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SUMMARY

Cancerous Inhibitor of Protein Phosphatase 2A (CIP2A) is an oncogene and a potential cancer ther-

apy target protein. Accordingly, a better understanding of the physiological function of CIP2A,

especially in the context of immune cells, is a prerequisite for its exploitation in cancer therapy.

Here, we report that CIP2A negatively regulates interleukin (IL)-17 production by Th17 cells in

human and mouse. Interestingly, concomitant with increased IL-17 production, CIP2A-deficient

Th17 cells had increased strength and duration of STAT3 phosphorylation. We analyzed the interac-

tome of phosphorylated STAT3 in CIP2A-deficient and CIP2A-sufficient Th17 cells and indicated

together with genome-wide gene expression profiling, a role of Acylglycerol Kinase (AGK) in the

regulation of Th17 differentiation by CIP2A. We demonstrated that CIP2A regulates the strength

of the interaction between AGK and STAT3, and thereby modulates STAT3 phosphorylation and

expression of IL-17 in Th17 cells.

INTRODUCTION

Cancerous Inhibitor of Protein Phosphatase 2A (CIP2A) was first characterized as a modulator of activity

of Protein Phosphatase 2A (PP2A) toward serine-62 phosphorylated MYC, leading to stabilization of the

MYC protein (Junttila et al., 2007). The oncogenic nature of CIP2A was later confirmed in various human

malignancies (Kauko and Westermarck, 2018) making it a promising target for cancer therapy (Junttila

et al., 2007; Janghorban et al., 2014; Lucas et al., 2016). Mechanistically, the oncogenic activity of

CIP2A can be explained by its activity toward the tumor suppressive PP2A B-subunit B56 and presumed

effects in selectively inhibiting PP2A/B56 substrate recognition (Wang et al., 2017). In addition to cancer,

increased CIP2A levels have also been detected in the neurons of patients with Alzheimer disease (AD)

leading to increased phosphorylation of Tau protein, suggesting CIP2A also to be a potential therapeu-

tic target for AD (Shentu et al., 2018). Although CIP2A is associated with these disease states, there is a

need for a better understanding of its role in normal cellular physiology. Its expression has also been

associated with autophagy and increased cell proliferation (Yu et al., 2013). It promotes cell cycle pro-

gression, premature chromosome segregation, and aneuploidy (Pallai et al., 2015). We have previously

demonstrated that CIP2A deficiency results in defects in T cell activation (Côme et al., 2016); however,

nothing is known with respect to the function of CIP2A in the differentiation of different T helper (Th)

cell subsets.

Interleukin 17 (IL-17)-producing Th17 cells protect the mucosal surfaces and play a crucial role in host

defense against pathogens, such as fungi and extracellular bacteria (Gaffen et al., 2011; Romani, 2011). Dys-

regulated Th17 differentiation leads to several autoimmune and inflammatory pathologies, including pso-

riasis, rheumatoid arthritis (RA), multiple sclerosis, and inflammatory bowel disease (Kleinewietfeld and Ha-

fler, 2013; Kleinewietfeld et al., 2013; Wu et al., 2013; Yosef et al., 2013; Lee et al., 2014; Meyer Zu Horste

et al., 2016). Strategies to limit excessive Th17 response are therefore an attractive target to prevent

Th17-mediated pathologies. Notably, the suppression of the activity of transcription factors (TF) driving

Th17 differentiation, such as RORgt, has demonstrated impressive efficacy in preclinical disease models

(Huh et al., 2011; Xu et al., 2011; Xiao et al., 2014). Moreover, inhibition of IL-17 by neutralizing antibodies

has shown remarkable effectiveness in clinical trials in the pathology of several autoimmune diseases, such

as psoriasis, ankylosing spondylitis, and multiple sclerosis (Robinson et al., 2013; Lønnberg et al., 2014). A

better understanding of how Th17 cells function and their differentiation is regulated would facilitate the

development of novel approaches to treat autoimmune diseases and other Th17 cell-mediated disorders.

1Turku Bioscience Centre,
University of Turku and Åbo
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Tykistökatu 6A, Turku,
Finland

2Turku Doctoral Programme
of Molecular Medicine
(TuDMM), University of Turku,
Turku, Finland

3The Broad Institute of MIT
and Harvard, Cambridge,
USA

4Center for Computational
and Integrative Biology,
Massachusetts General
Hospital, Boston, USA

5Doctoral Programme in
Mathematics and Computer
Sciences (MATTI), University
of Turku, Turku, Finland

6Institute of Biomedicine,
University of Turku, Turku,
Finland

7Faculty of Biochemistry and
Molecular Medicine,
University of Oulu

8Lead Contact

*Correspondence:
rilahes@utu.fi

https://doi.org/10.1016/j.isci.
2020.100947

iScience 23, 100947, March 27, 2020 ª 2020 The Authors.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

mailto:rilahes@utu.fi
https://doi.org/10.1016/j.isci.2020.100947
https://doi.org/10.1016/j.isci.2020.100947
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2020.100947&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


0,5

1

1,5

2

Th0 Th17

B

C
IP

2
A

 (
R

E
)

*

0

10

20

30

40

50

0 0,5 1 2 4 6 12 24 48 72

Th0 Th17

Time (h)

A

C
IP

2
A

 (
R

P
K

M
)

ED

C

TCR  +   +    -
IL2     - +     +

ns

A
U

5000

10000

15000

C
IP

2
A

 (
R

E
)

0

1

2

3

4

ZoomMergeDAPIPhalloidinCIP2A

Th0 Th17

T
h

0
T

h
1

7

Figure 1. CIP2A Is Downregulated in Th17 Cells

(A) Expression profiles of CIP2A from human activated T cells (Th0) and Th17 cells at the indicated time points post cell activation (RNA-seq data from

Tuomela et al. (2016)).
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In the present study, we demonstrated that CIP2A silencing results in a significant increase in IL-17 produc-

tion in human and mouse Th17 cells. Genome-wide profiling of gene expression in human CIP2A-silenced

Th17 cells confirmed the upregulation of many Th17 cell-specific genes, including RORC and MAF.

Concomitant with increased IL-17 production, we observed enhanced STAT3 (Y705) phosphorylation in

CIP2A-deficient Th17 cells. To identify candidates responsible for enhanced STAT3 phosphorylation, we

used a mass spectrometry (MS) (liquid chromatography [LC]-tandem MS [MS/MS])-based proteomics

approach to study the interactome of phosphorylated (pSTAT3) in CIP2A-silenced and control Th17 cells.

We demonstrated significantly increased interaction between acylglycerol kinase (AGK) and pSTAT3 under

CIP2A-deficient condition that in turn may lead to enhanced STAT3 phosphorylation and IL-17 secretion in

CIP2A-silenced Th17 cells. Notably, both inhibition of CIP2A and direct inhibition of PP2A catalytic subunit

led to enhanced IL-17 expression in Th17 cells. This suggests that CIP2A negatively regulates human Th17

cell differentiation without inhibiting catalytic activity of PP2A complex.

RESULTS

CIP2A Is Downregulated in TH17 Cells

CIP2A is induced upon T cell activation, and its mRNA expression is reduced in Th17 cells (Figures 1A and

1B). Interestingly, in other CD4+ T cell subsets, there was no difference in the expression of CIP2A (Figures

S1A and S1B) (Kanduri et al., 2015; Ubaid Ullah et al., 2018). We further confirmed reduced CIP2A expres-

sion in Th17 cells at the protein level (72 h) using confocal microscopy (Figures 1C and 1D). CIP2A localiza-

tion by confocal microscopy suggested similar CIP2A expression in the nuclear and cytoplasmic fractions of

Th0 and Th17 cells. Thus, reduced expression of CIP2A is not due to its altered localization in Th17 cells

(Khan et al., 2020). On account of the early expression of IL2 in response to T cell receptor (TCR) trig-

gering/activation and its role in immune system, we sought to investigate whether the expression of

CIP2A was regulated directly by TCR or through activation-induced autocrine/paracrine IL-2. Naive human

CD4+ T cells were stimulated with either TCR or IL-2 alone or in combination for 72 h followed bymeasuring

CIP2A expression by TaqMan qRT-PCR. Although TCR by itself was sufficient to induce the expression,

stimulation with IL-2 alone did not result in any detectable expression of CIP2A (Figure 1E). Together, these

results indicate that CIP2A is induced in T cells upon TCR triggering and is downregulated in Th17 cells.

CIP2A Negatively Regulates TH17 Differentiation

To determine the functional role of CIP2A in human CD4+ T cells, CIP2A was silenced using three different

small interfering RNAs (siRNAs), each targeting different regions of the transcript. CIP2A expression was

efficiently silenced both at protein and RNA levels by these three (siCIP2A1, siCIP2A4, and siCIP2A5)

siRNAs (Figures 2A and 2B). In mouse, CIP2A was depleted using gene trap technology, as previously

described (Ventelä et al., 2012). CIP2A homozygous mice (CIP2AHOZ) were viable with normal lifespan

and had strong depletion (more than 90%) of CIP2A expression when compared with CIP2A wild-type (CI-

P2AWT) animals. In our earlier study, we reported reduced expression of CD69, amarker for activated T cells,

in CIP2A-deficient human andmouse T cells in response to TCR activation (Côme et al., 2016). In the current

study, we tested the effect of CIP2A silencing on IL2RA (CD25) expression, as IL2RA is another key receptor

induced upon T cell activation. Like CD69, CD25 expression was also significantly downregulated in cells

deficient in CIP2A (Figures S2A and S2B), further supporting the role of CIP2A in T cell activation.

CIP2A siRNA (siCIP2A) and non-targeting control siRNA (siNT) transfected human naiveCD4+T cells werediffer-

entiated toward the Th17 direction, and CCR6 surface expression and IL-17 levels were measured at 72 h. A sig-

nificant increase in CCR6 expression (Figure 2C) and enhanced IL-17A expression, both at RNA (Figure 2D) and

protein levels (Figure 2E), were observed in theCIP2A-silenced Th17 cells. To study if the effect of CIP2A on IL-17

Figure 1. Continued

(B) Pairwise TaqMan qRT-PCR analysis of CIP2A expression at 24 h in Th0 and Th17 cells. The significance was determined using unpaired two-tailed t test;

*p < 0.05.

(C) Confocal microscopic images of CIP2A staining in Th0 (top) and Th17 (bottom) cells (72 h). Scale bar, 7 mm.

(D) Statistical analysis of the confocal microscopy (C). The dot plot shows average corrected total cell fluorescence displayed as arbitrary unit (AU); each dot

represents an independent experiment where 50–60 cells were analyzed. The analyses were performed using GraphPad Prism version 7.0d for Mac OS X

(GraphPad Software), and the significance was determined using unpaired two-tailed t test; *p < 0.05.

(E) CIP2A expression analysis by TaqMan qRT-PCR in human T cells at 72 h after stimulation by TCR, IL-2, or both. Data were calculated as dCT values

normalized with the housekeeping gene (EF1-alpha) and plotted as 2�dCt. ****p < 0.0001 (Student’s two-tailed unpaired t test). In all figures, the error bars

represent the standard error of the mean. RE and AU stand for relative expression and arbitrary unit, respectively.
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Figure 2. CIP2A Negatively Regulates Th17 Cell Differentiation

(A) Western blot (WB) analysis of CIP2A silencing by five different siRNAs. NT denotes non-targeting siRNA. Quantification was performed using ImageJ

software and plotted above the representativeWBwhere each dot represents an independent experiment. The significance was determined using unpaired

two-tailed t test; ****p < 0.0001.

(B) TaqMan qRT-PCR analysis demonstrating the efficiency of CIP2A silencing by the three functional CIP2A siRNAs shown in (A). The significance was

determined using unpaired two-tailed t test; *p < 0.05, **p < 0.01, ****p < 0.0001.
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was true also for mouse, naive CD4+CD62L+ splenic T cells from CIP2A WT and knockout (KO) animals were

differentiated to the Th17 direction and IL-17 levels weremeasured. Similar to human Th17 cells, a consistent in-

crease in IL-17A expression in the CIP2A-deficient mouse Th17 cells was detected at 72 h (Figures 2F and 2G).

To assess whether the increase in IL-17 expression in CIP2A-silenced cells was due to regulation of IL17A

gene expression, increased proliferation, or increased cell survival, naive CD4+ T cells were labeled with

carboxyfluorescein succinimidyl ester (CFSE) and the cells were activated under Th17-promoting condi-

tions. The extent of CFSE dilution was monitored 96 h post cell activation, in both CIP2A-silenced and con-

trol cells. The rate of proliferation in CIP2A-silenced cells was slower than in the control cells (Figure S2D).

Similar results were also obtained in mouse cells deficient in CIP2A (Figure S2E), and there were no signif-

icant differences in the cell viability between the cell populations (Figure S2F). These results confirmed that

increase in IL-17 upon CIP2A silencing is not due to increased proliferation of these cells and is consistent

with several other reports that have found reduced proliferation of CIP2A-deficient cells in other cell types

(Junttila et al., 2007; Ventelä et al., 2012; Yang et al., 2016).

To explore the mechanisms underlying the increased Th17 differentiation of CIP2A-deficient cells, we car-

ried out RNA sequencing (RNA-seq) analysis of CIP2A-silenced cells cultured under Th17 condition for 24 h.

This time point was chosen to ensure that CIP2A expression is induced and that the siRNA-mediated

silencing of CIP2A remains efficient. CIP2A silencing resulted in differential expression of 136 genes (false

discovery rate [FDR] <0.05) in cells differentiated to the Th17 direction for 24 h (Figure 3A and Table S1).

Fifty of these genes have been shown to be differentially expressed (DE) during Th17 differentiation (Tuo-

mela et al., 2016) (Table S2). Consistent with the increase in IL17 expression, many genes encoding Th17-

related TFs, e.g., RORA, RORC, and MAF, were upregulated in the CIP2A-deficient Th17 cells. In contrast,

several genes that repress Th17 cell differentiation (e.g., interferon-g, IL-2, and IRF8) were downregulated

in CIP2A-deficient conditions suggesting CIP2A negatively regulates Th17 differentiation.

Genesetenrichment analysis (Subramanianetal., 2005)wasperformed to investigatewhether therewasaglobal

increase in theexpressionofTh17cell signaturegenesuponCIP2Asilencing. TheTh17cell signaturegeneswere

defined from our earlier study as the top upregulated (24 h, FDR <0.05, log2[FC] > 2) genes in Th17 conditions

(Tuomelaetal., 2016). Themajority ofTh17cell signaturegenesweremoreabundant in theCIP2A-deficient sam-

ples than in the control samples (Figure 3Bupper panel), indicatingageneral upregulationof Th17 cell signature

genes inCIP2A-deficient Th17 cells. In comparison, the corresponding induced regulatory T cell (iTreg) gene set

(24 h, FDR <0.05, log2[FC] > 2) was not enriched (Figure 3B lower panel).

Ingenuity pathway analysis (IPA) of the CIP2A-silenced Th17 cell gene expression data was used to gain an

overview of the pathways enriched among the DE genes observed in CIP2A-deficient human Th17 cells and

the cellular location of different RNA species among the DE genes. Enzymes were the most enriched class

among the DE genes, followed by transporters and transcriptional regulators (Figure 3C). Interestingly,

among the most enriched pathways were differential regulation of cytokines by IL-17 in epithelia, macro-

phages, and Th cells, as well as IL-17 regulation in inflammatory diseases, supporting a role for CIP2A in the

regulation of signaling involved in IL-17 expression (Figure 3D).

CIP2A Controls TH17 Differentiation by Regulating STAT3 Phosphorylation

To identify the key upstream regulators of the observed RNA-seq transcriptional signature in CIP2A-defi-

cient Th17 cells, we used ‘‘upstream regulators’’ predictor tool from IPA. The tool predicts the key upstream

Figure 2. Continued

(C) A flow cytometry dot blot analysis of Th17 cell-specific CCR6 receptor expression in CIP2A-silenced and control 72 h polarized human Th17 cells.

A representative example of three biological replicates. The number on the plot shows the percentage of positive cells.

(D) TaqMan qRT-PCR analysis of IL17A expression in CIP2A-silenced human Th17 cells at 72 h. Asterisks denotes significance obtained in Student’s t test

(two-tailed paired) with *p < 0.05.

(E) Luminex analysis of secreted IL-17A in CIP2A-silenced human Th17 cells. The values were normalized by the number of living cells, determined on the

basis of cell size and granularity detected by flow cytometry. The significance obtained by Student’s t test (two-tailed paired) with **p < 0.01.

(F) Flow cytometry analysis of IL-17A expression in mouse Th17 cells from CIP2A knockout (KO) and control (WT) animals shown as contour plot of one

replicate (left) and the mean of three replicates (right). *p < 0.05.

(G) Luminex analysis of IL-17A secretion from Th17 cells generated from CIP2A KO andWT mice cells. In TaqMan qRT-PCR analysis unless otherwise stated,

data were calculated as dCT values normalized with the housekeeping gene (EF1-alpha) and plotted as 2�dCt. Asterisks denotes significance obtained in

Student’s t test (two-tailed paired) with *p < 0.05.
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TF or cytokines that may not be upregulated at the RNA level but may have increased activity because of

posttranslational modification, e.g., phosphorylation. Interestingly, STAT3, a known positive regulator of

Th17 cell differentiation (Chen et al., 2006; Durant et al., 2010; Tripathi et al., 2017), was one of the key up-

stream regulators predicted to be activated (Z score > 2) in CIP2A-deficient cells (Figure 4A). Furthermore,

Transcription Factor Binding Sites enrichment analysis on the promoters of DE genes revealed enrichment

of several Th17-related factors including STAT3 (Table S3). Based on these results, we hypothesized that

enhanced Th17 cell differentiation upon CIP2A deficiency could be due to increased STAT3 activity.

To test whether CIP2A silencing leads to changes in STAT3 activity, levels of STAT3 phosphorylation were

determined. Naive CD4+ T cells were activated for 48 h in Th17-polarizing conditions to ensure the expres-

sion of CIP2A, and siRNA was then used to silence CIP2A expression. As STAT3 phosphorylation occurs

early during Th17 differentiation, cells were re-activated for 15 min under Th17 condition and STAT3 phos-

phorylation wasmonitored using intracellular flow cytometry staining andwestern blotting (WB) (Figure 4B).

STAT3 phosphorylation (Y705) was indeed consistently higher in cells depleted of CIP2A by all the three

CIP2A siRNAs when compared with controls both in terms of percentage (Figure 4C) and median flores-

cence intensity (Figure 4D). Higher phosphorylation of STAT3 was also observed at serine-727 (Figure S3A).

To test whether the increase in pSTAT3 is also sustained for longer duration, we performed similar exper-

iments to those described in Figure 4B, except that the additional time points at 30 and 360 min were

included. Interestingly, not only was there an increase in STAT3 phosphorylation but also the phosphory-

lation was sustained longer in CIP2A-silenced samples (Figure 4E). Besides Tyrosine-705 phosphorylation,

serine-727 phosphorylation was also sustained in the CIP2A-deficient Th17 cells (Figure 4E). To test

whether the increase in the phosphorylation in CIP2A-deficient cells was specific to STAT3, we measured

the phosphorylation of STAT5. As STAT5 is phosphorylated in response to IL-2 stimulation, we first cultured

the naive cells as shown in Figure 4B, except that the cells were differentiated under iTreg conditions

wherein the cells were activated in the presence of IL-2, all-trans retinoic acid, and transforming growth fac-

tor-b. No differences in STAT5 phosphorylation were observed, indicating that the changes were specific to

STAT3 (Figures S3B and S3C). Taken together, these results suggest that CIP2A limits Th17 differentiation

by modulating STAT3 phosphorylation.

AGK Potentiates STAT3 Phosphorylation in the Absence OF CIP2A

We hypothesized that the increase in pSTAT3 in CIP2A-deficient cells is due to changes in the interacting part-

ners of STAT3 in the presence and the absence of CIP2A. To test this hypothesis, we performed immunoprecip-

itation (IP) of pSTAT3 (Y705) followed by LC-MS/MS of whole-cell lysates to identify proteins that interact with

pSTAT3 in CIP2A-sufficient or CIP2A-deficient conditions in human Th17 cells. Cells were first activated for

48 h under Th17 condition. The cells were then nucleofected, rested, and re-activated for 15 min in Th17-polar-

izing condition, and pSTAT3 was measured by WB (Figure S3D). STAT3 was enriched many folds in IP samples

when compared with control (IgG) samples (Figure 5A). Interestingly, pSTAT3 was higher in siCIP2A when

compared with siNT, confirming the results shown in Figures 4C and 4E. Proteins interacting with pSTAT3

werepulled down together with the pSTAT3and identifiedbyMS analysis. STAT3was themost enrichedprotein

in MS analysis of both CIP2A-sufficient and CIP2A-deficient conditions, confirming that the IP and MS were suc-

cessful. Following statistical analysis of the MS data from the IP samples, 335 of the identified proteins were dis-

cerned to interact with pSTAT3 in the CIP2A-sufficient or CIP2A-deficient conditions and were distinct from the

IgG-only baits (Table S4). The detected interacting proteins were filtered to include those differentially abundant

between prey and bait (p < 0.05, paired t test) and passing a Significance Analysis of Interactome (SAINT) prob-

ability score of >0.7 (Emani et al., 2015). Among these, 217 proteins interacted with pSTAT3 both in CIP2A-suf-

ficient and CIP2A-deficient conditions (Figures 5B and 5C), whereas the interaction of 69 and 49 proteins were

distinguished in the CIP2A-sufficient and CIP2A-deficient conditions, respectively (Table S4).

Figure 3. Several Genes Are Affected upon CIP2A Silencing in Human Th17 Cells

(A) Genes DE between CIP2A-silenced (siCIP2A1) or control (siNT) Th17 cells (24 h) shown as heatmap. The plot is of Z score calculated from RPKM (Reads Per

Kilobase of transcript, per Million mapped reads) values. First three columns represent data from siNT, and the last three columns are from siCIP2A-treated

cells. ‘‘r1,’’ ‘‘r2,’’ and ‘‘r3’’ denote three replicates.

(B) Enrichment of Th17 signature genes (24 h log2FC > 2) (Tuomela et al., 2016) is shown in the top panel. Panel on the bottom shows lack of enrichment of

iTreg genes. Each vertical line in the plot shows one gene. Lines toward the red indicate genes that are enriched in siCIP2A samples, and those toward the

blue indicate enrichment in siNT samples. For details, see Transparent Methods section.

(C) Pie chart showing the distribution of different RNA species among DE genes in the siCIP2A1-treated Th17 cells.

(D) IPA analysis showing enriched pathways among the genes DE in CIP2A-deficient human Th17 cells.
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The STAT3 interactome data were analyzed with GeneOntology (GO) and network analysis tools to gain an

overview of the biological processes associated with the proteins through which STAT3 mediates its func-

tion. STAT3-interacting proteins associated with both the CIP2A-sufficient and CIP2A-deficient conditions

were selected for the network analysis. A network was constructed using the STRING database (Szklarczyk

et al., 2017) to gather the known interactions between the proteins. The resulting network was further visu-

alized with Cytoscape (Shannon et al., 2003) and enriched biological processes were identified using

DAVID (Huang et al., 2009a, 2009b) and PANTHER (Mi et al., 2013, 2017), revealing RNA processing,

immune response, and cell adhesion as the processes most frequently linked with the STAT3-associated

proteins (Figure 5D). Collectively, these results suggest that STAT3 is involved in multiple steps, ranging

from RNA production to the production of a functional protein and in cell signaling.

Further analysisofpSTAT3 interactors in IPA revealedenrichmentofCD28signaling inThcells inCIP2A-sufficient

condition (Figures S4AandS4B). Conversely, protein kinaseAsignalingwasenrichedamongpSTAT3 interactors

only under CIP2A-deficient conditions. In terms of their organellar associations, the largest proportion of the

pSTAT3 interactors were cytoplasmic, followed by nuclear and plasma membrane, both under CIP2A-sufficient

and CIP2A-deficient conditions (Figure S4C). Functionally, the largest proportion of pSTAT3 interactors be-

longed to ‘‘enzymes,’’ followed by transcription regulators and transporters (Figure S4D).

To identify STAT3-interacting partners associated with the increase in pSTAT3 observed in CIP2A-deficient

cells, we searched for proteins preferentially interacting with STAT3 either in CIP2A-silenced or control

Th17 cells. Interestingly, a significantly enhanced interaction was detected between a lipid kinase AGK

and STAT3 in CIP2A-silenced cells (Table S4) when compared with control cells. These results were vali-

dated in independent co-IP experiments (Figure 6A). Furthermore, using confocal microscopy, we

detected a significantly higher co-localization of AGK and pSTAT3 in CIP2A-deficient human Th17 cells

than in control cells (Figure 6B). Notably, AGK was also identified as a CIP2A-interacting protein in a recip-

rocal CIP2A IP experiment (Figure 6C left). The CIP2A-AGK interaction was further confirmed by targeted

selected reactionmonitoring-basedMS analysis of CIP2A IP samples (Figure 6C right). It has been reported

that AGK directly interacts with STAT3 in cancer cells and promotes its phosphorylation by JAKs (Chen

et al., 2013). Silencing of AGK decreased pSTAT3 (Y705) levels, whereas its overexpression led to an in-

crease in pSTAT3 (Y705) levels (Chen et al., 2013). We confirmed that indeed AGK-pSTAT3 interaction is

enhanced in the absence of CIP2A. We tested if AGK silencing will bring back the increased phosphoryla-

tion of STAT3 in CIP2A-deficient Th17 cells. First, we efficiently silenced AGK using three different siRNAs

(Figure 6D). STAT3 levels were unaffected, as reported earlier in epithelial cells (Chen et al., 2013), whereas

AGK silencing significantly reduced pSTAT3 in Th17 cells (Figure 6D). Furthermore, depletion of AGK in

CIP2A-silenced cells was able to neutralize the enhanced pSTAT3 levels as measured both by flow cytom-

etry (Figures 6E and 6F) and WB analysis (Figure 6G), as well as enhanced IL-17 production (Figure 6H).

Taken together these data suggest that CIP2A interacts with AGK, regulates the interaction between

AGK and STAT3, and thereby controls the phosphorylation of STAT3 in Th17 cells.

Regulation of TH17Differentiation by CIP2A and by Inhibition of PP2ACatalytic Phosphatase

Activity

In mouse T cells, overexpression of PP2A catalytic subunit (PP2Ac) was shown to facilitate the transcription

of pro-inflammatory genes including IL17A (Apostolidis et al., 2013). In addition, PP2Ac was recently

Figure 4. CIP2A Regulates Th17 Differentiation by Modulating STAT3 Phosphorylation

(A) Upstream regulators identified using IPA analysis of human DE genes. Z score < �2 or >2 indicate predicted negative

and positive upstream regulators, respectively.

(B) Experimental design for studying STAT3 phosphorylation (Y705) in CIP2A-silenced human Th17 cells. Human CD4+

T cells were first activated under Th17 culturing conditions for 48 h. Cells were then harvested and nucleofected with NT or

CIP2A siRNA followed by a 48-h rest and then reactivated in the presence of Th17-polarizing cytokines for 15–60 min.

(C) Analysis of STAT3 phosphorylation (Y705) by flow cytometry in cells treated with NT or CIP2A siRNA using culturing

conditions as in Figure 4B. Acquisition of the stained cells was made with an LSRII flow cytometer, and data analysis was

performed by using either Flowing or FlowJo software (tree star).

(D) Boxplot to represent median fluorescence intensity (MFI) quantification of STAT3 phosphorylation (Y705) in three

independent experiments by flow cytometry as shown in Figure 4C.

(E) Analysis of STAT3 phosphorylation (Y705 and S727) by WB. Total STAT3, CIP2A, and beta-actin were detected on the

same blot. Quantification was performed using ImageJ software and shown in the form of boxplot for Y705 pSTAT3 above

the representative WB. (D and E) Significance obtained in Student’s t test (two-tailed unpaired); *p < 0.05, **p < 0.01.
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identified as an essential regulator of Th17 differentiation. T cell-specific deletion of PP2Ac (Ppp2ca) re-

sulted in impaired Th17 differentiation and rendered mice resistance to myelin oligodendrocyte glycopro-

tein-induced experimental autoimmune encephalomyelitis (Xu et al., 2019). Thereby, the results that both

CIP2A and PP2A inhibit IL-17 expression in humans could be reconciled by the current model that CIP2A

does not regulate catalytic PP2Ac subunit phosphatase activity, but more selectively modulates PP2A/B56

complex substrate recognition (Junttila et al., 2007; Wang et al., 2017).

To further study this, we directly compared the role of CIP2A and PP2Ac catalytic activity in regulation of IL-

17 gene expression. First, we silenced the PP2A-A subunit, which is a scaffold for PP2A complex and essen-

tial for PP2A activity, using two different concentrations of the siRNA-targeting PP2A-A subunit (Figures 7A

and S5A). PP2A-A silencing led to a significant increase in IL-17 expression both at RNA (Figure 7B) and pro-

tein (Figure 7C) levels. Furthermore, wemodulated the activity of PP2A either by a chemical inhibitor or acti-

vator, and measured IL-17 expression at RNA and protein levels. Serine/threonine phosphatase inhibitor

okadaic acid (OA) was used to inhibit PP2A in Th17 cells. The applied concentration of 10 nM was selected

to achieve relative selectivity toward PP2A over PP1, PP4, and PP6 (Apostolidis et al., 2013). This concentra-

tion was well tolerated by T cells (Figure S5B). Similar to siRNA-mediated inhibition of PP2A-A, treatment of

cells with OA led to increased production of IL-17 (Figures 7D and 7E). Furthermore, treatment with FTY720

(2-amino-2-[2-(4-octylphenyl) ethyl] propane-1,3-diol; Fingolimod, Novartis), which directly activates PP2Ac

via blocking binding of PP2A inhibitor (I2PP2A/SET) (Saddoughi et al., 2013; Switzer et al., 2011), led to

reduced IL-17 levels (Figures 7F and 7G). Together, these results demonstrate opposite outcomes by direct

modulation of PP2Ac catalytic activity or by B56-selective modulation of PP2A via CIP2A. This in turn pro-

vides a unique opportunity for immunomodulation, which cannot be predicted from the effects induced

by direct manipulation of PP2A catalytic activity toward presumably all PP2A-regulated targets.

DISCUSSION

CIP2A is upregulated in a variety of human cancers. Its inhibitory function toward PP2A/B56 thereby stabi-

lizes the oncoprotein MYC in cancer cells (Junttila et al., 2007; Khanna et al., 2013; De et al., 2014). Here, we

delineate previously unappreciated immune regulatory role of CIP2A and demonstrate that it acts as a

negative regulator of human and mouse Th17 cell differentiation. Our data revealed that CIP2A silencing

results in increased expression of proinflammatory cytokine IL-17 at both the protein and RNA levels.

Consistent with increased IL17 in CIP2A-deficient cells, IRF8, a negative regulator of Th17 cell differentia-

tion (Ouyang et al., 2011), was downregulated upon CIP2A silencing (Figure 3A). Furthermore, several

Th17-related TFs were upregulated including RORC, RORA, and MAF (Figure 3A).

Moreover, CIP2A deficiency led to enhanced expression of factors important for Th17 differentiation,

including phosphorylation of STAT3. Altered signaling of STATs or their negative regulators can lead to

pathological conditions such as chronic inflammation, inadequate immune response, or cancer (Grivenni-

kov et al., 2010; Multhoff et al., 2011; Landskron et al., 2014). Enhanced STAT3 phosphorylation in CIP2A-

silenced human Th17 cells may explain upregulation of Th17-related genes in human and mouse

CIP2A-deficient Th17 cells. STAT3 is a key upstream factor driving Th17 differentiation. It also plays an

important role in many other types of cells including cancer cells. In spite of these, STAT3 interactome

has not been studied previously in Th17 cells. In this study, we delineated pSTAT3 interactome in

CIP2A-silenced and control cells. Our data revealed many new protein interactions with STAT3 including

ubiquitin ligase TRIM21 and kinase AGK. The interactome of pSTAT3 identified in this study can be used

as a resource for future studies aiming at further understanding of STAT3 functions.

Figure 5. Phospho-STAT3 (Y705) Interactome in CIP2A-Silenced Human Th17 Cells

(A) Western blot (WB) analysis of pSTAT3 (Y705) immunoprecipitation (IP) in CIP2A-silenced and control Th17 cells (cultured as indicated in Figure 4B).

Representative IP WB, input, flow-through (FT), IgG control IP, and pSTAT3 IP lanes are shown.

(B) A Venn diagram of the proteins interacting with pSTAT3 (Y705) under CIP2A-deficient (siCIP2A) or CIP2A-sufficient (siNT) Th17 cells.

(C) Heatmap showing top 50 proteins interacting with pSTAT3 (Y705) in control and CIP2A-silenced Th17 cells in four replicate experiments. Log2-

transformed intensity values are plotted.

(D) Network STAT3-interacting proteins generated using STRING database and visualized using the Cytoscape software. The nodes in the network were

clustered using the Markov clustering algorithm. The most enriched GO biological process term is shown for each cluster with four or more members. The

strength of interaction with STAT3 in the different conditions is indicated by the coloring of the nodes. Blue color corresponds to interactions with STAT3

only in the siNT condition, red color indicates interactions with STAT3 only in the siCIP2A condition, and white corresponds to interactions of equal strength

in both conditions.
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AGK preferentially interacts with pSTAT3 in CIP2A-deficient cells. In cancer cells, AGK facilitates STAT3

phosphorylation by inhibiting autoinhibitory JH2 domain on JAK2 to phosphorylate STAT3 (Chen et al.,

2013). Similar to cancer cells, AGK silencing resulted in reduced STAT3 phosphorylation in Th17 cells.

We demonstrated that in CIP2A-silenced cells, increased interaction between AGK and STAT3 results in

enhanced pSTAT3. Thus, we propose that CIP2A regulates the strength and duration of STAT3 phosphor-

ylation in Th17 cells by regulating AGK-STAT3 interaction in Th17 cells.

TRIM21 deficiency in mice leads to enhanced production of the pro-inflammatory cytokines, IL-6, IL-12,

IL-23, and IL-17 (Espinosa et al., 2009) as well as tissue inflammation and systemic autoimmunity through

the IL-23-Th17 pathway (Espinosa et al., 2009; Chikuma et al., 2012; Ahn et al., 2017). Interestingly,

TRIM21 interacts with IRF8 (Yang et al., 2009; Yoshimi et al., 2012; Lazzari et al., 2014), a negative regulator

of Th17 differentiation (Ouyang et al., 2011) andmarks it for degradation by proteasomes (Yang et al., 2009;

Yoshimi et al., 2012; Lazzari et al., 2014). Further studies are required to clarify if the reduced interaction

between STAT3 and TRIM21, as well as reduced IRF8 expression in CIP2A-silenced human Th17 cells, con-

tributes to enhanced Th17 differentiation.

CIP2A was initially identified as a PP2A-interacting protein (Junttila et al., 2007). In agreement with this, in a

parallel study, we found CIP2A to interact with PP2A subunits in Th17 cells (Khan et al., 2020). Previously, it

was shown that overexpression of PP2A catalytic subunit in mice led to increased IL-17 production (Apos-

tolidis et al., 2013). Recently, impaired Th17 differentiation was demonstrated in mice with PP2A catalytic

subunit gene (Ppp2ca) KO specific to T cells (Xu et al., 2019). Contrary to the findings inmouse, we observed

increased IL-17 production upon PP2A inhibition by siRNA andOA. Furthermore, treatment with PP2A acti-

vator FTY720 led to reduced IL-17 levels in human Th17 cells. Interestingly, FTY720 has also been used as an

immunosuppressant drug for the treatment of patients with multiple sclerosis. Oral treatment with FTY720

reduced the number of IL-17-producing Th17 cells in peripheral blood when compared with placebo-

treated patients (Mehling et al., 2008; Brinkmann, 2009; Chun and Hartung, 2010). Thus, the effect of

PP2A inhibition on Th17 cells appears to be opposite in human and mouse. Other species-specific exam-

ples of gene function are known in the literature, such as SATB1. SATB1-deficient human T cells upon Th17

differentiation produced increased IL-17 (Tripathi et al., 2019), whereas in mouse, SATB1 deficiency led to

reduced IL-17 levels (Ciofani et al., 2012). In addition, both inhibition of total catalytic activity of PP2A and

inhibition of CIP2A resulted in IL-17 induction, highlighting the substrate selectivity of CIP2A toward PP2A/

B56 (Wang et al., 2017). Thus, these results emphasize the significance of PP2A-mediated responses in hu-

man Th17 cells.

Using mouse cells, in this study we show that the function of CIP2A in Th17 regulation is conserved in mice

and the effect on Th17 differentiation is more pronounced when the knockdown of CIP2A is more efficient.

Nevertheless, we focused on human cells because the details of CIP2A function in human and mouse

system may not be similar. Furthermore, the in vivo results in mouse regarding regulation of Th17

Figure 6. AGK Potentiates STAT3 Phosphorylation in the Absence of CIP2A

(A) pSTAT3 IP experiment showing its interaction with AGK in CIP2A-silenced and control Th17 cells. Quantification performed by ImageJ and shown in the

form of bar graph of theWB from four replicate experiments. Statistics by Student’s t test, two-tailed paired, *p < 0.05. Error bars represent SEM in the figure.

(B) Representative confocal images of three replicates for studying co-localization of pSTAT3 (Y705) and AGK in CIP2A-silenced (lower panel) and control

(upper panel) Th17 cells by Zeiss LSM780 confocal microscope. Cells were stained for endogenous pSTAT3 (green), AGK (magenta), and nuclei (DAPI). Scale

bar, 7 mm. Pearson’s correlation coefficient (PCC) for data on the right plotted as boxplot and determined by ImageJ software cloloc2 plugin (n > 30 cells).

Statistics by Student’s t test, two-tailed paired, **p < 0.01.

(C) The left panel shows the WB analysis of co-IP of AGK and CIP2A by anti-CIP2A pull-down in human Th17 cells 72 h post cell activation. In the

representative blot of two experiments, input, IgG control IP, and CIP2A IP lanes are shown. The right panel shows selected reaction monitoring targeted

mass spectrometry showing interaction of AGK and CIP2A in 72 h polarized Th17. Averaged results from three replicates are presented in the form of a

boxplot. Statistical significance was determined using a two-tailed paired Student’s t test; ***p < 0.001. The error bars represent 95% confidence interval.

(D) Representative WB of two replicates showing AGK silencing by three individual AGK siRNAs. The effect of siRNA-mediated AGK depletion on pSTAT3

(Y705) expression in 15-min reactivated Th17 cells, prepared as described in Figure 4B, is also shown. Histone 2B was used as a loading control.

(E and F) Flow cytometry analysis of pSTAT3 in control, CIP2A-silenced, and CIP2A/AGK double-silenced human Th17 cells shown as overlapping histograms

(E) and bar charts of MFI from four biological replicates (F). Statistics by a two-tailed paired Student’s t test, **p < 0.01. The error bars represent SEM in the

figure.

(G) A representative WB analysis of four experiments showing expression of pSTAT3 (Y705) in Th17 cells treated with siNT, siCIP2A, or siCIP2A + siAGK

siRNAs. Cells were cultured and nucleofected as described in Figure 4B.

(H) Secretion of IL-17A (pg/mL) measured by Luminex at 72 h following cell activation in Th17 cells treated with siNT, siCIP2A, or siCIP2A + siAGK siRNAs.

Statistics by a two-tailed paired Student’s t test, **p < 0.01. The error bars represent SEM in the figure.
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differentiation by PP2A suggest exactly the opposite of what we found in human cells. Thus, a better un-

derstanding of the regulation of Th17 cells by CIP2Amay provide new approaches for therapeutic interven-

tion in autoimmune and inflammatory diseases as well as in cancer. Overall, our results indicate that CIP2A

expression influences several mechanisms important for Th17 response and associated regulation of the

immune system that could provide useful insight for the use of CIP2A targeting in cancer therapy.

LIMITATIONS OF THE STUDY

One of the limitations of the study is the lack of in vivo data. It remains to be seen if the increase in IL17

expression upon CIP2A silencing leads to the increased propensity of IL-17-mediated inflammatory

disease. However, there is a growing consensus that human and mouse systems are different at multiple

levels. Indeed, we showed earlier that there is only a little overlap between human and mouse Th17 cell dif-

ferentiation (Tuomela et al., 2016; Tripathi et al., 2019). Therefore, caution is required in interpreting the re-

sults from mouse versus human as fundamental regulatory differences may exist between the two species.

Another limitation of the study is that the mechanism of AGK action on STAT3 phosphorylation was not

completely delineated. As pointed out earlier in the discussion, in cancer cells, it was demonstrated that

AGK removes an autoinhibitory domain of JAK2 to facilitate STAT3 phosphorylation (Chen et al., 2013).

We showed that (1) AGK interacts with STAT3, (2) silencing of AGK results in reduced STAT3 phosphoryla-

tion, (3) AGK interacts with pSTAT3, and (4) STAT3 phosphorylation is reduced in AGK-depleted Th17 cells

suggesting that a similar mechanism operates in Th17 cells. However, further experiments are needed to

address the detailed mechanism.

ETHICAL APPROVAL

Ethics Committee of Hospital District of Southwest Finland approved usage of the blood of unknown do-

nors. The animal cells were used according to the university animal welfare guidelines.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

DATA AND CODE AVAILABILITY

The accession number for the RNA-seq data shown in this paper is GSE118094. Themass spectrometry pro-

teomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Vizcaı́no et al.,

2016) partner repository with the dataset identifier PXD010612.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2020.100947.

ACKNOWLEDGMENTS

We thank the staff of Turku University Hospital, Department of Obstetrics and Gynecology, Maternity

Ward, for the cord blood collection. We also thank Marjo Hakkarainen and Sarita Heinonen for excellent

technical help. We also duly acknowledge core facilities at the department, namely, the Finnish Functional

Genomics Centre (FFGC), the Proteomics Facility, and Cell Imaging Core (CIC) Facility supported by Bio-

Center Finland. The Finnish Centre for Scientific Computing (CSC) is duly acknowledged for their efficient

Figure 7. PP2A Inhibition Enhances IL-17A Production in Human Th17 Cells

(A) Representative WB analysis of PP2A-silenced Th17 cells. Two different concentrations (3 and 6 mg) of PP2A siRNA were used to deplete PP2A in human

Th17 cells. Beta-actin was used as loading control.

(B and C) TaqMan PCR analysis of IL-17A expression (B) and Luminex detection of IL-17A protein secretion (C) in PP2A-silenced Th17 cells where each point

represents individual replicate. PP2A was silenced as described in (A). Protein measurements of the Luminex analysis was normalized with the sample cell

number detected with flow cytometry. Expression at RNA level (dCt) was measured relative to EF1-alpha. Statistics by a two-tailed paired Student’s t test;

*p < 0.05, **p < 0.01.

(D and E) PP2A inhibition by okadiac acid (OA) followed by TaqMan PCR analysis of IL-17A expression (D) or Luminex analysis for measuring IL-17 secretion

from culture supernatant from three replicate experiments (E). OA was added at the start of the culture. Statistics by a two-tailed paired Student’s t test; *p <

0.05, ***p < 0.001.

(F and G) PP2A activation for 72 h in cells polarizing toward Th17 by FTY 720 in three replicates. IL-17A mRNA expression and IL-17A protein secretion were

detected by TaqMan PCR (F) and Luminex (G) analysis, respectively. In TaqMan PCR analysis, dCT was calculated relative to EF1-alpha, and in Luminex, OA

was used as a control. Statistics by a two-tailed unpaired Student’s t test; **p < 0.01, ***p < 0.001.

iScience 23, 100947, March 27, 2020 15

https://doi.org/10.1016/j.isci.2020.100947


servers and their resources in data analysis. M.M.K. was supported by University of Turku graduate school

on Turku Doctoral Programme of Molecular Medicine (TuDMM) as well as a central grant from Finnish Cul-

tural Foundation. R.L. was supported by the Academy of Finland, AoF, Centre of Excellence in Molecular

Systems Immunology and Physiology Research (2012-2017) grant 250114; by the AoF grants 292335,

294337, 292482, and 31444; by grants from the JDRF; the Sigrid Jusélius Foundation; and the Finnish Can-
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Figure S1 (Related to Figure 1)

Figure S1 CIP2A Expression in Human T helper Cells. Related to Figure1.
(A-B) Data from earlier published studies showing CIP2A expression in (A) unactivated human naïve precursor CD4+ T-cells (Thp), Th0, Th1 and Th2 cells at 72 h 
following cell activation (microarray data: Kanduri et al. 2015) and (B) in human iTreg and Th0 control cells at the indicated timepoints post cell activation (RNA-Seq
data from Ullah et al., 2018).
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Figure S2 CIP2A Deficiency Leads to Altered Proliferation and T Cell Activation. Related to Figures 2 and 3.
(A) Analysis of CD25 expression on the surface of activated mouse CD4+ cells. Red and green colour denote cells from wild-type (WT) and CIP2A knockout (KO) mice,
respectively. 

(B) Average MFI of two independent biological replicates of the experiments shown in (A). 
(C) Measurement of IL-2 secretion by Luminex in CIP2A deficient mouse Th17 cells. The bar charts show the mean of three biological replicates. 
(D) Analysis of cell proliferation in CIP2A silenced and control human cells after four days of differentiation under Th17 conditions. Red and blue colours represent cells 
treated with siNT or siCIP2A1, respectively. This is a representative of two biological replicates. (E) Analysis of cell proliferation in CIP2A WT and KO mouse cells after 
four days of differentiation under Th17 conditions. Red and blue colours represent cells from WT and KO mice, respectively. (F) Analysis of live cells in the siRNA treated 
human Th17 cells with Annexin-V and PI. Live cells are double negative. This is an example of three biological replicates. 
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Figure S3. Effect of CIP2A Silencing on STAT3 and STAT5 Phosphorylation in Human Th17 and iTreg cells, respectively. Related to Figure 4. 
(A) Flow cytometry analysis of pSTAT3 (S727) in cells nucleofected with siCIP2A1 (green) or siNT (black) siRNA in culturing conditions as in Figure 4B. Grey colour 
represents isotype control. 
(B-C) Flow cytometry analysis of pSTAT5 phosphorylation (Y694) in cells nucleofected with siCIP2A1 (green), siCIP2A4 (red) and siNT (black) siRNA as described 
previously in Figure 4B, except that the cells were activated and reactivated under iTreg culturing conditions. The bar chart shows quantitation of MFI of three 
independent experiments. 
(D) Experimental design for immunoprecipitation with anti p-STAT3 (Y705) in CIP2A silenced and control 
human Th17 cells. IgG control antibodies were used as a negative control in both conditions. CD4+ T cells were isolated from human umbilical cord blood and 
activated first in Th17 condition for 48 h. Cells were then nucleofected with CIP2A or NT siRNAs, rested for 48 h and then reactivated again under Th17 culturing 
condition for 15 min followed by pSTAT3 pulldowns.
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Figure S4. STAT3 Interactome Ingenuity Pathway Analysis (IPA) in CIP2A Silenced Human Th17 cells. Related to Figure 5.
(A) Top IPA pathways enriched in pSTAT3 interactors in siNT and siCIP2A1 treated cells. 
(B) Top 5 associated network function in IPA analysis of preferentially interacting proteins with STAT3. The lists of proteins were analyzed using IPA with the full human 
genome/proteome as a background. 
(C) Cellular location of pSTAT3 interactors under siNT or siCIP2A1 treated cells are shown as a Venn diagram. The top panel shows the data for all the interactors while 
the bottom panel shows the data for the interactors that preferentially interact under siNT or siCIP2A1 condition. 
(D) Functional classification of pSTAT3 interactors under siNT or siCIP2A1 treated cells are shown as a Venn diagram. The top panel shows the data for all the 
interactors while the bottom panel shows the data for the interactors that preferentially interact under siNT or siCIP2A1 condition.



Figure S5 (Related to Figure 6)
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Figure S5. PP2A inhibition in human Th17 cells. Related to Figure 7.
(A) Additional three replicates of WB analysis in PP2A silenced Th17 cells (Replicate 4 is representative WB in Figure 7A). Two different amounts (3ug and 6ug) of 
PP2A siRNA were used to deplete PP2A in human Th17 cells. Beta-actin was used to probe equal loading of lysates. In the PP2A blots, the upper bands in replicate 
1-2 and lower bands in replicate 4 (Figure 7A) are non-specific. 
(B) Flow cytometry dot blot (top) and bar graph (bottom) plotted with flow cytometry cell count at 72h in Th17 cells with shown concentration of OA.
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Supplementary Table S1
Genes DE upon CIP2A silencing. (Associated with Fig. 3 ). The table lists genes that were detected as 
differential expressed in the comparison of the RNA-seq data from Th17 cells treated with CIP2A siRNA 
compared to those treated with scramble. An FDR of  0.05 and fold change cut-off was applied. 
gene logFC logCPM LR PValue FDR
ABCB6 0,54 2,54 14,32 0,00015 0,04414
ACSL5 -0,31 4,86 13,92 0,00019 0,04986
ANXA1 -0,47 4,37 24,23 0,00000 0,00115
APRT -0,28 7,86 30,03 0,00000 0,00009
AQP3 0,45 5,20 27,37 0,00000 0,00031
ATHL1 0,44 6,21 39,41 0,00000 0,00000
ATP2B4 0,41 4,39 19,01 0,00001 0,00901
ATP8A1 0,19 6,68 14,35 0,00015 0,04414
CCDC86 -0,18 7,22 14,97 0,00011 0,03496
CCL22 0,49 4,74 37,06 0,00000 0,00000
CCL4 0,26 6,71 25,17 0,00000 0,00082
CCNA2 0,33 5,30 16,52 0,00005 0,02007
CCR7 0,20 7,42 14,31 0,00016 0,04415
CD200 -0,20 7,66 19,13 0,00001 0,00887
CD320 -0,23 7,01 15,92 0,00007 0,02442
CLPP -0,19 6,73 15,48 0,00008 0,02935
CPM -0,27 6,04 21,75 0,00000 0,00324
CPNE1 -0,19 6,94 17,84 0,00002 0,01295
CPXM1 0,91 2,06 18,42 0,00002 0,01094
CREBBP -0,18 6,46 13,98 0,00018 0,04978
CSF2 -0,18 7,31 14,89 0,00011 0,03553
CTD-2020K17.1 0,50 3,67 16,31 0,00005 0,02068
CXCL12 0,84 2,12 24,57 0,00000 0,00106
CXCR4 0,34 4,58 16,39 0,00005 0,02060
CYP1A1 0,29 4,71 14,16 0,00017 0,04622
DDX49 -0,20 6,82 20,61 0,00001 0,00527
DICER1 -0,19 7,05 16,39 0,00005 0,02060
DUSP6 0,24 5,40 14,07 0,00018 0,04780
DYNLRB1 -0,24 5,72 17,23 0,00003 0,01571
EXOSC5 -0,25 5,31 13,92 0,00019 0,04986
FAM111A 0,35 5,48 19,34 0,00001 0,00812
FAM49A 0,51 3,49 17,94 0,00002 0,01265
FAM96B -0,21 6,62 17,20 0,00003 0,01571
FNBP1L 0,25 6,20 15,36 0,00009 0,03030
FNDC9 0,55 3,31 22,44 0,00000 0,00241
FOXM1 0,31 4,76 14,82 0,00012 0,03631
G0S2 -0,33 6,43 32,71 0,00000 0,00003
GALNT10 0,17 6,74 13,92 0,00019 0,04986
GBP4 -0,36 4,97 24,46 0,00000 0,00108
GBP5 -0,33 4,41 16,29 0,00005 0,02068
GLRX 0,46 3,43 14,21 0,00016 0,04527
GSTP1 -0,20 7,39 17,81 0,00002 0,01297
GXYLT1 0,29 5,20 14,66 0,00013 0,03868
HMGB2 0,22 6,34 16,09 0,00006 0,02261
HPGD 0,41 3,81 14,80 0,00012 0,03632
IER3 -0,43 8,56 46,09 0,00000 0,00000
IFNG -0,33 5,74 17,67 0,00003 0,01356
IGHM 0,45 3,62 16,48 0,00005 0,02007
IRF8 -0,38 7,92 42,17 0,00000 0,00000
ITGAE 0,25 5,52 16,28 0,00005 0,02068
J01415.22 0,51 3,91 19,75 0,00001 0,00748
J01415.23 0,35 7,78 18,69 0,00002 0,00996
KIAA1524 -2,17 4,69 482,41 0,00000 0,00000
KIF1A 0,62 2,66 16,89 0,00004 0,01719
LIMA1 0,37 4,71 17,00 0,00004 0,01680
LMLN -0,95 3,91 71,65 0,00000 0,00000



LOXL3 0,57 2,51 15,34 0,00009 0,03036
MAF 0,35 5,15 21,46 0,00000 0,00357
MALAT1 0,57 6,89 18,16 0,00002 0,01205
MAP1A 0,47 4,64 31,17 0,00000 0,00006
MCAM 0,50 4,18 24,19 0,00000 0,00115
MEX3C -0,21 7,34 23,59 0,00000 0,00146
MIAT 0,92 4,09 44,76 0,00000 0,00000
MLL2 -0,21 7,49 14,24 0,00016 0,04491
MRPL14 -0,33 5,18 19,47 0,00001 0,00811
MRPL4 -0,20 6,68 17,62 0,00003 0,01373
MYH10 0,45 4,26 17,34 0,00003 0,01543
NCS1 0,23 6,24 17,96 0,00002 0,01265
NDC80 0,42 4,00 17,89 0,00002 0,01282
NEAT1 0,50 6,95 25,14 0,00000 0,00082
NFKBID -0,17 6,92 14,33 0,00015 0,04414
NIPAL4 0,37 4,52 16,85 0,00004 0,01733
NME1 -0,20 7,35 18,76 0,00001 0,00978
NUTF2 -0,23 6,30 17,18 0,00003 0,01571
P2RY8 0,29 5,55 14,54 0,00014 0,04036
PABPC1L 0,38 4,95 17,22 0,00003 0,01571
PALLD 0,36 6,45 42,57 0,00000 0,00000
PARP2 0,24 5,42 14,07 0,00018 0,04780
PHLDA1 -0,24 5,74 16,29 0,00005 0,02068
PLCB2 0,27 5,67 16,94 0,00004 0,01718
PNISR 0,23 7,03 15,50 0,00008 0,02927
PNMA2 1,46 0,48 19,43 0,00001 0,00811
POLR3H -0,24 6,62 23,62 0,00000 0,00146
PPDPF -0,29 5,55 18,09 0,00002 0,01226
PPP1R14B -0,20 7,87 15,04 0,00011 0,03401
PQLC1 -0,27 5,23 16,90 0,00004 0,01719
PRDX2 -0,19 7,13 18,60 0,00002 0,01021
PRKX -0,39 5,15 30,48 0,00000 0,00009
PRMT6 -0,24 5,67 15,43 0,00009 0,02977
PSMB8 -0,20 6,94 18,95 0,00001 0,00901
RAVER1 -0,20 6,51 15,78 0,00007 0,02586
RHOG -0,21 7,06 25,23 0,00000 0,00082
RMRP 1,42 0,65 22,61 0,00000 0,00236
RN7SK 0,78 1,83 17,50 0,00003 0,01435
RORA 0,26 5,93 22,52 0,00000 0,00239
RORC 0,32 6,06 35,28 0,00000 0,00001
RP11-326C3.2 0,46 3,37 15,38 0,00009 0,03030
RP5-882C2.2 2,08 -0,83 17,11 0,00004 0,01605
RPS28 -0,23 7,99 18,41 0,00002 0,01094
RPTOR -0,20 7,60 18,18 0,00002 0,01205
RRM2 0,30 7,27 27,60 0,00000 0,00029
RYR1 0,23 6,38 15,75 0,00007 0,02589
S100A4 0,35 4,86 20,19 0,00001 0,00609
SCAND1 -0,33 4,94 17,77 0,00002 0,01306
SDC4 -0,22 7,77 20,36 0,00001 0,00571
SEC31B 0,47 3,65 16,49 0,00005 0,02007
SF3A2 -0,19 6,59 15,30 0,00009 0,03072
SH2D1A 0,24 5,38 14,94 0,00011 0,03527
SH3BGRL3 -0,24 8,33 14,64 0,00013 0,03868
SLAMF7 -0,27 5,37 16,74 0,00004 0,01816
SLC25A23 -0,34 4,64 18,01 0,00002 0,01261
SLC25A39 -0,19 7,16 19,38 0,00001 0,00811
SLC25A44 -0,28 6,14 21,46 0,00000 0,00357
SNORD3A 1,49 1,25 48,13 0,00000 0,00000
SPOCK2 0,23 7,15 29,23 0,00000 0,00013
SSNA1 -0,21 6,41 15,05 0,00010 0,03401
SSTR3 0,64 2,63 16,28 0,00005 0,02068



TAF1D 0,20 7,82 14,63 0,00013 0,03868
TAGAP -0,21 7,72 21,15 0,00000 0,00407
TET3 -0,30 4,76 15,89 0,00007 0,02454
TIMM13 -0,23 6,63 15,22 0,00010 0,03185
TMCC2 -0,25 5,86 18,98 0,00001 0,00901
TNFRSF10C 5,55 -2,71 15,14 0,00010 0,03292
TNFRSF4 -0,22 7,82 19,05 0,00001 0,00901
TNFSF8 -0,34 5,37 25,84 0,00000 0,00066
TNPO2 -0,23 8,17 19,38 0,00001 0,00811
TOP2A 0,27 5,83 14,84 0,00012 0,03626
TSTA3 -0,29 7,06 43,51 0,00000 0,00000
TUBA1A 0,28 6,22 22,36 0,00000 0,00243
UBASH3B 0,26 5,39 17,24 0,00003 0,01571
UBE2M -0,16 7,10 13,93 0,00019 0,04986
UST 1,27 0,61 20,38 0,00001 0,00571
WIPF1 -0,18 6,84 14,89 0,00011 0,03553
WSB1 0,28 6,02 14,26 0,00016 0,04491
XIRP1 -0,45 4,48 30,17 0,00000 0,00009
ZNF135 1,56 0,26 19,44 0,00001 0,00811



Supplementary Table S2. 

Fifty CIP2A regulated genes that are DE during human Th17 cell differentiation.(Associated to Fig. 3)

On the basis of the data of Tuomela et al. 2016, fifty of 136 genes DE upon CIP2A silencing

were are also observed as DE during Th17 differentiation. The data from the Tuomela et al. publication is shown for

these 50 genes for eight time points in the first 72 hours of differentiation (0.5, 1, 2, 4, 6, 12, 24, 48 & 72 hours).

data from this study

Gene Log FC_siNT_siCIP2A1 log FC_0.5h log FC_1h log FC_2h log FC_4h log FC_6h log FC_12h log FC_24h log FC_48h log FC_72h

ANXA1 -0,47 0,11 0,00 -0,08 -0,41 -0,50 -1,07 -1,60 -1,76 -1,39
AQP3 0,45 -0,19 -0,12 0,01 -0,55 -0,08 0,48 1,38 2,87 2,06
ATHL1 0,44 -0,31 -0,21 -0,16 -0,53 -0,48 -0,63 -0,40 -1,12 -1,15
ATP2B4 0,41 -0,05 0,12 1,40 1,02 1,32 0,91 1,69 1,24 0,88
ATP8A1 0,19 0,17 0,07 0,28 1,19 1,61 1,24 0,61 0,57 0,36
CCL22 0,49 -0,40 -1,12 1,18 1,88 1,02 1,93 3,35 2,76 2,47
CCL4 0,26 0,39 1,39 0,27 -0,52 -0,10 0,08 2,66 2,49 0,07
CD200 -0,20 -0,06 0,32 -0,46 -1,47 -0,64 -1,02 -1,58 -0,63 0,20
CPM -0,27 0,54 -1,17 0,43 0,42 0,16 -0,70 -1,85 -1,22 -0,30
CPXM1 0,91 -0,56 0,11 0,01 0,08 0,14 0,23 0,24 0,26 1,06
CSF2 -0,18 0,81 0,95 0,57 -1,38 -0,16 1,05 1,11 -0,29 -3,47
CYP1A1 0,29 4,35 0,89 -0,26 -1,24 -0,56 -0,27 1,09 0,11 -0,28
DUSP6 0,24 -0,13 -0,34 0,29 -0,34 0,54 0,88 1,06 0,55 -0,03
FAM49A 0,51 -0,18 0,10 -0,64 -0,76 -0,01 1,12 1,31 0,72 1,11
FNBP1L 0,25 0,08 0,03 0,14 -0,26 0,28 1,48 4,31 4,75 4,37
FNDC9 0,55 -0,01 -0,21 0,33 -0,78 0,39 0,74 4,05 4,22 3,35
G0S2 -0,33 0,15 0,94 -0,82 -0,24 -0,33 -0,21 -1,42 -0,88 0,28
GALNT10 0,17 0,04 0,07 0,11 0,13 0,32 0,89 1,27 1,67 1,95
GBP4 -0,36 0,38 1,04 2,11 2,68 2,00 1,23 0,94 -0,72 -1,63
GBP5 -0,33 0,09 0,97 1,92 1,05 0,41 -0,59 -0,62 -1,99 -2,64
GLRX 0,46 0,58 1,28 0,96 0,26 0,07 0,04 0,13 0,00 -0,02
IER3 -0,43 0,76 -0,06 -1,09 -2,41 -1,30 -0,84 -0,42 -0,02 0,91
IFNG -0,33 1,07 -0,11 -0,82 -0,12 0,62 1,30 1,08 0,93 -0,92
IGHM 0,45 -0,18 0,02 0,23 -0,24 -0,08 0,04 -1,29 -2,19 -1,97
IRF8 -0,38 0,50 1,63 0,95 -0,87 -0,43 -0,59 -1,84 -0,57 -0,77

The data is taken from Tuomela S et al. 2016. 



ITGAE 0,25 -0,03 -0,17 0,13 0,44 0,05 -0,03 0,94 2,84 3,09
KIF1A 0,62 0,24 1,33 0,85 -0,15 0,54 1,48 3,35 2,74 2,07
LIMA1 0,37 0,11 0,29 -0,52 -1,19 -0,58 -0,66 -0,70 -0,07 0,02
LOXL3 0,57 -0,88 -0,41 0,95 -0,70 0,00 0,45 3,07 3,20 3,19
MAF 0,35 0,24 0,86 1,74 1,49 1,74 1,97 1,32 1,29 1,48
MAP1A 0,47 -0,08 0,07 0,08 -0,41 0,12 0,57 1,69 0,96 1,20
MCAM 0,50 -0,20 -0,24 -0,53 -0,38 -0,06 0,52 0,82 1,08 1,31
MIAT 0,92 0,17 0,23 2,36 3,16 3,41 2,99 2,41 2,05 2,04
NCS1 0,23 -1,56 3,10 1,83 0,75 1,75 2,05 2,92 3,71 2,91
NEAT1 0,50 0,33 0,33 1,02 0,46 0,88 0,36 0,38 -0,98 -0,61
NFKBID -0,17 0,09 -0,74 -0,57 -2,03 -1,00 -0,56 -0,38 0,11 0,55
NIPAL4 0,37 0,29 1,10 0,61 -0,13 1,07 2,06 3,11 4,23 4,20
PALLD 0,36 0,41 0,53 0,22 -0,43 0,72 3,06 3,45 2,50 1,94
PHLDA1 -0,24 -0,11 -0,50 -0,53 -1,26 -0,76 -1,94 -2,36 -1,83 -2,18
RORA 0,26 0,11 -0,01 -0,32 1,14 1,19 1,96 1,60 1,94 1,77
RORC 0,32 -1,14 0,00 -0,80 0,50 1,89 3,16 5,30 5,53 5,82
RP11-326C3.2 0,46 -0,28 -0,36 -0,21 -0,55 -0,46 -0,67 -0,43 -1,20 -1,13
RRM2 0,30 1,05 0,48 -0,51 -1,00 -0,44 0,17 0,82 0,29 -0,06
RYR1 0,23 -0,21 0,27 0,27 0,07 0,14 0,97 3,52 3,53 3,69
S100A4 0,35 0,03 0,10 -0,65 -1,20 -1,11 -0,05 0,15 0,34 0,02
SDC4 -0,22 -0,70 -0,39 -0,36 -0,84 -0,61 -0,04 0,71 1,55 1,15
SSTR3 0,64 -0,28 0,02 0,01 -0,11 0,00 0,43 0,46 1,25 1,84
TNFRSF10C 5,55 0,02 1,45 2,07 -1,32 -1,01 -1,62 -0,50 -0,98 -0,78
TNFSF8 -0,34 0,01 0,27 0,47 -0,69 -0,27 -0,59 -2,53 -3,07 -2,86
WIPF1 -0,18 -0,05 -0,02 -0,04 -0,04 -0,12 -0,45 -0,74 -1,25 -1,03



Supplementary Table S3. Transcription Factor Binding site Analysis for the promoters of the DE genes. (Related to
Fig. 3).Enriched motifs are shown in the first column. FDR<0.05 was considered significant. “Yes and No” column
shows the likelihood of TFBS in the test set as compared to background set.   

Enriched motifs FactorName PValue Yes No Yes_No FDR
V$HOMEZ_01 Homez 6,29E-80 16,69 13,9542 1,20 2,26E-77
V$GATA3_12 GATA-3 8,12E-63 27,27 19,2748 1,42 1,46E-60
V$HMBOX1_01 Hmbox1 2,39E-45 18,15 13 1,40 2,86E-43
V$ARID3A_02 ARID3A 1,27E-39 4,66 4,5573 1,02 1,14E-37
V$REST_14 REST 1,25E-28 21,81 13,8779 1,57 8,97E-27
V$EGR2_Q6 Egr-2 3,29E-28 3,34 0,3817 8,74 1,97E-26
V$CREBP1_01 ATF-2 2,30E-24 3,47 3,1756 1,09 1,18E-22
V$BCL6_01 BCL6 1,97E-20 2,92 0,4122 7,09 8,85E-19
V$LEF1_03 LEF-1 6,05E-17 17,56 10,6183 1,65 2,34E-15
V$KLF3_Q3_01 KLF3 6,50E-17 0,89 0,0153 58,5 2,34E-15
V$E2F1DP1RB_01 Rb:E2F-1:DP-1 4,24E-15 4,20 3,1908 1,32 1,38E-13
V$ZKSCAN1_04 ZKSCAN1 2,74E-14 23,08 13,1985 1,75 8,18E-13
V$IK_Q5_01 Ikaros 6,18E-14 0,85 0,0305 27,8 1,71E-12
V$E2F2_03 E2F-2 1,88E-13 1,35 0,1374 9,83 4,83E-12
V$CCNT2_01 cyclinT2 6,05E-13 13,73 8,2366 1,67 1,45E-11
V$XBP1_02 XBP-1 2,46E-12 13,97 8,3053 1,68 5,24E-11
V$EGR3_01 Egr-3 2,48E-12 2,46 0,458 5,37 5,24E-11
V$GMEB1_04 GMEB1 6,56E-12 1,79 1,5725 1,14 1,31E-10
V$EGR1_13 Egr-1 5,90E-11 10,77 3,4885 3,09 1,12E-09
V$PLAG1_01 PLAG1 6,48E-11 0,54 0,0076 71,0 1,16E-09
V$IK_Q5 Ikaros 9,30E-11 0,53 0,0076 70,0 1,59E-09
V$HIC1_02 HIC1 2,68E-10 0,56 0,0153 37,0 4,27E-09
V$BCL6B_04 BCL6B 2,74E-10 0,66 0,0305 21,5 4,27E-09
V$EGR1_11 Egr-1 4,19E-10 0,84 0,0687 12,2 6,27E-09
V$KLF3_Q3 KLF3 1,16E-09 0,48 0,0076 63,0 1,66E-08
V$NFAT_Q3 NFAT 1,63E-09 0,94 0,0992 9,46 2,26E-08
V$BCL11A_02 BCL-11A 1,84E-09 3,34 0,8321 4,02 2,45E-08
V$EGR1_09 Egr-1 4,87E-09 0,45 0,0076 59,0 6,03E-08
V$KLF_Q3 KLF 4,87E-09 0,45 0,0076 59,0 6,03E-08
V$TFIII_Q6 TFII-I 6,24E-08 0,49 0,0229 21,3 7,47E-07
V$SMAD5_Q5 SMAD5 9,16E-08 0,60 0,0458 13,0 1,06E-06
V$NFAT1_Q4 NFATc2 1,28E-07 1,13 0,1832 6,17 1,43E-06
V$ZF5_01 ZF5 5,73E-07 0,65 0,0687 9,44 6,23E-06
V$PRDM1_02 PRDM1 6,43E-07 0,58 0,0534 10,9 6,79E-06
V$IRF4_07 IRF-4 8,61E-07 0,43 0,0229 18,7 8,83E-06
V$HIF1A_Q6 HIF-1alpha 1,12E-06 1,51 1,1603 1,30 1,12E-05
P$AP1_01 AP1 1,44E-06 0,37 0,0153 24,5 1,40E-05
V$MEF2C_Q4 MEF-2C 2,58E-06 0,84 0,1298 6,47 2,43E-05
V$FOSL1_01 Fra-1 1,01E-05 4,55 2,7634 1,65 9,13E-05
V$SATB1_Q5_01 SATB1 1,02E-05 1,76 0,4351 4,04 9,13E-05
V$BEN_01 BEN 1,91E-05 1,22 0,2672 4,57 1,67E-04
V$SMAD1_Q6 Smad1 2,31E-05 1,65 0,4122 4,00 1,97E-04
V$EGR_Q3 EGR 2,41E-05 0,27 0,0076 35,0 2,01E-04
V$E2F_02 E2F 3,61E-05 3,38 2,0992 1,61 2,94E-04
V$CMAF_02 C-MAF 3,97E-05 10,81 5,8779 1,84 3,14E-04
V$EGR3_Q6 EGR3 4,02E-05 0,40 0,0382 10,6 3,14E-04
V$NFAT2_Q4 NFATc1 5,43E-05 0,76 0,1374 5,56 4,15E-04
V$EGR1_18 EGR-1 6,83E-05 0,24 0,0076 32,0 5,10E-04
V$RELBP50_Q3 RelB:p50 8,80E-05 1,63 0,4275 3,80 6,45E-04
V$ATF3_Q6 ATF3 1,07E-04 0,27 0,0153 18,0 7,69E-04
V$HIF2A_Q6 HIF2A 1,15E-04 1,62 1,1069 1,46 8,11E-04
V$EGR1_02 EGR-1 1,27E-04 0,37 0,0382 9,80 8,73E-04
V$EGR1_04 EGR1 1,76E-04 0,51 0,0763 6,70 0,0012
V$CREL_01 c-Rel 1,87E-04 0,30 0,0229 13,0 0,0012
V$HIF1AARNT_01 HIF1A:ARNT 2,10E-04 0,82 0,6336 1,29 0,0014
V$E2F2_04 E2F-2 2,20E-04 1,00 0,229 4,37 0,0014
V$REST_12 REST 2,24E-04 0,50 0,0763 6,60 0,0014
V$NR4A2_01 NURR1 2,60E-04 1,72 0,4809 3,57 0,0016
V$CMAF_Q5 c-MAF 2,92E-04 0,38 0,0458 8,33 0,0018
V$IRF2_01 IRF-2 3,17E-04 0,57 0,0992 5,77 0,0019
V$EGR2_01 Egr-2 3,28E-04 0,77 0,1603 4,81 0,0019



V$REST_06 REST 3,77E-04 0,31 0,0305 10,3 0,0022
V$MYB_Q5_01 MYB 4,54E-04 2,34 1,458 1,61 0,0026
V$IRF1_01 IRF-1 5,36E-04 0,20 0,0076 26,0 0,0030
V$FLI1_Q6 FLI-1 6,56E-04 1,58 0,4504 3,51 0,0036
V$RELA_03 RelA-p65 7,53E-04 0,19 0,0076 25,0 0,0041
V$NUR77_Q5 NUR77 8,13E-04 0,69 0,145 4,74 0,0044
V$NFKAPPAB_01 NF-kappaB 0,001134 0,25 0,0229 11,0 0,0060
V$REST_Q5 REST 0,0012 0,40 0,0611 6,50 0,0060
V$IRF7_Q3_01 IRF-7 0,0012 0,28 0,0305 9,25 0,0060
V$MYB_Q5_02 MYB 0,0012 2,24 1,3664 1,64 0,0061
V$HMGIY_01 HMGIY 0,0012 1,88 1,1756 1,60 0,0062
V$HIF1_Q5 HIF1 0,0014 0,51 0,4122 1,24 0,0067
V$TFIII_Q6_01 TFII-I 0,0014 0,34 0,0458 7,33 0,0068
V$TBP_Q6 TBP 0,0015 2,06 0,6489 3,18 0,0070
V$CREM_Q6 CREM 0,0015 0,62 0,4733 1,31 0,0073
V$SREBF1_02 SREBP-1 0,0017 3,89 1,374 2,83 0,0080
V$RELBP52_01 RelB:p52 (NF-kappaB) 0,0019 0,21 0,0153 13,5 0,0086
V$SOX5_07 Sox-4 0,0020 1,92 1,1832 1,63 0,0091
V$ASCL2_05 Ascl2 0,0021 0,17 0,0076 22,0 0,0093
V$HOXB2TBX21_01 HOXB2:T-bet 0,0022 0,24 0,2366 1,03 0,0098
V$EOS_01 EOS 0,0026 0,24 0,229 1,03 0,0114
V$REST_10 REST 0,0033 8,61 4,5038 1,91 0,0141
V$BEN_02 BEN 0,0034 8,34 4,3664 1,91 0,0146
V$NFKB1_Q4 NFKAPPAB 0,0036 0,22 0,0229 9,67 0,0153
V$ATF1_Q6_01 ATF-1 0,0040 0,60 0,4427 1,36 0,0166
V$RXRA_11 RXR-alpha 0,0041 0,89 0,2366 3,74 0,0166
V$RELA_Q6 RelA-p65 0,0041 0,50 0,1069 4,71 0,0166
V$PPARG_02 PPARgamma:RXRalpha, PPARgamma0,0041 13,24 6,7252 1,97 0,0166
V$HOXB2_01 HOXB2 0,0042 2,12 1,2595 1,68 0,0167
V$BCL3_03 BCL-3 0,0044 0,40 0,0763 5,30 0,0172
V$ZEB_01 ZEB 0,0046 1,15 0,3359 3,43 0,0180
V$ATF_01 ATF 0,0050 0,52 0,3893 1,33 0,0194
V$TCF7L2_06 TCF-4 0,0051 0,29 0,2519 1,15 0,0195
V$OCT_Q6 Octamer 0,0055 0,27 0,0382 7,00 0,0208
V$RARG_04 RAR-GAMMA 0,0056 0,15 0,0076 19,0 0,0210
V$CJUN_Q6 C-Jun 0,0058 2,94 1,6641 1,77 0,0210
V$CMYB_01 c-Myb 0,0058 0,67 0,4733 1,42 0,0210
V$SOX4_Q5_02 Sox-4 0,0058 0,67 0,1679 4,00 0,0210
V$CETS2_01 Ets2 (c-ets-2) 0,0059 3,14 1,7634 1,78 0,0212
V$ETS1_B c-Ets-1 0,0060 0,24 0,0305 7,75 0,0214
V$CEBPB_01 C/EBPbeta 0,0061 0,89 0,2443 3,63 0,0215
V$HELIOSA_01 Helios A 0,0064 2,82 0,9924 2,84 0,0220
V$EGR1_12 Egr-1 0,0064 0,21 0,0229 9,00 0,0220
V$FOSBJUND_01 FOSB:JUND 0,0065 5,98 3,1679 1,89 0,0223
V$JUNBFRA1_01 JUNB:FRA-1 0,0073 12,86 6,4885 1,98 0,0247
V$MEOX1_02 MEOX1 0,0074 0,53 0,3893 1,37 0,0248
V$AHR_Q5 AhR 0,0075 0,25 0,2214 1,14 0,0248
V$ARNT_01 Arnt 0,0075 0,66 0,458 1,43 0,0248
V$JUN_04 c-Jun 0,0077 2,65 1,5038 1,76 0,0248
V$JUNBFOSB_01 JUNB:FOSB 0,0077 11,52 5,8397 1,97 0,0248
V$RELA_04 RelA-p65 0,0078 0,68 0,1756 3,87 0,0251
V$EFC_Q6 RFX1 (EF-C) 0,0080 0,46 0,3435 1,33 0,0255
V$STAT3_01 STAT3 0,0081 0,51 0,374 1,37 0,0256
V$POU6F1_02 POU6F1 0,0084 0,86 0,5649 1,51 0,0259
V$EBOX_Q6_01 Ebox 0,0084 0,20 0,0229 8,67 0,0259
V$PLAGL1_03 Plagl1 0,0084 0,20 0,0229 8,67 0,0259
V$JUNBFRA2_01 JUNB:FRA-2 0,0086 10,63 5,4046 1,97 0,0259
V$TATA_C TATA 0,0086 0,17 0,0153 11,0 0,0259
V$MYB_03 MYB 0,0087 1,31 0,8092 1,62 0,0260
V$GABPAGABPB_Q6 GABPalpha_GABPbeta 0,0087 0,50 0,1145 4,33 0,0260
V$FOXO1_01 FOXO1 0,0089 1,27 0,3969 3,21 0,0260
V$NR4A2RXRA_01 NURR1:RXR-ALPHA 0,0089 0,66 0,458 1,45 0,0260
V$IRF8_Q6 IRF-8 0,0090 1,15 0,3511 3,28 0,0261
V$FLI1_03 FLI1 0,0091 2,71 1,5267 1,78 0,0261
V$MYBL1EOMES_02 A-Myb:TBR2 0,0092 0,36 0,2824 1,27 0,0262
P$ANAC042_01 ANAC042 0,0093 30,30 14,7099 2,06 0,0264
V$LEF1_04 LEF-1 0,0094 0,76 0,5115 1,49 0,0264



V$TP53_03 TP53 0,0095 1,80 1,0611 1,70 0,0264
V$TCF7L2_07 TCF-4 0,0097 0,20 0,1832 1,08 0,0266
V$ETV3_01 ETV3 0,0098 1,47 0,8855 1,66 0,0266
V$AP1_C AP-1 0,0098 2,66 1,4962 1,78 0,0266
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TRANSPARENT METHODS 1 

Human CD4+ T cell isolation, activation, and differentiation. Human umbilical cord blood 2 

was layered on ficol (GE Healthcare, cat# 17-1440-03) for isolation of white blood cells. 3 

CD4+ T cells were then isolated using the bead-based CD4+ isolation kit from Invitrogen 4 

(cat# 11331D). For activation of T cells, a combination of plate-bound anti-CD3 (3750 ng/6-5 

well culture plate well) (Beckman Coulter, cat# IM-1304) and soluble anti-CD28 (1 μg/mL) 6 

(Beckman Coulter, cat# IM1376) antibodies were used. 7 

For Th17 cell culture, CD4+ T cells were stimulated as described above in a density of 0.5 8 

× 106 cells/mL of X-vivo 20 serum-free medium (Lonza, Bazel, Switzerland). The X-vivo 20 9 

media were supplemented with L-glutamine (2 mM, Sigma-Aldrich, Dorse, UK) and 10 

antibiotics (50 U/mL penicillin and 50 μg/mL streptomycin; Sigma-Aldrich). Th17 cell 11 

polarization was initiated with a cytokine cocktail of IL6 (20 ng/mL; Roche, cat# 11138600 12 

001), IL1β (10 ng/mL, R&D Systems, cat# 201 LB) and TGFβ (10 ng/mL, R&D Systems, 13 

cat# 240) in the presence of neutralizing anti-IFNγ (1 μg/mL, R&D Systems, cat# MAB-285) 14 

and anti-IL4 (1 μg/mL, R&D Systems, cat# MAB204). For the control cells, CD4+ T cells 15 

were TCR stimulated with anti CD3 and anti CD28 in the presence of neutralizing antibodies 16 

without differentiating cytokines (Th0) and cultured in parallel. 17 

iTreg differentiation was performed as described earlier (Ubaid Ullah et al., 2018). Briefly 18 

CD4+CD25- cells from multiple donors (three or more) were activated directly or pooled 19 

before activation with plate-bound anti-CD3 (500 ng/24-well culture plate well) and soluble 20 

anti-CD28 (500 ng /mL) at a density of 2× 106 cells/mL of X-vivo 15 serum-free medium 21 

(Lonza, Bazel, Switzerland). For iTreg differentiation, the medium was supplemented with 22 

IL-2 (12 ng/mL), TGF-β (10 ng/mL) (both from R&D Systems, Minneapolis, MN), all-trans 23 
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retinoic acid (ATRA) (10 nM) (Sigma-Aldrich), and human serum (10%, Biowest, cat# 24 

S4190-100) and cultured at 37°C in 5% CO2. Control Th0 cells were stimulated with plate-25 

bound anti-CD3 soluble anti-CD28 in X-vivo 15 serum-free medium without cytokines. 26 

Cell transfection with siRNA. Nucleofector 2b system (Lonza) was used for siRNA 27 

transfections. Four million cells were transfected in 100 μl volume of Opti-MEM (Gibco by 28 

Life Technologies, cat # 31985-047). After nucleofection cells were rested for 48 h in RPMI 29 

supplemented with 10% serum.  30 

The following siRNAs (synthesized by Sigma or from Dharmacon) were used:  31 

siNT 5´-AAUUCUCCGAACGUGUCACGU-3´ (Ubaid Ullah et al., 2018) 32 

siCIP2A-1 5´-CUGUGGUUGUGUUUGCACU-3´ (Junttila et al., 2007) 33 

Dharmacon siGENOME individual CIP2A siRNAs  34 

siCIP2A-2: 5´-GAACAUAAGCUAGCAAAUU-3´ 35 

siCIP2A-3: 5´-GAAACUCACACGACUAUUU-3´  36 

siCIP2A-4: 5´-GCACGGACACUUGCUAGUA-3´ 37 

siCIP2A-5: 5´-GUACCACUCUUAUAGAACA-3´ 38 

siAGK1 5´-AACAGAUGAGGCUACCUUCAG-3´ 39 

siAGK2 5´-GAGGCUACCUUCAGUAAGA-3´ 40 

siAGK3 5´-GGAGAGACCAGUAGUUUGA-3´ 41 

siPP2A 5'-TTTTCCACTAGCTTCTTCA-3' 42 

Mice.  CIP2A HOZ mice of C57BL/6 background were generated and provided by Prof 43 

Jukka Westermarck (Ventelä et al., 2012). The mice had leaky expression of CIP2A of 44 
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around 5% of the total. The permission for the mouse work was granted by the ethical 45 

committee of University of Turku for in vitro experiments of cells from mice.  46 

Mouse CD4+ T cell isolation, activation, and differentiation. Mouse naive T cells were 47 

isolated from the spleen of mice (8-12 weeks) of the same gender. Spleens were macerated 48 

to prepare single cell suspension using a cell strainer and syringe plunger. Red blood cells 49 

were removed using ACK lysis buffer (Gibco by life technology, cat# A10492-01). 50 

CD4+CD62L+ T cells were isolated using a mouse CD4+CD62L+ T cell isolation kit (Miltenyi 51 

biotec, cat# 130-106-643) following the manufacturer’s instructions. CD4+CD62L+ T cells 52 

were activated with anti-CD3, (1 μg/ml; BD Pharmingen, cat# 553238); and anti-CD28 53 

(2ug/ml, BD Pharmingen, cat# 557393), both plate-bound. For the generation of Th17 cells, 54 

cells were stimulated in the presence of IL-6 (20 ng/ml; R&D, cat# 406-ML), TGF-β1 (1 55 

ng/ml; R&D, cat# 240-B), IL1β (10 ng/ml; R&D, cat# 201-LB), anti-IL4 (10 µg/ml;  BD, cat# 56 

559062) and anti-IFN-γ (10 µg/ml; BD, cat# 557530). Cell culture experiments were 57 

performed in Iscove’s modified Dulbecco medium (Sigma) supplemented with 5% (vol/vol) 58 

FCS, 0.002 M L-glutamine, non-essential amino acids (Gibco, cat# 11140-035), 100 U/ml of 59 

penicillin, 100 μg/ml of streptomycin and 50 µM β-mercaptoethanol (Gibco). 60 

Flow cytometry. For surface staining, cells were stained with the antibody in FACS I buffer 61 

(1%FBS in PBS) at +40 C in dark for 15 min. Cells were then washed two times with FACS 62 

I, and finally re-suspended in FACS I Buffer or in PBS with 1% Formalin before acquisition 63 

in a BD LSR II/Caliber flow cytometer (BD Biosciences).  For intracellular staining, cells were 64 

first fixed with 4% paraformaldehyde (PFA) for 15 min followed by resuspension in 65 

permeabilization buffer (10% saponin, 0.05% BSA in PBS) for 15 min on ice. Staining was 66 

performed for 1h. For Annexin (BD, cat# 556419)/PI (BD, cat# 51-66211E) staining, 24 h 67 

post cell activation, T cells were transferred, washed with PBS and resuspended in 50 μl 68 



 4 

FACS1 buffer and 50 μl of 2X binding buffer (10mM Hepes; 140mM Nacl and 5mM Cacl2; 69 

PH7.4) with Annexin and PI. The data was acquired in the flow cytometer immediately after 70 

staining. For CFSE staining, cells were first washed and stained with CFSE (5 μM, 71 

Invitrogen, cat# C1157), then activated and cultured for four days before data acquisition. 72 

Data analysis was performed using Flowjo (FlowJo LLC) or flowing software (Version 2.5.1) 73 

(http://flowingsoftware.btk.fi/). The following antibodies were used for flow cytometry 74 

analysis: Anti-Mouse CD69 (eBioscience, cat# 11-0691-82), Anti-Human CD69 (BD, cat# 75 

347823), Mouse IL17-PE (BD, cat# 559502), STAT3-PE (BD phosflow, cat# 557815), 76 

pSTAT3-AlexaFlour 647 (Y705; BD phosflow, cat# 557815). 77 

 TaqMan Quantitative Real-Time-PCR (TaqMan qRT-PCR). Cells were harvested, 78 

washed with cold PBS and lysed in RLT Buffer (RNeasy Mini Kit) containing β-79 

mercaptoethanol. RNA was extracted using RNeasy® Mini Kit (Qiagen, cat #74106). DNA 80 

contamination was removed by on-column digestion using DNase (Qiagen cat # 79254) 81 

followed by in-tube DNase I digestion, (Invitrogen™, #18068-015).  82 

The concentration of RNA was measured by UV absorbance using a Nanodrop 2000 83 

detector (Thermo Fisher Scientific). For low RNA amounts (< 100ng) Roche Transcriptor 84 

First Strand cDNA Synthesis Kit (Cat# 04379012001) was used. Otherwise, for RNA 85 

amounts (100 ng - 1 μg) Invitrogen's SuperScript™ II Reverse Transcriptase (cat#18064-86 

014) was used for cDNA Synthesis. For TaqMan qRT-PCR runs, cDNA was further diluted 87 

to 1:5 or 1:10. Using probes and primers designed by Universal ProbeLibrary System 88 

(Roche Life Science), TaqMan qRT-PCR reactions were run in QuantStudio™ 12K Flex 89 

Real-Time PCR System (Thermo Fisher Scientific). The data was analyzed using RQ 90 

Manager or Quantstudio software (Thermo Fisher Scientific). The threshold cycle (Ct) value 91 



 5 

for the gene of interest was subtracted with an internal control (EF1alpha). The expression 92 

was then calculated as 2-dCt.  93 

Luminex assay. Cytokines in the supernatant were measured by Luminex assay (Milliplex 94 

MAP human/mouse cytokine/chemokine magnetic bead panel; Luminex 200 by Luminex 95 

xMAP technology) according to the manufacturer’s instructions. The concentrations were 96 

normalized using cell count data obtained by flow cytometry.  97 

Western Blotting. Cells were lysed in Triton-X-100 lysis buffer (TXLB) (50 mM Tris-HCl (pH 98 

7.5), 150 mM NaCl, 0.5% Triton-X-100, 5% Glycerol, 1% SDS) and sonicated for 5 min using 99 

a Bioruptor sonicator (Diagenode). Protein concentration was then estimated using DC 100 

Protein assay (Biorad cat# 500-0111). Equal protein amounts were loaded onto acrylamide 101 

gel (Bio-Rad Mini or Midi PROTEAN® TGX precast gels). For protein transfer to PVDF 102 

membranes, mini or a midi transfer packs from Bio-Rad were used, depending on the gel 103 

size. Primary and secondary antibody incubations were performed in 5% Non-Fat milk or 104 

BSA in TBST buffer (0.1%Tween 20 in Tris-buffered saline). Quantification of the detected 105 

bands was performed using Image J software after normalization to the loading control. The 106 

following antibodies were used for western blotting: total STAT3 (Cell Signalling, cat# 9139), 107 

Phospho STAT3 (Y705) (Cell Signaling, cat# 9131), CIP2A (Junttila et al., 2007; Côme et 108 

al., 2016) Beta-actin (Sigma, cat # A5441), and AGK antibody (Abcam ab137616). 109 

RNA sequencing. Total RNA was purified using RNeasy Mini Kit following the 110 

manufacturer's instruction. Libraries were prepared using the Illumina protocol. The quality 111 

of the library was confirmed using Advanced Analytical Fragment Analyzer (Advanced 112 

Analytical Technologies, Heidelberg, Germany) or with an Agilent Bioanalyzer, and the 113 

concentrations of the libraries were quantified with Qubit® Fluorometric Quantitation (Life 114 

Technologies, ThermoFisher). The sequencing was performed using a HiSeq2500 Next-115 
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Generation Sequencing platform at the Finnish Functional Genomics Centre (FFGC). The 116 

quality control of raw sequencing reads was performed with FastQC, and adapters and low-117 

quality bases were trimmed by Trimmomatic (Bolger et al., 2014). The trimmed reads were 118 

then aligned to the human reference genome GRCh37.75 (Ensembl release 75) using 119 

Tophat2 (Kim et al., 2013). HTseq-count (Anders et al., 2015) was used to calculate 120 

summarized read counts for each gene. The R/Bioconductor package edgeR (Robinson et 121 

al.,2010) was used to identify differentially expressed (DE) genes. Genes with a false 122 

discovery rate (FDR) < 0.05 were considered significantly DE.  123 

IPA analysis. Pathway analysis was performed using Ingenuity Pathway Analysis (IPA) 124 

(https: www.ingenuity.com/, May 2016). P-values < 0.01 were considered significant. Key 125 

upstream regulators were also identified by IPA. Positive and negative z-score denote 126 

predicted upstream positive and negative regulators, respectively. Upstream regulators with 127 

p-value > 0.01 and |z-score| > 2 were considered significant. 128 

Gene Set Enrichment Analysis (GSEA) 129 

The gene set for the analysis were Th17 or iTreg signature genes, which were defined as 130 

those upregulated more than four-fold in respective conditions at 24h in the time series data 131 

(Tuomela et al., 2016). The enrichment in CIP2A-deficient RNA-seq data of 24h was 132 

calculated using GSEA tool (Subramanian et al., 2005). The parameters were as follows: 133 

Number of permutations: 1000; permutation type: phenotype; enrichment statistics: 134 

weighted; metric for ranking: Signal2Noise; gene list sorting: real. Signal2Noise metric uses 135 

the “difference of mean scaled by standard deviation”. Signal to noise ratio is defined as 136 

(μA-μB)/(sA+sB) where μ is mean and s is standard deviation of samples A and B. The p-137 

value cut-off used was 0.05. 138 
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Transcription Factor Binding Sites (TFBS) motif enrichment analysis. 139 

The TFBS analysis was performed as described before (Ubaid Ullah et al., 2018). Briefly, 140 

we analyzed the promoters (-1000 to 100 bp from TSS) of 136 DE genes using the FMatch 141 

tool of the TRANSFAC database (Release 2018.2) and a custom profile of matrices 142 

corresponding to the TFs DE in human Th17 or iTreg cells (Tuomela et al., 2016; Ubaid 143 

Ullah et al., 2018). Binomial test was used to calculate enrichment. Benjamini & Hochberg 144 

method in r (version 3.4.3) was used to correct the p-value and FDR < 0.05 was considered 145 

significant. 146 

Statistics and plotting. To determine the statistical significance of means, two-tailed paired 147 

or unpaired student’s T-tests were performed, p-value < 0.05 was considered significant. 148 

For plotting, Microsoft Excel and R were used.  149 

Immunoprecipitation (IP) and Mass Spectrometry (MS). For STAT3 and CIP2A pull-150 

downs, an IgG-bound phospho-specific (Y705) STAT3 antibody and CIP2A specific 151 

antibodies were respectively used with an equivalent IgG antibody as control. The pull-152 

downs were made using a Pierce™ MS-Compatible Magnetic IP Kit (Thermo Scientific, cat# 153 

90409) as described below. Cells were harvested on ice and the culture medium was 154 

removed, followed by one wash with PBS. Cells were then re-suspended in ice-cold IP-MS 155 

Cell Lysis Buffer, as recommended by the manufacturer, and incubated on ice for 10 min 156 

with periodic mixing. The lysate was centrifuged at ~13,000 × g for 10 min to pellet the cell 157 

debris and the supernatant was transferred to a new tube for protein concentration 158 

determination. The cell lysates (500μg) were incubated overnight with 5μg of IP antibody. 159 

The antibody/lysate solution was diluted to 500 µl with the IP-MS Cell Lysis Buffer provided 160 

in the kit and incubated at +40 C with mixing overnight to form an immune complex. The 161 

immune complex was subsequently incubated with Protein A/G magnetic beads  for 1h at 162 



 8 

room temperature. The beads were then washed and target antigen was eluted with the IP-163 

MS Elution buffer. A Speed-Vac concentrator was used to dry the eluent, after which the 164 

samples were prepared for proteomics analysis or analyzed by WB. 165 

The IP samples from four biological replicates were denatured with urea, reduced, alkylated 166 

and tryptic digested for proteomics analysis by LC-MS/MS. An EASY-nLC 1200 UPLC 167 

system with a Q Exactive HF quadrupole – Orbitrap mass spectrometer was used. The data 168 

analysis was made using MaxQuant with an inbuilt Andromeda search engine (Cox and 169 

Mann, 2008; Cox et al., 2011). The mass spectrometry raw files were searched against a 170 

UniProt human protein sequence database (version June 2016, 20,237 entries). The 171 

database search parameter allowed one missed cleavage, cysteine carbamidomethylation 172 

as a fixed modification and methionine oxidation as a variable modification. A false discovery 173 

rate (FDR) of 0.01 at peptide and protein level was applied. MaxQuant’s label-free 174 

quantification (LFQ) algorithm was used to calculate the relative protein intensity profiles 175 

across the samples (Cox J et al., 2014) The “match between run” option was enabled to 176 

perform matching across the mass spectrometric measurements.   177 

The LFQ protein intensity values (MaxQuant output) was further processed using the 178 

Perseus statistics and informatics platform. Briefly the output was filtered to remove proteins 179 

detected only by site, reversed hits, and contaminants and proteins detected with less than 180 

two unique peptides (Cox et al., 2014; Tyanova et al., 2016). In the order of 850 proteins 181 

were detected by two or more unique peptides, although after filtering for missing values 182 

~750 were suitable for the statistical comparison and used in the subsequent analysis. The 183 

differences in relative abundance of the proteins detected in the pull-downs were evaluated 184 

using a permutation-based t-test in Perseus.  185 
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The filtered LFQ protein intensities were analyzed using the Resource for Evaluation of 186 

Protein Interaction Networks (REPRINT) interface (Mellacheruvu et al., 2013). In brief, the 187 

average LFQ intensity was calculated from the triplicate analyses of each biological replicate 188 

of the IPs and the mock baits, and the data analyzed using the SAINT scoring algorithm to 189 

compare the variation and relative protein intensities. The data were then filtered to include 190 

proteins with the Significance Analysis of INTeractome (SAINT) score greater than 0.7. 191 

Network analysis and Enrichment analysis. Known protein-protein interactions for the 192 

detected STAT3 interacting proteins were downloaded from the STRING functional protein 193 

association network database version 11 (Szklarczyk et al., 2017). Both predicted and 194 

experimental high confidence (interaction score � 0.7) interactions were considered. The 195 

resulting network was visualized with Cytoscape version 3.7.1 (Shannon et al., 2003). 196 

Clusters in the network were identified using the Markov clustering algorithm executed in 197 

the Cytoscape plug-in clusterMaker v2 algorithm MCL Cluster (Morris et al., 2011) with the 198 

granularity parameter (inflation value) set to 1.8 as suggested by the previous work of 199 

Brohée & van Helden (Brohée and van Helden, 2006).  200 

To define the strength of interactions of proteins with STAT3 in the two different conditions, 201 

SAINT probability scores (SP) were used. A new combined interaction SP score was 202 

calculated as: SP siCIP2A - SP siNT. While the individual SP scores range from 0 to 1, the 203 

combined SP score ranges from -1 to 1. A value of -1 corresponds to interactions with 204 

STAT3 only in the siNT condition, while a value of 1 corresponds to interactions with STAT3 205 

only in the siCIP2A condition. A value of 0 corresponds to interactions with STAT3 that have 206 

equal strength in both conditions. The combined SP metric was color coded as a continuous 207 

gradient from blue (-1) to white (0) to red (1) for Figure 5D.   208 
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The enriched GO biological processes in the STAT3 interactome were identified using the 209 

Database for Annotation, Visualization and Integrated Discovery (DAVID) version 6.8 210 

(Huang et al., 2009; Huang et al., 2009). The enrichment analysis was performed using the 211 

detected STAT3 interactome as the input and the whole detected Th17 proteome from our 212 

Th17 profiling study (Tripathi et al., 2019) complemented with the detected STAT3 213 

interactome as the background reference. The GO FAT terms from DAVID were considered, 214 

which filter out the broadest, non-specific terms. For each cluster with more than four 215 

members, the most frequent enriched GO FAT biological process was identified. A biological 216 

process was considered enriched if it had an FDR � 0.05.  217 

Immunofluorescence and co-localisation. Th17 cells were plated onto acid-washed glass 218 

coverslips. 4 % PFA was used to fix the cells at room temperature (RT) for 10 min after 219 

which the cells were permeabilized in PBS containing 30% horse serum and 0.1% Triton X-220 

100 for 10 min at RT, washed in PBS and then blocked in PBS-30% horse serum for 1h at 221 

RT followed by their incubation with primary antibodies overnight at 4°C. Next day, cells 222 

were washed three times using PBS and incubated for 1h at RT with AlexaFluor-conjugated 223 

secondary antibodies (Life Technologies). After three washes, cells were mounted with 224 

Mowiol for 30 min at 37°C. Images were taken with Carl Zeiss LSM780 laser scanning 225 

confocal microscope equipped with 100×1.40 oil plan-Apochromat objective (Zeiss). 226 

Corrected total cell fluorescence was calculated from confocal images to quantify the 227 

intensities in Th0 and Th17 cells and displayed as arbitrary unit (Burgess et al., 2010; 228 

McCloy et al., 2014). Co-localization of pSTAT3 with AGK was calculated from around 100 229 

cells stained for STAT3 and AGK-positive cells in 7 different section views in the siRNA 230 

treated Th17 cells. The ratio of AGK colocalizing with STAT3 was calculated in both 231 
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conditions. Pearson correlation coefficients (PCC) were calculated to evaluate the statistical 232 

significance of the differences. 233 

Selected reaction monitoring (SRM) mass spectrometry. Isotopically-labeled synthetic 234 

peptide analogues (lysine 13C6 15N2 and arginine 13C6 15N4) for AGK and CIP2A were 235 

obtained from Thermo Scientific.  The peptides were analyzed by LC-MS/MS using a Q 236 

Exactive HF quadrupole – Orbitrap mass spectrometer (as above). Skyline software 237 

(MacLean et al., 2010) was subsequently used to select suitable transitions from the MS/MS 238 

spectra of heavy labelled peptides.  239 

The validation samples were prepared using the same protocols used for pSTAT3 IP-MS. 240 

The samples were then spiked with synthetic heavy labelled analogues of the peptide 241 

targets and a retention time standard (MSRT1, Sigma) for scheduled selected reaction 242 

monitoring (SRM).  The LC-MS/MS analyses were conducted using Easy-nLC 1000 liquid 243 

chromatograph (Thermo Scientific) coupled to a TSQ Vantage Triple Quadrupole Mass 244 

Spectrometer (Thermo Scientific).  The column configuration was the same as used with the 245 

Q Exactive, although the peptides were separated using a modified gradient of 8% to 43% 246 

B in 27 min, then to 100% B in 3 min, at a flow rate of 300 nl/min (the mobile phase 247 

compositions are as indicate above). The raw SRM data, including other CIP2A associated 248 

targets, are available through PASSEL (Farrah et al., 2012) with the dataset identifier 249 

PASS01186. 250 
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