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DDIT4 and Associated IncDDIT4 Modulate Th17
Differentiation through the DDIT4/TSC/mTOR Pathway

Fang Zhang,* Guiyou Liu,*" Daojing Li,* Changjuan Wei,* and Junwei Hao*

Inflammation that complicates many autoimmune diseases, such as multiple sclerosis (MS), has been correlated to abnormal
differentiation of Th17 cells. However, the reasons that promote Th17 cell-driven autoimmunity are yet to be discovered. In
this study, we sought evidence that DNA-damage-inducible transcript 4 (DDIT4) and its associated long noncoding RNA
DDIT4 (IncDDIT4) inhibit Th17 cell differentiation. We recruited 36 patients. Six MS patients and five healthy volunteers
(controls) contributed PBMCs as material for microarray analysis. Microarray assays of IncDDIT4 and DDIT4 RNA
expression identified outstanding differences between MS and control subjects, which were verified with real-time quanti-
tative PCR. We then interrupted the expression of IncDDIT4 and DDIT4 mRNA in MS patients’ naive CD4* T cells and
observed the resulting changes in Th17 cells. The expression of IncDDIT4 and DDIT4 mRNA were higher both in PBMCs
and CD4" T cells of MS patients than in healthy controls. DDIT4 (2.79-fold upregulation) was then recognized as a candidate
for the cis-regulated target of IncDDIT4 (4.32-fold upregulation). Isolation of naive CD4* T cells revealed enhanced levels of
IncDDIT4 and DDIT4 after stimulated with Th17-inducing cytokines, but not after Th1, Th2, or T regulatory cell induction.
Overexpression of IncDDIT4 in naive CD4* T cells inhibited IL-17 transcription through increased DDIT4 expression and
decreased activation of the DDIT4/mTOR pathway. Consistently, silencing IncDDIT4 in naive CD4* T cells enhanced Th17
differentiation through increased activation of the DDIT4/mTOR pathway. However, these results vanished when DDIT4 was
silenced. This outcome suggests that IncDDIT4 regulates Th17 cell differentiation by directly targeting DDIT4. The Journal

of Immunology, 2018, 200: 1618-1626.

local chemokine production, thereby recruiting lymphocytes to

sites of inflammation (1). Th17 cells play an important role in

the development of many autoimmune diseases, including multiple
sclerosis (MS), systemic lupus erythematosus, and psoriasis (2-6).
Accordingly, altered generation of Th17 is crucial for the development
of disease. MS is a demyelinating disease of the human CNS mediated
by autoreactive CD4" T cells (7). In MS, Th1 and Th17 cells have been
considered to participate in the inflammatory response of the CNS (8).
DNA-damage-inducible transcript 4 (DDIT4) is a cyto-
plasmic protein originally characterized by its transcriptional
upregulation in the setting of DNA damage. Since then, the

T helper 17 cells produce IL-17A and IL-17F, which enhance
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upregulation of DDIT4 has been attributed to multiple forms of cellular
stress, including oxidative stress (9), endoplasmic reticulum stress (10),
hypoxia (11), and starvation (12). DDIT4 is known to inhibit mTORC1
activity, although the precise mechanism is still unknown. The
enhancement of mMTORC1 increases activation of downstream targets by
phosphorylation, including P70S6K and 4EBP1, which are believed to
be involved in regulating translation and cell proliferation (12). The
mTOR pathway has emerged as an important regulator of immune
responses (13), including regulating T cell activity (14). Molitoris
et al. (15) showed that DDIT4 also functions as an inhibitor of the
mTOR pathway in thymocytes, leading to the induction of autophagy as
a survival mechanism after dexamethasone treatment. DDIT4 was also
found to be essential for optimal T cell proliferation and survival (16).

Long noncoding RNAs (IncRNAs), which play important roles in
development, cellular differentiation, proliferation, cell cycle control,
and cell death (17), have been implicated in a variety of human au-
toimmune diseases (18, 19), including MS (20). In our microarray data,
we found that IncRNA DDIT4 (IncDDIT4) and DDIT4 were upreg-
ulated in PBMCs of MS patients, as verified through real-time PCR.
DDIT4, which is upstream of IncDDIT4 (2.87-fold upregulation), is a
candidate for the cis-regulated target of IncDDIT4. Although many
bioinformatics methods support the correlation between IncDDIT4 and
DDIT4, their biological roles and molecular mechanisms underlying
MS initiation and progression have not been reported.

Our findings suggest that the DDIT4/mTOR axis is involved in
the differentiation of Th17 cells. IncDDIT4 as a new member of the
family of IncRNAs could directly regulate Th17 cell differentiation
through target DDIT4.

Materials and Methods

Human subjects

During an open enrollment, we recruited a total of 36 patients at the acute stage
of relapsing-remitting MS according to the McDonald Criteria of MS as revised
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FIGURE 1. (A) IncDDIT4 and the positions of its “cis” gene DDIT4 in the chromosome. The x abscissa represents the chromosome genome position, and
the y-coordinate represents the correlation coefficient of IncDDIT4 and DDIT4, with a greater correlation coefficient corresponding to a higher position.
Rho values for the encoding genes and IncRNA expression correlation coefficients between the values, as well as the p values for the correlation coef-
ficients, are shown. (B) Validation of IncDDIT4 and DDIT4 expression levels of CD4" T cells from MS patients by real-time quantitative PCR (RT-qPCR).

Mean = SEM, n = 30 MS versus 26 control. *p < 0.05 versus control.

in 2010 (Table I). The site and timing, respectively, were Tianjin
Medical University General Hospital and Tianjin Huan Hu Hospital
from May 2014 to June 2016. All of these patients presented with
numerous disseminations of the disease in space and time. We also
tested oligoclonal bands in the cerebrospinal fluid of MS patients.
Exclusion criteria were the following: 1) presence of other diseases
of the CNS in addition to MS, 2) tumor(s), 3) systemic hematologic
diseases, 4) recent infection, and/or 5) concomitant use of antineo-
plastic or immune-modulating therapies prior to blood sampling.
The ethical committees of Tianjin Medical University General
Hospital and Tianjin Huan Hu Hospital approved the use of PBMCs
from MS patients for research purpose, and informed consent was
obtained from each subject. We also recruited 26 healthy volunteers
for validation and mechanistic study.

Isolation of PBMCs from peripheral blood

Peripheral blood was obtained during the acute phase of disease from all
of these MS patients and healthy volunteers. PBMCs were isolated from
peripheral blood by Ficoll-Hypaque density-gradient centrifugation.

T cell differentiation

Human naive CD4" T cells in culture were purified to >95% by
negative selection with magnetic beads (Miltenyi) and were stim-
ulated with Dynabeads Human T-Activator CD3/CD28 (Life Tech-
nologies). Thl polarization was initiated with 10 ng/ml IL-12 and
Th2-neutralizing Ab anti-IL-4 (2 pg/ml). Th2 polarization was
induced by activation with PHA (4 pg/ml) in the presence of IL-4
(10 ng/ml), neutralizing anti—-IFN-y (2 pg/ml), and anti-IL-12
(2 pg/ml) (21). All remaining reagents listed in this paragraph
came from R&D Systems: IL-6 (100 ng/ml), TGF-B1 (3 ng/ml),
IL-1B (10 pg/ml), TNF-a (10 pg/ml), IL-23 (10 pg/ml), anti-IL-4
(2 pg/ml; MAB3007), and anti—-IFN-y (2 pg/ml; MAB 285) were
used for the generation of Th17 cells. IL-2 (20 ng/ml; 202-IL),
TGF-B1 (3 ng/ml), anti-IL-4 (2 pg/ml; MAB3007), and anti-IFN-vy
(2 pg/ml; MAB 285) were used for the generation of T regulatory
cells (Tregs).

Transfection of adenovirus into naive CD4" T cells

FITC (3 pl), GFP-labeled, adenovirus (Ad)-targeting IncDDIT4 and
DDIT4 or GFP-labeled negative controls were transfected into activated
CD4" naive T cells (Hanbio Biotechnology).

Intracellular cytokine staining

Cells were stimulated for 4 h with PMA, ionomycin, and BFA. Data were
acquired using a FACSCalibur (Becton Dickinson Immunocytometry

Systems, San Jose, CA) and analyzed with FlowJo software (Tree Star,
Ashland, OR).

RNA isolation and real-time quantitative PCR

Total mRNA was isolated using TRIzol (Invitrogen) following the
manufacturer’s instructions. Expression was normalized to GAPDH. Gene
expression was analyzed by comparative cycle threshold.

ELISA

We stimulated naive CD4* T cells first. Then cytokines were measured in
supernatants after 72 h.

Western blotting

Proteins were incubated with anti-DDIT4 (Cell Signaling Technol-
ogy [CST]), anti—p-STAT3 (CST), anti-mTOR (CST), anti—-p-mTOR
(CST), anti-P70S6K (CST), anti-p-P70S6K (CST), anti-4EBP1 (CST),
anti-p-4EBP1 (CST), and anti-GAPDH (Sigma-Aldrich). The protein-
specific signals were detected using Bio-Rad 721BR08844. Bands were
analyzed with ImageJ software.

Statistical analysis

SPSS for Windows version 17.0 software (SPSS, Chicago, IL) was used
for the analyses. For continuous variables, such as IncDDIT4/DDIT4
expression level, descriptive statistics were calculated and reported

Table I. Baseline characteristics

Control MS P
(n =26) (n =36) Value
Gender, M/F 8/18 9/27 0.77
Age at onset, median 32 (19-54)
(range), y
Disease duration, median 5.0 (1-24)
(range), y
Annual relapse rate, median 0.7 (0.1-2.4)
(range)
OCBs positive/tested (%) 24/36 (67)
Brain MRI abnormalities (%) 36/36 (100)
Spinal MRI abnormalities (%) 24/36 (67)
EDSS score, median (range) 3 (1-8)
Poor neurologic outcome (%) 11/36 (31)

EDSS, Expanded Disability Status Scale; MRI, magnetic resonance imaging; OCB,
oligoclonal band.
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FIGURE 2. IncDDIT4 and DDIT4 expression are induced preferentially during Th17 differentiation in MS patients. (A) RT-qPCR analysis of IncDDIT4
and DDIT4 mRNA in naive CD4" T cells from MS patients. The cells were stimulated for 72 h under ThO-, Th1-, Th2-, Th17-, or Treg-inducing conditions.
Results were normalized to GAPDH. Mean = SEM. *p < 0.05 versus ThO (IncDDIT4), #p < 0.05 versus ThO (DDIT4). (B) Expression of IncDDIT4 and DDIT4
mRNA in naive CD4" T cells at several time points during Th17 differentiation. Data are representative of three independent experiments. Mean + SEM; n = 30.
*p < 0.05 versus IncDDIT4 (0 d); #p < 0.05 versus DDIT4 (0 d). (C) Western blot analysis of DDIT4 and p-STAT?3 in cells from MS patients stimulated under ThO,
Th1, Th2, Th17, and Treg conditions. (D) Cumulative data of densitometry are also shown. Mean * SEM; n = 30. *p < 0.05 versus ThO.

as mean = SEM. Nonnormally distributed or discontinuous variables
were reported as median (range) and compared as groups using a
Mann-Whitney U test. All continuous variables were compared
for the Ad-IncDDIT4 (Ad carrying IncDDIT4)/Ad-sh IncDDIT4 (Ad

carrying short hairpin RNA against IncDDIT4) group versus the control
Ad group using the ¢ test. Categorical variables were compared for
the age of MS patients versus controls using the x> test. Statistical
significance is defined as p < 0.05.
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FIGURE 3.

IncDDIT4 and DDIT4 inhibit Th17 differentiation in MS patients. (A) RT-qPCR analysis of IncDDIT4 and DDIT4 expression in activated naive CD4*

T cells (in the absence of polarizing cytokines) 72 h after transfection with control Ad, Ad-IncDDIT4, or Ad-sh IncDDIT4. Mean = SEM. (B) Naive CD4" T cells
from MS patients differentiated for 72 h under Th1, Th2, or Th17 conditions after transfection with GFP" control Ad, Ad-IncDDIT4, or GFP* Ad-sh IncDDIT4 for
24 h. The cells were gated for GFP* and stained for the intracellular expression of IFN-y, IL-4, and IL-17A. A profile representative of 30 MS patients per group is
shown. Mean = SEM. (C) ELISA of IFN-vy, IL-4, and IL-17 in supernatants of naive CD4" T cells from MS patients differentiated for 72 h in Th1, Th2, or Th17
conditions in the presence of control Ad, Ad-IncDDIT4, or Ad-sh IncDDIT4. Mean = SEM; n = 30. *p < 0.05, #p < 0.05 versus control Ad.
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Results
Microarray analysis demonstrates upregulation of IncDDIT4
and DDIT4 transcripts in PBMCs of MS patients

In our previous study, we found that the mTOR pathway is
among the top 15 most enrichment pathways tested in 3739
MS patients (22). In our microarray data (http://www.ebi.ac.
uk/arrayexpress/experiments/E-MTAB-6193), we found that
the mTOR pathway is among the top 12 most enriched
pathways of MS patients tested by using KEGG analysis
(PBMCs of six MS patients versus five controls). We also
found that DDIT4, one of the most important targets of
the mTOR pathway, is highly expressed in MS patients
when compared with healthy controls (20). IncDDIT4 and
DDIT4 upregulation in CD4" T cells of MS patients was
verified through real-time quantitative PCR (RT-qPCR).
DDIT4 (2.79-fold upregulation), which is upstream of
IncDDIT4 (4.32-fold upregulation), is a candidate for the cis-
regulated target of IncDDIT4 (Fig. 1, Table I). We also
tested the expression level of IncDDIT4/DDIT4 in monocytes,
CDS8"* T cells, and B cells. We found that there is no difference

®
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between groups when we compared IncDDIT4 and DDIT4 ex-
pression levels (Supplemental Fig. 1).

IncDDIT4 and DDIT4 expressions are induced preferentially
during Thl7 differentiation

IncDDIT4 and DDIT4 expressions are increased in PBMCs and
CD4* T cells from MS patients. To investigate the role that such
enhancement of IncDDIT4 and DDIT4 plays in T cell differen-
tiation, we isolated naive CD4" T cells from MS patients and
were stimulated to generate either Thl, Th2, Th17, or Tregs.
As shown in Fig. 2A, IncDDIT4 and DDIT4 expressions were
much stronger in Th17 cells than in the other CD4 subsets.
To characterize this trend, we stimulated naive CD4* T cells
under ThO- or Thl7-inducing conditions, then IncDDIT4
and DDIT4 expression levels were tested by RT-qPCR at sev-
eral time points. IncDDIT4 and DDIT4 expressions were higher
during Th17 differentiation (Fig. 2B). In turn, Th17 cell stimu-
lation increased DDIT4 at the protein level (Fig. 2C, 2D). These
results indicate that IncDDIT4 and DDIT4 are preferentially
induced during Th17 polarization in MS patients.
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FIGURE 4.

IncDDIT4 inhibits differentiation of Th17 cells by targeting DDIT4 in MS patients. (A) RT-qPCR analysis of the expression of DDIT4 in

activated naive CD4" T cells 72 h after transfection with control Ad or Ad-shDDIT4. (B) Western blot analysis of DDIT4 in activated naive CD4"
T cells from MS patients 72 h after transfection with control Ad or Ad-shDDIT4. (C) Naive CD4" T cells from MS patients differentiated for 72 h under
Th1, Th2, or Th17 conditions after transfection with GFP* control Ad or GFP* Ad-shDDIT4 for 24 h. The cells were gated for GFP* and stained for the
intracellular expression of IFN-y, IL-4, and IL-17A. (D) ELISA of IFN-vy, IL-4, and IL-17 in supernatants of naive CD4* T cells from MS patients
differentiated for 72 h in Th1, Th2, or Th17 conditions in the presence of control Ad or Ad-shDDIT4 (*p < 0.05 versus control Ad; mean = SEM).
(E) Naive CD4* T cells from MS patients differentiated for 72 h under Th17 conditions after transfection with control Ad+Ad-shDDIT4, Ad-sh
IncDDIT4+Ad-shDDIT4, or Ad-IncDDIT4+Ad-shDDIT4, respectively, for 24 h. The cells were gated for GFP* and stained for the intracellular ex-
pression of IFN-y and IL-17A. (F) ELISA of IL-17 in supernatants of naive CD4™ T cells from MS patients differentiated for 72 h in Th17 conditions in
the presence of control Ad+Ad-shDDIT4 or Ad-sh IncDDIT4+Ad-shDDIT4 or Ad-IncDDIT4+Ad-shDDIT4 for 24 h. A profile representative of 30 MS
patients per group is shown. Mean = SEM. *p < 0.05 versus control Ad.
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2202 'S UoRe Al uo 159nB Ag /610" jounuuu 1 :mmmy/:dny Wwouy papeo lumod


http://www.jimmunol.org/

The Journal of Immunology 1623
O\\h & » s 6"(\“
E ® & F & & & 25 =
A 15,20 23 mm s & & K & & @ e - 5
Control Ad Ad-shDDIT4 5% & & & 77!97 & ¥ g2
Time(d) 0 3 5 0 3 5 % 2 1.0 Time (d) : 5 0 5 0 5 0 5 0 5 0 § E‘g‘, 1.5 *
* E
DDIT4 | P —— ] 25 | PATOR [ e o e e e e s o s o e | @ S 4
E%ol ‘ E%
e ———— ] MTOR [ s . s . e ~] §50s x
B 0.0
1.5 = - "
Control Ad Ad-shDDIT4 £ . Qé‘ & & 0&;& °<\‘<\t-
Tme(d 0 3 5 0 3 5 'E@10] # F & & & & s SF 18-
puToR | e W - — g & & > & Vbif’& vbiy"‘ ’
A BN A N A Ll P
T i : 15 4
mToR | g | & ) Tme(@): 0 5 0 5 0 5 0 5 0 5 0 5 BE10
C y . Pp-PTOSEK |""‘ e e ——— %
S = 0.4 2% 05
Control Ad Ad-shDDIT4 g 03 * P70S6K |— T ——— — — — — —-‘ ] *
Time (d) 0 3 5 0 3 5 o ¥ 8
=02 & 0.0
p-P70S6K - — p— __.| @
—_———_—— F2™ ﬁ|l| il *
p—
P7056K | g = : ! G a5
D g , -
Control Ad Ad-shDDIT4 % > Time (d) : o isl
Time (d) 0 3 [ 0o 3 5 W oo p-mm| 2 :
4Eap1| - - -—-| ES f G310
g ﬂgm 459p1|"-wﬂl“ - —-n«”b”h#ﬁ‘ S sl
HEBP1 | . . . e | 18, S .
) > g Td ar &P & & P
s § L F S S S
FFPFFS
N £ & & & F &
OQ' b,‘l DO 37 }F b,% ‘()' P
i v PR N
¥ ¥ L
¥ & &
& &
[) L
& o
¥ ¥
FIGURE 6. 1ncDDIT4 inhibits DDIT4/mTOR signaling by targeting DDIT4 in MS patients. (A) DDIT4, (B) p-mTOR, (C) p-P70S6K, and (D)

p-4EBP1 in naive CD4" T cells from MS patients under Th17 conditions for the indicated times after transfection with control Ad or Ad-
shDDIT4 for 24 h. (E) p-mTOR, (F) p-P70S6K, and (G) p-4EBP1 in naive CD4" T cells from MS patients under Th17 conditions for the in-
dicated times after transfection with either control Ad, Ad-sh IncDDIT4, Ad-IncDDIT4, Ad-shDDIT4, Ad-shDDIT4+Ad-sh IncDDIT4, or
Ad-shDDIT4+Ad-IncDDIT4 for 24 h. A profile representative of 30 MS patients per group is shown. *p < 0.05 versus control Ad, 3 d; *p < 0.05

versus control Ad, 5 d.

IncDDIT4 and DDIT4 inhibited Thi7 differentiation in vitro

Notably, knockdown of IncDDIT4 in activated naive CD4"
T cells led to decreased DDIT4 expression; in sharp contrast,
overexpression of IncDDIT4 increased DDIT4 expression
(Fig. 3A). The foregoing results suggest direct involvement
of IncDDIT4 in the regulation of DDIT4 transcription. To
determine whether IncDDIT4 and DDIT4 participate in Th17
cell differentiation, we transfected naive CD4* T cells with
either an empty vector, IncDDIT4 knockdown, or over-
expression Ad. Cells were then stimulated under Th1-, Th2-,
or Th17-inducing conditions, and Thl, Th2, and Th17 cells
were tested by flow cytometry. As shown in Fig. 3B, the ab-
sence of IncDDIT4 increased the proportion of Th17 cells. As
expected, IncDDIT4 overexpression caused reduced numbers
of Th17 cells. Consistent with these observations, amounts of
IL-17 also increased in the absence of IncDDIT4. However,
its roles on Thl and Th2 differentiation were negligible
(Fig. 3C). These data demonstrate that IncDDIT4 plays an
important role in Th17 cell differentiation.

IncDDIT4 inhibits differentiation of Thl7 cells through
targeting DDIT4 in MS patients

Ad-targeting DDIT4 was transfected in activated CD4" naive
T cells, and DDIT4 transcript levels were tested by RT-qPCR
at 72 h posttransfection and activation. Upon knockdown of
DDIT4 in activated CD4* naive T cells from MS patients,
DDIT4 expression decreased both at the mRNA and protein
levels (Fig. 4A, 4B). As Fig. 4C and 4D illustrate, the absence
of DDIT4 induced increases in the percentage of Thl7
cells and Th17 cell-associated cytokines (IL-17). Naive CD4*
T cells from MS patients underwent differentiation for 72 h under
Th17 conditions after transfection with control Ad + Ad-shDDIT4
(Ad carrying short hairpin RNA against DDIT4), Ad-sh IncDDIT4
+ Ad-shDDIT4, or Ad-IncDDIT4 + Ad-shDDIT4 for 24 h. The cells

were gated for GFP positivity and stained for the intracellular ex-
pression of IFN-y and IL-17A. However, because these groups did
not express notable differences (Fig. 4E, 4F), IncDDIT4 presum-
ably regulates Th17 cell differentiation directly through target
DDIT4.

IncDDIT4 inhibits DDIT4/mTOR signaling

To clarify the effect of mTOR signaling in MS patients, we
quantified DDIT4 and the presence of phosphorylation in
mTOR, p70S6k, and 4EBP1 (Fig. 5A). We found that the
p-mTOR, p-p70S6k, and p-4EBP1 were highly expressed in
MS patients (Fig. 5C). This outcome signified that the mTOR
signaling pathway is activated in acute stage of MS. We also
found that DDIT4 was strongly expressed in patients under-
going the acute stage of MS (Fig. 5B). The activation of the
mTOR pathway increases Th17 cell differentiation (23), and
the disruption of mTORC]1 impairs Th17 differentiation (24).
Therefore, IncDDIT4 might inhibit Th17 production by inhib-
iting the DDIT4/mTOR pathway. IncDDIT4 inhibited mTOR
phosphorylation (Fig. 5E). IncDDIT4 also inhibited the
phosphorylation of p70S6k and 4EBP1, substrates of mTOR
(Fig. 5F, 5G).

IncDDIT4 inhibits DDIT4/mTOR signaling by targeting DDIT4

As shown in Fig. 6B-D, phosphorylation of mTOR, 4EBP1,
and p70S6k clearly increased in the absence of DDIT4. To
confirm these observations, we transfected naive CD4" T cells
of MS patients with Ad targeting IncDDIT4 or DDIT4 and
quantified mTOR, 4EBP1, and p70S6k phosphorylation by
Western blot. Subsequently, IncDDIT4 decreased mTOR,
4EBPI1, and p70S6k phosphorylation in naive CD4" T cells
in Thl7-polarizing conditions in the presence of DDIT4.
However, this effect disappeared when DDIT4 was ab-
sent. In concordance, knockdown of DDIT4 in naive CD4"
T cells in Th17-polarizing conditions induced increases of
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FIGURE 7. IncDDIT4 and DDIT4 expression are induced preferentially during Th17 differentiation and inhibit Th17 differentiation in healthy
volunteers. (A) RT-qPCR analysis of IncDDIT4 and DDIT4 mRNA in naive CD4" T cells from healthy controls. The cells were stimulated for
72 h under ThO-, Thl-, Th2-, Th17-, or Treg-polarizing conditions. Results were normalized to GAPDH. Mean = SEM. *p < 0.05 versus ThO
[IncDDIT4]; #p < 0.05 versus ThO [DDIT4]. (B) Western blot analysis of DDIT4 in cells from healthy controls stimulated under ThO, Th1, Th2,
Th17, and Treg conditions. (C) Cumulative data from densitometry are also shown. Mean = SEM; n = 20. *p < 0.05 versus ThO. (D) RT-qPCR
analysis of IncDDIT4 and DDIT4 expression in activated naive CD4" T cells (in the absence of polarizing cytokines) 72 h after transfection
with control Ad, Ad-IncDDIT4, or Ad-sh IncDDIT4. Mean = SEM. *p < 0.05 versus control Ad; #p < 0.05 versus control Ad. (E) Naive CD4*
T cells from healthy controls differentiated for 72 h under Th1, Th2, or Th17 conditions after transfection with GFP* control Ad, GFP*™ Ad-
IncDDIT4, or GFP* Ad-sh IncDDIT4 for 24 h. The cells were gated for GFP* and stained for the intracellular expression of IFN-vy, IL-4, and
IL-17A. A profile representative of 20 healthy controls per group is shown. Mean = SEM. *p < 0.05 versus control Ad.

phosphorylation in mTOR, 4EBPI1, and p70S6k (Fig. 6E-G). To- vector, IncDDIT4 knockdown, or overexpression Ad. Cells were
gether, these data reveal that IncDDIT4 facilitates DDIT4/mTOR then stimulated under Th1, Th2, or Th17-inducing conditions, and
signaling by directly targeting DDIT4. Thl, Th2, and Thl7 cells were tested by flow cytometry. As
shown in Fig. 7E, the absence of IncDDIT4 caused an increase in
Th17 cells. As expected, IncDDIT4 overexpression resulted in
decreased Th17 cells.

IncDDIT4 and DDIT4 expressions are induced preferentially
during Thl7 differentiation, and IncDDIT4 and DDIT4
inhibited Thl7 differentiation also in healthy controls

To elucidate the role IncDDIT4 and DDIT4 play in Th17 cell IncD, D IT4 inhibits. differentiation of Thi7 cells through

function of healthy volunteers, we isolated naive CD4™ T cells targeting DDIT4 in healthy controls

from healthy volunteers and stimulated them to generate Upon knockdown of DDIT4 in activated CD4" naive T cells
either Thl, Th2, Th17, or Tregs. As shown in Fig. 7A, IncDDIT4 from healthy controls, DDIT4 expression decreased (Fig. 8A).
and DDIT4 induction was much stronger in Th17 cells. Th17 As shown in Fig. 8B, phosphorylation of mTOR, 4EBP1, and
stimulation increased protein expression of DDIT4 (Fig. 7B, 7C). p70S6k clearly increased in the absence of DDIT4. Subse-
These results indicate that IncDDIT4 and DDIT4 are preferentially quently, IncDDIT4 decreased mTOR, 4EBP1, and p70S6k

induced during Th17 polarization in healthy volunteer materials. phosphorylation in naive CD4" T cells in Thl7-polarizing
Knockdown of IncDDIT4 in activated naive CD4" T cells led to conditions in the presence of DDIT4. However, this effect
decreased DDIT4 expression; in contrast, overexpression of disappeared when DDIT4 was absent. In concordance, knock-

IncDDIT4 increased DDIT4 expression (Fig. 7D). To determine down of DDIT4 in naive CD4" T cells in Thl7-polarizing
whether IncDDIT4 and DDIT4 participate in Th17 cell differen- conditions induced increases of phosphorylation in mTOR,
tiation, we then isolated naive CD4" T cells from PBMCs of 4EBP1, and p70S6k. As illustrated in Fig. 8C and 8D, the
healthy volunteers and transfected the cells with either an empty absence of DDIT4 resulted in increases of Th17 cells and Th17
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FIGURE 8. IncDDIT4 inhibits differentiation of Th17 cells by targeting DDIT4 in healthy volunteers. (A) RT-qPCR analysis of DDIT4 ex-
pression in activated naive CD4* T cells 72 h after transfection with control Ad or Ad-shDDIT4. Mean = SEM. *p < 0.05 versus control Ad.
(B) p-mTOR, p-P70S6K, and p-4EBPI1 in naive CD4" T cells from healthy volunteers under Th17 conditions for the indicated times after
transfection with either control Ad, Ad-sh IncDDIT4, Ad-IncDDIT4, Ad-shDDIT4, Ad-shDDIT4+Ad-sh IncDDIT4, or Ad-shDDIT4+Ad-IncDDIT4 for 24 h.
(C and D) Naive CD4* T cells from healthy controls differentiated for 72 h under Th17 conditions after transfection with GFP* control Ad, Ad-shDDIT4,
Ad-sh IncDDIT4+Ad-shDDIT4, or Ad-IncDDIT4+Ad-shDDIT4 for 24 h. The cells were gated for GFP* and stained for the intracellular expression of
IFN-vy and IL-17A. A profile representative of 20 healthy controls per group is shown.

cell-associated cytokines (IL-17). However, because these
groups did not express notable differences when DDIT4 was
low expression, IncDDIT4 presumably regulates Th17 cell dif-
ferentiation directly through target DDIT4 (Fig. 9). Together,
these results imply that IncDDIT4 facilitates DDIT4/mTOR
signaling by directly targeting DDIT4 also in healthy volunteer
materials.

Discussion

In this article, we provide multiple facets of evidence sup-
porting the importance of IncDDIT4 and DDIT4 in the dif-
ferentiation of Th17 cells. In fact, IncDDIT4 inhibited Th17
cell differentiation directly by targeting DDIT4. Because
IncDDIT4 and DDIT4 appeared to suppress the DDIT4/mTOR
pathway, thereby inhibiting Th17 differentiation and subse-
quent production of IL-17, our observations imply that the
DDIT4/mTOR axis is involved in the differentiation of Th17
cells. The likely effect is an ultimate opportunity for MS to
develop and thrive.

Patients with MS display increased IL-17 expression, expan-
sion of Th17 cells in the blood, and infiltration of Th17 cells into
the CNS (25). Further, the aggravated induction of IL-17A in MS
correlates with disease activity (26, 27). Accordingly, consider-
able evidence suggests that the abnormal expression of Th17
represents a key pathogenic player.

The mTOR pathway is critical in many normal cellular
functions, including cellular proliferation, growth, survival, and

mobility (28). The PI3K-AKT-mTORC1-S6K axis was reported
as a positive regulator of Th17 differentiation by increasing the
RORwyt nuclear translocation (23). In addition, reduction of
CaMK4 inhibited IL-17 transcription by lessening activation of
the AKT/mTOR pathway (29). DDIT4 inhibits mTORCI1 activity
through activation of the TSC1/2 complex. In turn, inhibition
of mTORCI1 decreases activation of downstream targets by
phosphorylation, including of P70S6K and 4EBP1, which are
believed to be involved in regulating translation and cell
proliferation (12). In our microarray data, we found that both
IncDDIT4 and DDIT4 were upregulated (2.87-fold and 2.79-
fold, respectively) in PBMCs of MS patients, as verified by RT-
qPCR. DDIT4, which is upstream of IncRNA IncDDIT4, is the
cis-regulated target of IncDDIT4. Although an abundance of
bioinformatics analyses supports the correlation between
IncDDIT4 and DDIT4, their biological role and molecular
mechanisms underlying MS initiation and progression have not
been reported until now. Accordingly, we assessed those pre-
sumptions and found that IncDDIT4 can activate DDIT4, which
mediates regulating of IL-17. Consistent with this concept, we
used Western blots, which indicated that IncDDIT4 inhibited
mTOR pathway by targeting DDIT4 directly. Arguably, then, the
DDIT4-mTOR axis is active in MS and may be essential to its
development.

In conclusion, this specific involvement of IncDDIT4 in
Th17 cell differentiation was unexpected. This newfound
outcome urges the use of a pharmacologic strategy to inhibit
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FIGURE 9. Model depicting the molecular mechanisms of DDIT4 and
associated IncDDIT4 modulation of Th17 cell differentiation through the
DDIT4/TSC/mTOR pathway.

IncDDIT4 in the treatment of Th17-related autoimmune dis-
eases, most notably MS.
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