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SUMMARY

Roquin proteins preclude spontaneous T cell activa-
tion and aberrant differentiation of T follicular helper
(Tfh) or T helper 17 (Th17) cells. Here we showed
that deletion of Roquin-encoding alleles specifically
in regulatory T (Treg) cells also caused the activation
of conventional T cells. Roquin-deficient Treg cells
downregulated CD25, acquired a follicular Treg (Tfr)
cell phenotype, and suppressed germinal center
reactions but could not protect from colitis. Roquin
inhibited the PISK-mTOR signaling pathway by upre-
gulation of Pten through interfering with miR-17~92
binding to an overlapping cis-element in the Pten
3’ UTR, and downregulated the Foxo1-specific E3
ubiquitin ligase ltch. Loss of Roquin enhanced Akt-
mTOR signaling and protein synthesis, whereas inhi-
bition of PISK or mTOR in Roquin-deficient T cells
corrected enhanced Tfth and Th17 or reduced iTreg
cell differentiation. Thereby, Roquin-mediated con-
trol of PIBK-mTOR signaling prevents autoimmunity
by restraining activation and differentiation of con-
ventional T cells and specialization of Treg cells.

INTRODUCTION

Roquin-1 and Roquin-2 redundantly inhibit spontaneous T cell
activation and CD4* T cell differentiation (Bertossi et al., 2011;

Jeltsch et al., 2014; Vinuesa et al., 2005; Vogel et al., 2013).
Consistently, mice with a homozygous sanroque missense mu-
tation in the Roquin-1-encoding gene Rc3h1 develop T follicular
helper (Tth) cell-driven lupus-like autoimmunity (Vinuesa et al.,
2005). Moreover, combined deletion of the Roquin-encoding
genes Rc3h1 and Rc3h2 in T cells causes Tth and T helper 17
(Th17) cell accumulation and inflammation-associated pathol-
ogy in the lung (Jeltsch et al., 2014; Vogel et al., 2013). Roquins
are RNA-binding proteins that recognize specific stem-loop
structures in 3" UTRs of target mRNAs (Janowski et al., 2016;
Leppek et al., 2013). Their targets include the mRNAs of costi-
mulatory receptors Icos, Ctla4, and Ox40, cytokines Tnf
and /6, transcription factors Irf4 and cRel, and modulators of
transcription Nfkbid and Nfkbiz (Jeltsch and Heissmeyer,
2016). The T cell-expressed targets as well as the T cell receptor
(TCR)-dependent regulation by the paracaspase MALT1
(Gewies et al., 2014; Jeltsch et al., 2014) may explain the prom-
inent role of Roquin proteins in T cells and in the prevention
of autoimmune and auto-inflammatory responses (Jeltsch and
Heissmeyer, 2016), despite their ubiquitous expression.
Spontaneous activation of T cells and accumulation of Tfh
cells also occur following miR17~92 cluster overexpression
and upon deletion of one Pten allele in lymphocytes (Baumjo-
hann et al., 2013a; Kang et al., 2013; Xiao et al., 2008). The
lipid phosphatase Pten dephosphorylates phosphatidylinositol-
3,4,5-tris-phosphate (PIP3), counteracting the activity of the lipid
kinase PI3K (Rolf et al., 2010). Downstream of PI3K is the
mammalian target of rapamycin (mTOR) that integrates environ-
mental cues from growth factors, nutrients, and cytokines to
induce metabolic changes. mTOR is present in two distinct com-
plexes, mMTORC1 and mTORC2, which are characterized by their
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regulatory proteins Raptor and Rictor, respectively (Pollizzi and
Powell, 2015). mTOR controls cellular protein synthesis by regu-
lating the translation apparatus.

PIP3 production by T cells is positively correlated with the
magnitude of immunization-induced germinal center (GC) for-
mation (Rolf et al., 2010). The underlying Tth cell differentiation
requires signaling through mTORC1 and mTORC2 (Yang et al.,
2016b; Zeng et al., 2016), and Tfh cell-dependent GC formation
is controlled by a specialized subset of follicular regulatory T
(Tfr) cells (Chung et al., 2011; Linterman et al., 2011; Wollen-
berg et al., 2011). Activation-induced miRNAs from the miR-
17~92 cluster repress Pten, which explains the antagonistic
effects of miR-17~92 and Pten on Tth cell formation (Baumjo-
hann et al., 2013a; Kang et al., 2013; Xiao et al., 2008). Pten
also has a critical role in Treg cells, as Pten-deficient Treg cells
lose CD25 expression as well as the ability to control the spon-
taneous activation of conventional T cells, and to prevent Tfh
cell accumulation and autoimmunity (Huynh et al., 2015; Shres-
tha et al., 2015).

In T cells, PI3K activity is strongly induced by ICOS signaling
and inactivates Foxo1, which interferes with Tfh and Th17 cell
differentiation but promotes the function of Treg cells (Kerdiles
et al., 2010; Lainé et al., 2015; Stone et al., 2015). Connected
to PI3K signaling are mTORC1 and mTORC2 complexes, which,
through so-far unknown downstream targets, enable Th17, Th2,
Tfh, and Treg cell differentiation (Delgoffe et al., 2009, 2011; Kur-
ebayashi et al., 2012; Lee et al., 2010; Sauer et al., 2008; Zeng
et al., 2016).

The mechanisms of spontaneous activation and aberrant dif-
ferentiation of Roquin-deficient T cells has not been defined
yet. Here we uncover that Roquin inhibits the PISK-mTOR
pathway at several levels, thereby controlling protein biosyn-
thesis, inhibiting differentiation toward Th17 and Tfh cells and
conversion of Treg into Tfr cells.

RESULTS

Roquin Expression Is Required for Treg Cell Function

To investigate the role of Roquin-mediated post-transcriptional
gene regulation in Treg cells, we combined a transgene for
Treg cell-specific Cre recombinase expression from the Foxp3
locus (Foxp3-IRES-YFP-Cre) (Rubtsov et al., 2008) with floxed
alleles encoding Roquin-1 and Roquin-2 (Rc3h1™f; Rc3n2™f)
to generate Rc3h1™M; Re3h2"™; Foxp3-IRES-YFP-Cre (DKO™™9)
mice. Targeted exons were efficiently deleted in Treg cells
(CD4*YFP™") of these mice (Figure 1A). The frequencies and
numbers of Treg cells (Foxp3*CD4*) were normal in the thymus
but were strongly increased in the spleen and to a lesser extent in
peripheral lymph nodes (Figures 1B-1D). DKO™™¢ mice shared
the splenomegaly of mice that lacked Roquin expression in
peripheral T cells due to Cd4-Cre-mediated deletion (DKO") (Fig-
ures S1A-S1C) but not other phenotypes such as the increase in
CD8" or decrease in CD4* T and B220" B cell frequencies
(Figures S1D-S1F). Older (3-4 months) DKO™@¢ mice
appeared healthy but showed a pronounced effector-memory
phenotype (CD62L"CD44*) in CD4*YFP* Treg cells as well as
in CD4"YFP~ and CD8" conventional T cells (Figure 1E).
Compared to age- and sex-matched WT controls, older DKO™9
mice also exhibited increased frequencies and numbers of

2 Immunity 47, 1-16, December 19, 2017

PD1MCXCR5™CD4* Tfh cells in the CD4*, the non-Treg
(CD4*YFP") and Treg cell (CD4*YFP™) fractions (Figure S1G),
while the observed increase in PD1"CXCR5"CD4* GC Tth cells
within the CD4" fraction was solely due to increased Tfr cell fre-
quencies and numbers (Figures 1F and 1G). Compared to wild-
type, DKO™™9 mice had increased IgM and IgG and significantly
higher IgG1 levels in the sera (Figure STH).

Among the PD1"CXCR5"CD4* T cells, the Tfr to GC Tfh cell
ratio was strongly shifted toward the Tfr cell subset (Figures 2A
and 2B). In female DKO™™° mice harboring only one Foxp3-
IRES-YFP-Cre allele, Roquin-deficient YFP*Foxp3* Treg cells
outnumbered YFP Foxp3* (WT) Treg cells (Figure 2C) and in
the YFP* Treg cells the proportion of Tfr cells was strongly
increased (Figures 2C and 2D). These data suggest that under
homeostatic conditions, Roquin-deficient Treg cells expand,
adopt a Tfr cell phenotype, and cannot suppress activation of
conventional CD4* and CD8" T cells.

Roquin-Deficient Tfr Cells Repress Antigen-Specific

B Cell Responses

To assess the functionality of Roquin-deficient Tfr cells, we
immunized DKO™™9 mice with sheep red blood cells (SRBCs).
The spleens of these mice had significantly smaller GCs
compared to immunized control mice (Figures 2E and 2F) but
more CD4*Foxp3* cells per GC and GC area (Figure 2F). We
also asked how the increased abundance of Tfr cells in DKO™™9
mice affected antibody titers and affinity maturation after immu-
nization with the T cell-dependent antigen NP-KLH (Figures
2G-2M). Relative to wild-type controls, immunized DKO'™9
mice showed increased Tfr cell frequencies and numbers, no
change for Tfh cells, while GC B cell numbers increased
1 week after immunization (Figures S1l and S1J). However, fre-
quencies and numbers of NP-specific GC B cells 1 week after
immunization were strongly decreased (Figures 2G-2I). Whereas
IgG1 levels were elevated (Figure 2J), the generation of NP-
specific IgG1 antibodies was impaired (Figures 2K and 2L),
and DKO'™™9 mice also showed reduced affinity maturation
compared to WT mice (Figure 2M). These data reveal that Ro-
quin-deficient Tfr cells are more abundant in the GCs and are
functional in repressing antigen-specific B cell responses and
antibody maturation efficiently.

Roquin-Deficient Treg Cells Are Less Protective in the

B Cell-Independent Colitis Model

We next tested the suppressive activity of Roquin-deficient and
WT Treg cells in the absence of B cells (Figures 3 and S2). Co-
culture of different ratios of Treg cells with conventional CD4*
T cells labeled with a proliferation dye revealed that WT and
Roquin-deficient Treg cells similarly inhibited conventional
CD4* T cells proliferation (Figure S2A). However, the Roquin-
deficient Treg cell to conventional CD4™ T cell ratio increased
compared to samples with WT Treg cells (Figure S2B), which
could mask a partial functional impairment. Next we compared
the ability of Roquin-deficient and WT CD4"YFP* Treg cells
to protect from T cell transfer-induced colitis (Figures 3A-3E
and S2C-S2E). Rag1™~ mice injected with naive T cells and
WT Treg cells gained body weight and showed no pathology
in colon histology (Figures 3A-3C). In contrast, the transfer of
naive CD4* T cells alone or together with Roquin-deficient Treg
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Figure 1. Altered Imnmune Homeostasis in Mice with Inactivation of Roquin in Treg Cells
(A) gPCR of Rc3h1 and Rc3h2 in genomic DNA (gDNA) of sorted CD4*YFP* Treg cells from spleens of WT or DKO™™ mice, normalized to WT.

(B-G) Flow cytometry of Foxp3 (B) CD62L and CD44 (E) or PD-1 and CXCR5 expression (F) performed on CD4* T cells (B, F) or CD4*YFP*, CD4*YFP~, and CD8*
T cells from WT and DKO'™9 mice are displayed for the indicated organs (B) or spleens (E, F) of WT and DKO™™? mice. For the analysis in (B), cellular frequencies
and numbers are depicted in (C) and (D), respectively, or shown in (G) (upper and lower) for the analysis in (F).
Data are representative of four independent experiments with three mice (A) or one mouse (F, G) per group or six independent experiments with one mouse per
group (B-E). Statistical significance was calculated by unpaired, two-tailed Student’s t test *p < 0.05, **p < 0.01, and ***p < 0.001. Data are mean + SEM.

cells caused colitis, significantly attenuated the weight gain of
recipient mice (Figures 3A-3C), and caused the infiltration of leu-
kocytes and CD3™ T cells in the colon (Figure S2C). Furthermore,
among infiltrating CD4* T cells, those which produced only IFN-y

as well as those with enhanced pathogenic potential, producing
IL-17A and IFN-y upon restimulation, were reduced in recipients
of naive CD4™" T cells and WT Treg cells compared to both other
groups (Figure 3D). Although the frequencies of transferred WT
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Figure 3. Roquin-Deficient Treg Cells Are Impaired to Protect from Colitis

Six Rag?~'~ mice per group were injected with either CD4*CD25"CD44 CD62L" cells from Ly5.1 mice alone or mixed with CD4*YFP* Treg cells sorted from WT or
DKO™™9 mice at a 2:1 ratio (naive:Treg cells). Post injection body weights were normalized to body weights on the day of injection (A). Bars indicate mean + SEM.
Statistical significance calculated for each time point was tested separately by two-way ANOVA with Tukey’s multiple comparison test; *p < 0.05, **p < 0.01, and
***p < 0.001. After 38 days, the mice were sacrificed and half of the colon tissue was analyzed by histology (B and C). Data are presented as mean + SEM (C),
*p < 0.05 and **p < 0.01; ns, not significant (one-way ANOVA). The other half of the colon was analyzed by flow cytometry. Transferred CD45.1* cells
(D) or CD45.2*YFP~ (ex-Treg) cells (E) were analyzed for cytokine expression after ex vivo stimulation. Bars indicate mean + SEM (C and D).

and Roquin-deficient Treg cells (CD45.2*CD4") were similar in  spleen or colon (Figure S2E, and data not shown). However, Ro-
the recipients’ spleens (Figure S2D), Roquin-deficient Treg cells  quin-deficient Treg cells (CD45.2*CD4") from the colon that lost
were less frequent among the CD4* T cells infiltrating the colon  YFP expression (ex-Treg cells) were much more likely to produce
(Figure S2D). The transferred Roquin-deficient and WT Treg cells  IL-17A or IFN-y or both upon ex vivo stimulation (Figure 3E).
exhibited similar rates of loss in YFP or Foxp3 expression inthe  Finally, although the localization of Roquin-deficient Treg cells

Figure 2. Roquin-Deficient Treg Cells Suppress Antigen-Induced B Cell Responses

(A-D) Flow cytometry of Foxp3 expression in CD4*CXCR5"PD-1" cells of splenic T cells from WT and DKO™®9 mice (A) or PD-1 and CXCRS5 expression in splenic
CD4*YFP*Foxp3* and YFP Foxp3* Treg cells from a heterozygous female DKO™™9 mouse (D). Frequencies of cells in (A) or (C) are shown in (B) or
(D), respectively.

(E and F) Immunofluorescence of GL-7 (magenta), CD4 (green), and Foxp3 (red) in spleen sections from SRBC-immunized WT and DKO™9 mice (scale bars,
50 um) (E), with quantification of GC area and numbers of CD4*Foxp3* cells per GC, or per um? of GC area shown in (F).

(G) Flow cytometry of Tth (left), GC B (middle), and NP-specific GC B (right) cells in the spleen of WT and DKO'™™9 mice 7 days after immunization with NP-KLH,
with frequencies (H) and numbers (I) of NP-specific GC B cells.

(J-M) Concentrations of total IgG1 (J), low-affinity NP30-recognizing (K), as well as high-affinity NP2-recognizing (L) NP-specific IgG1 antibodies in sera from
NP-KLH immunized WT and DKO™®9 mice. Ratio of anti-NP2/anti-NP-30-specific IgG1 was determined for each time point as a measure of affinity
maturation (M).

Data are representative of four independent experiments with one mouse per group (A, B), three independent experiments with one mouse per group (C, D), or
one experiment with four (E, F), five (G-I), or six (J-M) mice per group. Statistical significance was calculated by unpaired, two-tailed Student’s t test (A-l) or
one-way ANOVA analysis with a Bonferroni post hoc test (J-M); **p < 0.01 and ***p < 0.001. Data are mean + SEM.
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Figure 4. CD25 Downregulation on Roquin-Deficient Treg Cells Marks Tfr Cell Differentiation

(A and B) Expression of CD25 on CD4*YFP* Treg cells (A) of the indicated organs from WT and DKO™™9 mice or on Foxp3*YFP* and Foxp3*YFP~ cells from a
female DKO'™9 mouse with heterozygous IRES-YFP-Cre expression (B).

(C and E) Gene expression profile of CD25* Treg cells from DKO™™9 or WT mice (C) or of CD25* compared to CD25~ Treg cells from DKO™™9 mice (E).

(D) Inferred Foxp3 motif activity in CD25* Treg cells in DKO™™9 and WT mice. Error bars denote standard deviations of the inferred activities.

(F) Fold change of geometric mean fluorescence intensity (gMFI) of indicated markers comparing CD25* with CD25~ Treg cells from DKO'™® mice as shown in
Figure S4F.

(G and I) Gene set enrichment analysis (GSEA) comparing the relative expression of genes in CD25" Treg cells in DKO™™9 mice compared to that of WT mice and
examining the distribution of genes involved in glycolysis/gluconeogenesis (G) or cell cycle (l) as defined in the KEGG database (shown as black bars in the
middle panel).

(legend continued on next page)

6 Immunity 47, 1-16, December 19, 2017



Please cite this article in press as: Essig et al., Roquin Suppresses the PIBK-mTOR Signaling Pathway to Inhibit T Helper Cell Differentiation and Con-
version of Treg to Tfr Cells, Immunity (2017), https://doi.org/10.1016/j.immuni.2017.11.008

to the colon was not impaired (Figures S2F and S2G), these cells
expressed significantly less CD103 (Figures S2I and S2J) and
showed a propensity to downregulate Foxp3 protein expression
while maintaining YFP levels (Figure S2H). Together, these data
show that Roquin-deficient Treg cells are less protective in the
adoptive T cell transfer colitis model.

Roquin-Deficient Treg Cells Lose CD25 Expression and
Acquire a Tfh Cell Gene Signature

We next characterized the gene expression in Roquin-deficient
Treg cells, which strongly downregulated CD25 expression (Fig-
ure 4A) but maintained high expression of Neuropilin-1 and
Helios, two markers of thymus-derived Treg cells, and only
slightly upregulated expression of CD122 and GITR (Figure S3A).
CD25 downregulation was most pronounced in the spleen, less
pronounced in lymph nodes, and not detectable in Foxp3*YFP*
CD4SP thymocytes (Figure 4A). It occurred in a cell-intrinsic
manner because female DKO™? mice with one Foxp3-IRES-
YFP-Cre allele downregulated CD25 only in the YFP* Treg cells
(Figure 4B). Purified peripheral Treg cells that did or did not
express CD25 displayed similar deletion of Roquin-encoding
alleles (Figure S3B). However, ex vivo IL-2-stimulated Roquin-
deficient CD4*YFP*CD25* Treg cells showed an increased
loss of Foxp3 and CD25 expression compared to WT counter-
parts (Figures S3C and S3D). Therefore, we investigated the
impact of Roquin deficiency on the epigenetic fixation of the
Treg cell phenotype by bisulfite sequencing (Floess et al.,
2007). Using genomic DNA from thymic CD25*YFP*, splenic
CD25"YFP™, and splenic CD25"YFP* Treg cells with or without
Roquin, we did not detect differences in the TSDR methylation
status in the Foxp3 locus (Figure S3E). Roquin-deficient splenic
CD25™ Treg cells proliferated stronger than the CD25* counter-
parts as indicated by Ki-67 expression (Figure S3F).

To investigate the molecular basis of the Treg cell phenotype,
we performed mRNA sequencing on sorted CD4*YFP*GITR*
CD25* and CD4*YFP*GITR*CD25" cells from DKO™™9 and WT
mice. When compared to WT counterparts, we found that
many Roquin target genes including /L6, Nfkbid, Icos, Ctla4,
and Tnfrsf4 were upregulated in CD25-expressing Treg cells
from DKO'™9 mice, as were the epigenetic regulator Ezh2 and
the Th17 cell-specific transcription factor Rora (Figure 4C). The
mRNA abundance of cytokines such as /L4 and IL13 was
increased, while Ifng was downregulated (Figure 4C). Cytokine
expression was profoundly deregulated in supernatants
of ex vivo stimulated Roquin-deficient Treg cells or conventional
CD4* T cells isolated from DKO™™9 mice, and in the sera of
DKO™™9 compared to wild-type mice (Figures S4A-S4E). This
suggests that gene regulation by Roquin in Treg cells not only
controls functional plasticity of cytokine expression in these
cells, but also has systemic consequences.

Among the mRNAs that are downregulated in CD25-express-
ing Treg cells from DKO™9 mice, we found many that are
commonly associated with a Treg cell signature, including
Foxp3, ll2ra, Plagl1, Lrig1, KIf9, Gata1l, ltgae, and Dusp4 (Fig-

ure 4C; Haxhinasto et al., 2008). This was consistent with the
decreased activity of the Foxp3 transcription factor inferred
with ISMARA from the mRNA sequencing data (Figure 4D;
Balwierz et al., 2014). Comparing gene expression in CD25*
and CD25™ Roquin-deficient Treg cells, the Treg cell signature
genes segregated with CD25" cells, while the Tfh signature
genes, including Sh2d1a, Maf, Bcl6, IL21, Pdcd1, Cxcrb, and
Icos, segregated with the CD25™ subset (Figure 4E). Flow cyto-
metric analyses confirmed these expression differences be-
tween CD25" and CD25™ subsets at the protein level (Figures
4F and S4F). Segregation of Tfh and Treg cell signatures was
also present though less pronounced in CD25~ and CD25*
Treg cells from wild-type controls (compare Figures 4E and 4F
and Figure S4G).

A similar downregulation of Treg cell signature genes has been
reported to occur upon expression of a constitutively active form
of the PIP3-induced kinase Akt (Haxhinasto et al., 2008).
Conversely, expanded Treg cells and Tfr cells that lose CD25
expression and are unable to control activation of conventional
T cells have been observed upon Treg cell-specific deletion of
Pten, the negative regulator of PIP3 signaling (Huynh et al.,
2015; Shrestha et al., 2015). These findings revealed an overlap
of phenotypes between mice lacking Pten or Roquin in Treg cells
(Huynh et al., 2015; Shrestha et al., 2015). Pten-deficient Treg
cells showed an increased expression of mRNAs related to
gene ontology of glycolysis and cell cycle (Shrestha et al.,
2015), as we observed in DKO relative to WT CD25-expressing
Treg cells (Figures 4G—-4l). We further confirmed the increased
surface expression of the glucose transporter Glut1 in Roquin-
deficient Treg cells (Figure 4H). Consistent with proliferating
Treg cells being impaired in their suppressive capacity (Gerriets
et al., 2016), we found that Roquin-deficient Treg cells had
increased proliferation (Figures 4J and 4K), while the fraction of
Ki-67* conventional CD4* and CD8" T cells was increased in
the spleen of DKO™™9 mice (Figures 4J and 4K). Thus, Roquin
deficiency impairs the expression of Treg cell signature genes,
alters the metabolic activity and proliferative capacity of Treg
cells, and induces Tfh cell-specific markers, indicating an
imposed conversion to the Tfr cell subset.

Roquin Inhibits PIBK-mTOR Signaling

We therefore focused our investigation on cellular phenotypes
that are expected consequences of increased PI3SK-mTOR
signaling. mTOR stimulates the translation of mRNAs of ribo-
somal proteins (RPs) and translation elongation factors that carry
5’ terminal oligopyrimidine (5° TOP) motifs in their 5 UTRs,
thereby stimulating protein synthesis (Hsieh et al., 2012; Thoreen
et al., 2012). In mRNA sequencing and ribosome footprint data
from CD4" T cells stimulated with PMA/ionomycin for 60 min,
the inhibition of Roquin proteolysis by mepazine (Jeltsch et al.,
2014) decreased the translation efficiency (TE) of 5 TOP mRNAs
and RP-encoding mRNAs relative to all others (Figure 5A). Also,
Roquin inactivation and Roquin-1 overexpression in MEF cells
led to consistent results (Figures S5A and S5B), and metabolic

(H, J, and K) Flow cytometry and quantification of Glut1 or Ki-67 expression in the indicated T cell subsets from spleens of WT and DKO™™9 mice.
Data are representative of six independent experiments with one mouse per group (A, B), one experiment with five WT and seven DKO™™® mice (C-E, G, I), one
experiment with four mice per group (F, H), or four independent experiments with one mouse per group (J, K). Statistical significance was calculated by unpaired,

two-tailed Student’s t test; *p < 0.05 and ***p < 0.001. Data are mean + SEM.
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labeling of MEF cells with the fluorescence-tagged methionine
analog L-homopropargylglycine (HPG) showed that induced
deletion of Roquin caused increased incorporation of HPG and
thereby promoted protein synthesis (Figure 5B).

Contrary to suggestions that Roquin impinges on mTORC1
signaling by negatively regulating the 5’ adenosine monophos-
phate-activated protein kinase o (AMPKa) through its RING
finger (Ramiscal et al., 2015), we here found that the RING finger
of Roquin-1 was not required for Roquin-mediated inhibition of
protein synthesis (Figures 5C and S5D). However, we confirmed
a partially impaired aggregation of the Roquin-1 RING finger
mutant in stress granules (Figure S5E) and normal localization
in P bodies (Figure S5F; Ramiscal et al., 2015). With different
Roquin-1 mutants (Figures 5C, S5C, and S5D), we showed
that the A-site of the ROQ domain, which is required for RNA
binding, as well as sequences located downstream of Arg510,
the MALT1 cleavage site, were essential for the regulation of
protein synthesis (Figures 5C and S5D), and neither of these
mutants accumulated in P bodies or in arsenite-induced stress
granules (Figures S5E and S5F).

We next investigated how Roquin regulates PISK-mTOR
signaling in Treg cells and CD4* T cells. Phosphorylation of the
ribosomal protein S6 as readout of mMTORC1 activity was more
prominent in Treg cells from DKO ™9 mice compared to control
Treg cells (Figure 5D). Furthermore, there was an increase in the
PIP3-induced phosphorylation of the residue Thr308 as well as in
the mTORC2-dependent phosphorylation of residue Ser473 of
the Akt kinase (Figure 5E). We also analyzed the activation status
of the mTOR pathway in CD4* T cells treated with 4'OH-tamox-
ifen to induce the deletion of Roquin-encoding alleles (iDKOT),
which recapitulated increased mTORC1-dependent phos-
phorylation of S6 and mTORC2-dependent phosphorylation of
Akt Serd73 at the steady state (Figures 5F and S6A-S6C)
but showed normal induction of the pathway after anti-CD3
and -CD28 stimulation (Figures S6A-S6C).

The transcription factor Foxo1 relocalized from the nucleus to
the cytoplasm both when we induced deletion of Roquin-
encoding alleles in Re3h1-2V"; Cd4-Cre-ERT2 CD4* T cells by
4'OH-tamoxifen treatment (iDKO') and in Treg cells from
DKO™™9 mice (Figures 5G and 5H). The increased Akt activity
in CD4* T cells and Treg cells could explain this re-localization,
as the phosphorylation of Foxo1 by Akt is known to induce its
translocation from the nucleus to the cytoplasm (Stone et al.,

2015). In addition, decreased Foxo1 protein expression coin-
cided with increased expression of the Foxo1-specific E3 ubig-
uitin ligase ltch when we inducibly deleted Roquin-encoding
alleles in iDKOT CD4* T cells (Figure 51). Consistently, sorted
GFP* Treg cells from Rc3h1-2"".DEREG;CD4-Cre-ERT2
(iDKO'DEREG) mice that had received tamoxifen gavage
showed increased ltch levels (Figure S6D). Moreover, the level
of Itch protein decreased upon Roquin-1 overexpression
in MEF cells (Figure S6E), the ltch mRNA emerged as a direct
target of Roquin in our PAR-CLIP dataset from these cells, and
Roquin-1 downregulated an /ICOS reporter gene linked to the
3’ half of the ltch 3’ UTR (Figures 5J and 5K). These data reveal
the negative regulation of mTOR signaling and protein biosyn-
thesis by Roquin and identify ltch, a negative regulator of
Foxo1 (Xiao et al., 2014), as a downstream target of Roquin in
the PI3K-Akt-Foxo1 pathway.

Roquin Interferes with Post-transcriptional Repression
of Pten by miR-17~92

As the Pten mRNA also emerged as a Roquin-bound target in the
PAR-CLIP dataset, we asked whether Roquin affects PI3K
signaling upstream of Foxo1. In fact, specific binding of /tch,
Pten, and Nfkbiz mRNA was observed afterimmunoprecipitation
and gPCR analysis by WT and the RING finger mutant of
Roquin-1, while introduction of A-site mutations into the ROQ
domain of Roquin abolished these interactions (Figures 6A
and S6F). The mRNA and protein levels of Pten decreased
when Roquin-encoding alleles were deleted by 4'OH-tamoxifen
treatment in iDKO" T cells (Figures 6B and 6C), and inducible
deletion of Roquin-encoding alleles in Treg cells decreased
Pten and increased ltch protein levels (Figure 6D and S6G).
Our PAR-CLIP data identified the interaction of Roquin with a
predicted U-rich hepta-loop hairpin structure in the 3" UTR of
Pten (Figures 6E and 6F). This stem-loop structure overlaps
with a miR-17 binding site, which is responsible for the
miR-17~92-mediated repression of Pten in T cells (Xiao et al.,
2008). Strikingly, we found that miR-17 and miR-19a, two repre-
sentative miRNAs of the miR-17~92 cluster, were upregulated in
DKO" effector T cells (Figure 6G). This upregulation may also be
attributed to some extent to the strong activation of these T cells,
since the induction of miRNAs was still present but clearly
reduced in naive DKO' T cells (Figure 6G). Interestingly, the
decrease of Pten protein observed in iDKO' CD4* T cells was

Figure 5. Roquin Inhibits PI3K-mTOR Signaling in Treg Cells and CD4* T Cells

(A) Cumulative distributions of fold-changes in translation efficiency (TE) for indicated mRNAs in mepazine- or DMSO pretreated and PMA/ionomycin-stimulated
CD4* T cells.

(B and C) Flow cytometry analysis of metabolic labeling with L-homopropargylglycine (HPG) of untreated and tamoxifen-induced iDKO MEF cells (B) or
Rc3h1-27/~ MEF cells expressing full-length WT or indicated mutants of Roquin-1 (C) displaying untransduced cells (dashed line), uninduced cells (—dox,
black line), or cells treated with doxycycline for 14 hr (+dox, red line).

(D and E) Flow cytometry of phosphorylated ribosomal protein S6 (Ser235/236) (D) or phosphorylated Akt (Ser473 and Thr308) (E) from CD4*YFP* T cells of WT
and DKO'™9 mice.

(F and 1) Immunoblot analyses of indicated proteins in CD4* T cell cultures from iDKO" mice left untreated (—tam) or treated with 4’ OH-tamoxifen (+tam).

(G and H) Flow cytometry imaging and quantification to determine Foxo1 and Drag5 colocalization in iDKO T cells generated as in (F).

(J) Reporter assay testing the regulation of overlapping fragments of the 3' UTR of Itch (1-1,513 and 1,411-2,389) by flow cytometry in Rc3h1-27/~ untransduced
MEF cells (dashed line) and transduced cells with (red line) or without (black line) doxycycline-inducible expression of Roquin-1.

(K) PAR-CLIP read coverage around the Roquin binding site in 3" UTR of the /tch mRNA.

Data are representative of one experiment with three (D) or four (A, E) biological replicates per group, two independent experiments (B, C, I), four independent
experiments (H), or three independent experiments (F, J, K). Statistical significance was calculated by unpaired (D, E, H [left]) or paired (H [right]), two-tailed
Student’s t test; *p < 0.05, **p < 0.01, and ***p < 0.001. Data are mean + SEM.
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Figure 6. Roquin Promotes Pten Expression by Interfering with miR-17~92 Regulation
(A) Immunoprecipitation and RT-gPCR (RNA-IP) to detect the indicated mMRNAs associated with Roquin-1 (WT) and Roquin-1 mutants (A-site [K220A K239A
R260A] and RING [C14A]) normalized to the input and the corresponding ratio of the control IgG IP.
(B and D) Immunobilot analysis of indicated proteins in extracts from CD4* T cells from iDKOT mice left untreated (—tam) or treated with 4’ OH-tamoxifen (+tam)
(B) or sorted GFP* Treg cells from DEREG; CD4-Cre-ERT2 (WT) mice or Rc3h1-2"": DEREG; CD4-Cre-ERT2 (iDKO'DEREG) mice that received tamoxifen
gavage (D).
(C and G) gPCR analysis of Pten (C) or miR-17, miR19a (G) gene expression in CD4* T cells from iDKOT (C) or DKO" mice (G).
(E) PAR-CLIP read coverage around the Roquin binding site in the 3’ UTR of Pten mRNA.

(legend continued on next page)
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very comparable to the increase of the protein upon T cell-
specific deletion of miR-17~92 (Figure S6H). We then asked
whether Roquin limits the access of the miRISC complex to
the miR-17~92 binding site in the 3' UTR of Pten. Indeed, quan-
titative RT-PCR analysis of RNA associated with immunoprecip-
itated Ago2 demonstrated more association of Ago2 with the
Pten mRNA in extracts from Roquin-deficient (iDKO") compared
to control CD4™ T cells (Figure 6H). As expected, CD4" T cells
that lacked expression of miR-17~92 showed decreased Ago2
protein interaction with the Pten mRNA (Figure 6l). Together,
these data reveal an impact of Roquin on PI3K-mTOR signaling
and provide a molecular basis for Roquin’s influence on the cell
fate not only of Treg but also of conventional T cells.

Roquin Shapes T Cell Differentiation by Inhibiting the
PIBK-mTOR Pathway
We therefore addressed how deregulation of this pathway
affects differentiation of Roquin-deficient CD4* T cells by
analyzing the reciprocal Th17 and iTreg cell differentiation
programs (Figures 7A-7F and S7A-S7C). Despite increased
numbers of thymus-derived Treg cells upon ablation of Ro-
quin-encoding alleles in vivo, naive CD4* T cells from these
mice were strongly biased toward Th17 cell differentiation and
impaired in iTreg cell differentiation in vitro (Figures 7A and 7B;
Jeltsch et al., 2014). Nevertheless, the increased frequency of
IL-17A-producing T cells or the reduced frequency of Foxp3-ex-
pressing iTreg cells in DKO' cultures were readily corrected to
frequencies of WT counterparts when DKOT CD4™* T cells were
differentiated in the presence of sub-optimal doses of rapamycin
or LY294002 (Figures 7A and 7C), which did not affect IL-10
production in these cultures (Figure S7D). The use of the more
selective PI3K p1103-specific inhibitor PI-3065 (Ali et al., 2014)
similarly rescued the differentiation of Roquin-deficient iTreg
cells with much less impact on WT counterparts (Figure 7D
and S7C). However, instead of inhibiting Th17 cell differentiation
by reducing the number of IL-17-producing cells, this inhibitor
rather reduced the expression level of IL-17A in DKO cells (Fig-
ure 7B) and even more strongly in WT T cells (Figures S7A
and S7B). Comparing the effect of increasing doses of rapamy-
cinon Th17 oriTreg cell differentiation of the different genotypes,
DKO" compared to WT T cells showed an enhanced or
decreased responsiveness under iTreg or Th17 cell differentia-
tion, respectively (Figures 7E and 7F). The lower sensitivity of Ro-
quin-deficient T cells to rapamycin or PI-3065 under Th17 cell
conditions may be explained by induced expression of additional
Roquin target mRNAs, such as the Th17 cell-driving Nfkbiz and
Nfkbid genes (Annemann et al., 2015; Jeltsch et al., 2014; Oka-
moto et al., 2010).

Finally, we tested the effect of mTOR inhibition on the
induction of Tfh and GC B cells that is observed in iDKO' mice

8 days after tamoxifen-induced deletion of Roquin-encoding al-
leles (Figures 7G-71 and S7E-S7I). Oral gavage with tamoxifen
strongly decreased Roquin protein levels in extracts of iDKO"
CD4* T cells pooled from mice of iDKOT and iDKO™ mice treated
with rapamycin or vehicle (Figure S7E). The administration of ra-
pamycin to iDKO™ mice abolished the phosphorylation of S6K at
Thr389 that was elevated in CD4* T cells from iDKO' mice (Fig-
ure S7E). Accumulation of GC Tfh and GC B cells after tamoxifen
treatment was unchanged when mice were injected with vehicle
only, but was significantly reduced when mice received rapamy-
cin every second day (Figures 7H, 71, and S7F-S7I). To exclude
B cell-dependent effects of rapamycin, we treated uMT mice,
which lack mature B cells, with vehicle or rapamycin as before
(Figures 7J, 7K, S7J, and S7K). In the absence of B cells, the
CD44" population of CD4* T cells contained Tfh but not GC
Tfh cells. Furthermore, induction of Tfh cells in uMT mice was
strongly enhanced for adoptively transferred iDKO CD4*
T cells that were marked by YFP after tamoxifen-induced activa-
tion of Cre (Figure 7L). Importantly, rapamycin treatment effec-
tively reduced B cell-independent differentiation of Tth cells in
endogenous (Figures 7J-7L and S7J-S7M) or adoptively trans-
ferred (Figures 7L, 7M, and S7L-S7M) Roquin-deficient T cells,
indicating a B cell-independent requirement of PI3BK-mTOR
signaling during Tfh cell subset differentiation. These data sup-
port the conclusion that due to a pre-activated PI3BK-mTOR
pathway, Roquin-deficient CD4" T cells inappropriately commit
to Tfh or Th17 cell differentiation.

DISCUSSION

Roquin RNA-binding proteins are essential in limiting immune re-
sponses and preventing autoimmunity. Through their many tar-
gets, they probably modulate a variety of molecular pathways.
In this study we have demonstrated that Roquin inhibits the
PISBK-mTOR pathway, which regulates protein biogenesis and
is important for T cell activation and fate decisions (Pollizzi and
Powell, 2015). With inducible gene deletion we have uncovered
a profound positive regulation of Pten by Roquin in conventional
CD4* and regulatory T cells. Pten is a crucial negative regulator
of the PIBK-mTOR pathway, which is tightly controlled in T helper
cells by miRNAs of the miR-17~92 cluster (Baumjohann and
Ansel, 2013). We found that Roquin not only reduced the levels
of miR-17~92 but also interfered with the interaction of these
miRNAs with the Pten 3’ UTR by binding to an overlapping site
that can pair in an ADE-type secondary structure (Janowski
et al., 2016). We propose that Roquin binding to this stem-loop
precludes base pairing of miR-17~92 with the Pten 3’ UTR and
thereby increases cellular Pten levels. A similar Pumilio-enforced
RNA structure switch has been reported to limit access of
miR-221 or miR-222 to their binding sites in the 3’ UTR of p27

(F) Predicted secondary structure of the mRNA sequence around the Roquin-binding site in the Pten 3’ UTR predicted. The base pairs are colored according to
their conservation and the color saturation decreases with the number of incompatible base pairs found in different species.

(Hand I) RNA-IP analysis with antibodies against Ago2 (Zhu et al., 2010) in extracts of 4' OH-tamoxifen-treated CD4* T cell cultures from WT and iDKO" mice (H) or
from WT and miR-17~92"": Cd4-Cre (miR-KO) mice (I). Immunoblots showing Ago2 protein in total lysate and after immunoprecipitation (top). The amount of
Pten mRNA in the immunoprecipitates is displayed as percentage of input (bottom).

Data are representative of three independent experiments (A, B, E, 1), five independent experiments (C, H), or two independent experiments (D) or in one
experiment with three mice per group (G). Statistical significance was calculated by unpaired (A, G-l) or paired (C), two-tailed Student’s t test; “p < 0.05 and
**p < 0.01. Horizontal lines indicate mean and vertical error bars the standard error of the mean (+SEM).
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(Kedde et al., 2010). This type of regulation will depend on the
relative expression levels of miR-17~92 and Roquin and may
enable cell-type- and context-specific control, since both fac-
tors are strongly regulated (Baumjohann and Ansel, 2013;
Jeltsch and Heissmeyer, 2016). Consistent with this concept of
dynamic regulation, analysis of Roquin-deficient NKT cells
showed developmental skewing toward the NKT17 subset in
the thymus associated with an absence of NKT cells in the pe-
riphery. Although this phenotype would be explained by dere-
pressed mTORC1 activity as demonstrated by the strikingly
similar phenotype of Tsc1™":CD4-Cre mice (Wu et al., 2014),
mature Roquin-deficient NKT17 cells in the thymus did not reveal
increased mTOR phosphorylation (Drees et al., 2017).

A Roquin-mediated stimulation of the mTOR pathway has
been reported before, the proposed molecular mechanism
involving a Roquin RING-finger-dependent inhibition of the
AMPK kinase that itself inhibits mTOR (Ramiscal et al., 2015).
Our findings of Roquin-mediated negative regulation of mTOR
signaling indicate either a parallel antagonistic function or an
intra-molecular negative feedback regulation through the E3
ligase function of the RING finger in the Roquin protein.

How can our findings explain that Roquin-deficient T cells
preferentially differentiate into Tfh and Th17 cell subsets and
that Treg cells lacking Roquin are specialized to repress GC
B cell responses but functionally impaired to repress T cell
responses? There is a strong overlap of phenotypes that are
caused in mice by T cell-specific deletion of Roquin-encoding
alleles (Vogel et al., 2013) with those induced by transgenic
overexpression of miR-17~92 or heterozygous deletion of
Pten in lymphocytes (Xiao et al., 2008). Also, deletion of
Roquin- or Pten-encoding alleles in Treg cells elicits similar
phenotypes (Huynh et al., 2015; Shrestha et al., 2015). Consis-
tent with Foxo1 being a downstream target in this pathway,
deletion of Foxo1 also effectively induces Tth and Th17 cell
differentiation, and expression of Foxo1 is required for Treg
cell function (Kerdiles et al., 2010; Lainé et al., 2015; Stone
et al., 2015). While our data did not support a general instability
of Foxp3 expression in vivo, we have presented evidence for
functional impairment of Roquin-deficient Treg cells: losing
CD25 expression in a PI3K-dependent manner (Huynh et al.,
2015), these Treg cells may consume less IL-2 and thereby
may be less efficient in repressing the activation of CD8*
T cells (Chinen et al., 2016). Despite the fact that these Treg
cells express higher levels of IL-10 as well as of the Roquin-
target CTLA-4, they appear less able to regulate in vivo. This
lack of regulation could be related to the lack of Foxo-1-
dependent CD62L (Kerdiles et al., 2009) and TGF-B-dependent
CD103 expression (Kilshaw and Murant, 1991), the downregu-

lation of Foxp3 target genes, as well as the strongly altered
cytokine production by Treg cells, conventional T cells, and
exTreg cells. To explain similarities and differences observed
in Pten- and Roquin-deficient Treg cells, we propose a model
in which Roquin deficiency and reduced Pten activity make
Treg cells convert to Tfr cells, which remain effective to repress
antigen-specific B cell responses while non-follicular Treg cell
functions are impaired. Only upon strong or complete loss-of-
function of Pten are both Tfr and non-follicular Treg cells
rendered inactive as they lose Foxp3 expression and change
cellular identity (Huynh et al., 2015; Shrestha et al., 2015).

PIP3K is effectively activated through the ICOS receptor, a
well-established post-transcriptional target of Roquin (Glas-
macher et al.,, 2010; Schlundt et al., 2014; Yu et al., 2007).
PIP3 production then leads to the activation of the Akt kinase
that phosphorylates Foxo1, a transcription factor that maintains
T cells in a quiescent state (Kerdiles et al., 2010). This phosphor-
ylation inactivates Foxo1 by re-localization to the cytoplasm and
ubiquitination by the E3 ubiquitin ligase Itch (Xiao et al., 2014).
The molecular program of PISK and mTOR activation as well
as Foxo1 inactivation following Roquin loss-of-function in
T cells or Treg cells is therefore induced in three different
ways: through increased ICOS signaling, through reduced Pten
expression, and through more effective ubiquitination and
degradation of Foxo1 due to increased levels of the Roquin
target ltich. Given the general importance of the PISBK-mTOR
signaling pathway and considering the ubiquitous expression
of Roquin proteins, the newly uncovered regulation is expected
to have a broad impact on metabolic programs and cell fate
decisions in other immune and non-immune cells under homeo-
stasis, when faced with environmental challenge, as well as dur-
ing the development of cancer.
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Detailed methods are provided in the online version of this paper
and include the following:
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Figure 7. Roquin Shapes T Cell Differentiation by Inhibiting the PI3K-mTOR Pathway
(A-F) Th17 (A, B, E) or Treg (C, D, F) cell cultures from naive CD4* T cells isolated from WT and DKO" mice and supplemented with the indicated inhibitors were

analyzed by flow cytometry (A-D) and quantified (E-F).

(G-I) Mice were gavaged with tamoxifen and injected with either rapamycin or vehicle or left untreated as depicted (G). Flow cytometric analysis (H) and fre-

quencies (1) of Tth cells.

(J-M) uMT mice were treated only with vehicle or rapamycin as in (G) or received adoptive transfer of CD4* T cells from iDKO mice marked with YFP to track Cre
activity before treatment with tamoxifen and rapamycin as well as induction of Tfh cells with SRBCs as shown in Figure S7K. Tfh cell markers were analyzed on

CD4* T cells pregated for CD44" T cells (J, K) or YFP~ and YFP™* (L).

Data are representative of three independent experiments (A, B, E), four independent experiments (C, F), two independent experiments (D), or one experiment
with six or three mice per group (H-M). Statistical significance was calculated by two-tailed Student’s t test; *p < 0.05 and ***p < 0.001. Horizontal lines indicate

mean and vertical error bars the standard error of the mean (+SEM).
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Ago2 (6F4) Zhu et al., 2010 N/A
Roquin-1 and Roquin-2 (3F12 and 18F8) Vogel et al., 2013; N/A

Roquin-1

Phospho-mTOR (Ser2488) (D9C2)
mTOR (7C10)

Phospho-p70 S6K (T389) (108D2)
p70 S6K (49D7)

p70 S6Ka (H-9)

Phospho-S6 (S235/236) (D57.2.2E)
S6 (5G10)

Phospho-Akt (S473) (D9E)

Phospho-Akt (T308) (D25E6)

Akt

Phospho-Tsc2 (S939)
Tsc2 (D93F12)

Tsc1 (D43E2)

Pten (D4.3)

Pten (A2B1)

FoxO1 (C29H4)
Anti-rabbit IgG, HRP-linked
Anti-mouse IgG, HRP-linked
Anti-rat I9gG, HRP-linked
Itch (32/Itch)

CD25 (PC61)

IL-10 (JES5-16E3)

Bcl6 (K112-91)

CD95 (JO2)

Goat anti-rabbit IgG

GL7

GL7

CXCRS5 (L138D7)

IL-4 (11B11)

CD304 Neuropilin-1 (3E12)
Tubulin (B-5-1-2)

G3BP1 (TT-Y)

Normal rabbit IgG

Glut1 (EPR3915)

GAPDH (6C5)

IkBZ (LK2NAP)

CD90.1 (Thy-1.1) (HIS51)
CD278 (hICOS) (ISA-3)

Jeltsch et al., 2014

Bethyl Laboratories

Cell Signaling Technologies
Cell Signaling Technologies
Cell Signaling Technologies
Cell Signaling Technologies
Santa Cruz Biotech

Cell Signaling Technologies
Cell Signaling Technologies
Cell Signaling Technologies

Cell Signaling Technologies

Cell Signaling Technologies
Cell Signaling Technologies
Cell Signaling Technologies
Cell Signaling Technologies
Cell Signaling Technologies
BD Biosciences

Cell Signaling Technologies
Cell Signaling Technologies
Cell Signaling Technologies
Cell Signaling Technologies
BD Biosciences

BD Biosciences

BD Biosciences

BD Biosciences

BD Biosciences

BD Biosciences

BD Biosciences

BioLegend

BioLegend

BioLegend

BioLegend

Santa Cruz Biotech

Santa Cruz Biotech

Santa Cruz Biotech

Abcam

Calbiochem

eBioscience

eBioscience

eBioscience

Cat# A300-515A; RRID: AB_2179732
Cat# 2971; RRID: AB_330970

Cat# 2983; RRID: AB_2105622

Cat# 9234; RRID: AB_2269803

Cat# 2708; RRID: AB_390722

Cat# sc-8418; RRID: AB_628094
Cat# 4858; RRID: AB_916156

Cat# 2217; RRID: AB_331355

Cat# 4060; RRID: AB_2315049;
Cat# 4075 (AF647); RRID: AB_10691856

Cat# 13038; RRID: AB_2629447;
Cat# 13842 (PE)

Cat #9272; RRID: AB_329827

Cat# 3615; RRID: AB_2207796

Cat# 4308; RRID: AB_10547134

Cat# 6935; RRID: AB_10860420

Cat# 9188; RRID: AB_2253290

Cat# 559600; RRID: AB_397290

Cat# 2880; RRID: AB_2106495

Cat# 7074; RRID: AB_2099233

Cat# 7076; RRID: AB_330924

Cat# 7077; RRID: AB_10694715

Cat# 611198; RRID: AB_398732

Cat# 553866 (PE); RRID: AB_395101
Cat# 554468 (APC); RRID: AB_398558
Cat# 563363 (BV421)

Cat# 557653 (PE-Cy7); RRID: AB_396768
Cat# 554020 (FITC); RRID: AB_395212
Cat# 562080 (FITC); RRID: AB_10894953
Cat# 144605 (AF647); RRID: AB_2562184
Cat# 145506 (APC); RRID: AB_2561970
Cat# 504115; RRID: AB_2295885

Cat# 145213 (biotin); RRID: AB_2687310
Cat# sc-23948; RRID: AB_628410

Cat# sc-81940; RRID: AB_1123055

Cat# sc-2027; RRID: AB_737197

Cat# ab115730; RRID: AB_10903230
Cat# CB1001; RRID: AB_2107426

Cat# 14-6801-82; RRID: AB_11218083
Cat# 17-0900-82 (APC); RRID: AB_469420
Cat# 13-9948-82 (biotin); RRID: AB_467004
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Cell’ress

Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
CD4 (GK1.5) eBioscience Cat# 48-0041-82 (eF450); RRID: AB_10718983;
Cat# 11-0041-82 (FITC); RRID: AB_464892;
Cati# 17-0041-82 (APC); RRID: AB_469320
CD4 (RM4-5) BioLegend Cat# 100531 (BV510); RRID: AB_2561388
CD8a (53-6.7) eBioscience Cati# 48-0081-82 (eF450); RRID: AB_1272198
B220 (RA3-6B2) eBioscience Cat# 45-0452-82 (PerCP-Cy5.5);
RRID: AB_1107006; Cat# 13-0452-82 (biotin);
RRID: AB_466449
CD62L (MEL-14) eBioscience Cat# 12-0621-82 (PE); RRID: AB_465721
PD-1 (J43) eBioscience Cati# 12-9985-82 (PE); RRID: AB_466295
CD122 (5H4) eBioscience Cat# 12-1221-82 (PE); RRID: AB_465833
GITR (DTA-1) eBioscience Cat# 46-5875-42 (PerCP-eF710); RRID:
AB_2573783
CD134 OX40 (OX-86) eBioscience Cat# 17-1341-82 (APC); RRID: AB_10717260
CD103 (2E7) eBioscience Cati# 12-1031-82 (PE); RRID: AB_465799
ICOS (7E.17G9) eBioscience Cat# 25-9942-82 (PE-Cy7); RRID: AB_2573564
CD45.1 (A20) eBioscience Cati# 12-0453-82 (PE); RRID: AB_465675
CD45.2 (104) eBioscience Cati# 17-0454-82 (APC); RRID: AB_469400
Foxp3 (FJK-16 s) eBioscience Cat# 11-5773-82 (FITC); RRID: AB_465243;
Cat# 13-5773-82 (biotin); RRID: AB_763540
HELIOS (22F6) eBioscience Cat# 46-9883-42 (PerCp-eF710); RRID:
AB_2573924
Ki-67 (SolA15) eBioscience Cat# 12-5698-80 (PE); RRID: AB_11149672
CTLA4 (UC10-4B9) eBioscience Cat# 17-1522-82 (APC); RRID: AB_2016700
IL-17A (eBio17B7) eBioscience Cat# 48-7177-82 (eF450); RRID: AB_11149503
IL-17A (TC11-18H10.1) BioLegend Cat# 506904 (PE); RRID: AB_315464
IFN-y (XMG1.2) eBioscience Cat# 45-7311-82 (PerCP-Cy5.5); RRID:
AB_1107020
IFN-y (XMG1.2) BioLegend Cati# 505827; RRID: AB_2295769
IL-2 (JES6-5H4) eBioscience Cat# 12-7021-82 (PE); RRID: AB_466150
CCR7 (4B12) eBioscience Cat# 17-1971-82 (APC); RRID: AB_469444
c-Maf (symOF1) eBioscience Cat# 46-9855-42 (PerCP-eF710); RRID:
AB_2573908
CD44 (IM7) eBioscience Cati# 17-0441-82 (APC); RRID: AB_469390
CD44 (IM7) Tonbo Biosciences Cat# 60-0441 (PE-Cy7); RRID: AB_2621847
CD3 (145-2C11) Tonbo Biosciences Cat# 70-0031; RRID: AB_2621472
CD3e (145-2C11) BD Biosciences Cat# 553064 (PE); RRID: AB_394597;
Cat# 561826 (APC); RRID: AB_10896663
CD83 (145-2C11) Helmholtz Zentrum in house
Minchen
CD28 (37.51) Tonbo Biosciences Cat# 70-0281; RRID: AB_2621492
CD28 (37N) Helmholtz Zentrum in house
Munchen
CD16/32 (2.4G2) Helmholtz Zentrum in house
Munchen
Goat anti-mouse IgG; human-ads UNLB Southern Biotech Cat# 1030-01; RRID: AB_609693
Goat anti-mouse IgG1; human-ads UNLB Southern Biotech Cat# 1070-01
Goat anti-mouse IgGM; human-ads UNLB Southern Biotech Cat# 1020-01; RRID: AB_618651
Goat anti-mouse IgG-AP Southern Biotech Cat# 1030-04; RRID: AB_609689
Goat anti-mouse IgG1-AP Southern Biotech Cat# 1071-04
Goat anti-mouse IgM, human ads-BIOT Southern Biotech Cat# 1020-08; RRID: AB_616726
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Mouse IgG-UNLB
Mouse IgG1-UNLB
Mouse IgM-UNLB
Goat anti-hamster IgG

Southern Biotech
Southern Biotech
Southern Biotech
MP Biochemicals

Cat# 0107-01
Cat# 0102-01
Cat# 0101-01; RRID: AB_2629437
Cat# 0855397; RRID: AB_2334453

Goat anti-rabbit IgG Invitrogen Cat# A-11037 (AF594); RRID: AB_2534095;
Cat# A-21244 (AF647); RRID: AB_2534074

Goat anti-rat IgG Invitrogen Cat# A-11006 (AF 488); RRID: AB_2534074

Goat anti-mouse IgG Biotium Cat# #20080 (CF405S); RRID: AB_10559051

Chemicals, Peptides, and Recombinant Proteins

Cell Proliferation Dye eF450 eBioscience Cat# 65-0842-85

Fixable Viability Dye eFluor 780 eBioscience Cat# 65-0865-14

eBioscience Foxp3 / Transcription Factor Invitrogen Cat# 00-5523-00

Staining buffer set

eBioscience IC Fixation Buffer Invitrogen Cat# 00-8222-49

SUPERaseeln RNase Inhibitor Invitrogen Cat# AM2694

Acid phenol:chloroform:isoamyl alcohol Invitrogen Cat# AM9720

(125:24:1, pH 4.5)

Dynabeads Protein G Invitrogen Cat# 10004D

Streptavidin, Alexa Fluor 555 Conjugate Invitrogen Cat# S32355

Cytofix Fixation Buffer BD Biosciences Cat# 554655

Phosflow Perm Buffer llI BD Biosciences Cat# 558050

DRAQ5 Abcam Cat# ab108410

Doxycycline hyclate Sigma-Aldrich Cat# D9891

LY-294002 Sigma-Aldrich Cat# L9908

DMSO Sigma-Aldrich Cat# 276855

Cycloheximide Sigma-Aldrich Cat# C4859

Brefeldin A Sigma-Aldrich Cat# B7651

(2)-4’ OH-tamoxifen Sigma-Aldrich Cat# H7904

Tamoxifen Sigma-Aldrich Cat# T5648

SigmaFast p-Nitrophenyl-phosphate tablets Sigma-Aldrich Cat# N2770-5SET

Sodium arsenite solution Sigma-Aldrich Cat# 1.06277

4-Thiouridine (4-SU) Sigma-Aldrich Cat# T4509

Mepazine acetate Chembridge Cat# 5216177

Phorbol- 12-myristate-13-actetate (PMA) Calbiochem Cat# 524400

lonomycin Calbiochem Cat# 407950

RIPA lysis buffer, 10x Merck Chemicals Cat# 20-188

TRIzol Thermo Scientific Cat# 15596026

Imject Alum Thermo Scientific Cat# 77161

Halt Phosphatase Inhibitor Cocktail Thermo Scientific Catf# 78420

LIVE/DEAD Fixable Blue Dead Cell Stain Kit

Thermo Scientific

Cat# L23105

CellPress

Rapamycin LC Laboratories Cat# LCL-R-5000-50
PI1-3065 Tocris Bioscience Cat# 5919
NP-KLH Biosearch Technologies Cat# N-5060

NP-BSA, ratio > 20 (NP30)
NP-BSA, ratio 1-9 (NP2)

Cat# N-5050H-10
Cat# N-5050L-10

Biosearch Technologies
Biosearch Technologies

cOmpIeteTM, EDTA-free Protease Inhibitor Roche Cat# 04693132001
Cocktail EASYpacks

RNA, 16S- and 23S-ribosomal from Roche Cat# 10206938001
E. coli MRE600

Sheep Red Blood Cells (SRBC) ACILA AG N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Recombinant mouse IL-6 Peprotech Cati# 216-16
Recombinant human TGF- R&D Systems Cat# 240-B002
Recombinant human IL-2 (ProleukinS) Novartis Cat# 02238131
Streptavidin-AP Southern Biotech Cat# 7100-04
Bio-Rad Protein Assay Dye Reagent Bio-Rad Laboratories Cat# 5000006
Concentrate

Amersham ECL Prime Western Blotting GE Healthcare Cat# RPN2232
Detection Reagent

Percoll GE Healthcare Cat# 17-0891-01
Vectashield Vector Laboratories Cat# H-1000
Hematoxylin Vector Laboratories Cat# H-3401
Eosin-Y, alcoholic J.T. Baker Cat# 3800
Geneticin (G418) GIBCO Cat# 10131035
Blasticitin S HCI GIBCO Cat# A1113902
HBSS (1x) GIBCO Cat# 14175053
Critical Commercial Assays

EasySep Mouse CD4* T cell Isolation Kit STEMCELL Technologies Cat# 19852
BioPlex Pro Mouse Cytokine Grp | Panel 23-Plex Bio-Rad Laboratories Cat# M60009RDPD
BioPlex Pro Mouse Th17 Panel 7-Plex Bio-Rad Laboratories Cat# LJO0000163
MILLIPLEX MAP TGFB Magnetic Bead 3 Plex Kit Merck Chemicals Cat# TGFBMAG-64K-03
Wes Separation Module 12-230 kDa ProteinSimple Cat# SM-W004
ARTSeq Ribosome Profiling Kit for mammalian cells lllumina Cat# RPHMR12126
Ribo-Zero Magnetic Kit (human/mouse/rat) lllumina Cat# MRZH11124
Nextera XT DNA Sample Preparation Kit lllumina Cat# FC-131-1024 and Cat# FC-131-1001
Encore Complete RNA-Seq DR Multiplex Systems NuGEN Technologies Cat# 0333-32 and Cat# 0334-32
SMART-Seq v4 Ultra Low Input RNA Kit Clontech Cat# 634889
Click-iT HPG Alexa Fluor 488 Protein Synthesis Thermo Scientific Cat# C10428
Assay Kit

QuikChange Il XL Site-Directed Mutagenesis Kit Agilent Cat# 200521
NucleoSpin RNA Kit Macherey-Nagel Cat# 740955
DNeasy Blood and Tissue Kit QIAGEN Cat# 69504
QuantiTect Rev. Transcription Kit QIAGEN Cat# 205311

RNA Clean and Concentrator-5 Kit Zymo Research Cat# R1015
Genomic DNA Clean and Concentrator-10 Kit Zymo Research Cat# 4010

EZ DNA Methylation-Lightning Kit Zymo Research Cat# D5030
TagMan MicroRNA Reverse Transcription Kit Applied Biosystems Cat# 4366596
Deposited Data

RNA-Seq This paper GEO: GSE86110
PAR-CLIP This paper GEO: GSE86110
Ribosome Profiling This paper GEO: GSE86110
Ribosomal proteins-encoding mRNAs https://david.ncifcrf.gov N/A

5" TOP mRNAs Thoreen et al., 2012 N/A

Experimental Models: Cell Lines

HEK293T ATCC Cat# CRL-3216; RRID: AB_CVCL_0063
Wild-type Mouse Embryonic Fibroblasts (MEF) Vogel et al., 2013 N/A

Rc3h1-27/~ MEF Vogel et al., 2013 N/A

Rc3h1-2"; Cre-ERT2 MEF Schlundt et al., 2014 N/A

(Continued on next page)
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Experimental Models: Organisms/Strains

Mouse: C57BL/6

Mouse: Foxp3-IRES-YFP-Cre
Mouse: miR-17~921f

Mouse: Gt(ROSA)26Sor™!EYFFICos
Mouse: pMT

Mouse: B6-Ly5.1

Mouse: Rag? "/~

Charles River Laboratories
Chinen et al., 2016

The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
Charles River Laboratories
Charles River Laboratories

RRID: IMSR_JAX:000664
N/A

RRID: IMSR_JAX:008458
RRID: IMSR_JAX:006148
RRID: IMSR_JAX:002288
RRID: IMSR_CRL:564
RRID: IMSR_JAX:002216

Mouse: Rc3h1Mf Vogel et al., 2013 N/A

Mouse: Rc3h2™" Vogel et al., 2013 N/A

Mouse: Cd4-Cre Vogel et al., 2013 N/A

Mouse: Cd4-CreERT2 Janowski et al., 2016 N/A

Mouse: DEREG Lahl and Sparwasser, 2011 N/A

Oligonucleotides

Primer: Itch (1-1513) forward IDT N/A

5-TTG TTT AGA CCT TAA GCC ACC-3’

Primer: Itch (1-1513) reverse IDT N/A

5-ATG ACA TGT ATT TCT TGT G-3

Primer: Itch (1411-2389) forward IDT N/A

5'-ACT GCC ATC CTC AGC AGA GAC-3'

Primer: Itch (1411-2389) reverse IDT N/A

5-TCA CTC CAT TGG ACG AGA G-3

PrimeTime Primer 1: Pten IDT Assay ID: Mm.PT.56a.8966497
5-TTCACCTTTAGCTGGCAGAC-3'

PrimeTime Primer 2: Pten IDT Assay ID: Mm.PT.56a.8966497
5-CAC TGC TGT TTC ACA AGA TGA TG-3'

PrimeTime Primer 1: Ywhaz IDT Assay ID: Mm.PT.58.8991239
5-AGA ATG AGG CAG ACA AAG GTT-3

PrimeTime Primer 2: Ywhaz IDT Assay ID: Mm.PT.58.8991239

5-AGA GTC GTA CAA AGA CAG CAC-3'
NEXTflex Small RNA Barcode Primers — Set A
mTSDR 5’ biotinylated Primer forward
5-TAAGGGGGTTTTAATATTTATGAGGTTT-3
mTSDR Primer reverse:
5-CCTAAACTTAACCAAATTTTTCTACC-3'
mTSDR sequencing Primers:

S1: ACCCAAATAAAATAATATAAATACT

S2: ATCTACCCCACAAATTT

S3: AACCAAATT CTACCATT

hsa-miR-17 (TagMan MicroRNA Assay):
CAAAGUGCUUACAGUGCAGGUAG

hsa-miR-19a (TagMan MicroRNA Assay):
UGUGCAAAUCUAUGCAAAACUGA

snoRNA202 (TagMan MicroRNA Control Assay):

GCTGTACTGACTTGATGAAAGTACTTTTGAAC
CCTTTTCCATCTGATG

Bioo Scientific

Eurofins Genomics

Eurofins Genomics

Eurofins Genomics

Applied Biosystems

Applied Biosystems

Applied Biosystems

Cat# 513305
N/A

N/A

N/A

Assay ID: 002308

Assay ID: 000395

Assay ID: 001232

Recombinant DNA

pPGEM-T Easy
MSCV-hICOS/GFP-IRES-Thy1.1

KMV-hICOS-3'UTR-IRES-GFP

Promega

Jeltsch et al., 2014;
Schlundt et al., 2014

Jeltsch et al., 2014

Cat# A1360
N/A

N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

pLenti CMVtight NEO DEST Addgene Cati#t 26432

pLenti CMV rtTA3 Blast Addgene Cat# 26429

Software and Algorithms

SoftMax Pro 7 Software Molecular Devices N/A

BioPlex Manager 6.1 Software Bio-Rad Laboratories N/A

IDEAS software Merck Chemicals N/A

Compass software for Simple Western ProteinSimple N/A

softWoRx 6.0 Beta 19 (Unreleased) GE Healthcare N/A

Software Suite

Light Cycler 480 SW 1.5.1 Roche N/A

FlowJo software TreeStar RRID: SCR_008520

ImagedJ https://imagej.net RRID: SCR_003070

FASTX-toolkit http://hannonlab.cshl.edu/ RRID: SCR_005534
fastx_toolkit/

DAVID https://david.ncifcrf.gov RRID: SCR_001881

Segemehl Software Hoffmann et al., 2009; RRID: SCR_005494
http://www.bioinf.uni-leipzig.de/
Software/segemehl/

DESeq2 Love et al., 2014; RRID: SCR_015687
https://bioconductor.org/
packages/release/bioc/html/
DESeq2.html

R package babel Olshen et al., 2013 N/A

Gene Set Enrichment Analysis (GSEA) v2.2.3 http://software.broadinstitute.org/ RRID: SCR_003199
gsea/index.jsp

KEGG database http://www.kegg.jp RRID: SCR_012773

CLIPZ Khorshid et al., 2011 RRID: SCR_005755

TargetScan http://www.targetscan.org/ RRID: SCR_010845

Clustal Omega https://www.ebi.ac.uk/Tools/ RRID: SCR_001591
msa/clustalo/

RNAalifold http://rna.tbi.univie.ac.at/cgi-bin/ RRID: SCR_008550
RNAWebSuite/RNAalifold.cgi

Other

Collagenase Type IV Worthington Biochemical Cati# LS004188
Corporation

DNase | Roche Cati# 11284932001

Liberase DH Roche Cat# 05401089001

Benzonase Nuclease Merck Chemicals Cat# 70746

Calf Intestinal Phosphatase (CIP)
Q5 High-Fidelity 2x Master Mix

NEB
NEB

Cat# M0290S
Cat# M0492S

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by Vigo Heissmeyer (vigo.
heissmeyer@med.uni-muenchen.de) or Desheng Hu (desheng_hu@126.com).

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Mice
All animals were housed in a pathogen-free barrier facility in accordance with the Helmholtz Zentrum Minchen and the

Ludwig-Maximilians-Universitat Miinchen institutional, state and federal guidelines. All experimental procedures involving mice
were performed in accordance with the regulations of and were approved by the local government (Regierung von Oberbayern).
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METHOD DETAILS

Immunization with NP-KLH

Mice were immunized i.p. with 100 pL of 0.5 mg/ml NP-KLH in combination with Imject Alum as adjuvant. On day 7 mice were sacri-
ficed and splenic Tfh and GC B cells were analyzed by flow cytometry. In a further experiment serum samples of the immunized mice
were collected once a week. After four weeks mice were sacrificed and the sera of each time point were analyzed for NP-specific
antibodies by ELISA.

ELISA

ELISA was performed as previously described (Baumjohann et al., 2013b). Briefly, Nunc MaxiSorp 96-well plates (Invitrogen) were
coated with 5 ng/ml goat anti-mouse Ig antibodies (IgG, IgG1 or IgGM) or 10 ng/ml NP30/NP2-BSA at 4°C overnight. Plates were
blocked with 2% BSA in PBS and serum samples or standards (mouse IgG, IgG1 or IgM) diluted in 1% BSA in PBS were added.
Alkaline Phosphatase (AP)-conjugated goat anti-mouse |g isotype-specific antibodies (IgG and IgG1) were used as detection anti-
bodies. For the measurement of IgM levels a biotinylated detection antibody was used followed by AP-conjugated streptavidin.
Plates were read at 405nm using the VersaMax ELISA Microplate Reader (Molecular Devices), analyzed with Soft Max Pro 7 software,
and curves were fitted using a 4 - parameter - logistic fit.

In vivo colitis model
Eight weeks old, female Rag?~’~ mice were injected i.p. with 2 x10° CD45.1*CD4*CD25*CD62L*CD44™ naive T cells sorted from
Ly5.1 mice or with these naive T cells mixed with 1 x10° CD45.2*CD4*YFP* Treg cells from either WT or DKO™®9 mice.

Histology

4% paraformaldehyde-fixed paraffin-embedded colon sections (3 um) were stained with hematoxylin/eosin (H&E). Colitis was quan-
tified using a histological score in a blinded fashion by two independent investigators. Slides were scored for leucocyte infiltration,
epithelial damage, goblet cell loss and hyperplasia (each scaled from 0-3, resulting in a maximal score of 12).

Cell Culture of MEF and T cells
MEF cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (GIBCO) supplemented with 10% (v/v) fetal bovine serum
(FBS) (PAN-Biotech), 1,000 U/ml penicillin-streptomycin (GIBCO), and 10 mM HEPES, pH 7.4 (GIBCO) at 37°C in 10% CO..

T cells were cultured in DMEM medium supplemented with 10% (v/v) FBS (PAN Biotech), 1x non-essential amino acids (Lonza),
10 mM HEPES, pH7.4 (GIBCO), 50 uM B-mercaptoethanol (GIBCO) and 1,000 U/ml penicillin-streptomycin (GIBCO) at 37°C
in 5% COQ

In vitro and in vivo deletion of Roquin-1 and Roquin-2 encoding genes and inhibition of MALT1

For in vitro deletion of Roquin-1 and Roquin-2 encoding genes in MEF cells, Rc3h1-2"1; Cre-ERT2 MEF cells were treated with
0.3 uM of 4’ OH-tamoxifen for 5 d before analysis. For in vitro deletion in T cells, total CD4* T cells from Rc3h1-2""; Cd4-Cre-
ERT2 mice were isolated from spleen and lymph nodes using the EasySep™ Mouse CD4* T cell Isolation Kit and treated with
1 uM 4’ OH-tamoxifen for 24 hr. CD4" T cells were washed twice with medium to remove 4’ OH-tamoxifen and stimulated with
anti-CD3 (0.5 pg/mL) and anti-CD28 (2.5 pg/mL) on six-well plates pre-coated with goat-anti-hamster IgG (0.05 mg/mL in PBS over-
night at 4°C) for 48 hr at an initial cell density of 1 x 10° cells/mL. After stimulation, cells were expanded in media with 200 U/ml of
recombinant human IL-2 for 48 hr. For in vivo deletion Re3h1-2""; Cd4-Cre-ERT2 mice were gavaged with 5 mg tamoxifen in 150 pL
corn oil per mouse daily for 4 d. The mice were sacrificed on day 5 for analysis. For MALT1 inhibition, purified WT CD4* T cells were
pre-incubated with mepazine (20 uM) or dimethyl sulfoxide (DMSO) (1:2500) for 3 hr and then stimulated with PMA (20 nM) and ion-
omycin (1 uM) for 60 min.

Rapamycin treament of iDKO™ mice

For in vivo deletion of Roquin-1 and Roquin-2 encoding genes, Rc3h1-2"; Cd4-Cre-ERT2 mice were gavaged with 5 mg tamoxifen
in corn oil per mouse for 4 days. After the first tamoxifen treatment mice were injected i.p. with 4 mg/kg rapamycin (dissolved in 5%
Tween-80 and 5% PEG-400 in PBS) or a vehicle control (5% Tween-80 and 5% PEG-400 in PBS) every two days. Mice were sactri-
ficed and analyzed on day 8.

Adoptive transfer experiments

Rapamycin-sensitivity of Tfh cell differentiation was examined in uMT mice. pMT mice were given adoptive cell transfer of CD4*
T cells from Rc3h1-2"": Gt(ROSA)26Sor™ ! EYFPICos: Cd4-Cre-ERT2. CD4* T cells were depleted for B cells by the addition of a bio-
tinylated anti-B220 antibody to the EasySep™ Mouse CD4* T cell Isolation Kit. CD4* T cells (10 x10°) were transferred into uMT hosts
viai.v. injection one day prior to immunization. Deletion of Roquin-1 and Roquin-2 encoding genes was induced by tamoxifen gavage
ondays 0, 1,2, 3. Immunization was done by i.v. injection of 1 x10® sheep erythrocytes (SRBCs) on day 0 and mice were treated with
rapamycin or vehicle i.p. on days —1, 1, 3, 5, 7. Mice were sacrificed and analyzed on day 8.
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In vitro T cell differentiation with different PIBK-mTOR inhibitors
Invitro T cell differentiation was conducted by culturing sorted naive CD4*CD44'°CD62L" T cells in anti-CD3 (2 ng/ml) and anti-CD28
(2 ng/ml) coated 96-well plates under the following conditions: Th17, TGF-B (2.5 ng/ml), IL-6 (25 ng/ml), anti-IL-4 (10 ng/ml) and
anti-IFN-y (10 pg/ml); and Treg, TGF- (1 ng/ml), anti-IL-4 (10 ug/ml) and anti-IFN-y (10 ug/ml). Th17 and Treg cells were cultured
for 3.5 d. Rapamycin was used at concentrations of 0.1, 1.0 and 10 nM, LY294002 was used at concentrations of 10, 50 and
3000 nM and PI-3065 was used at concentrations of 0.1, 0.5 and 1 uM.

Flow cytometry and cell sorting

Single-cell suspensions were pre-incubated with Fc-block (CD16/32) in staining buffer (PBS with 2% FBS and 2 mM EDTA) for 10 min
at 4°C, and then stained with fixable viability dye for 20 min at 4°C. For the detection of surface markers cells were regularly stained
with the appropriate antibodies for 30 min at 4°C, except for the surface marker CCRY7, cells were stained with the antibody for 30 min
at 37°C. If needed, cells were then fixed and permeabilized for intracellular staining. To stain transcriptional factors such as Foxp3,
Bcl-6 and c-Maf as well as the nuclear protein Ki-67, cells were fixed and permeabilized by using the Foxp3 / Transcription Factor
Staining buffer set according to manufacturer’s instructions. To maintain the YFP signal before intracellular staining samples were
pre-fixed in 1% paraformaldehyde in PBS for 15 min at room temperature. For intracellular cytokine staining, CD4* T cells were stim-
ulated with PMA (20 nM) and ionomycin (1 uM) for 4 hr and brefeldin A (5 ng/ml) was added for the last 2 hr before being stained
according to the manufacture’s instructions (eBioscience). For staining of phospho-S6, cells were fixed in 2% formaldehyde for
15 min at room temperature and permeabilized in 0.5% saponin buffer for 20 min at 4°C. For staining of phospho-Akt Ser473 and
phospho-Akt Thr308, cells were fixed with IC Fixation Buffer for 10 min at room temperature, and permeabilized in ice-cold 90%
methanol for 30 min on ice. Then cells were stained with the appropriate antibodies in staining buffer for 30-60 min (P-S6 and
P-Akt Ser473) or overnight (P-Akt Thr308) at 4°C. To detect the phospho-S6 antibody a secondary goat-anti-rabbit Alex647 antibody
was applied. For staining of Pten, cells were fixed with Cytofix Fixation Buffer for 10 min at 37°C and subsequent permeabilization in
Phosflow Perm Buffer Ill for 30 min at 4°C. Then cells were stained for Pten (A2B1) in staining buffer for 30 min at 4°C. For staining of
Glut-1 cells were fixed with 4% paraformaldehyde for 15 min at room temperature and then stained with the appropriate antibody for
1 h at room temperature. For detection of Glut-1 a secondary goat-anti-rabbit Alex647 was applied. After staining, cells were ac-
quired on a FACS Fortessa (BD Biosciences), FACS Canto Il (BD Biosciences) or Cytoflex (Beckman Coulter) device and samples
were analyzed with FlowJo software.

For staining of Foxo1, cells were fixed with 2% formaldehyde in PBS for 20 min at 4°C, and permeabilized in PBS containing 0.1%
Triton X-100 and 1% BSA, cells were stained with purified Foxo1 antibody for 30 min at 4°C followed by a second antibody staining
using goat-anti—rabbit FITC. Finally, the cells were stained with DRAQ5 and measured with the Amnis ImageStream (Millipore). Sim-
ilarity score between Foxo1 and DRAQ5 was calculated using the IDEAS software similarity feature.

For cell sorting, samples were first stained with surface antibodies and sorted on a FACSAria Fusion cell sorter (BD).

In vitro suppression assay

YFP~CD4"* (responder) T cells were sorted from WT (Foxp3-cre) mice and labeled with the cell proliferation dye eF450 (CPD450) to
culture them alone or with sorted CD4*YFP™ Treg cells from WT (Foxp3-cre) or DKO'™° mice under anti-CD3 (0.1 ug/ml) stimulation
and in the presence of 1x10° irradiated splenocytes per well in a 96-well round bottom plate. 2.5 x 10* responder cells were mixed
with YFP™ Treg cells in 1:1, 2:1, and 4:1 ratios. After 72 hr, cultured cells were harvested and assessed for the proliferation of the
responder cells based on the dilution of fluorescence intensity of CPD450.

Lamina propria lymphocyte isolation and staining

Mice were sacrificed, colons were removed and flushed with ice cold PBS. Colons were cut into small pieces, pre-digested in HBSS
supplemented with 8% FCS, 10 mM HEPES, 10 mM EDTA followed by three digestions in HBSS supplemented with 8% FCS, Colla-
genase Type IV (157 U/ml), DNase | (0.2 mg/ml) and Liberase DH (0.125 mg/ml). Lymphocytes were purified using a 40/80 Percoll
gradient. Purified lymphocytes were stained with LIVE/DEAD fixable blue followed by surface staining and intracellular staining.

Multiplex cytokine/chemokine analysis
Sorted YFP* and YFP™ Treg cells were ex vivo stimulated with anti-CD3/anti-CD28 (plate-coated, 2 ug/ml). After 48 hr cell superna-
tants were harvested and analyzed by Bio-Plex assay.

Cytokines and chemokines in serum and cell supernatants were measured using multiplex bead array systems, Bio-Plex Pro
Mouse Cytokine Grp | Panel 23-Plex, Bio-Plex Pro Mouse Th17 Panel 7-Plex, and MILLIPLEX® MAP TGF-B Magnetic Bead Panel,
following the manufacturers’ recommendations. TGFf in serum and supernatants was converted into its active form by acidification
before analysis. Data were acquired using the Luminex100 machine with BioPlex Manager 6.1 software. Standard curves were fitted
using the logistic-5PL regression type.

The minimal detectable concentrations (listed in brackets) were:

Bio-Plex Pro Mouse Th17 Panel 7-Plex: MIP-3a (18 pg/ml), IL-33 (1.3 pg/ml), IL-31 (6.5 pg/ml), IL-23p19 (7 pg/ml), IL-22 (1 pg/ml),
IL-21 (7 pg/ml), IL-17F (3 pg/ml); Bio-Plex Pro Mouse Cytokine Grp | Panel 23-Plex: IL-1a (0.8 pg/ml), IL-1B (1.8 pg/ml), IL-2
(2.6 pg/ml), IL-3 (1.1 pg/ml), IL-4 (3.5 pg/ml), IL-5 (1.3 pg/ml), IL-6 (0.9 pg/ml), IL-9 (2.5 pg/ml), IL-10 (2.9 pg/ml), IL-12p40
(1.4 pg/mi), IL-12p70 (2 pg/ml), IL-13 (3.5 pg/ml), IL-17 (2.5 pg/ml), Eotaxin (2.5 pg/ml), G-CSF (2.2 pg/ml), GM-CSF (6.2 pg/ml),
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IFN-y* (1.2 pg/ml), KC (1.8 pg/ml), MCP-1 (7.5 pg/ml), MIP-1a (0.9 pg/ml), MIP-18 (2 pg/ml), RANTES (0.7 pg/ml), TNF-a (3.6 pg/ml);
EMD MILLIPLEX® MAP TGF-B1, - B2 and - B3 Magnetic Bead Panel detects the active TGF, with minimal detectable concentrations
of 9.8 pg/ml for TGF-B1, 2.6 pg/ml for TGF-p2 and 2.2 pg/ml for TGF-#3.

Immunoblot analysis

For protein extraction from CD4* T cells or MEF cells, these were washed twice with ice-cold 1x PBS and lysed in 20 mM Tris-HCI,
pH 7.5, 150 mM NaCl, 0.25% (v/v) Nonidet-P40, 1.5 mM MgCl,, 1 mM DTT supplemented with 1x cOmplete, EDTA-free Protease
Inhibitor Cocktail and 1x Halt Phosphatase Inhibitor Cocktail on ice for 15 min. Lysates were cleared by centrifugation at
12.000 xg for 15 min at 4°C and the protein concentration was measured by a Bio-Rad Protein assay. Equal amounts of total protein
(10-50 pg) were separated by SDS-PAGE, transferred to a nitrocellulose membrane and analyzed by using primary antibodies fol-
lowed by horseradish peroxidase (HRP)-conjugated secondary antibodies. For protein detection, the Amersham ECL Prime Western
Blotting Detection Reagent and X-ray films were used.

Automated capillary electrophoresis western analysis

Sorted GFP* Treg cells (500.000 cells) from DEREG mice (Lahl and Sparwasser, 2011) were lysed in 25 uL of 1x RIPA lysis buffer
supplemented with 1x cOmplete, EDTA-free Protease Inhibitor Cocktail, 1x Halt Phosphatase Inhibitor Cocktail, 0.1% SDS and
2.5 U Benzonase Nuclease. A total of 3 uL of the sample, a mixture of lysate and 1x Fluorescent Master Mix, was loaded into plates
and capillary electrophoresis Western analysis was carried out following the manufacturer’s instructions (see Wes Separation
Module 12-230 kDa, ProteinSimple). The primary antibodies against ltch and Pten (D4.3) were incubated for 90 min. The data
were analyzed with the Compass software.

Immunofluorescence

Mice were immunized with 60-100 x 10° SRBCs i.v. After 7 days mice were sacrificed and spleens were frozen in OCT (Tissue Tek).
Then cryosections (6 um) were prepared and fixed in aceton. Slides were stained with CD4-FITC (GK1.5), Foxp3-Biotin (FJK) and
Streptavidin-AlexaFluor555 and GL-7-Alexa647. Images were acquired on an Olympus BX41 fluorescence microscope. To deter-
mine the size of germinal centers (GC), a region of interest (ROI) was drawn around the GL-7* area and its size measured using
Imaged. To determine the number of Tfr cells, CD4*Foxp3™ were counted within the GC ROI.

3D SIM

Rc3h1-27'~ MEF cells that contained a doxycycline-inducible cassette for re-expression of Roquin-1 or different Roquin mutants
were seeded onto coverslips and treated with 1 ug/ml of doxycycline for 14 hr. Before fixation, cells were treated with 0.5 mM sodium
arsenite for 1 hr at 37°C or left untreated. Cells were fixed with 2% formalin in PBS for 10 min and then permeabilized in PBS con-
taining 0.02% Tween20 and 0.5% Triton X-100 for 10 min. Coverslips were treated with the MAXblock Blocking Medium (Active Motif)
for 2 hr at room temperature. Subsequently, cells were stained with the primary antibodies against Roquin (18F8) and either p70 S6
kinase o (H-9) or G3BP1 followed by a second antibody staining using anti-rat Alexa Fluor 488, anti-mouse CF405S or anti-rabbit
Alexa Fluor 594. After a final fixation step in 4% formalin in PBS the cells were mounted in Vectashield. Images were acquired
with a DeltaVision OMX V3 microscope. 3D SIM raw data were first reconstructed with the software softWoRx 6.0 Beta 19
(Unreleased) and corrected for color shifts. Composite TIFF stacks were established.

Ribosome profiling

Ribosome profile was carried out with the ARTseq Ribosome Profiling Kit for mammalian cells, according to the manufacturer’s in-
structions. MEF cells (4-5 x 107) or CD4* T cells (5-6 x 107) were washed with pre-warmed medium containing 100 ug/ml of cyclo-
heximide for 1 min. MEF cells were lysed in 800 ul and T cells in 400 pl lysis buffer (1x Polysome Buffer, 1% Triton X-100, 1 mM DTT,
25 U/ml DNase | and 100 pg/ml of cycloheximide). After clarification of the lysates for 10 min at 20.000 x g at 4°C cell extracts were
treated with 20-30 units of ARTSeq Nuclease (10 U/ul) at room temperature for 45 min with gentle mixing. Nuclease was inactivated
with 10 pl of SUPERasee®ln RNase Inhibitor. The 80S monosomes were purified by size-exclusion chromatography using MicroSpin
S-400 HR columns (GE Healthcare), according to the manufacturer’s instructions. After equilibration of the columns with 1x Poly-
some Buffer, 100 uL of RNase digested cell extracts were applied to each column. In total two MicroSpin S-400 HR columns
were used for each sample. The 80S monosomes together with other large proteins or protein complexes were eluted by centrifu-
gation for 2 min at 600 x g. The columns were washed with 100 ul of 1x Polysome Buffer (1 min/735 x g). The eluates belonging to the
same samples (200 pL in total) were pooled and RNA was extracted with acid phenol:chloroform:isoamyl alcohol (125:24:1, pH 4.5).
RNA was precipitated with ethanol and rRNA was depleted with the Ribo-Zero Magnetic Kit (Human/Mouse/Rat). The procedure was
performed according to the manufacturer’s manual, with the exception of the 50°C incubation step. RNA was analyzed on a 15%
urea polyacrylamide gel, ribosome-protected fragments (RPFs) of 28-30 nt were excised, and then eluted from the gel overnight
in 300 mM NaCl, followed by ethanol precipitation. For the generation of the cDNA library RPFs were 3’-dephosphorylated, ligated
with a 3’ adaptor, reverse transcribed, circularized and finally PCR amplified according to the ARTseq Ribosome Profiling Kit. PCR
products were separated on a non-denaturing 8% polyacyrlamide TBE gel and DNA fragments of the correct size (nt 113 + 28-30)
were extracted. cDNA libraries were sequenced using an lllumina HighSeq2000 sequencer.
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RNA input for sequencing
Total RNA from sorted CD4"YFP*GITR*CD25" and CD4*YFP*GITR*CD25™ cells was extracted using TRIzol according to the man-
ufacturer’s instructions and cDNA libraries were performed using the Encore Complete RNA-Seq DR Multiplex Systems.

Total RNA for Ribosome profiling analysis was purified from 200 pL of clarified MEF cell lysate without ARTseq Nuclease treatment
using acid phenol:chloroform:isoamyl alcohol (125:24:1, pH 4.5), followed by ethanol precipitation. cDNA libraries were performed
with 100 ng of total RNA using the Encore Complete RNA-Seq DR Multiplex Systems. Total RNA from 6 x10° T cells was extracted
using TRIzol according to the manufacturer’s instructions. cDNA libraries were generated from 10 ng of total RNA using the SMART-
Seq v4 Ultra Low Input RNA Kit for Sequencing and Nextera XT DNA Sample Preparation Kit. cDNA libraries were sequenced using
an lllumina HighSeq 2000 or HighSeq 1500 sequencer.

PAR-CLIP

The method was performed as described in (Hafner et al., 2010). In brief, WT MEF cells overexpressing Roquin-1 were labeled with
100 pM 4-Thiouridine (4-SU) for 16 hr. After irradiation of the cells using UV light at 365 nm, cells were lysed in NP40 lysis buffer
(50 mM HEPES-KOH at pH 7.4, 150 mM KCI, 2 mM EDTA, 0.5% (v/v) NP40, 0.5 mM DTT, and 1x cOmplete, EDTA-free Protease
Inhibitor Cocktail). Immunoprecipitation was carried out with Dynabeads protein G coupled to Roquin antibody (3F12) for 2 hr
at 4°C. Beads were treated with calf intestinal phosphatase (CIP) and RNA fragments were radioactively end labeled. The crosslinked
protein-RNA complexes were purified on 4%-12% NuPAGE gel (Invitrogen), and the 125 kDa band corresponding to Roquin was cut
out. The RNA was isolated by electroelution followed by Proteinase K digestion and phenol-chloroform extraction. cDNA library was
prepared according to the standard small RNA protocol (Hafner et al., 2012) with a minor modification. For PCR amplification the
NEXTflex small RNA barcode primers were used. The amplified cDNA was sequenced on an lllumina HighSeq2000 sequencer.

Click-iT nascent protein synthesis assay

Protein biosynthesis was detected by the Click-iT HPG Alexa Fluor Protein synthesis Assay Kit. MEF cells were seeded at a density of
2-3 x 10° per well of a 6-well plate. After 16 hr, cells were washed with warm PBS and methionine-free DMEM medium (GIBCO)
supplemented with 50 uM of Click-iT L-homopropargylglycine (HPG) was added. After incubation at 37°C for 6-8 hr, cells were trypsi-
nized and transferred into a 96 U-bottom well plate. Cells were fixed with 2% of formaldehyde at room temperature for 15 min, fol-
lowed by permeabilization in PBS supplemented with 0.5% saponin and 1% BSA at 4°C for 20 min. HPG was detected using the
Click-iT reaction cocktail containing Alexa Fluor 488 azide according to the manufacturer’s instructions.

Cloning and analysis of the ltch 3’ UTR reporter constructs

The 3’ UTR sequences of ltch (1-1513 and 1411-2389) were amplified from mouse genomic DNA using the Q5 High-Fidelity 2x Master
Mix with the corresponding primers containing Clal and Sfil sites at the fragment ends. The PCR-amplified 3’ UTR fragments were
ligated into the pGEM-T Easy vector, then excised as a Clal/Sfil fragment and cloned into the MSCV-hICOS/GFP-IRES-Thy1.1
expression vector (Jeltsch et al., 2014; Schlundt et al., 2014). The 3’ UTR reporter constructs were analyzed by the infection marker
Thy1.1 and GFP and subsequent flow cytometry.

Transfection and viral transduction

Replication-deficient retrovirus production and retroviral infection of MEF cells with the 3’ UTR reporter constructs were performed as
previously described (Glasmacher et al., 2010; Janowski et al., 2016; Schlundt et al., 2014; Vogel et al., 2013). For lentivirus produc-
tion, HEK293T cells were seeded to a density of 15 x 10° cells in 15 cm culture dishes. Twenty four hours later, transfection was
carried out using the calcium phosphate method to introduce packaging and lentiviral plasmids into HEK293T cells. As lentiviral vec-
tors the plentiCMVtight containing either WT Roquin-1 or different Roquin mutants (Roquin (aa1-510), A-site (K220A K239A R260A),
Znf (C419R), and RING (C14A)) and the plenti CMV rtTA3 vector were used. plentiCMVtight Neo DEST and the rtTA3-encoding vector
plenti CMV rtTAS3 Blast was a gift from Dr. Eric Campeau. Rc3h1-2'~ MEF cells were cotransduced with plentiCMVtight Roquin-1 or
Roquin mutants and the reverse tetracycline-controlled transactivator (rtTA3). Two days after infection, cells were cultured in medium
supplemented with 500 pg/ml Geneticin (Neomycin) and 2.85 pug/ml Blasticitin S HCI for 7 d to select for stably infected cells.
Roquin-1 mutations were introduced by QuikChange mutagenesis (QuikChange Il XL site-directed mutagenesis Kit). Before analysis,
cells were treated with 1 ng/ml doxycycline for 14 hr to induce Roquin expression or left untreated.

Coimmunoprecipitation of Roquin-associated mRNAs

Roquin immunoprecipitations were performed as previously described (Glasmacher et al., 2010). Briefly, MEF cells were lysed in
700 ul lysis buffer (20 mM Tris-HCI, pH 7.5, 150 mM NaCl, 0.25% (v/v) Nonidet-P40, 1.5 mM MgCl,, 1 mM DTT supplemented
with 1x cOmplete, EDTA-free Protease Inhibitor Cocktail and 1x Halt Phosphatase Inhibitor Cocktail) on ice for 15 min. Lysates
were cleared by centrifugation 10 min at 10.000x g. Anti-Roquin-1 (Bethyl Laboratories) or normal IgG bound to protein G magnetic
beads was incubated for 4 h at 4°C with lysates. Beads were washed two times with RNA wash buffer (lysis buffer containing 300 mM
NaCl, 0.5% (vol/vol) Nonidet-P40 and 2.5 mM MgCI2) and two times with lysis buffer. Beads were split into a small fraction for West-
ern Blot analysis and a large fraction for RT-gPCR analysis. For Western Blot analysis beads were resuspended in 15 pul of 1x SDS
loading buffer and the immunoprecipitates were eluted from the beads by heating at 95°C for 5 min. For RNA extraction, 350 uL RA1
buffer (NucleoSpin RNA Kit) supplemented with 10 mM DTT and 4 pg bacterial rRNA (Roche) was added to the beads and to 200 pg of
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lysate protein as input samples. The RNA was subsequently extracted using the NucleoSpin RNA Kit according the manufacturer’s
instructions. For quantification of Pten, ltch and Nfkbiz mRNA in Roquin immunoprecipitates, RT-gPCR was performed using 1 pg of
input RNA and 30 - 40% of immunoprecipitated RNA for cDNA synthesis.

Ago2 immunoprecipitation

Monoclonal antibody for mouse Ago2 (6F4) were coupled to 100 pl of Dynabeads protein G at room temperature for 1 hr. Antibody-
conjugated beads were washed twice with citrate-phosphate buffer pH 5.0. CD4* T cells were isolated from spleen and lymph nodes
from Cd4-Cre-ERT2, Rc3h1-2V"; Cd4-Cre-ERT2, WT and miR-17~92""; Cd4-Cre* mice. CD4* T cells from Cd4-Cre-ERT2 and
Rc3h1-2"" Cd4-Cre-ERT2 mice were additionally treated with 1 uM 4’ OH-tamoxifen for 24 hr. T cells from each mouse were
then activated with anti-CD3 and anti-CD28 for 48 hr and expanded with IL-2 for 48 hr. Cells were washed with ice-cold PBS and
T cells (1 x 108 were lysed on ice in 1 mL of lysis buffer (25 mM Tris—-HCI pH 7.4, 150 mM KClI, 0.5% (v/v) NP-40, 2 mM EDTA,
1 mM NaF, 0.5 mM DTT and 1x cOmplete EDTA-free Protease Inhibitor Cocktail). The lysates were cleared by centrifugation at
12.000 xg for 15 min at 4°C. The antibody-conjugated magnetic beads were added to 5 mg of total lysate protein and incubated
on a rotating wheel overnight at 4°C. Beads were washed once with lysis buffer, two times with IP-wash buffer (50mM Tris—HCI
pH 7.4, 300 mM KCI, 1 mM MgCl,, 0.1% (v/v) NP-40, 0.5 mM DTT and 1x cOmplete EDTA-free Protease Inhibitor Cocktail) and
once with PBS. Beads were split into a small fraction for Western Blot analysis and a large fraction for RT-qPCR analysis. For Western
Blot analysis beads were resuspended in 20 ul of 1x SDS loading buffer and the immunoprecipitates were eluted from the beads by
heating at 95°C for 5 min. For RNA extraction, 1 mL TRIzol was added to the beads and to 50 g of lysate protein as input samples.
The RNA was subsequently extracted according the manufacturer’s instructions and the RNA was purified using the RNA Clean and
Concentrator-5 Kit. For quantification of Pten mRNA in Ago2 immunoprecipitates RT-gPCR was performed using 1 pg of input RNA
and 60 — 80% of immunoprecipitated RNA for cDNA synthesis.

Genomic DNA isolation and bisulfite pyrosequencing

Genomic DNA (gDNA) was isolated from FACS-purified CD25YFP* and CD25*YFP* Treg cells from spleen or thymus using DNeasy
Blood & Tissue kit. Next, gDNA was concentrated using Genomic DNA Clean & Concentrator-10 and bisulfite-converted using the EZ
DNA Methylation Lightning Kit according to the manufacturer’s instructions. Pyrosequencing was performed as described previously
(Yang et al., 2016a). Amplification of the Treg cell-specific demethylated region (TSDR) was performed with the biotinylated forward
primer mTSDR-for and the reverse primer mTSDR-rev. Sequencing was conducted with the TSDR sequencing primers mTSDR-S1,
mTSDR-S2, mTSDR-S3 covering CpG motifs of the TSDR between chromosome position X:7583950-7584149 (genome assembly:
GRCm38.p5). Male mice were used for DNA methylation analysis to avoid artificial recalculation due to X chromosome inactivation in
female mice.

Quantitative RT-PCR analysis

RT-gPCR was used to quantitate Pten expression in CD4* T cells and Pten, Itch and Nfkbiz expression in immunoprecipitates. RNA
was isolated with TRIzol or with the NucleoSpin RNA Kit. cDNA (from 500 ng - 1 pg RNA) was synthesized using the QuantiTect
Reverse Transcription Kit according to the manufacturer’s instructions. gRT-PCR for Pten, Itch, and Ywhaz was performed using
the IDT PrimeTime gPCR Assay consisting of two primers and a hydrolysis probe (5’-FAM/ZEN/IBFQ). gRT-PCR for Nfkbiz was
performed using Light Cycler 480 Probes Master Mix and primer-/probe-combinations from Roches Universal Probe Library.
PCR reactions were run on a Roche Light Cycler 480Il machine. Relative gene expression was determined with the Light Cycler
480 SW 1.5.1 software, and normalized to the expression of the housekeeping gene Ywhaz or the IgG control.

For measurements of miR-17 and miR-19a, sorted naive (CD4"CD62L*CD44") and effector (CD4*CD62L*CD44*) T cells were
used. Total RNA, including microRNAs, was extracted with TRIzol and miRNA-specific cDNA was prepared from 15 ng total RNA
using the TagMan MicroRNA Reverse Transcription Kit. The expression of miR-17 and miR-19a was measured by gRT-PCR using
the hsa-miR-17, hsa-miR-19a, snoRNA202 Tagman microRNA Assay (Applied Biosystems) on a Light Cycler 480Il device with the
Light Cycler 480 SW 1.5.1 software.

To determine deletion of Roquin-1 and Roquin-2 encoding alleles, gDNA was isolated using DNeasy Blood & Tissue kit, gRT-PCR
for Rc3h1, Rc3h2, and Pbdg were performed using Light Cycler 480 Probes Master Mix and primer-/probe-combinations from
Roches Universal Probe Library.

QUANTIFICATION AND STATISTICAL ANALYSIS

Cellular analyses
Statistical analysis was performed with Prism 5.0b (GraphPad). P values were calculated with Student’s t test, one-way or two-way
ANOVA. p < 0.05 was considered significant. All error bars represent mean and SEM.

mRNA-seq and ribosome profiling differential expression analyses

mRNA-seq reads were first subject 3’ adaptor trimming (AGATCGGAAGAGCGGTT) and quality control using the FASTX-toolkit
(http://hannonlab.cshl.edu/fastx_toolkit/). Reads were then mapped to the mouse transcriptome based on genome assembly
mm10 and transcript annotations from RefSeq with the segemehl software (Hoffmann et al., 2009), v0.1.7-411, allowing with a
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minimum mapping accuracy of 90%. Finally, transcript counts were calculated based on uniquely mapped reads and used to
estimate differential expression with DESeqg2 (Love et al., 2014).

For ribosome profiling, the procedure was similar to the one used above with only two alterations: (1) the 3’ adaptor was different
(AGATCGGAAGAGCACACGTCT); (2) only the reads mapped to the gene’s coding sequence were counted toward differential
expression analysis.

Translation efficiency (TE) fold-change was calculated as the ratio of ribosome protected fragments (RPF) fold-change to mRNA
fold-change, and the associated significance was evaluated using the R package babel (Olshen et al., 2013).

Gene set enrichment analysis
The tool GSEA v2.2.3 (http://software.broadinstitute.org/gsea/index.jsp) was used to calculate the enrichment of different pathways
described in the KEGG database (http://www.kegg.jp).

Gene annotations
Ribosomal proteins-encoding mRNAs were retrieved from DAVID (https://david.ncifcrf.gov), 5° TOP mRNAs as defined in ref.
(Thoreen et al., 2012).

PAR-CLIP analysis and identification of the RNA secondary structure in the Pten mRNA

We used CLIPZ (Khorshid et al., 2011) to identify Roquin-bound clusters in mouse transcripts based on the fold enrichment of
PAR-CLIP reads over mRNA-seq reads. The enrichment is expressed as r; / (pi), where r; is the number of CLIP reads associated
with site /, r is the total number of CLIP reads and p; is the relative abundance of the mRNA in which site j resides. Only clusters con-
taining more than 50 CLIP reads were considered.

To identify an evolutionarily conserved RNA secondary structure in the Pten mRNA, we have first collected the mRNA sequences
around the TargetScan-predicted miR-17~92 binding site from seventeen different vertebrate species (http://www.targetscan.org/),
and then used Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) to perform the multiple alignment of the different
sequences and RNAalifold (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAalifold.cgi) to find the consensus secondary
structure.

DATA AND SOFTWARE AVAILABILITY

The accession number for the sequencing data used for analysis in this paper is GEO: GSE86110.
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