiscent of autoimmune-medi-
ated lung fibrosis and enteric inflammation (16). The underlying
deficit leading to autoimmunity in these mice has been associ-
ated with overproduction of Th2 cells caused by an imbalance of
T-cell subset differentiation. In our study, we also noted an up-
regulation of the Th2 marker gene,Gata3, following inhibition of
miR-155 in T cells. We also found a marked up-regulation of
miR-155 in T-helper cells during the development of autoim-
mune demyelination, both in lymphocytes in the periphery and in
brain-infiltrating cells. Indeed, it has been demonstrated recently
that miR-155–deficient mice are significantly resistant to EAE
induction (11). This resistance has been related largely to the
CD4+ T-cell–intrinsic function of miR-155, and our findings
support this notion. Additionally, elevated expression of miR-
155 has been observed in brain lesions from MS patients (43).
miR-155 has been shown to be important for many other im-
mune cell populations, e.g., for Ig class switching to IgG in B
cells (16, 44–46) and for the function and development of mye-
loid cells, particularly in the context of LPS responses (47–49).
Notably, miR-155 deficiency affects dendritic cell function dur-
ing EAE, contributing to the observed EAE resistance pheno-
type (11). Thus, the final outcome of miR-155 activity in EAE
may depend on several factors.
Another miRNA that we noted as being significantly associ-

ated with myelin-autoreactive CD4+ T-cell responses is miR-21.
miR-21 previously has been demonstrated to be overexpressed in
MS lesions (43). A number of reports link miR-21 and T-cell
function. miR-21 was found to be highly represented in effector
and memory T cells compared with naive CD8+ T cells (50). In
human Tregs, miR-21 was found to act as a positive, although
indirect, regulator of FOXP3 expression (51). Furthermore,
miR-21 was found to be overexpressed in CD4+ T cells derived
both from patients with lupus and from lupus-prone MRL/lpr
mice (52). Most notably, miR-21 has been described as an
“oncomiR,”meaning that it is overexpressed in most tumor types
analyzed so far and is involved functionally in oncogenic pro-
cesses (53, 54). Although the changes in miR-21 expression that
we observed during EAE suggest a role for this miRNA in au-
toimmune demyelination, we have not observed any significant
changes in T-cell function following miR-21 inhibition. Thus, the
role of miR-21 in autoimmune demyelination will require fur-
ther studies.
In summary, our findings demonstrate the role of miR-301a

and its putative target, PIAS3, in the development of Th17 cells
and thus in the regulation of EAE. Recently, accumulating data
strongly suggest that Th17 cells represent a plastic and probably
transient population of T-helper cells. Such a scenario would
require the ability to repress and restore quickly the transcription
of lineage master controlling genes. miRNA, including miR-
301a, would be ideally suited to perform such an action. Indeed,
the effect of miR-301a up-regulation in EAE was mimicked by
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the effect of siRNA-mediated knockdown of PIAS3 in myelin-
reactive CD4+ T cells. Collectively, our results suggest that miR-
301a is a Th17 subset-associated miRNA that functions in the
pathogenesis of autoimmune demyelination and might represent
an important target for potential therapeutic intervention.

Materials and Methods
Mice. C57BL/6micewere purchased from Jackson Laboratories; Rag 2-KOmice
were purchased from Taconic; and MOG-TCR transgenic 2D2 mice were
obtained from T. Ovens (University of Southern Denmark, Odense, Den-
mark). Mice were maintained in our colony for the experiments. All animal
protocols were approved by the Institutional Animal Care and Use Com-
mittee of the Medical University of Lodz.

Antibodies, Cytokines, and Peptides. The fluorochrome-conjugated antibodies
specific for CD3, CD4, CD11b, CD19, CD25, CD45, FOXP3, IL-17, IFN-γ, phos-
phorylated STAT1 (pSTAT1; pY701), phosphorylated STAT3 (pSTAT3; pY705),
and phosphorylated AKT (pAKT; pT308) were purchased from BD Bio-
sciences. Antibody to PIAS3 was purchased from Sigma, and antibody to
GAPDH was purchased from Santa Cruz. MOG35–55 peptide was purchased
from Peptide 2.0. IL-6 and IL-2 were purchased from Peprotech; IL-1β was
purchased from Sigma; TGF-β and IL-23 were purchased from R&D Systems.

Immunization and T-Cell Cultures and Assays. C57BL/6 mice (8–12 wk old) were
immunized s.c. over the abdominal flanks of with 0.15 mg MOG35–55 peptide
in 150 μL CFA (Sigma) containing 0.75 mgMycobacterium tuberculosis (Difco
Laboratories). PLN (both popliteal and inguinal nodes) were isolated, and
single-cell suspensions were cultured in triplicate at a density of 2 × 105 cells
per well in 200-uL U-bottomed microtiter well plates. For 2D2 T-cell re-
sponses analogous cultures were set up from PLN of 8- to 12-wk-old un-
immunized MOG35–55-TCR transgenic 2D2 mice. To detect protein expression
of IL-4, IL-10, IL-17, and IFN-γ, ELISAs were performed in supernatants of 72-h
cultures using cytokine-specific kits from R&D Systems and carried out
according to the manufacturer’s instructions. For RNA isolation, cultured
CD4+ T cells were isolated by indirect magnetic sorting with the CD4+ T Cell
Isolation Kit II (Miltenyi Biotech). To assay the proliferation, after 72-h cul-
ture, 3H-labeled thymidine (TdR; Amersham) (1 uCi per well) was added for
the final 18 h of culture, and uptake was measured using a liquid scintilla-
tion beta counter (PerkinElmer). Results were expressed as cpm.

CD4+ T-Cell Subpopulations, ex Vivo Isolation, and in Vitro Differentiation. To
obtain the Th1, Th2, and Th17 ex vivo populations, single-cell cultures of sple-
nocytesofC57BL/6micewere stimulatedovernightwithphorboldibutyrate (500
ng/mL) and ionomycin (1,000 ng/mL) followed by the magnetic enrichment of
cytokine-secreting cells with kits from Miltenyi Biotech according to the man-
ufacturer’s instructions. Th1 cells were enriched for IFN-γ secretion, Th2 cells for
IL-4 secretion, and Th17 cells for IL-17 secretion. Finally, high-purity ex vivo
subpopulationswereobtainedbyflowcytometry sortingof the six color-stained
cytokine-enriched fractions. In vitro differentiation of Th17 cells was performed
by magnetic sorting of naive splenic CD4+ T cells from C57BL/6 mice with
the CD4+ CD62L+ T Cell Isolation Kit II (Miltenyi Biotech) and subsequent culture
in Iscove’s modified Dulbecco’s medium (IMDM) supplemented with IL-6
(25 ng/mL), TGF-β (2 ng/mL), IL-1β (20 ng/mL), and IL-23 (20 ng/mL), under
stimulation by plate-bound anti-CD3 (145–2C11; 5 μg/mL) and anti-CD28 (37.51;
10μg/mL) in thepresenceof anti–IL-4 (11B11; 10 μg/mL) andanti–IFN-γ (XMG1.2;
10 μg/mL). In vivo differentiation of Th0, Th1, and Th2 cells and Tregs was
performed by magnetic sorting of naive splenic CD4+ T cells from C57BL/6 mice
using the CD4+ CD62L+ T Cell Isolation Kit II (Miltenyi Biotech) and subsequent
culture in IMDM supplemented with anti–IL-4 (11B11; 10 μg/mL) and anti–IFN-γ
(XMG1.2; 10μg/mL) for Th0 cells; with IL-12 (10 ng/mL) in thepresenceof anti–IL-
4 (11B11; 10 μg/mL) and anti–IFN-γ (XMG1.2; 10 μg/mL) for Th1 cells; with IL-4
(40 ng/mL) in the presence of anti–IFN-γ (XMG1.2; 10 μg/mL) for Th2 cells; or
with TGF-β (10 ng/mL) and IL-2 (100 U/mL) in the presence of anti–IL-4 (11B11;
10 μg/mL) and anti–IFN-γ (XMG1.2; 10 μg/mL) for Tregs under stimulation by
plate-bound anti-CD3 (145–2C; 115 μg/mL) and anti-CD28 (37.51; 10 μg/mL).

Isolation of Brain Mononuclear Cells. Mice were perfused intracardially with
PBS before the dissection of the brain, which subsequently was homoge-
nized. Brain mononuclear cells were isolated using 37–70% (vol/vol) Percoll
gradients.

Transfections of Antagomirs Against miR-21, mir-155, mir-301a, Mimics for miR-
21, miR-155, miR-301a, and siRNA for Pias3. Antagomirs against miR-21, miR-
155, and miR-301a labeled with 5′-fluorescein and control antagomir

(scrambled oligonucleotide) labeled with 5′-fluorescein were purchased
from Exiqon Inc. Mimics for miR-21, mir-155, and mir-301a and control
mimic (scrambled oligonucleotide) were purchased from Thermo Scientific.
siRNAs for Pias3 (#1: s202481; #2: s202482; #3: s106248) and control siRNA
were purchased from Applied Biosystems. Oligonucleotides were com-
plexed with Lipofectamine 2000 (Invitrogen Life Technologies) according to
the manufacturer’s instructions. Briefly, oligonucleotides were incubated
first with X-VIVO 15 medium (Lonza) for 5 min at room temperature and
subsequently with Lipofectamine 2000 (Invitrogen Life Technologies) for
20 min at room temperature and then were added to either the PLN or
the T-cell culture in 24-well plates at a final concentration of 180 nM for
overnight transfection at 37 °C. On the following day, T cells were har-
vested, washed with PBS, and used for subsequent assays. The effectiveness
of the transfection was monitored by presence of the fluorescein-positive
cells in flow cytometry analyses.

Extraction of RNA, Analysis of miRNA, and mRNA Expression. RNA was ex-
tracted using a mirVana kit (Ambion). RNA isolated from a small number
(<100,000) of cells sorted by flow cytometry was amplified using a TransPlex
Complete Whole Transcriptome Amplification Kit (Sigma) according to the
manufacturer’s instructions. For quantitative analysis of RNA expression, we
carried out real-time quantitative RT-PCR (qRT-PCR) using TaqMan (Applied
Biosystems). The miRNA expression data were normalized for the expression
of U6 snRNA, and the mRNA expression data were normalized for the ex-
pression of TATA-binding protein. Quantitative analysis of Ror-γt expression
was performed using Power SYBR Green PCR Master Mix (Applied Bio-
systems). Relative levels of Ror-γt expression were determined using GAPDH
as the control. The sequences of the primers used were Ror-γt-F, 5′-CCGC-
TGAGAGGGCTTCAC; Ror-γt-R, 5′-TGCAGGAGTAGGCCACATTACA; GAPDH-F,
5′-AGTATGACTCCACTCACGGCAA; GAPDH-R, 5′-TCTCGCTCCTGGAAGATGGT.
Microarray analysis of miRNA expression was performed at Exiqon Inc. using
a miRCURY LNA Array, version 10.0. All array data have been deposited in the
Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo/),
accession no. GSE28473.

Luciferase Reporter Assay for Target Validation. HEK-293 cells were trans-
fected with pEZX-MT01 vectors containing wild-type firefly luciferase or
firefly luciferase with PIAS3 3′ UTR (GeneCopoeia) and with 50 nM of mimic
miR-301a or negative-control oligonucleotide (Thermo Scientific). The cells
were lysed, and luciferase activity was measured 24 h after transfection
using Victor ×4 (Perkin-Elmer).

Flow Cytometry and Cell Sorting. We performed one- to six-color flow
cytometry analysis with LSR II equipment (Beckton Dickinson) according to
standard procedures. For intracellular detection of cytokine production, T
cells were stimulated with 500 ng/mL phorbol dibutyrate and 500 ng/mL
ionomycin in the presence of brefeldin A for 6 h. Detection of IL-17–, IFN-γ–,
or FOXP3-positive CD4+ T cells was performed by intracellular staining using
a Mouse Regulatory T-cell Staining Kit (eBioscience), according to the man-
ufacturer’s instructions. pSTAT1 (pY701), pSTAT3 (pY705), and pAKT (pT308)
were detected by intracellular staining using a Phosphoflow Perm Buffer III
(BD Biosciences), according to the manufacturer’s instructions. Cell sorting
was performed following a four- to six-color flow cytometry analysis with BD
Aria equipment (Beckton Dickinson) according to standard procedures.

Induction of EAE. We induced active EAE by s.c. immunization over the ab-
dominal flanks of 8- to 12-wk-old C57BL/6 mice with 0.15 mg MOG35–55

peptide in 150 μL CFA (Sigma) containing 0.75 mg M. tuberculosis (Difco
Laboratories). In addition, 0.2 μg Pertussis toxin (Sigma) was injected into
a tail vein on days 0 and 2. Mice were observed daily for neurologic signs of
EAE and were scored on a numerical scale from 0–5 as follows: 0, no disease;
1, weak tail or wobbly walk; 2, hind limb paresis; 3, hind limb paralysis; 4,
hind and forelimb paralysis; 5, death or euthanasia for humane reasons.

Transfer Model of EAE in the Rag2-KO Mice. The 2D2 cells were isolated from
PLN and spleens of unimmunized 2D2mice andwere transfected in vitro with
antagomir against miR-301a or with a mimic for miR-301a or with a control
oligonucleotide as described above. After 24 h of culture, 2D2 transgenic
CD4+ T cells were washed, and 2 × 106 cells were transferred i.v. into naive
10-wk-old Rag2-KO female mice. Active EAE was induced on the day CD4+ T
cells were transferred. Mice were observed daily for neurologic signs of EAE
and were scored as described above.
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Western Blot Analysis. The cells were lysed, and total cell lysates were resolved
on SDS electrophoresis gels by standard procedures. Immunoblotting was
performed with mouse primary antibodies to PIAS3 (Sigma) and GAPDH
(Santa Cruz) and was visualized by ChemiImager (Alpha Innotech). Quanti-
tative densitometry analysis was performed using the program AlphaEaseFC
(Alpha Innotech).

Statistical Analysis. Results were compared using the program StatGraphics
Centurion XV (StatPoint Technologies). The clinical data from groups of mice
with EAE were compared using the Mann–Whitney u test. Proliferation,
cytokine secretion, and qPCR and flow cytometry data were compared using
the Student’s t test. P values <0.05 were considered statistically significant.
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