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nuclear-cytoplasmic trafficking-
regulator complex, is the
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SGK1-dependent Th17*
pathological differentiation

Carolina Brescia™®, Vincenzo Dattilo*!, Lucia D’Antona™*,
Emanuela Chiarella®, Rossana Tallerico®, Salvatore Audia™?,
Valentina Rocca'”, Rodolfo luliano™*, Francesco Trapasso**,
Nicola Perrotti** and Rosario Amato™**

‘Department of Health Science, Medical School, University “Magna Graecia” of Catanzaro,
Catanzaro, ltaly, 2lmmuno-Genetics Lab, Department of Health Science, Medical School, University
“Magna Graecia” of Catanzaro, Catanzaro, Italy, *Department of Experimental and Clinical Medicine,
Medical School, University “Magna Graecia” of Catanzaro, Catanzaro, Italy, “Medical Genetics Unit,
University Hospital, Medical School, University “"Magna Graecia” of Catanzaro, Catanzaro, Italy,
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The Th17* arrangement is critical for orchestrating both innate and acquired
immune responses. In this context, the serum and glucocorticoid regulated
kinase 1 (SGK1) exerts a key role in the governance of IL-23R-dependent Th17*
maturation, through the phosphorylation-dependent control of FOXO1
localization. Our previous work has shown that some of the SGK1-key
functions are dependent on RAN-binding protein 1 (RANBP1), a terminal gene
in the nuclear transport regulation. Here, we show that RANBP1, similarly to
SGK1, is modulated during Th17* differentiation and that RANBP1 fluctuations
mediate the SGK1-dependent effects on Th17* maturation. RANBP1, as the final
effector of the SGK1 pathway, affects FOXOL1 transport from the nucleus to the
cytoplasm, thus enabling RORYt activation. In this light, RANBP1 represents the
missing piece, in an essential and rate-limiting manner, underlying the Th17*
immune asset.
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1 Introduction

T-helper-17 (Th17") population is a subset of T-helper
(CD4") cells with pro-inflammatory features, defined by the
expression, among other cytokines, of IL-17A (1). The
expansion and maintenance of differentiation characteristics of
the CD4"Th17" population depend on differentiation factors
(transforming growth factor B, TGF-fB), growth factors (IL-23/
IL-23R), and several transcription factors (RORyt and STAT3) (2,
3). Th17" lymphocytes play a key role in autoimmune diseases,
tumor drug resistance, tumor microenvironment definition, and
HIV infection/progression (4-6). Recent data show that a high salt
concentration is able to trigger Th17" switch, defined by increased
IL-17A production, low IL-10 level (7), and subsequent Treg
down-regulation, thus favoring a microenvironmental
subthreshold inflammation (8). Salt plays a crucial but still
controversial role in immunoregulatory processes (9). Although
chronic NaCl stimulations result in a significant Th17" switch, the
immune cell phenotype remains a topic of debate (10). It remains
unclear whether Th17" cells induced by NaCl stimulation play a
pro-inflammatory or negative regulatory role, or both, depending
on their specific maturation, given the intricate complexity of
Th17" plasticity (11). The IL-23/IL-23R interaction plays a key
role in the establishment of this phenotype (12, 13). From a
molecular point of view, hypertonicity of the medium, as
obtained by high salt concentration, leads to p38/MAPK
phosphorylation and to the activation of downstream-targets,
particularly NFATS5, which, in turn, induces SGKI, a kinase
involved in neoplastic (14, 15), metabolic, and immune
processes (16). SGK1 stabilizes the expression of IL-23R, thereby
stimulating the retinoid-related orphan receptor-y (RORYt)
activity, a final regulator of Th17" differentiation (17). Similarly,
in murine models, it was demonstrated that TGF-f3, combined
with IL-6, primed differentiation of naive CD4" T (ThO0) cells to
Th17" cells (18, 19). These cytokines induce the transcription
factor RORYt, which, cooperating with RORa and other
transcription factors, promotes the expression of IL-17A and
IL-23R on maturating Th17" cells (20). Our previous data,
obtained in vivo models, demonstrated that SGK1 contributed to
Th17" transition in an experimental system of ulcerative colitis
and chronic venous disease, with obvious pathological effects
on disease targets (21, 22). SGK1 appears to play a critical
role in the modulation of Treg/Th17 phenotype, through
phosphorylation-dependent control of the nuclear-cytoplasmic
FOXOL1 localization (23, 24). SGK1, unique among AGC family
kinases, phosphorylates SP1 and activates the expression of
RANBPI, with consequences in terms of mitotic stability and
nuclear transport (25). RANBP1 is a main regulator of the RAN
complex, implicated in the control of nuclear transport and
mitotic integrity (26). In the present work we wondered whether
RANBPI had a role in Th17" maturation by mediating the SGK1
dependent FOXO1 nucleus-cytoplasmic translocation and found,
in primary human-derived samples, that RANBP1 is indeed the
key element in SGKI-dependent FOXO1 nuclear translocation,
thus affecting and controlling Th17" differentiation.
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2 Materials and methods

All reagents and resources with sources and univocal identifiers,
used in the whole experimental process, are summarized in
Supplementary Table 1.

2.1 In vitro T cell differentiation

CD4" T lymphocytes were isolated from PBMCs (bufty coat of
50 ml whole blood) by using a magnetic cell sorting CD4" T cell
isolation kit (Miltenyi Biotec), according to the manufacturer’s
instructions. Once isolated, cells were counted and seeded in six-
well plates at a density of 1 x 10° cells/mL. Cells were cultured in
RPMI 1640 (NaCl 0.08 mEq./mL) complete medium with 5% FBS
and 1% streptomycin/penicillin at 37°C in a humidified atmosphere
with 5% CO, and 95% air. CD4" T cells were then induced to
differentiate in Th17" cells by the addition in the culture medium of
25 ng/mL IL-6 (Sigma-Aldrich), 5 ng/mL TGF-B1 (Sigma-Aldrich),
and Dynabeads Human T-Activator CD3/CD28 (Life
Technologies), in the presence/absence of 40 mM NaCl (0.1
mEq./mL) and for a time of differentiation of 5 or 20 days. CD4"
T naive (ThO) were maintained in culture by the addition in the
culture medium of 10 ng/mL IL-2 (Sigma-Aldrich).

2.2 Plasmids and lentiviral production

A plasmid containing the wild-type SGK1 sequence (pHIV-
EGFP-SGK1) was obtained as previously described (27). For
RANBPI1, the wild-type coding sequence within pEGFP-NI1-
RANBPI, kindly provided by Dr. Lavia P. (28), was sub-cloned
into the same expression vector used for SGK1 over-expression
(pHIV-EGFP-RANBP1) by using Xhol and BamHI restriction sites.
pHIV-EGFP-SGK1, pHIV-EGFP-RANBP1, or pHIV-EGFP
(negative control) were used to generate lentiviral particles in
HEK293T packaging cells, as previously reported (29). The active
transduction of CD4" T lymphocytes was performed by adding 6
pg/mL polybrene (Sigma-Aldrich), followed by Spin-inoculation at
1,900 rpm, for 40 min, at 32°C. RANBPI silencing was obtained
through lentiviral particles (sc-41848-V Santa Cruz) in the presence
of 6 ug/mL polybrene (Sigma-Aldrich) according to manufacturer’s
instructions; ShScr (Sigma-Aldrich), employed to generate control
lentiviral particles, was utilized as previously reported (29).

2.3 Flow cytometry

For cytofluorimetric analysis, CD4" T naive (Th0) and Th17"
lymphocytes were stimulated for 4 hours with 50 ng/mL phorbol
12-myristate 13-acetate (PMA) (Sigma-Aldrich) and 1 uM
ionomycin (Sigma-Aldrich) in the presence of 10 pg/mL of the
protein transport inhibitor Brefeldin A (BFA) (Sigma-Aldrich).
Cells were fixed and permeabilized with 300 pL with BD Cytofix/
Cytoperm solution (BD Biosciences) and then stained with PE anti-
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CD4 (Biolegend), FITC anti-CD4 (MiltenyiBiotec), Cy5.5 anti-
RANBP1 (Bioss Antibodies), PE-A anti-IL17A (MiltenyiBiotec),
and APC anti-SGK1 (Santa Cruz) antibodies for 45 min at 4°C.
Subsequently the cells were washed twice with PBS and acquired by
FACSCanto II. The data were analyzed by FlowJo software 8.8.6
(BD Biosciences).

2.4 RNA extraction and quantitative
real-time PCR

Total RNA was extracted using RNeasy Mini Kit (Qiagen,
Valencia, CA, USA) according to the manufacturer’s instructions.
RNA was then quantified using NanoDrop 2000/2000c
spectrophotometer (ThermoFisher, Waltham, MA, USA) and 1
lg was reverse transcribed using the High-Capacity RNA-to-
cDNA kit (Applied Biosystems, Foster City, CA, USA) according
to the manufacturer’s instructions. One microliter of cDNA was
amplified via real-time PCR using GoTaq qPCR Master Mix
(Promega) and 10 pmol of primers specific for SGK1, RANBP1,
IL-17A, IL-23R, RORYt, IL-10, FOXP3, and HPRT], the latter used
as a housekeeping gene. The primer list can be found in the key
resources table. Real-time PCR assays were performed in triplicate
in a total volume of 20 pL using a CFX96 Touch Real-Time
Detection System under the following conditions: initial
denaturation for 3 minutes at 95°C, followed by 40 cycles of 10
seconds at 95°C and 1 minute at 57°C. The specificity of the PCR
products was determined via melting curve analysis. The fold
changes were calculated using the 2" threshold cycle method.

2.5 Immunoblot analysis

CD4" T naive (Th0) and Th17" lymphocytes were collected for
protein extraction using lysis buffer (50 mM Tris-HCl, pH 7.4, 0.15
M NaCl, 0. 5% IGEPAL CA-630, 25 mM NaF, 1 mM DTT, 1 mM
Na;VO,, 2mM PMSF, and 8 nM Aprotinin). Whole-cell lysates
were separated via SDS page by using 4-12% NuPAGE precast gels
(ThermoFisher) and transferred to a 0.2 um PVDF membrane via
Trans-Blot Turbo Transfer Pack (Bio-Rad). Membrane blocking
was performed with 1X TPBS, 0.1% Tween-20 with 5% w/v
skimmed milk powder for 1 h at room temperature and
incubated overnight with antibodies, namely RORyt (1:1000 Santa
Cruz Biotechnology), RANBP1 (1:1000 Santa Cruz), IL-23R (1:1000
ThermoFisher), SGK1 (1:1000 Millipore), p-SGK1 (1:1000 Cell
Signaling Technology), FOXO1 (1:1000 ThermoFisher), p-FOXO1
(1:1000 ThermoFisher), FOXP3 (1:1000 Cell Signaling
Technology), and GAPDH (1:1000 Santa Cruz Biotechnology),
the latter used as loading control. All primary antibodies were
detected with appropriate HRP-conjugated secondary antibodies.
Detection was performed using ECL reagent (Cytiva) and
chemiluminescence signals were recorded using Uvitec
Cambridge. For nuclear-cytoplasm protein extraction, cellular
pellets were first put in contact with a lysis buffer for cytoplasmic
protein extraction (HEPES 20mM, Igepal CA-630 20%, DTT
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0.5mM, MgCl, 1. 5mM, KCI 10mM, NaF ImM, Na;VO, 1mM,
Aprotinin 8nM, and PMSF 2mM), kept for 10 minutes on ice, and
centrifuged at 10,000 rpm for 1 minute. After centrifugation, the
supernatant containing the cytoplasmic proteins was collected.
Then, the cellular pellets were placed in contact with a lysis buffer
for nuclear protein extraction (HEPES 20mM, NaCl 420mM, 25%
glycerol, DTT 0.5mM, MgCl, 1.5mM, EDTA 2mM, NaF 1mM,
Na;VO, ImM, Aprotinin 8nM, and PMSF 2mM)), kept on ice for 20
minutes, and centrifuged at 13,000 rpm for 15 minutes. After
centrifugation, the supernatant containing the nuclear proteins
was collected. Antibodies against o-Tubulin (1:1000 Santa Cruz
Biotechnology) and Nucleolin (1:1000 Cell Signaling Technology)
were used as cytoplasmic and nuclear loading controls, respectively.
Detection was performed using ECL reagent (Cytiva) and
chemiluminescence signals were recorded using Uvitec Cambridge.

2.6 Immunofluorescence

After activation, CD4" T naive (Th0) and Th17* cells were
collected and placed on a sample chamber and centrifuged via
Shandon Cytospin 4 cytocentrifuge (ThermoFisher) at 400 rpm for
4 minutes. After centrifugation, cells were fixed with ice-cold 4%
PFA, permeabilized in 0.5% Triton, and washed with phosphate-
buffered saline (PBS) (pH 7.4). Staining was performed using
blocking solution (Triton 0.1% and BSA 1%) with the following
primary antibodies: FOXOI1 rabbit polyclonal antibody (1:250
ThermoFisher) and RANBP1 goat polyclonal antibody (1:250
Santa Cruz Biotechnology). The following secondary antibodies
were then used: Alexa Fluor 594 AffiniPure Donkey Anti-Rabbit
IgG (H+L) and Alexa Fluor 594 AffiniPure F(ab’), Fragment
Donkey Anti-Goat IgG (H+L) (1:500 Jackson Immunoresearch).
The nuclei were highlighted with 4°,6-diamidine-2-phenylindole
(DAPI 0.05% pg/mL, Sigma-Aldrich). Fluorescence and images
were acquired with a Leica TCS SP8 confocal microscope and
processed with Leica confocal software. The digital zoom is
indicated by the scale bar.

2.7 Statistical analysis

All tests were performed at least in triplicate, and all
experiments were performed at least three times, unless otherwise
specified (biological triplicate). Each biological triplicate results
from the mean of three technical triplicates. The results are
expressed as the mean +* standard deviation (SD). Differences
between two groups were analyzed using unpaired two-tailed
Student’s t-tests. Multiple-group comparisons were performed
with one-way analysis of variance (ANOVA), followed by
Bonferroni’s post hoc test. Immunofluorescence group analyses
for FOXO1 and RANBPI localization were performed by Chi-
square at two-sided analysis. The analysis was conducted using
GraphPad Prism software (San Diego, CA, USA), and differences
were considered significant at *p < 0.05, **p < 0.01, and ***p
< 0.001.
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3 Results

3.1 IL-17 expression in Th17" lymphocytes
differentiation

A Th17" lymphocyte differentiation experiment was designed
starting from primary cultures of human Th17" obtained from 40
hematic buffy coats by healthy donors. All subjects gave their
informed consent for inclusion and the study was approved by
the local Ethics Committee. Complete anonymity was assured by
coding samples. CD4"Th17" isolation and differentiation were
performed, as shown in Figure 1A and described in Methods
Section. Following differentiation, IL-17A expression on the
isolated CD4" population on days 5 and 20 (start and end of the
differentiation process, respectively) was verified by FACS analysis.
The increase in IL-17A expression on days 5 and 20 was statistically
significant in CD4 * Th17" lymphocytes, both in the absence and in
presence of NaCl, compared with CD4" naive cells, as expected
based on the published literature (16, 17) (Figures 1B, 2C graph-first
columns group, Supplementary Figure 1A). Interestingly, the
dependent NaCl contribution on IL-17A expression was evident
only on day 5, at the early stage of differentiation. In later stages of
differentiation, on day 20, with a presumably maximal IL-17A
expression, the addition of NaCl did not result in further
expression of IL-17A. We therefore focused our analysis on the
early stages of Th17" differentiation. Cells were kept in culture for
20 days anyway, just to confirm the maintenance of the observed
phenotype, even in the late stages of the Th17" maturation and
expansion process.

3.2 RANBP1 and related pathway in Th17*
genic signature

In order to dissect the molecular pathway of Th17"
differentiation, the expression of RANBP1, SGKI, and other
Th17"-specific markers were evaluated at the transcript and protein
level. At the transcript level, on day 5 of Th17" differentiation, a
significant increase in the expression of IL-17A, IL-23R, SGK1, and
RANBP1 has been documented. The addition of NaCl (40mM)
further increased the expression of IL-17A, IL-23R, SGKI, and
RANBPI on day 5, as expected based on the published literature,
at least for SGK1 (8, 17) (Figure 2A). At the protein level, the
expression of phospho-SGK1, SGK1, RANBPI1, phospho-FOXO1,
FOXO1, and RORyt was assessed by western blotting. GAPDH was
used to normalize protein expression data (Figure 2B; Supplementary
Table 2). Similarly to what was observed at the transcript level, a
substantial increase in protein expression of phospho-SGK1 (1.64 +
0.05 A.U.), SGK1 (1.90 + 0.01 A.U.), RANBP1 (1.96 + 0.11 A.U.),
phospho-FOXO1 (1.93 + 0.31 A.U.), FOXOI (1.90 + 0.36 A.U.), and
RORyt (191 + 0.12 A.U.) was observed in Th17" compared with
naive cells, on day 5 of differentiation. Again, the addition of NaCl (40
mM) slightly increased protein expression (p-SGK1 1.94 + 0.13;
SGK1 1.94 + 0.03; RANBPI1 2.13 + 0.1; p-FOXO1 1.99 + 0.2; FOXO1
1.92 + 0.014; RORyt 1.94 + 0,12 A.U.). Interestingly, the increase in
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RANBPI protein expression parallels the expression of the main
markers, involved in Th17" differentiation (p-FOXO1, FOXOL,
RORyt, and SGK1). From a technical point of view, we evaluated
mRNA expression only for those markers whose changes at the
transcriptional level are critical in the differentiation process, where,
in contrast, FOXO1 and phospho-FOXO1 levels are predominantly
susceptible to post-translational and maturational changes during the
differentiation process. As a core concept, we can state that, during
the induced CD4" to Th17" maturation process, similarly to what
was described for mRNA changes, a strong protein increase has been
recorded, not only for the main proteins involved in Th17"
differentiation (p-FOXO1, FOXO1, RORyt, and more recently
SGK1), but also for RANBP1. These appealing results were
confirmed in intact cells using an intracellular FACS approach
(Figure 2C left). Again, a marked and significant increase in SGK1
and RANBP1 expression was confirmed in CD4"Th17" compared
with CD4" naive (ThO) control cells (Figure 2C middle plot Vs left
plot and MFI quantification right graph). The addition of NaCl
(40mM) further significantly increased the expression of SGK1 and
RANBP1 compared with CD4" naive (ThO) and
CD4"Th17 lymphocytes (Figure 2C right plot Vs left plot and MFI
quantification right graph). Co-expression between SGK1 and
RANBPI in cells gated for IL-17A was analyzed in comparison
with global unstained reference populations. A gradual and
progressive increase in cells expressing the two proteins was
detected proceeding from CD4" naive (ThO) cells to CD4"Th17*
and CD4'Th17" + 40mM NaCl, thus suggesting a coordinated
expression increase of SGK1 and RANBP1 during Th17"
differentiation and upon NaCl stimulation (Figure 2D;
Supplementary Figure 1B for MFI quantification). Again, in Th17"
and Th17" cells treated with 40mM NaCl, it was possible to
document an important increase in RANBP1 expression, compared
with control CD4" cells on day 5 of differentiation (Supplementary
Figure 1B, right column Vs middle column for MFI quantification).
Interestingly, the increase in the percentage of cells expressing
RANBPI was stable during the differentiation process, since it was
detected on day 20 (Supplementary Figure 1C and MFI quantification
right graph) in CD4"Th17" compared to CD4" (Th0) control cells,
thus highlighting a constitutive and not occasional role of RANBP1
during the differentiation process. As previously observed, at 20 days,
despite an exponential increase of RANBP1 expression, there was no
additive effect for NaCl stimulation. This apparent discrepancy can be
explained if we consider a maximal RANBP1 expression in these
experimental conditions that cannot be further enhanced by NaCl
stimulation. Moreover, RANBP1 and SGKI1 protein expression
remained high especially when analyzed in IL-17" population
(double positive population), compared with CD4"Th17" cells, on
day 20 of differentiation (Supplementary Figure 1D and MFI
quantification right graph). Thus, it can be concluded that for both
the early and more advanced stages of the differentiation process, the
expression of IL-17A, a marker of Th17" differentiation, is paralleled
by a concomitant expression of SGK1 and RANBP1. The importance
of SGK1 expression in Th17* differentiation is consistent with the
published literature (16, 17), whereas the expression of RANBP1 in
these experimental conditions represents a novelty of the
present paper.
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FIGURE 1

Experimental design and setting. (A) Schematic representation of the experimental design, leading to the isolation of CD4* naive (ThO) lymphocytes
from the healthy donor’s buffy coat, subsequent Th17* differentiation procedures, and scientific data analysis. (B) Flow cytometric analysis of IL-17A/
CD4" expression in control CD4" naive (ThO) cells, in basal and under 40mM NaCl stimulation CD4*Th17" cells, at 5 (upper panel) and 20 (bottom
panel) days of differentiation. Data are representative of three independent experimental sets (n=3) (for statistical analysis see Figure 2C graph-left

columns and Supplementary Figure 1A).

3.3 RANBP1 fluctuations are critical in
SGK1-dependent signal transduction

A multiple lentiviral approach has been used to define the
relative role of SGK1 and RANBP1 expression in Th17"
differentiation. Primary CD4" naive lymphocytes (Th0) were
transduced with a lentiviral vector encoding for RANBPI in order
to obtain an enforced expression of RANBP1 during Th17"
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differentiation (Figure 3A upper panel). RANBP1 over-expression
was associated with increased expression of IL-23R, IL-17A, and
RORyt (Figure 3A lower panels) compared with cells transduced
with the control vector (EGFP transduced cells). NaCl addition (40
mM) resulted in enhanced expression of IL-23R and IL-17A in
EGEFP transduced cells and a NaCl additive effect was demonstrated
only for IL-23R in RANBP1 transduced cells compared with basal
RANBP1-Th17" cells. The results were confirmed at the protein
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level by western blot: the over-expression of RANBP1 was, in fact,
associated with enhanced protein expression over orthologous
control cells of IL-23R (1.97 + 0.07 A.U.) and RORyt (1.57 + 0.01
A.U), the latter representing the final and determining element for
the complete differentiative process (Figure 3B; Supplementary
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Table 2). In another set of experiments, primary CD4" cells were
infected with a lentivirus, carrying the silencing sequence of
RANBPI, before initiating the differentiation process. At the
transcriptional level, RANBPI1 silencing abrogated about 50% of
RANBP1 expression (Figure 3C upper panel). In terms of Th17"
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differentiation markers, RANBP1 silencing was associated with a
significant reduction in the expression of IL-23R, IL-17A, and
RORyt that was not significantly affected by NaCl addition
(Figure 3C lower panels). Again, the reduced expression,
originally detected at the transcriptional level, was confirmed by
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western blot at the protein level for RANBP1, IL-23R (0.4 + 0.032
A.U.), and RORyt (0.31 + 0.011 A.U.) (Figure 3D; Supplementary
Table 2). The reduced expression of IL-17A expression, an essential
marker of Th17" differentiation, was further confirmed by FACS
analysis of RANBP1-silenced Th17" lymphocytes, both at early (5
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days, Supplementary Figure 2A) and late (20 days, Supplementary
Figure 2B) stages. Finally, CD4" were co-infected with two different
vectors, used alone or in combination, inducing either SGK1 over-
expression or RANBP1 silencing. SGK1 over-expression induced an
enhanced expression of IL-23R, IL-17A, and RORYt, detected at the
transcriptional and protein level (IL-23R basal 1.6 + 0.2 and +NaCl
1.2 £ 0.1; RORyt basal 1.83 + 0.12 and +NaCl 2.2 + 0.11 A.U.), as
expected. When SGK1 over-expression occurred together with
RANBPI silencing, a complete reversal of the phenotype was
observed (at protein level: IL-23R basal 1.18 + 0,2, +NaCl 0.8 + 0.2;
RORytbasal 1.2 £ 0.15, +NaCl 0.7 + 0.31 A.U), with expression values
comparable to those of Th17" control cells, and a complete inhibition
of the SGK1-dependent effect (Figures 3E, F; Supplementary Table 2).
Taken together, our data strongly indicate that RANBP1 expression is
essential and rate-limiting in the transduction of SGK1-dependent
Th17" differentiation signals. Recently, a difference between
physiological and pathological Th17" differentiation has been
proposed, with opposite functional meanings and clinical
implications, based on a different IL-17/IL-10 ratio (7). Briefly, a
physiological Th17" differentiation is characterized by a parallel
increase of both IL-17 and IL-10, whereas a prevalent increase of
IL-17 suggests a pathological differentiation. In order to better define
the Th17" differentiation pathway activated by RANBP1 expression,
IL-10 was measured in Th17" cells transduced with lentiviral vectors
inducing RANBP1 over-expression or silencing. RANBP1 over-
expression led to a marked reduction in IL-10 mRNA levels,
consistent with what is presumed to be a pathological Th17*
differentiation, on the other hand RANBP1 silencing induced a
significant over-basal increase of IL-10 transcript well-matched
with a physiological Th17" differentiation (Supplementary
Figure 2C). Similar results on IL-10 expression were obtained when
Th17" cells were transduced with SGK1 over-expressing vectors or
RANBPI silencing vectors alone or in combination. SGK1 over-
expression induced a significant decrease in IL-10 expression levels,
similar to what was observed in RANBP1 over-expressing cells.
However, when SGK1 over-expression was associated with
RANBP1 silencing, normal IL-10 expression was restored
(Supplementary Figure 2D). In conclusion, SGK1-RANBP1
signaling is implicated in Th17" differentiation with high IL-17 and
low IL-10 values, as with a pathological Th17* maturation. As
expected from the literature (10), stimulation with 40mM NaCl has
an inducing effect on FOXP3 transcriptional levels in Th17*
lymphocytes (Supplementary Figure 2E). Interestingly, this effect is
abrogated by over-expression of SGK1 or RANBPI. Of note,
concurrent RANBP1 silencing and SGK1 overexpression lead to a
significant increase in FOXP3 transcriptional levels at baseline,
without a NaCl-dependent additive effect. Similarly, the protein
analysis by Western blot (Supplementary Figure 2F) reveals that
downregulation of RANBP1 promotes protein expression of FOXP3.
However, upregulation of RANBP1 doesn’t seem to have any
significant impact. This suggests that the regulation of FOXP3
expression in Th17" lymphocytes involves RANBPI1, which may be
necessary, but not a rate-limiting factor, potentially through FOXO1
nuclear/cytoplasmic regulation.
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3.4 RANBP1 genetic modulation alters the
FOXOL1 nuclear-cytoplasmic trafficking
during Th17™" differentiation

Having shown that RANBP1 is endogenously correlated to both
early and late Th17" differentiation phase and that RANBP1
fluctuations are able of conditioning the fate of this differentiative
process by ultimately modulating SGK1-dependent signaling, we
wondered through which mechanism RANBP1 may affect the IL-
23R-SGK1-FOXO1-RORyt signal transduction (17, 21, 22, 24).
RANBPI1, during interphase, controls nuclear import/export by
activating the RANGAP1-dependent GTP-hydrolytic activity on
RAN (26, 30, 31). Under IL-23R activation, SGK1 has been shown
to regulate phosphorylation of FOXO1 by inducing its cytoplasmic
re-localization, thereby allowing the activation of RORYt-dependent
transcriptional function directed toward its target genes, IL-17A and
IL-23R (23, 24). However, it is unclear how phosphorylation of
FOXO1 justifies the SGK1 specificity in the regulation of
differentiation process, since the SGK1-dependent FOXO1
phosphorylation-site is potentially common to other similar kinases
(32). Previously, we have shown that SGK1 works as a potent
activator of RANBPI1 transcription (25), thus modulating mitotic
stability (28) and nuclear transport of pre-miRNAs in interphase
(27). To validate whether RANBP1-mediated mechanisms could
underlie the specificity of SGK1 on the Th17" differentiation
process, we again transduced primary CD4" with viral vectors
inducing either RANBP1 over-expression or silencing. Cells were
then used to study differential nuclear-cytoplasmic protein expression
and immunofluorescence on transduced intact cells. When RANBP1
was over-expressed, we observed a depletion of the nuclear fraction of
FOXO1 (0.3 + 0.12 A.U.) with a concomitant increase in the
cytoplasmic fraction (1.77 + 0.023 A.U.) compared to control cells
(Figure 4A left, Supplementary Figures 3A, C, Supplementary
Table 2). The same evidence was obtained by immunofluorescence
of intact cells (Figure 4A right) in which FOXO1 expression was
totally extra-nuclear (Supplementary Figure 4B for imaging
quantification). In contrast, when RANBP1 was silenced (Figure 4B
left, Supplementary Figures 3B, D), nuclear FOXOI fraction was
strongly increased (1.67 + 0.1 A.U.) with a concomitant decrease in
the cytoplasmic proportion (0.78 + 0.016 A.U.). This was evident
both in differential proteins extraction through western blot analysis
(Figure 4B left, Supplementary Table 2) and in localization study
through immunofluorescence (Figure 4B right, Supplementary
Figure 4C for imaging quantification). The same data observed in
basal conditions were confirmed in primary Th17" cell stimulated by
40mM NaCl (Supplementary Figure 3, Supplementary Table 2). We,
therefore, wondered whether the FOXO1-relocalization attributed to
RANBP1 was also consistent with SGK1-dependent FOXO1
regulation within the Th17" differentiative signaling. In SGK1 over-
expressing cells FOXO1 was mainly extranuclear, as expected
(Figure 4C upper panel) (24). However, when SGKI1 over-
expression was associated with RANBP1 silencing, the SGKI-
dependent cytoplasmic re-localization of FOXO1 was completely
reversed (Figure 4C bottom panel, Supplementary Figures 4D, E).
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RANBP1 regulates FOXO1 nuclear exclusion during Th17™ differentiation, working as an SGK1 down-stream effector. (A) Immunoblot analysis of
FOXO1 expression in the separated cytoplasmic and nuclear fractions (cropped gel, SF3 for uncropped version), under RANBP1 lentiviral over-
expression in CD4™ naive (ThO) control cells and in basal CD4"Th17™ cells, at 5 days of differentiation. o.-Tubulin and Nucleolin were used as
cytoplasmic and nuclear loading controls, respectively. Under the same experimental conditions, the localization of FOXO1 was observed by
immunofluorescence (Red Ch FOXO1, Blue Ch=DAPI). (n=2 for WB and n=3 for IF). (B) Immunoblot analysis of FOXO1 expression in the separated
cytoplasmic and nuclear fractions (cropped gel, SF3 for uncropped version), under RANBPL lentiviral silencing in CD4" naive (Th0) control cells and
in basal CD4*Th17* cells, at 5 days of differentiation. o.-Tubulin and Nucleolin were used as cytoplasmic and nuclear loading controls, respectively
Under the same experimental conditions, the localization of FOXO1 was observed by immunofluorescence (Red Ch FOXO1, Blue Ch=DAPI). (n=2 for
WB and n=3 for IF). (C) Immunofluorescence analysis of FOXO1 under SGK1 lentiviral over-expression, +/- concomitant RANBP1 lentiviral mediated
silencing, in CD4* naive (ThO) control cells and in basal CD4"Th17" cells, at 5 days of differentiation. (Red Ch=FOXO1, Blue Ch=DAPI, Green
Ch=SGK1). (n=3). (D) Graphical representation of the proposed model
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4 Discussion

High Th17" plasticity underlies the functional characteristics
of this cluster of innate immunity lymphocytes (33). SGK1, both
in the presence or absence of NaCl stimulation, is currently the
leading candidate of IL-23R-dependent differentiative
mechanism. Previous evidence has shown that SGK1 is a key
regulator of Th17"/Treg differentiation through FOXO1
phosphorylation (8, 20, 33). It is still difficult to understand how
the phosphorylation of a FOXOI conserved residue recognized by
several AGC family kinases could justify SGK1’s specificity (32).
Our previous data have shown that SGK1 affects nuclear transport
and mitotic stability by regulating the expression of RANBP1 (25).
RANBP1 appears to be involved in several physiological processes
(regulation of protein and miRNA transport, spindle checkpoint
formation, and mitotic spindle nucleation) and in pathological
dysregulation (e.g. tumors, neurocognitive deficits, or cellular
alterations in the presence of viral and bacterial infections) (26).
We hypothesize that RANBP1 represents the last missing element
in the IL-23R-mediated Th17" differentiative pathway by
mediating the SGK1-dependent effects. Indeed, RANBPI
together with SGK1 are synchronously modulated in CD4"
lymphocytes during Th17" differentiation. The role of SGK1 in
Th17" differentiation of lymphocytes is widely accepted (8, 16, 17,
24). Here, we demonstrate that the effects of SGK1 on Th17*
differentiation are mediated by RANBP1. We present evidence
that RANBP1 is downstream in the SGK1-dependent Th17"
differentiation pathway and that, in this process, SGK1 requires
the presence of RANBPI (34). RANBP1 is essential for nucleus/
cytoplasmic translocation and degradation of FOXO1, a direct
antagonist of the RORyt-Th17" differentiation program (35).
Interestingly, this signaling pathway seems to be related to the
“so called” pathological Th17" response defined by the expression
of high levels of IL-17 together with low levels of IL-10 (7). NaCl
stimulation, in our experimental conditions, elevates Th17"
differentiation of naive CD4*. Nevertheless, it also boosts
FOXP3 levels, both transcriptionally and translationally, as
observed from others (10). This generates a hybrid-situation of
Th17" RORYt/FOXP3 double-positive (36). However, as
demonstrated, the influence of NaCl is significantly decreased
when RANBP1/SGK1 is either overexpressed or silenced. Indeed,
the dominance of the SGK1/RANBPI1 pathway results in a shift
towards a pathological phenotype of Th17* switch, marked by
high levels of RORYt and IL-17 and low levels of FOXP3 and IL-10.
It seems that a dual regulatory level is established, where NaCl can
enhance Th17" differentiation and expression levels of SGK1 and
RANBPI up to a certain extent, but, in turn, higher levels of the
proteins can lead to a NaCl-independent pathological
differentiation. The identification of RANBPI expression as a
limiting step in Th17" differentiation may contribute to a better
understanding of the mechanisms underlying Th17"-mediated
plasticity and to the identification of novel potential therapeutic
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targets for the treatment of diseases of immunity and
inflammation (Figure 4D).

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were reviewed and
approved by ethics committee of the University ‘Magna Graecia’ of
Catanzaro (r.s. Ethical Protocol register Id. 269, 24 Oct 2017). The
patients/participants provided their written informed consent to
participate in this study.

Author contributions

CB conceptualization, Methodology, Formal Analysis, and
Investigations. VD conceptualization, Methodology, Formal
Analysis, and Investigations. LD conceptualization, Methodology,
Formal Analysis, and Investigations. EC Methodology, Formal
Analysis, and Investigations. RT Methodology, Formal Analysis,
and Investigations. SA Methodology, Formal Analysis, and
Investigations. VR Methodology. RI visualization. FT
visualization. NP visualization and supervision. RA
conceptualization, Methodology, Validation, Formal Analysis,
Investigations, resources, data curation, writing-original draft
preparation, writing-review-editing, visualization, and supervision.
All authors contributed to the article and approved the
submitted version.

Funding

This work was supported by the AIRC (Italian Association for
Cancer Research) grants 20946, 16971-21495, by Fujirebio’s liberal
contribution, and a generous donation from the Stillitani family, in
memory of Carmelo. The funders were not involved in the study
design, collection, analysis, interpretation of data, the writing of this
article, or the decision to submit it for publication.

Acknowledgments

We thank the Immuno-haematology and Transfusion Medicine
Service, ‘Pugliese Ciaccio’ Hospital at Catanzaro, Italy.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1213805
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Brescia et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. Chang JT, Wherry EJ, Goldrath AW. Molecular regulation of effector and
memory T cell differentiation. Nat Immunol (2014) 15:1104-15. doi: 10.1038/ni.3031

2. KimJS, Jordan MS. Diversity of IL-17-producing T lymphocytes. Cell Mol Life Sci
(2013) 70:2271-90. doi: 10.1007/s00018-012-1163-6

3. Moseley TA, Haudenschild DR, Rose L, Reddi AH. Interleukin-17 family and IL-
17 receptors. Cytokine Growth Factor Rev (2003) 14:155-74. doi: 10.1016/s1359-6101
(03)00002-9

4. Qin'Y, Gao C, Luo J. Metabolism characteristics of Th17 and regulatory T cells in
autoimmune diseases. Front Immunol (2022) 13:828191. doi: 10.3389/
fimmu.2022.828191

5. Marques HS, de Brito BB, da Silva FAF, Santos MLC, de Souza JCB, Correia TML,
et al. Relationship between Th17 immune response and cancer. World ] Clin Oncol
(2021) 12:845-67. doi: 10.5306/wjco.v12.i110.845

6. Renault C, Veyrenche N, Mennechet F, Bedin A-S, Routy J-P, Van de Perre P,
et al. Th17 CD4+ T-cell as a preferential target for HIV reservoirs. Front Immunol
(2022) 13:822576. doi: 10.3389/fimmu.2022.822576

7. Damasceno LEA, Cebinelli GCM, Fernandes MF, Nascimento DC, Publio GA,
Vinolo MAR, et al. STING is an intrinsic checkpoint inhibitor that restrains the TH17
cell pathogenic program. Cell Rep (2022) 39:110838. doi: 10.1016/j.celrep.2022.110838

8. Binger KJ, Linker RA, Muller DN, Kleinewietfeld M. Sodium chloride, SGK1, and
Th17 activation. Pflugers Arch (2015) 467:543-50. doi: 10.1007/s00424-014-1659-z

9. Wilck N, Matus MG, Kearney SM, Olesen SW, Forslund K, Bartolomaeus H, et al.
Salt-responsive gut commensal modulates TH17 axis and disease. Nature (2017)
551:585-9. doi: 10.1038/nature24628

10. Matthias J, Heink S, Picard F, Zeitrig J, Kolz A, Chao Y-Y, et al. Salt generates
antiinflammatory Th17 cells but amplifies pathogenicity in proinflammatory cytokine
microenvironments. J Clin Invest (2020) 130:4587-600. doi: 10.1172/JCI137786

11. Papadopoulou G, Xanthou G. Metabolic rewiring: a new master of Th17 cell
plasticity and heterogeneity. FEBS J (2022) 289:2448-66. doi: 10.1111/febs.15853

12. DengJ, Yu X-Q, Wang P-H. Inflammasome activation and Th17 responses. Mol
Immunol (2019) 107:142-64. doi: 10.1016/j.molimm.2018.12.024

13. Le Menn G, Jablonska A, Chen Z. The effects of post-translational modifications
on Th17/Treg cell differentiation. Biochim Biophys Acta Mol Cell Res (2022)
1869:119223. doi: 10.1016/j.bbamcr.2022.119223

14. Abbruzzese C, Catalogna G, Gallo E, di Martino S, Mileo AM, Carosi M, et al.
The small molecule SI113 synergizes with mitotic spindle poisons in arresting the
growth of human glioblastoma multiforme. Oncotarget (2017) 8:110743-55.
doi: 10.18632/oncotarget.22500

15. Abbruzzese C, Matteoni S, Persico M, Ascione B, Schenone S, Musumeci F, et al.
The small molecule SI113 hinders epithelial-to-mesenchymal transition and subverts
cytoskeletal organization in human cancer cells. J Cell Physiol (2019) 234:22529-42.
doi: 10.1002/jcp.28816

16. Kleinewietfeld M, Manzel A, Titze J, Kvakan H, Yosef N, Linker RA, et al.
Sodium chloride drives autoimmune disease by the induction of pathogenic TH17 cells.
Nature (2013) 496:518-22. doi: 10.1038/nature11868

17. Wu C, Yosef N, Thalhamer T, Zhu C, Xiao S, Kishi Y, et al. Induction of
pathogenic Th17 cells by inducible salt sensing kinase SGK1. Nature (2013) 496:513-7.
doi: 10.1038/nature11984

18. Bettelli E, Oukka M, Kuchroo VK. T(H)-17 cells in the circle of immunity and
autoimmunity. Nat Immunol (2007) 8:345-50. doi: 10.1038/ni0407-345

19. Laurence A, O’Shea JJ. TH-17 differentiation: of mice and men. Nat Immunol
(2007) 8:903-5. doi: 10.1038/ni0907-903

20. Tsoukas A, Goodyear CS, McInnes IB. Chapter 28 - targeting the IL-17/IL-23
axis in chronic inflammatory immune-mediated diseases. In: Alt FW, Honjo T,

Frontiers in Immunology

11

10.3389/fimmu.2023.1213805

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1213805/
full#supplementary-material

Radbruch A, Reth M, editors. Molecular biology of b cells, 2nd ed. London: Academic
Press (2015). p. 527-39. doi: 10.1016/B978-0-12-397933-9.00028-X

21. Spagnuolo R, Dattilo V, D’Antona L, Cosco C, Tallerico R, Ventura V, et al.
Deregulation of SGK1 in ulcerative colitis: a paradoxical relationship between immune
cells and colonic epithelial cells. Inflammation Bowel Dis (2018) 24:1967-77.
doi: 10.1093/ibd/izy158

22. Amato R, Dattilo V, Brescia C, D’Antona L, Iuliano R, Trapasso F, et al. Th17-
gene expression profile in patients with chronic venous disease and venous ulcers:
genetic modulations and preliminary clinical evidence. Biomolecules (2022) 12:902.
doi: 10.3390/biom12070902

23. Hernandez AL, Kitz A, Wu C, Lowther DE, Rodriguez DM, Vudattu N, et al.
Sodium chloride inhibits the suppressive function of FOXP3+ regulatory T cells. J Clin
Invest (2015) 125:4212-22. doi: 10.1172/JCI81151

24. Wu C, Chen Z, Xiao S, Thalhamer T, Madi A, Han T, et al. SGK1 governs the
reciprocal development of Th17 and regulatory T cells. Cell Rep (2018) 22:653-65.
doi: 10.1016/j.celrep.2017.12.068

25. Amato R, Scumaci D, D’Antona L, Iuliano R, Menniti M, Di Sanzo M, et al. Sgk1
enhances RANBP1 transcript levels and decreases taxol sensitivity in RKO colon
carcinoma cells. Oncogene (2013) 32:4572-8. doi: 10.1038/0onc.2012.470

26. Audia S, Brescia C, Dattilo V, D’Antona L, Calvano P, Iuliano R, et al.
RANBP1 (RAN binding protein 1): the missing genetic piece in cancer
pathophysiology and other complex diseases. Cancers (Basel) (2023) 15:486.
doi: 10.3390/cancers15020486

27. Dattilo V, D’Antona L, Talarico C, Capula M, Catalogna G, Iuliano R, et al.
SGKI1 affects RAN/RANBP1/RANGAPI via SP1 to play a critical role in pre-miRNA
nuclear export: a new route of epigenomic regulation. Sci Rep (2017) 7:45361.
doi: 10.1038/srep45361

28. Di Fiore B, Ciciarello M, Mangiacasale R, Palena A, Tassin A-M, Cundari E,
et al. Mammalian RanBP1 regulates centrosome cohesion during mitosis. J Cell Sci
(2003) 116:3399-411. doi: 10.1242/jcs.00624

29. Talarico C, Dattilo V, D’Antona L, Barone A, Amodio N, Belviso S, et al. SI113, a
SGK1 inhibitor, potentiates the effects of radiotherapy, modulates the response to
oxidative stress and induces cytotoxic autophagy in human glioblastoma multiforme
cells. Oncotarget (2016) 7:15868-84. doi: 10.18632/oncotarget.7520

30. Hayashi N, Yokoyama N, Seki T, Azuma Y, Ohba T, Nishimoto T. RanBP1, a
ras-like nuclear G protein binding to Ran/TC4, inhibits RCC1 via Ran/TC4. Mol Gen
Genet (1995) 247:661-9. doi: 10.1007/BF00290397

31. Bischoff FR, Krebber H, Smirnova E, Dong W, Ponstingl H. Co-Activation of
RanGTPase and inhibition of GTP dissociation by ran-GTP binding protein RanBP1.
EMBO ] (1995) 14:705-15. doi: 10.1002/j.1460-2075.1995.tb07049.x

32. Baracho GV, Cato MH, Zhu Z, Jaren OR, Hobeika E, Reth M, et al. PDK1
regulates b cell differentiation and homeostasis. Proc Natl Acad Sci USA (2014)
111:9573-8. doi: 10.1073/pnas.1314562111

33. Gueéry L, Hugues S. Th17 cell plasticity and functions in cancer immunity.
BioMed Res Int (2015) 2015:314620. doi: 10.1155/2015/314620

34. Du Y-N, Tang X-F, Xu L, Chen W-D, Gao P-J, Han W-Q. SGK1-FoxO1
signaling pathway mediates Th17/Treg imbalance and target organ inflammation in
angiotensin II-induced hypertension. Front Physiol (2018) 9:1581. doi: 10.3389/
fphys.2018.01581

35. Lainé A, Martin B, Luka M, Mir L, Auftray C, Lucas B, et al. Foxol is a T cell-
intrinsic inhibitor of the RORYt-Th17 program. J Immunol (2015) 195:1791-803.
doi: 10.4049/jimmunol.1500849

36. Komatsu N, Okamoto K, Sawa S, Nakashima T, Oh-hora M, Kodama T, et al.
Pathogenic conversion of Foxp3+ T cells into TH17 cells in autoimmune arthritis. Nat
Med (2014) 20:62-8. doi: 10.1038/nm.3432

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1213805/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1213805/full#supplementary-material
https://doi.org/10.1038/ni.3031
https://doi.org/10.1007/s00018-012-1163-6
https://doi.org/10.1016/s1359-6101(03)00002-9
https://doi.org/10.1016/s1359-6101(03)00002-9
https://doi.org/10.3389/fimmu.2022.828191
https://doi.org/10.3389/fimmu.2022.828191
https://doi.org/10.5306/wjco.v12.i10.845
https://doi.org/10.3389/fimmu.2022.822576
https://doi.org/10.1016/j.celrep.2022.110838
https://doi.org/10.1007/s00424-014-1659-z
https://doi.org/10.1038/nature24628
https://doi.org/10.1172/JCI137786
https://doi.org/10.1111/febs.15853
https://doi.org/10.1016/j.molimm.2018.12.024
https://doi.org/10.1016/j.bbamcr.2022.119223
https://doi.org/10.18632/oncotarget.22500
https://doi.org/10.1002/jcp.28816
https://doi.org/10.1038/nature11868
https://doi.org/10.1038/nature11984
https://doi.org/10.1038/ni0407-345
https://doi.org/10.1038/ni0907-903
https://doi.org/10.1016/B978-0-12-397933-9.00028-X
https://doi.org/10.1093/ibd/izy158
https://doi.org/10.3390/biom12070902
https://doi.org/10.1172/JCI81151
https://doi.org/10.1016/j.celrep.2017.12.068
https://doi.org/10.1038/onc.2012.470
https://doi.org/10.3390/cancers15020486
https://doi.org/10.1038/srep45361
https://doi.org/10.1242/jcs.00624
https://doi.org/10.18632/oncotarget.7520
https://doi.org/10.1007/BF00290397
https://doi.org/10.1002/j.1460-2075.1995.tb07049.x
https://doi.org/10.1073/pnas.1314562111
https://doi.org/10.1155/2015/314620
https://doi.org/10.3389/fphys.2018.01581
https://doi.org/10.3389/fphys.2018.01581
https://doi.org/10.4049/jimmunol.1500849
https://doi.org/10.1038/nm.3432
https://doi.org/10.3389/fimmu.2023.1213805
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	RANBP1, a member of the nuclear-cytoplasmic trafficking-regulator complex, is the terminal-striking point of the SGK1-dependent Th17+ pathological differentiation
	1 Introduction
	2 Materials and methods
	2.1 In vitro T cell differentiation
	2.2 Plasmids and lentiviral production
	2.3 Flow cytometry
	2.4 RNA extraction and quantitative real-time PCR
	2.5 Immunoblot analysis
	2.6 Immunofluorescence
	2.7 Statistical analysis

	3 Results
	3.1 IL-17 expression in Th17+ lymphocytes differentiation
	3.2 RANBP1 and related pathway in Th17+ genic signature
	3.3 RANBP1 fluctuations are critical in SGK1-dependent signal transduction
	3.4 RANBP1 genetic modulation alters the FOXO1 nuclear-cytoplasmic trafficking during Th17+ differentiation

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References


