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Abstract

T lymphocytes are essential contributors to the adaptive immune system and consist of multiple 

lineages that serve various effector and regulatory roles. As such, precise control of gene 

expression is essential to the proper development and function of these cells. Previously, we 

identified Snai2 and Snai3 as being essential regulators of immune tolerance partly due to the 

impaired function of CD4+ regulatory T cells in Snai2/3 conditional double knockout mice. Here 

we extend those previous findings using a bone marrow transplantation model to provide an 

environmentally unbiased view of the molecular changes imparted onto various T lymphocyte 

populations once Snai2 and Snai3 are deleted. The data presented here demonstrate that Snai2 and 

Snai3 transcriptionally regulate the cellular fitness and functionality of not only CD4+ regulatory 

T cells but effector CD8α+ and CD4+ conventional T cells as well. This is achieved through the 

modulation of gene sets unique to each cell type and includes transcriptional targets relevant to the 

survival and function of each T cell lineage. As such, Snai2 and Snai3 are essential regulators of T 

cell immunobiology.
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1. Introduction

Cellular immunity is regulated through the interactions of multiple cell types that constitute 

the innate and adaptive arms of the immune system. Within the adaptive immune system, T 

lymphocytes play a key role not only as immune effectors but also as immune regulators. To 

this end, the T lymphocyte “family” consists of multiple lineages. Such examples include 
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CD8α+, CD4+ CD25− conventional (TConv) and CD4+ CD25+ regulatory (TReg) cells. 

Within the thymus, various transcriptional regulators precisely control the decisions 

regarding lineage fate. Following the CD4+ CD8α+ double positive T cell stage, Runx3 and 

ThPOK drive CD8α+ and CD4+ T cell differentiation, respectively, while also antagonizing 

the alternative differentiation program[1, 2]. Once the CD4+ fate choice has been made, 

selective expression of Foxp3 “turns on” the gene program required for TReg 

specification[3]. While these transcriptional regulators are key to the development and 

function of the above mentioned cell types, the totality of transcriptional regulatory 

networks involved is much more complicated. This is perhaps best illustrated in the TReg 

lineage which modifies nuanced regulatory responses through the use of an evolving list of 

transcriptional regulatory mechanisms[4]. Not surprisingly, multiple layers of redundancy 

have developed to ensure the proper expression of these gene programs[5, 6]. One such 

example includes the Id family of transcriptional regulators. These proteins negatively 

regulate the function of E-box DNA-binding factors such E2A and Snai1[7, 8]. Upon 

deletion of Id2 or Id3, the other family member is able to functionally compensate and 

ensure the ability of TRegs to suppress T helper (TH2)-mediated inflammation. This specific 

TReg function is subsequently lost upon the deletion of both Id2 and Id3[5].

The Snail family consists of 3 evolutionarily conserved transcriptional regulators: Snai1 

(Snail), Snai2 (Slug) and Snai3 (Smuc)[9]. These proteins share the same basic structure 

inclusive of an N-terminal SNAG (Snail/Gfi-1) domain and multiple C2H2-type zinc finger 

DNA-binding domains (DBDs) within the C-terminus[10]. Using their DBDs, Snail factors 

recognize consensus E-box DNA elements (CANNTG) with a preference for G/C-rich 

central dinucleotides[11]. Once bound to target genes, Snail family members augment 

transcription through the recruitment of various chromatin modifiers via the SNAG 

domain[12, 13]. Although classically known as transcriptional repressors, a growing body of 

data supports the ability of Snail proteins to positively regulate their targets upon interaction 

with other transcription factors[14, 15].

The founding member, Snai1, was discovered in Drosophila melanogaster where it was first 

characterized as a key factor involved in embryonic patterning[16, 17]. Since then, Snail 

family members have been most well characterized in the areas of embryonic and 

developmental biology[18-20]. However, this family also plays a number of roles in the 

development and function of the immune system (summarized in [21]). Recently, we 

demonstrated a previously unappreciated functional redundancy for Snai2 and Snai3 in 

lymphoid development[22]. Furthermore, the conditional deletion of Snai2 and Snai3 

(cDKO) resulted in fatal autoimmunity that could be corrected by the transplantation of 

wildtype (WT) TRegs [23]. While high levels of autoantibodies characterized this disease, 

these animals lacked the T cell proliferation commonly associated with many autoimmune 

diseases[24, 25]. This led us to hypothesize that the deletion of Snai2 and Snai3 not only 

affected TRegs but also diminished the fitness of CD8α+ and TConv cells as well. Using 

competitive reconstitution, we demonstrated that cDKO CD8α+, TConv and TReg cells were 

compromised in their ability to compete with their WT counterparts. Additionally, a reduced 

amount of cDKO T cells was able to enter the activated, effector/memory-like pool. RNA 

sequencing (RNA-seq) analysis showed that Snai2 and Snai3 regulated genes essential for 
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the cellular fitness and function of all 3 lineages. Importantly, Snai2 and Snai3 accomplished 

this via modulation of transcriptional targets almost completely exclusive to each individual 

cell type. Thus, Snai2 and Snai3 are key transcriptional regulators of T cell biology.

2. Materials and Methods

2.1 Animal strains and care

Animals were housed in the Animal Resource Center (University of Utah Health Science 

Center, Salt Lake City, UT) according to the guidelines of the National Institute of Health 

for the care and use of laboratory animals. All animal protocols were reviewed and approved 

by the University of Utah Institutional Animal Use and Care Committee. Vav-Cre (Stock #: 

008610), Rag2−/− (Stock #: 008449) and UBC-GFP (Stock #: 004353) mice were purchased 

from The Jackson Laboratory and bred in house. Snai2/Snai3 conditional double knockout 

(cDKO) mice were derived from Snai2+/− Snai3Fl/Fl Vav-Cre+/− breeding pairs. Snai3Fl/Fl 

have been made available from the Jackson Laboratory (Stock #: 027276). Animal numbers 

used per experiment are noted in the figure legends.

2.2 DNA isolation and genomic DNA PCR

Approximately 5 mm portions of tail were boiled in 50 mM NaOH until fully dissolved. 1 M 

Tris was added to neutralize the NaOH. Following centrifugation to remove insoluble 

material, DNA was precipitated from supernatants following standard ethanol precipitation 

guidelines. Snai2, Snai3 and Vav-Cre genotyping was performed with Thermo Scientific 

Taq DNA Polymerase (Cat. #: FEREP0402) using 2 μL of DNA per reaction. Products were 

electrophoresed in 2% agarose gels. Cycling parameters are available upon request. Primer 

sequences are provided in Supplementary Table 1.

2.3 RNA isolation and RNA sequencing (RNA-seq)

Total RNA was isolated from cells using the Qiagen miRNeasy Micro Kit (Cat. #: 217084) 

according to the manufacturer’s instructions. Isolated RNA was utilized for RNA-seq library 

preparation using the Illumina TruSeq Stranded Total RNA Sample Preparation Kit with 

Ribo-Zero Gold treatment to eliminate ribosomal RNAs. Libraries were subjected to 

HiSeq2000 50 Cycle Single Read Sequencing. Greater than 2.5 × 107 reads per sample 

(quality score, Q ≥ 20) were obtained and aligned to the mm10 (Ensembl build 75) 

transcriptome index using Novoalign. Aligned reads were further processed for splicing and 

expression variance using the Useq 8.7.4 software package. The data has been submitted to 

the NCBI GEO database (GSE74467). 4 replicates were performed for wildtype (WT) and 

cDKO CD8α+ and CD4+ CD25− conventional (TConv) T cells. For CD4+ CD25+ regulatory 

(TReg) T cells, 4 and 3 replicates were performed for WT and cDKO genotypes, 

respectively. For mathematical purposes, a value of 0.0001 was added to all gene fragments 

per kilobase per million mapped reads (FPKM) values as to avoid “zero” values. Mean fold 

changes for each gene were calculated by dividing mean WT by mean cDKO FPKM values 

for a given T cell lineage. Significantly altered genes for CD8α+, TConv and TReg cells are 

listed in Supplementary Tables 3-5. Analysis for all detectable CD8α+, TConv and TReg 

genes can be found in Supplementary Tables 6-8. Data tracks were visualized with the 

University of California-Santa Cruz (UCSC) genome browser. Venn diagrams for gene 
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expression analysis were created using the online program Venny 2.0 (http://

bioinfogp.cnb.csic.es/tools/venny/index.html)[26, 27]. Gene ontology analysis was 

performed using Gorilla online software. The Benjamini and Hochberg method was used to 

correct p-values for multiple testing (FDR q-value). Gene Set Enrichment Analysis (GSEA) 

was performed using software made publicly available by the Broad Institute (http://

software.broadinstitute.org/gsea/index.jsp).

2.4 Fluorescence-activated cell sorting (FACS) analysis and isolation of T cell populations

Upon dissection, the plunger of a 5 mL syringe was used to dissociate thymus, spleen and 

mesenteric lymph node (mLN) tissues. Cells were strained through a 100 μm filter and 

collected in 10 mL of FACS buffer (1× PBS + 0.1% BSA). Peripheral blood was isolated 

from the retro-orbital (r.o.) sinus via heparin-lined capillary tubes and complete blood 

counts were obtained using a Hemavet 950 FS (Drew Scientific). Remaining contents were 

then collected in 5 mL of FACS buffer. After centrifugation, erythrocytes were lysed on ice 

for 10 minutes using ammonium-chloride-potassium (ACK) buffer. Following lysis, cells 

were respun, resuspended in FACS buffer and counted using a Hemoctyometer. Cells were 

stained on ice for 30 minutes using the appropriate antibody cocktail. Samples were washed 

with FACS buffer, centrifuged and resuspended in FACS buffer. To discriminate between 

live and dead cells, 4’6-diamidino-2-phenylindole (DAPI) was added at a final concentration 

of 3 μM. The antibodies utilized with their indicated dilutions are available in 

Supplementary Table 2. Population analysis was performed on the FACS Canto II (BD 

Biosciences) and results for a given cell type are graphically represented as mean values ± 

standard error measurement (SEM). Cell sorting of select populations was performed on the 

FacsAria Cell Sorter (BD Biosciences) at the University of Utah Flow Cytometry Core.

2.5 Bone marrow transplantation

One day prior to transplantation, 8-12 weeks old UBC-GFP recipient mice were lethally 

irradiated with 2 doses of 500 cGy split approximately 4 to 6 hours apart. WT and cDKO 

bone marrow was isolated from pooled tibias and femurs. Samples were lineage depleted 

using the mouse-specific Lineage Depletion Kit from Miltenyi (Cat. #: 130-090-858). 

Isolated progenitors were washed and resuspended in 1× PBS at a concentration of 7.5 × 105 

cells/mL. A total of 7.5 × 104 cells (100 μL) were delivered r.o. to each recipient animal. 

Animals were maintained on Sulfamethoxazole and Trimethoprim antibiotic-treated water 

for 21 days post-transplant.

2.6 Statistical analysis

Using Prism GraphPad software, the unpaired Student’s t-Test was applied for all FACS-

based analyses. For RNA-Seq analysis, two-tailed Student’s t-Tests using two-sample equal 

variance were performed using Microsoft Excel software[23]. Comparisons of up or 

downregulated gene percentages were performed with the Fisher’s Exact Test in Prism. 

Statistical cutoffs are described in the figure legends.
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3. Results

3.1. Deletion of Snai2 and Snai3 impairs T cell competitive fitness

Through the combined deletion of Snai2 in the germline with the hematopoietic-specific 

deletion of Snai3, we previously identified Snai2 and Snai3 as redundant transcription 

factors necessary for the preservation of immunological tolerance[23]. Snai2/Snai3 

conditional double knockout (cDKO) mice were reminiscent of Scurfy (i.e. Foxp3 functional 

mutant) mice in that they developed lethal autoimmunity, which could be attributed to the 

absence of wildtype (WT) regulatory (TReg) T cells[28]. However, unlike Scurfy mice, 

Snai2/Snai3 cDKO animals did not develop a T cell-driven lymphoproliferative disease[24, 

29]. This led us to hypothesize that the deletion of Snai2 and Snai3 compromised the fidelity 

of not only TRegs but that of effector T cells as well. It has previously been shown that T 

cells, in particular TRegs, are highly radioresistant and provide a source of competition for 

WT or cDKO T cells generated from transplanted bone marrow progenitors[30]. 

Additionally, via a series of bone marrow transplantation experiments we have previously 

demonstrated that autoimmunity derived from cDKO progenitors is nullified in the presence 

of WT radioresistant TRegs[23]. As such, the use of a bone marrow transplantation system 

using WT hosts allows for the examination of WT and cDKO T cells on an even playing 

field as these cells: 1) would be generated from an equivalent stromal environment and 2) 

never exposed to a proinflammatory autoimmune milieu.

To test the overall fitness of various cDKO T cell lineages in comparison to their WT 

counterparts, we transplanted lineage-depleted bone marrow progenitors from either 

genotype into lethally irradiated mice expressing green fluorescent protein (GFP) under the 

control of the human ubiquitin C (UBC) promoter (UBC-GFP). In this system, donor-

derived hematopoietic cells would be GFP− while all host-derived cells would be GFP+. 9 

weeks later, we analyzed donor versus host chimerism within T cell lineages via 

fluorescence-activated cell sorting (FACS). Representative gating for splenic CD8α+, CD4+ 

conventional (TConv) and TReg cells is shown in Supplementary Figure 1. Within each 

lineage, donor-derived and host-derived radioresistant T cells were identifiable by the 

absence or presence of GFP, respectively (Figure 1A-C).

To minimize the potential caveat of trafficking differences among genotypes, we analyzed 3 

tissues inclusive of the peripheral blood (PBC), mesenteric lymph node (mLN) and spleen of 

each animal. Overall, mice that were reconstituted with cDKO bone marrow had a higher 

ratio of GFP+ host-derived radioresistant T cells 9 weeks post-transplantation (Figure 1D-F). 

Analysis of the log2-transformed fold changes for percentages of GFP+ cells from cDKO 

and WT (i.e. cDKO / WT) animals indicated a uniform effect for all organs analyzed for a 

given T cell lineage (Table 1, compare “a” for Peripheral Blood, Mesenteric Lymph Node 

and Spleen within each individual lineage). Interestingly, CD8α+ and TReg lineages shared a 

similar gap between WT and cDKO animals while TConv lymphocytes displayed a 

significantly larger discrepancy between the two genotypes (Table 1, Combined log2 fold 

change for “a”: CD8α+ = 1.86 ± 0.03, TConv = 2.49 ± 0.12, TReg = 1.81 ± 0.09). This 

indicated a larger effect was imparted upon cDKO TConv cells following Snai2/Snai3 

deletion. To further assess the origin of this difference we analyzed absolute numbers of 
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GFP+ host-derived (Figure 1G-I) and GFP− donor-derived (Figure J-L) T cells. What is most 

readily apparent is that both expanded GFP+ and reduced GFP− compartments contributed to 

the altered GFP+ frequencies seen in the recipients of cDKO bone marrow (Figure 1, Table 

1). Interestingly, the mLNs displayed the least expanded GFP+ compartment for all lineages 

analyzed (Table 1, compare “b” for Peripheral Blood, Mesenteric Lymph Node and Spleen 

within each individual lineage). This was independent of the loss of GFP− cDKO donor-

derived T cells and may just reflect kinetic limitations of cellular expansion within the mLN. 

In regards to the expansion of GFP+ radio-resistant cells, the TConv and TReg compartments 

trended towards having the largest increases relative to CD8α+ T cells (Table 1, Combined 

log2 fold change for “b”: CD8α+ = 1.19 ± 0.20, TConv = 1.70 ± 0.33, TReg = 1.43 ± 0.25). In 

contrast, CD8α+ and T regulatory cells demonstrated a significantly greater loss of cDKO 

GFP- cells when compared to the TConv lineage (Table 1, Combined log2 fold change for 

“c”: CD8α+ = −0.95 ± 0.02, TConv = −0.64 ± 0.01, TReg = −1.00 ± 0.08). The relative 

consistency in which cDKO T cells were lost on an organ-to-organ basis within a particular 

lineage was more consistent with an all-encompassing cell intrinsic defect rather than an 

impairment driven by a particular extracellular niche.

The reduced number of peripheral cDKO T cells may have been a result of diminished 

thymic output rather than a defect in peripheral “maintenance”. To test this, we analyzed 

thymi from recipients of both WT and cDKO bone marrow. The gating strategy used to 

delineate donor- and host-derived thymic T cells is depicted in Supplementary Figure 2A-E. 

Interestingly, we saw an enhanced presence of GFP+ cells in thymi of animals reconstituted 

with cDKO bone marrow as indicated by both increased cell percentage and number 

(Supplementary Figure 2F,G). However, there were no observable differences between WT 

and cDKO animals in the number of GFP− donor-derived T cells suggesting that the 

enhanced presence of GFP+ T cells in cDKO thymi may have been due to a migratory effect 

or a local expansion of these cells (Supplementary Figure 2H)[23]. Thus, the lack of cDKO 

donor-derived peripheral T lymphocytes was not due to a thymic deficiency but was most 

likely rooted in an impaired ability to successfully compete in peripheral survival niches.

3.2 Snai2/Snai3 cDKO T cells display an impaired activation/memory phenotype

There are multiple potential explanations for the observed loss of donor-derived T cells in 

the recipients of cDKO bone marrow. One possibility may be due to the decreased activation 

and expansion of naïve cells. In unchallenged hosts such as these mice (i.e. pathogen free), 

maintenance of peripheral T cell populations inclusive of naïve and memory phenotypes is 

modulated via homeostatic proliferation[31]. The generation and maintenance of these cells 

have requirements for cytokines and peptide:MHC interactions that vary upon context[32]. 

To determine the activation state of WT and cDKO donor-derived T cells, we performed 

FACS analysis as described in Supplementary Figure 1.

However, we also included the activation marker CD44 to bifurcate resting (i.e. naïve) and 

activated, or effector/memory-like, T cells[33]. Figure 2A-C shows representative gating for 

the surface expression of CD44 on WT and cDKO CD8α+, TConv and TReg cells from 

spleens of recipient animals. Quantification of data derived from the analysis of PBCs, 

mLNs and spleens is shown in Figure 2D-F. Overall, the data demonstrated trends towards a 
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lower ratio of activated cDKO CD8α+ T cells (PBC = 13% decrease [p = 0.12], mLN = 20% 

decrease [p = 0.15] and spleen = 20% [p = 0.16]). Furthermore, similar analysis of both 

TConv and TReg cells revealed significant decreases in the activation state of cDKO donor-

derived cells over multiple organs. Similar to cDKO CD8α+ T cells, cDKO TReg cells 

possessed decreased ratios of CD44HI cells that were relatively similar among all organs 

analyzed (PBC = 12% decrease [p = 0.09], mLN = 18% decrease [* p ≤ 0.05] and spleen = 

15% [p = 0.16]). In contrast, TConv cells from cDKO donors displayed much larger 

decreases at sites of T cell priming (PBC = 15% decrease [* p ≤ 0.05] versus mLN = 32% 

decrease [* p ≤ 0.05], spleen = 42% decrease [p = 0.09]). In total, this data is suggestive of a 

lower level of basal activation among T cells derived from cDKO bone marrow. However, 

further experiments are required to clarify the origin of this defect (e.g. increased cell death 

or higher activation thresholds).

3.3 Snai2 and Snai3 regulate unique gene programs among T cell lineages

The above data suggested that Snai2 and Snai3 are important regulators of competitive 

fitness among T cell lineages. As mentioned above, Snai2 and Snai3 are transcriptional 

regulators most classically associated with gene repression. To gain global and unbiased 

insight into how these factors may transcriptionally regulate T lymphocytes, we performed 

RNA sequencing (RNA-seq) on WT and cDKO donor-derived CD8α+, TConv and TReg cells 

sorted from the spleens of recipient mice. T cell lineages were identified and FACS-sorted 

as previously shown in Supplementary Figure 1 and Figure 1. To validate the populations 

analyzed, we confirmed the expression, or lack thereof, of Cd8a, Cd4 and Foxp3 in each cell 

type. Only CD8α+ T cells expressed Cd8a and Foxp3 transcripts were restricted to TRegs as 

depicted by University of California-Santa Cruz (UCSC) genome browser tracks 

(Supplementary Figure 3). Graphical comparisons of the p-values and log2 fold changes 

(WT / cDKO) for all three cell types are shown in Figure 3A (left = CD8α+, middle = TConv, 

right = TReg). For these experiments, WT bone marrow was derived from female mice while 

male mice supplied cDKO bone marrow. As such, Y-linked and X chromosome 

inactivation-associated genes are highlighted in red and excluded from further analyses. 

Upon examination of the data, it was most readily apparent that the greatest level of gene 

augmentation occurred in TRegs. Excluding the sex-linked genes referenced above, all 3 

lineages displayed similar magnitudes of increase for genes that were upregulated in T cells 

derived from cDKO bone marrow (mean WT / cDKO log2 fold change: CD8α+ = −1.96, 

TConv = −1.99, TReg = −1.96). However, TRegs displayed greater levels of differential 

expression for those genes that were downregulated in the cDKO samples (mean WT / 

cDKO log2 fold change: CD8α+ = 1.63, TConv = 1.50, TReg = 4.18). Quantification of the 

number of significantly different genes among genotypes (p-value ≤ 0.05, WT / cDKO log2 

fold change ≥ |1|, dotted red lines equal significance cutoffs in Figure 3A) yielded a total of 

391 genes dysregulated in Snai2/Snai3 cDKO TRegs versus only 113 and 170 genes for 

CD8α+ and TConv cells, respectively (Figure 3B and Supplementary Tables 3-5). When we 

compared the pattern of gene expression changes (i.e. increased versus decreased), there 

were clear differences among the cell types (Figure 3C,D). CD8α+ T cells had a relatively 

even distribution between up and downregulated genes (59 genes up (52%) versus 54 genes 

down (48%)). In stark contrast, TConv and TReg cells were heavily biased towards the 

downregulation of genes upon the deletion of Snai2 and Snai3 (TConv: 14 genes up (8%) 
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versus 156 genes down (92%), TReg: 88 genes up (23%) versus 303 genes down (77%)). 

Furthermore, there was minimal conservation of dysregulated genes among the 3 cells types 

(Figure 3E,F). This was most exemplified in the TReg gene set as 99% of upregulated and 

95% of downregulated genes were unique to that particular cell type. CD8α+ (93% of 

increased, 80% of decreased) and TConv (71% of increased, 92% of decreased) cells 

displayed a similar phenomenon albeit to a slightly lesser degree. Table 2 lists genes up and 

downregulated in the cDKO common to multiple T cell lineages. Of the “shared” 

upregulated genes, none have been previously annotated as having a direct immune-related 

function (PubMed). In contrast, multiple “shared” genes downregulated in cDKO T cell 

lineages have known roles in immunological function, albeit bot necessarily in a T cell-

specific fashion. This was most evident for TConv and TReg cells in which Serpinc1, 

Themis2, Mlkl and March1 all had reduced expression upon the deletion of Snai2 and Snai3 

(Supplementary Tables 4 and 5)[34-39]. To summarize, the data suggested that the deletion 

of Snai2 and Snai3 resulted in transcriptional alterations that were mostly specific to a given 

T cell lineage. Additionally, Snai2 and Snai3 appeared to play the largest role in TRegs 

mainly through the preservation of gene activation.

3.4 Snai2/Snai3 cDKO T lymphocytes have impaired expression of key modulators of 
cellular fitness and function

To better understand the global gene changes taking place, we performed gene ontology 

(GO) analysis using Gorilla software (see Materials and Methods). Our lists of 

significantly altered genes only demonstrated significant enrichments in categories related to 

Cellular Components, rather than Biological Processes and/or Molecular Functions (Figure 

3G,H). CD8α+ T lymphocytes displayed no enrichment for any GO terms. However, a 

closer examination of the data yielded a multitude of dysregulated genes that may directly 

impact the survival and/or function of CD8α+ T cells. These genes included the pro-

apoptotic Bmf, which displayed a 113% increase in expression in the cDKO samples when 

compared to WT (Supplementary Table 3, Figure 4A shown are (left) UCSC genome 

browser tracks and (right) quantification of fragments per kilobase per million mapped reads 

(FPKM))[40]. Additionally, Pik3ap1, also known as BCAP, was significantly reduced by 

61% in CD8α+ T cells derived from cDKO bone marrow (Supplementary Table 3, Figure 

4B shown are (left) UCSC genome browser tracks and (right) quantification of FPKM). In B 

cells, BCAP is a key potentiator of the PI3K-AKT survival pathway[41, 42]. Furthermore, 

AKT signaling has been shown to suppress BMF expression in human breast cancer cell 

lines[43]. Thus, it is plausible that Pik3ap1, or BCAP, may play a role in the survival of 

CD8α+ T cells. These gene changes, among others, would be expected to in appropriately 

prime, or sensitize, CD8α+ T lymphocytes to apoptotic stimuli thus preventing normal 

functionality. Accordingly, Ccl3, a cytokine secreted by memory CD8α+ T cells was 

decreased by 64% in cDKO samples (Supplementary Table 3, Figure 4C shown are (left) 

UCSC genome browser tracks and (right) quantification of FPKM).[44]. In addition, cDKO 

CD8α+ T cells displayed significantly lower basal expression of Ifit3 and Ube2l6, genes 

associated with the interferon response (Supplementary Table 3, Figure 4D,E shown are 

(left) UCSC genome browser tracks and (right) quantification of FPKM)[45, 46]. Aside 

from the interferon response, Ube2l6 is a key regulator of the cell cycle by targeting the cell 

cycle inhibitors, p21 and Cdt1, for proteolytic degradation[47].
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In contrast to CD8α+ T cells, gene changes associated with cDKO TConv cells displayed 

enrichment for a multitude of Cellular Components such as: Plasma Membrane (2.03-fold), 

Integral Component of Membrane (1.82-fold), Membrane Part (1.66-fold), Plasma 

Membrane Part (2.45-fold), Intrinsic Component of Membrane (1.85-fold) and MHC Class 

II Protein Complex (32.87-fold) (Figure 3G,H). Not surprisingly, these categories included a 

plethora of genes encoding for cell surface receptors/molecules. Examples being Cd83 and 

Havcr2 (TIM-3) which were downregulated by 53% and 60%, respectively, in cDKO TConv 

cells (Supplementary Table 4, Figure 5A,B shown are (left) UCSC genome browser tracks 

and (right) quantification of FPKM). Cd83 is a marker of B and T cell activation and is 

required for sustained survival of both cell types[48]. In a similar fashion, TIM-3 is 

upregulated by activated human CD4+ T cells[49]. However, in the case of TIM-3, this 

protein has been shown to be a negative regulator of T cell cytokine production. We also 

observed a 60% decrease in expression of Fgl2 by cDKO TConv cells (Supplementary Table 

4, Figure 5C shown are (left) UCSC genome browser tracks and (right) quantification of 

FPKM). Previous data has demonstrated a requirement for Fgl2 in TReg-mediated 

immunosuppression[50]. While a role for Fgl2 in TConv biology has not been described, 

splenic memory CD4+ T cells and TRegs express similar amounts of Fgl2 transcripts perhaps 

suggesting an important role for this gene product in T cell memory formation/function 

(Immunological Genome Project database). Not falling within the GO categories but 

potentially meaningful, cDKO-derived TConv cells possessed 52% lower levels of the 

transcription factor, Pou2f2 (Oct-2) (Supplementary Table 4, Figure 5D shown are (left) 

UCSC genome browser tracks and (right) quantification of FPKM). Oct-2 is known to be 

upregulated post-T cell activation and subsequently transactivate the Il2 gene, a critical T 

cell survival factor[51, 52]. In this case, we did not see reduced Il2 gene expression most 

likely due to our cells being isolated from naïve mice perhaps indicative of a more complex 

role for Oct-2 in TConv cell biology.

Since cDKO TRegs possessed the greatest number of gene alterations, we expected that this 

cell type to have the largest number of gene ontology associations. However, this was not 

the case as the TReg gene set was only enriched for the Cellular Compartment category of 

Extracellular Region (2.53-fold) that consisted of 34 genes, or approximately 9% of the total 

gene set (Figure 3G,H). However, this small cohort of targets included known TReg effector 

molecules such as Il10 and Gzma[53, 54]. Il10 and Gzma were significantly reduced by 57% 

and 95%, respectively (Supplementary Table 5, Figure 6A,B shown are (left) UCSC genome 

browser tracks and (right) quantification of FPKM). Aside from a deficiency in the 

expression of key suppressive molecules, cDKO TRegs may have also been unable to 

efficiently recruit their regulatory targets due to reduced expression of Ccl5 (63% reduced 

compared to WT), a well characterized chemoattractant of antigen presenting cells and 

activated T cells. (Supplementary Table 5, Figure 6C shown are (left) UCSC genome 

browser tracks and (right) quantification of FPKM)[55, 56]. As with CD8α+ T cells, cDKO 

TRegs also displayed a significant decrease in Ube2l6 potentially associating Snai2/Snai3 

with the regulation of cell cycle dynamics in both T cell lineages (Supplementary Table 5, 

Figure 6D shown are (left) UCSC genome browser tracks and (right) quantification of 

FPKM)[15]. This was further supported by the 50% decrease in expression of Aurka in 
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cDKO TRegs (Supplementary Table 5, Figure 6E shown are (left) UCSC genome browser 

tracks and (right) quantification of FPKM)[57].

On a curious note, we found multiple T cell receptor (TCR) gene loci whose representation 

was significantly different between WT and cDKO TReg samples. Figure 7A shows 

representative UCSC genome browser tracks for all WT and cDKO TReg samples sequenced 

with a specific focus on the TCRα variable region 13-4-dv7 (Trav13-4-dv7). As can be seen, 

expression of this locus was almost completely lost in the 3 cDKO samples compared to the 

4 WT samples. In total, usage of 5 TCRα variable regions (Trav4-4-dv10, Trav7d-4, 

Trav8-2, Trav13-4-dv7 and Trav16n) was significantly altered between WT and cDKO 

TRegs (Figure 7B). This represented approximately 8%, or 5 out of 62, of the total detectable 

variable region sequences. In a similar fashion, we saw fluctuations in the prevalence of 

multiple TCRα joining loci. Figure 7C shows representative UCSC genome browser tracks 

for TCRα joining region 48 (Traj48) with quantification of Traj20, Traj48 and Traj54 

depicted in Figure 7D. Overall, 3 of 56 (approximately 8%) joining regions were altered in 

cDKO TRegs. This effect was not seen in the TCRβ chain. However, it should be noted that 

only 21 variable, 2 diversity and 13 joining regions for the TCRβ chain were detected and 

any differences may have been below the limit of detection using standard RNA-seq 

methodology. The observed variation in TCRα usage was restricted to TRegs as both CD8α+ 

and TConv cells, with equivalent sequencing depth, showed no apparent alterations in 

variable and joining region usage. Overall, these data imply a role for Snai2 and Snai3 in the 

“selection” of TCRα gene loci represented within the peripheral TReg pool.

3.5 Snai2/Snai3 regulate a Foxp3-independent TReg transcriptional program

Finally, we were interested to assess the similarity between Snai2/Snai3- and Foxp3-

regulated genes, as this data would indicate a Foxp3-independent versus Foxp3-dependent 

role for Snai2/Snai3 in augmenting TReg biology. To this end, we performed Gene Set 

Enrichment Analysis (GSEA) to compare significantly altered genes in cDKO TRegs versus 

Foxp3 target genes identified by the Rudensky lab (Figure 8)[3]. A small number of Foxp3-

regulated genes such as Atp6vod2 (P3) and Aurka (P6) were also regulated by Snai2/Snai3. 

However, the vast majority of Snai2/Snai3 transcriptional targets (≥95%) were not present in 

any of the Foxp3-regulated categories analyzed. Therefore, the data imply that Snai2/Snai3 

regulate a Foxp3-independent TReg transcriptional program.

Discussion

This study was initiated based on the observation that Snai2/Snai3 cDKO animals while 

developing a substantial autoantibody response did not also possess a T cell 

lymphoproliferative disease, a common facet of many autoimmune syndromes[23, 25]. This 

led to the hypothesis that Snai2 and Snai3 were also essential for the proper “function” of 

effector T cells and not just their regulatory counterparts (TRegs). Using a combination of in 

vivo competition and global transcriptome analysis (RNA-seq), we have definitively shown 

that Snai2 and Snai3 are key transcriptional regulators of not only TRegs but of CD8α+ and 

TConv cells as well. While the transcriptional regulatory profile of Snai2/Snai3 was unique to 
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each cell type, the overall theme of augmenting cellular fitness (i.e. survival and 

proliferation) and function was conserved.

Phenotypically, Snai2/Snai3 cDKO T cells as a whole were less competent in their ability to 

replace radioresistant T cells retained in lethally irradiated host animals. While it has been 

previously demonstrated that both TConv and TReg cells are radioresistant, to our knowledge, 

this is the first account of CD8α+ T cells also sharing this property[30]. Interestingly, the 

differences between WT and cDKO T cells also included a diminished amount of 

“activation” within each cDKO T cell lineage. This could arise from multiple sources such 

as increased activation thresholds for cDKO naïve T cells or the impaired ability of cDKO T 

cells to be promoted into and subsist within the memory pool (i.e. impaired downstream 

integration of TCR signals). Given the relatively normal expression levels of key TCR 

signaling components (e.g. Lat, Zap70, Cd3e), we would expect that proximal TCR 

signaling would be intact in cDKO T cells and that any potential defects would lie 

downstream. That is, Snai2/Snai3 would be key in integrating a portion of the transcriptional 

response downstream of T cell activation. Previous studies of Snail transcription factors in 

hematopoiesis have defined a clear role for these factors in responses to cellular stress such 

as irradiation or cytokine withdrawal[58-60]. In those contexts, Puma, or Bbc3, was a key 

transcriptional target of Snai2. While dysregulation of multiple genes involved in survival 

(e.g. Bmf) and proliferation (e.g. Aurka) were apparent in cDKO T cells, none included 

known Snail targets such as Puma, Mmac1 (PTEN), Cdkn3b (p15ink4b) or Cdkn1a 

(p21WAF/CIP1) indicative of novel regulatory mechanisms for these factors in T cell 

biology[15, 61, 62]. However, an in depth comparison of WT and cDKO T cell activation 

responses as a whole will be needed to better understand the apparent deficit of cDKO T cell 

“activation”.

Perhaps most surprising were the different routes these factors took in each cell type in 

essentially accomplishing the same goals (i.e. lowered fitness and/or functionality). The 

minimal number of genes disrupted in CD8α+ T cells upon the deletion of Snai2 and Snai3 

was striking. Given that these cells possessed the highest levels of Snai3 transcripts, it would 

have been logical to expect the largest gene changes within these cells[22, 23]. The 

unexpected results may be due to a nonlinear relationship between the amount of Snai3 

transcript and protein (and Snai2 as well?) within a given CD8α+ T cell. A well-known 

mediator of Snai1 protein stability is Mdm2 which targets Snai1 for proteosomal 

degradation upon p53 activation[63]. Interestingly, the Notch1 pathway, intact in peripheral 

CD8α+ T cells, can recruit Mdm2 to Snai1 promoting subsequent degradation[64, 65]. Our 

attempts to analyze Snai2 and Snai3 protein levels in CD8α+, TConv and TReg cells via 

FACS suggested that both Snai2 and Snai3 proteins were enriched for in TConv and TReg 

cells, in particular in the CD44HI, activated, effector/memory-like, compartment (PDP, 

unpublished data). However, due to the non-specific nature of these antibodies when 

comparing cell types from WT and Snai2 or Snai3 single knockout (KO) animals, these 

results were more qualitative than quantitative (i.e. variable levels of background on an 

experiment-to-experiment basis). In addition, multiple regulators of Snai1 DNA-binding and 

transcriptional repressor activity have been described[66-68]. Included within this group is 

Lats2, a kinase that phosphorylates Snai1 at threonine 203 leading to Snai1 nuclear retention 
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and enhanced stability[68]. Interestingly enough, TConv and TReg cells express much higher 

levels of Lats2 compared to CD8α+ T lymphocytes, which could potentially explain the 

higher levels of Snail proteins in these cell types (Immunological Genome Project database). 

However, proposed mechanisms of Snai3, and Snai2, protein stability based off of Snai1 

studies require further assessment to determine how well these regulatory circuits are 

conserved among family members.

Examination of the gene expression patterns in TConv and TReg cells from WT and cDKO 

animals suggested that the presence of Snai2 and Snai3 was required to maintain gene 

activation rather than repression. As mentioned before, except for a limited number of 

circumstances, Snail proteins mainly function as transcriptional repressors[14, 15]. As such, 

our data leaves us with 2 basic hypotheses as to how this may be occurring in TConv and 

TReg cells. First, Snai2 and Snai3 are not directly binding genes that lose expression upon 

Snai2/Snai3 deletion. Rather, Snai2/Snai3 may directly repress a repressor(s) of the 

aforementioned gene targets. As a result, enhanced expression of this repressor(s) would 

lead to further downregulation of its gene targets. Overall, there was a paucity of 

upregulated transcription factors in cDKO TConv and TReg cells. However, cDKO TConv 

cells had increased expression of Zfp618 (Supplementary Table 4) and TRegs had higher 

levels of Zfp608 (Supplementary Table 5). While little information exists as to the function 

of Zfp618, Zfp608 has been described as a regulator of thymocyte development and a 

repressor of Rag gene expression[69, 70]. Unlike peripheral CD8α+ and TConv cells that 

have low Zfp608 expression upon thymic egress, TRegs maintain a relatively high level of 

the gene transcript (Immunological Genome Project database). The specific deletion of 

Zfp608 via Foxp3-Cre would aid in the clarification of any roles this factor may play in TReg 

development and/or function. An alternative hypothesis to the above stated is that Snai2/

Snai3 interact with a differential set of “cofactors” in a cell type specific manner “flipping 

the switch” from repressors to activators. This idea would be inclusive of both chromatin 

modifiers and DNA-binding transcription factors and would further explain the unique set of 

gene targets per each T cell lineage examined. However, to fully evaluate these possibilities 

would require Snai2/Snai3 chromatin immunoprecipitation sequencing (ChIP-seq) coupled 

with an unbiased protein-protein interactome analysis (e.g. co-immunoprecipitation coupled 

with mass spectrometry) in different T lymphocyte populations.

Upon examination of the RNA-seq data, it was not surprising to see a strong association 

with Cellular Component GO terms that related to plasma membrane and extracellular 

dynamics. After all, perhaps the best know function for all Snail family members is the 

regulation of epithelial-to-mesenchymal transition (EMT), which directly affects how cells 

interact with one another[71]. Rather interestingly, there was an overall lack of association 

with immune-related GO terms. Ultimately, this may indicate that Snai2/Snai3 play a larger 

role in correctly localizing TRegs. This would allow for the proper regulation of TReg target 

cells and in addition, the reception of extracellular signals (i.e. IL-2) that would further 

induce the TReg immuno-suppressive program[72].

The analysis of transcriptomes from Snai2/Snai3 cDKO TRegs formally demonstrated the 

importance of this family in the transcriptional regulation of key TReg effector genes (e.g. 

Il10, Gzma), as proposed in our previous study[23]. However, given that Snai2/Snai3 were 
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not global regulators of immune-related processes, we were curious to see as to what level 

Snai2/Snai3 function autonomously of Foxp3, the “master transcription factor” of TRegs. To 

assess this, we used GSEA to compare previous data generated from the Rudensky lab 

versus the list of significantly altered genes in Snai2/Snai3 cDKO TRegs (Figure 8). Some 

Foxp3 target genes such as Atp6v0d2, Aurka, Ccl5, Gpr15, Ifitm3, Igfbp7, Igf2bp3, Lgals3, 

Selp and Zfp608 were also regulated by Snai2/Snai3 (Supplementary Table 5). While 

deletion of Foxp3 and Snai2/Snai3 had a parallel effect on most of these common targets, 

genes such as Ifitm3, Igfbp7 and Zfp608 exhibited an anti-parallel effect (e.g. Igfbp7: 

increased in Foxp3 KO, decreased in Snai2/Snai3 cDKO) suggesting that there is a complex 

dynamic for the few Foxp3 and Snai2/Snai3 co-regulated genes. However, the vast majority 

of genes (≥95%) from our cDKO TReg data set did not appear to also fall under Foxp3-

mediated regulation (e.g. Il10) indicative of a Foxp3-independent role for Snai2/Snai3. So 

how then, would Snai2/Snai3 function to regulate the TReg transcriptional landscape? 

Recently, the Sakaguchi group defined the independent roles that Foxp3 and epigenetic 

changes (in general) play in forming the TReg transcriptional landscape[73]. In particular, 

they were interested in genes that were upregulated in TReg versus TConv cells under both 

resting and TCR-stimulated conditions. Transcription factor motif analysis focused on the 

transcriptional start sites (TSS) of genes upregulated in TRegs (potentially downregulated in 

Snai2/Snai3 cDKO TRegs) did not demonstrate enrichment for E-box binding sites, which 

would be consistent with the aforementioned hypothesis of unique interacting partners 

recruiting Snai2/Snai3 to cell type-specific targets ultimately leading to the conversion of 

Snai2/Snai3 to activators of gene expression. Potential Snai2/Snai3 interactors may include 

Id family members, Id2 and Id3. Albeit not a DNA-binding protein, Id2 has been previously 

shown to block the transcriptionally repressive nature of Snai1 by blocking the SNAG 

domain-mediated recruitment of LSD1[7]. Interestingly, Il10 gene expression was enhanced 

in regulatory T cells upon the deletion of both Id2 and Id3[5]. In this context, we would 

hypothesize that Id2 and/or Id3 would potentially block the interaction of Snai2/Snai3 with 

putative transcriptional activators. Thus, removal of the Ids would boost the ability of Snai2/

Snai3 to induce transcription in a locus specific manner.

Within the TReg data set, we also noticed that a modest percentage of TCRα variable and 

joining regions displayed aberrant expression in cDKO TRegs, an effect that was specific to 

this cell type. Given the relatively limited nature of this phenotype (5 TCRα variable and 3 

TCRα joining regions), we do not believe this reflects the Snai2/Snai3-mediated regulation 

of TCR recombination during thymocyte development or necessarily massive shifts in 

positive and/or negative selection thresholds within the TReg lineage. Rather, this most likely 

represents the results of selective pressures exerted on WT and cDKO TRegs in the 

peripheral environment. Evaluating the cellular responses of cDKO TRegs to TCR- and 

cytokine-mediated stimulation in combination with the sequencing of TCR repertoires in 

both thymic and peripheral TRegs will be informative in further understanding this 

phenomenon.

Finally, it should be mentioned that our analysis has been in the context of the deletion of 

both Snai2 and Snai3 in the aforementioned T cell lineages. However, our previous work 

has suggested impaired TH1 antibody generation upon the deletion of only Snai3[23]. 
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Whether this was due to a B or TConv cell defect remains unknown. However, it provides the 

impetus to further understand the single gene contributions of Snail family members in 

lymphocyte develop and function. To summarize, we have demonstrated the novel finding 

that Snai2 and Snai3 are critical regulators of the transcriptional landscape not only of TRegs 

but of CD8α+ and TConv lymphocytes as well. Clearly, these factors play specific roles 

among different T cell lineages, which require further investigation. To fully understand the 

phenotypic outcomes of Snai2/Snai3 deletion in a particular immune cell will require 

nuanced approaches (e.g. cell type-specific deletion, single lineage adoptive transfers, etc…) 

as the interplay between multiple defective cell types may dampen the true magnitude of any 

observable phenotypes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. Snai2/Snai3 regulate the competitive fitness of CD8α+, TConv and TReg cells.

2. Snai2/Snai3 transcriptionally target not only survival/proliferation genes but 

also genes essential to the function of particular T cell lineages (e.g. Il10 and 

T Regs).

3. Snai2/Snai3 regulate unique transcriptional programs among CD8α+, TConv and 

TReg cells suggesting a cell type specific function for these factors.
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Figure 1. 
Deletion of Snai2 and Snai3 impairs T cell competitive fitness. (A-C) Representative FACS 

plots from spleens of UBC-GFP mice nine weeks post-transplantation with either WT or 

cDKO GFP− bone marrow progenitors. GFP+ (host-derived) versus GFP− (donor-derived) 

cells are shown for (A) CD8α+, (B) TConv and (C) TReg cells. (D-F) Quantification of the 

percentage of GFP+ cells per T cell lineage within the (D) PBCs, (E) mLNs and (F) spleens 

from all animals analyzed. (G-I) Absolute numbers of GFP+ recipient cells T cells per 

lineage within the (G) PBCs, (H) mLNs and (I) spleens from all animals analyzed. (J-L) 
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Absolute numbers of GFP− donor cells T cells per lineage within the (J) PBCs, (K) mLNs 

and (L) spleens from all animals analyzed. (D-L) Bars represent mean ± SEM. Number of 

animals per group: WT = 4, cDKO = 4. Student’s t-Test: * p ≤ 0.05.
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Figure 2. 
Snai2/Snai3 cDKO peripheral T cells display an impaired activation, effector/memory-like 

phenotype. (A-C) Representative FACS plots from spleens of UBC-GFP mice 9 weeks post-

transplantation with either WT or cDKO GFP− bone marrow progenitors. CD44+ activated, 

effector/memory-like T cells are gated within GFP− (donor-derived) populations of (A) 
CD8α+, (B) TConv and (C) TReg cells. (D-F) Quantification of the percentage of CD44+ 

activated, effector/memory-like donor (D) CD8α+, (E) TConv and (F) TReg cells from the 

PBCs, mLNs and spleens of recipient animals. (D-F) Bars represent mean ± SEM. Number 

of animals per group: WT = 4, cDKO = 4. Student’s t-Test: * p ≤ 0.05.
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Figure 3. 
Snai2 and Snai3 regulate unique gene programs among T cell lineages. (A) Graphical 

depiction of RNA-seq data from WT and cDKO (Left) CD8α+, (Middle) TConv and (Right) 
TReg cells. The y-axis represents p-value and the x-axis shows log2 fold chance (WT / 

cDKO). Dotted red lines mark cut-offs for significantly altered genes (p-value ≤ 0.05, WT / 

cDKO log2 fold change ≥ |1|). Red dots indicate Y-linked and X-chromosome inactivation-

associated genes as WT donors were female and cDKO donors were male. (B) 
Quantification of the number of significantly altered genes upon comparison of 
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transcriptomes from WT and cDKO CD8α+, TConv and TReg cells. Bars represent the 

number of genes with the exact number (N=) indicated above each bar. (C) The number of 

genes significantly (Left) increased or (Right) decreased in cDKO CD8α+, TConv and TReg 

cells. Bars represent the number of genes with the exact number (N=) indicated above each 

bar. (D) Percentage of genes significantly increased or decreased in cDKO CD8α+, TConv 

and TReg cells. Black bars represent the percentage of genes increased while white bars 

indicate the percentage of genes decreased. (E,F) Venn diagrams depicting the overlap of 

genes significantly (E) increased or (F) decreased in cDKO CD8α+, TConv and TReg cells. 

Number of genes and percentage of total genes (in parentheses) are indicated for each cell 

type. (G, H) Gene ontology analysis of cDKO dysregulated genes showing enrichment for 

various Cellular Component categories represented within TConv and TReg significantly 

altered gene sets. (G) Bars represent FDR q-values for each associated category. (H) Bars 

represent fold enrichment for each associated category. Vertical dotted red lines demarcate 

1.5- and 3-fold enrichment, respectively. The number of contributing number of genes (N=) 

for each category is indicated next to each bar. (A-H) Number of animals: N = 4 for all cell 

types except for cDKO TRegs (N = 3). (D) Fisher’s Exact Test: ** p ≤ 0.01, *** p ≤ 0.001.
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Figure 4. 
Snai2 and Snai3 are important regulators of CD8α+ T cell genes involved in cellular 

expansion and function. (Left) Representative UCSC genome browser tracks and (Right) 
FPKM for (A) Bmf, (B) Pik3ap1, (C) Ccl3, (D) Ifit3 and (E) Ube2l6 from WT and cDKO 

CD8α+ T cells. FPKM bars represent mean ± SEM. Number of animals per group: WT = 4, 

cDKO = 4. Student’s t-Test: * p ≤ 0.05, ** p ≤ 0.01.
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Figure 5. 
Snai2 and Snai3 transcriptionally control important modulators of TConv lymphocyte fitness 

and function. (Left) Representative UCSC genome browser tracks and (Right) 
quantification of FPKM for (A) Cd83, (B) Havcr2, (C) Fgl2 and (D) Pou2f2 from WT and 

cDKO TConv cells. FPKM bars represent mean ± SEM. Number of animals per group: WT = 

4, cDKO = 4. Student’s t-Test: * p ≤ 0.05, *** p ≤ 0.001.
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Figure 6. 
Snai2 and Snai3 transcriptionally augment key TReg cellular fitness and effector genes. 

(Left) Representative UCSC genome browser tracks and (Right) quantification of FPKM 

for (A) Il10, (B) Gzma, (C) Ccl5, (D) Ube2l6 and (E) Aurka from WT and cDKO TRegs. 

FPKM bars represent mean ± SEM. Number of animals per group: WT = 4, cDKO = 3. 

Student’s t-Test: * p ≤ 0.05, ** p ≤ 0.01.
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Figure 7. 
T cell receptor α variable and joining region usage is altered in Snai2/Snai3 cDKO 

regulatory T cells. (A) UCSC genome browser tracks showing Trav13-4-dv7 expression in 

WT and cDKO TRegs. (B) Quantification of FPKM for multiple variable regions from WT 

and cDKO TRegs. (C) UCSC genome browser tracks showing Traj48 expression in WT and 

cDKO TRegs. (D) Quantification of FPKM for multiple joining regions from WT and cDKO 

TRegs. (B,D) FPKM bars represent mean ± SEM. Number of animals per group: WT = 4, 

cDKO = 3. Student’s t-Test: ** p ≤ 0.01, * p ≤ 0.05.
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Figure 8. 
Snai2/Snai3 regulate a Foxp3-independent regulatory T cell transcriptional program. (A,B) 
GSEA of Snai2/Snai3 regulated gene targets as compared to Foxp3-dependent genes. 

Normalized enrichment scores, nominal p-values and FDR q-values are shown for each 

category analyzed.
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