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Abstract

Although BTB-zinc finger (BTB-ZF) transcription factors control the differentiation of multiple
hematopoietic and immune lineages, how they function is poorly understood. The BTB-ZF factor
Thpok controls intrathymic CD4* T cell development and expression of most CD4*- and CD8"-
lineage genes. Here, we identify the nucleosome remodeling and deacetylase (NURD) complex

as a novel Thpok cofactor. Using mass spectrometry and co-immunoprecipitation in primary T
cells, we show that Thpok binds NURD components independently of DNA association. We locate
three amino-acid residues within the Thpok BTB domain that are required for both NuRD binding
and Thpok functions. Conversely, a chimeric protein merging the NURD component Mta2 to a
BTB-less version of Thpok supports CD4* T cell development, indicating that NURD recruitment
recapitulates the functions of the Thpok BTB domain. We found that NURD mediates Thpok
repression of CD8*-lineage genes, including the transcription factor Runx3, but is dispensable for
Cd4 expression. We show that these functions cannot be performed by the BTB domain of the
Thpok-related factor Bcl6, which fails to bind NURD. Thus, cofactor binding critically contributes
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to the functional specificity of BTB-zinc finger factors, which control the differentiation of most
hematopoietic subsets.

One-sentence summary:

Thpok association with the NURD chromatin remodeling complex is necessary for CD4* T cell
differentiation in the thymus

Introduction

BTB-zinc finger (BTB-ZF) transcription factors contain, in addition to DNA binding

zinc finger motifs that recognize specific DNA sequences, an amino-terminal BTB-POZ
domain that notably serves for homodimerization (1, 2). BTB-ZF factors control multiple
hematopoietic and immune differentiation processes. The BTB-ZF factor PLZF directs the
differentiation of natural killer (NK) T cells, and LRF (encoded by Zbtb7a) represses fetal
hemoglobin gene expression (3-5). Another BTB-ZF family member, Bcl6, controls the
germinal center reaction, which drives the formation of high affinity antibodies essential for
effective immune memory and vaccine responses (6, 7). In-depth analyses of Bcl6 functions
have shown that it serves as an obligatory gene repressor (8). Transcriptional repression

by sequence-specific DNA-binding proteins typically involves recruitment of co-repressors
or co-repressor complexes, including molecules of the Groucho-TLE family, NCoR

and related molecules, and the NuRD complex (9-11). Such co-repressors are thought

to inhibit transcription through several mechanisms, including targeting of the general
transcription machinery, post-translational histone modifications (e.g. histone deacetylation)
or repositioning of nucleosomes.

Indeed, Bcl6 functions require recruitment of the corepressor NCoR, or the related

protein Smrt, to its BTB domain (12-15). How general this paradigm is remains to be
determined. Other BTB-ZF factors, including PLZF, also recruit NCoR, although possibly
through distinct mechanisms (16, 17). Although other co-repressors or chromatin modifying
complexes bind BTB domains of BTB-ZF proteins, the role of such binding in transcription
factor function has not been established (5, 18-20). Thus, despite their physiological
importance, it remains unclear how BTB-ZF factors control gene expression and how
broadly the Bcl6-NCoR paradigm applies.

We addressed this question by studying Thpok (encoded by Zbtb7b, called Thpok here)

(21, 22), a BTB-ZF factor controlling the differentiation and functions of CD4* T cells and
multiple processes outside of the immune system. These include collagen gene expression,
mammary gland function, thermogenesis, and chromatin-lamina interactions in the nucleus
(23-26). Furthermore, as with other members of the BTB-ZF family, including Bcl6 and
LRF, dysregulated Thpok expression is involved in leukemia or lymphoma formation (7, 27,
28).

Together with CD8* T cells, CD4* T cells are essential for defenses against infections and
differentiate in the thymus from precursors that express both CD4 and CD8 (double-positive,
DP, thymocytes) (29-31). This process is controlled by the mutual antagonism between
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Thpok, expressed in CD4*-lineage cells, and Runx family transcription factors, of which
Runx3 is expressed in CD8*-lineage cells (32, 33). Thpok inhibits expression of Runx3 (34—
36), presumably through binding to cis-regulatory elements important for Runx3 expression
(37). Furthermore, Thpok represses genes encoding CD8 molecules (Cd8aand Cad8b) (36,
38-40), binds to multiple genes expressed in cytotoxic T cells, and exerts a broad repressive
function on the CD8*-lineage transcriptome (41-43).

Here, we combined biochemical and genetic approaches to investigate the mechanisms
underpinning Thpok functions. We found that the Thpok BTB domain binds components

of the NURD (Nucleosome Remodeling and Deacetylase) chromatin remodeling complex
(11, 44-47) rather than NCoR. Using both loss- and gain-of-function approaches, we

show that such binding is instrumental for the function of Thpok /in vivo. Accordingly,

we found that the BTB domains of Thpok and Bcl6 are not functionally interchangeable

in developing CD4* T cells. These findings unveil new mechanisms used by BTB-zinc
finger transcription factors and demonstrate that BTB domains are critical contributors to the
functional specificity of BTB-zinc finger transcription factors.

Thpok binds to the NURD complex

To explore how Thpok regulates CD4™ T cell commitment, we searched for Thpok-
interacting proteins using Liquid Chromatography-Mass Spectrometry (LC-MS). We used
a version of Thpok (Thpok-Bio) subject to biotinylation /7 vivo by the BirA biotin ligase
(48) (Fig. S1A), yielding a final product (Thpok-Biotin), which we previously showed
supports CD4* T cell development (42). To assess Thpok interactions in primary cells,

we retrovirally expressed Thpok-Bio in in vitro activated CD4* T cells from 7hpokVf
Ox40-Cre* mice carrying a Rosa263™ allele. Expression of Ox40-Cre, initiated upon

T cell activation (49, 50), causes the deletion of endogenous 7/pok™ alleles (42, 51),

so that transduced cells only express Thpok-Bio. Accordingly, flow cytometric analysis
readily detected the BirA-biotinylated protein, Thpok-Biotin, in transduced cells (Fig. S1B).
Streptavidin pull-down and LC-MS from such transduced CD4* T cells identified peptides
from 52 proteins (Fig. 1A and Table S1). Of these, 35 remained Thpok-bound despite
lysate treatment with Ethidium Bromide (Thpok-EtBr), which impairs indirect associations
mediated by DNA binding (52) (Fig. S1C and Table S1). This set of Thpok associated
proteins (“Thpok 35-set” hereafter) comprised neither NCoR-family repressors nor Cullin 3,
which both bind Bcl6 and PLZF (12, 13, 15, 20, 53). However, it included components

of the Nucleosome Remodeling and Deacetylase (NURD) complex (11), including the

ATP dependent nucleosome remodeler Mi2p (encoded by Chd4), the histone deacetylases
(HDAC) HDAC1 and HDAC?2, and the metastasis-associated proteins (Mta) 1-3 (Fig. 1B).
Interrogating previous RNAseq analyses (42, 43), we found expression of at least one
member of each NURD subfamily in developing ap lineage thymocytes and in peripheral T
cells (Fig. S1D).

We verified the association between Thpok and NuRD components by reciprocal co-
immunoprecipitation from transfected HEK293T cells which express endogenous NuURD
components (Fig. SIEF). Additionally, streptavidin pull-down from Thpok-Bio-transduced
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Thpokf! Ox40-Cre* Rosa26B ™A+ activated CD4™ T cells detected EtBr-resistant Thpok-
Biotin interaction with NURD components Mi2p and Mtal, supporting the idea that the
association of Thpok with NuRD was mediated by protein interactions independent of DNA
binding (Fig. 1C). To verify that endogenously expressed Thpok interacts with NURD, we
analyzed activated CD4* T cells from R0sa26B™* mice homozygous for a recombinant
allele of Thpok expressing Thpok-Bio (7/pokBi©), in which CD4* T cells develop normally
(42); we used cells from Thpok™* Rosa26B™A* as controls. We found that endogenously
expressed Thpok-Biotin recruits NuRD components Mi2p and HDAC1 (Fig. 1D). We
conclude from these experiments that endogenous Thpok is associated with the NURD
complex.

Thpok controls chromatin organization at CD4*- and CD8*-lineage loci

Since NuRD affects both nucleosome positioning and covalent histone modifications
(notably through deacetylases HDAC1 and HDCAZ2 and histone demethylases) (54-56),
Thpok-NuRD complexes are expected to affect chromatin accessibility. However, we
previously found that Thpok was dispensable for chromatin opening at, and initial
upregulation of CD4*-lineage genes in MHC Il-signaled thymocytes (43), questioning the
relevance of NuRD binding for Thpok functions. To further address this question, we used
single cell ATACseq (sCATACseq) to compare chromatin accessibility in Thpok-sufficient
(CD4*-differentiating) and -deficient (redirected to the CD8"-lineage) MHC Il-restricted
thymocytes.

We captured nuclei from 7Apokf! Cd4-Cre* and Ca4-Cre™ (Ctrl) mice expressing a
ThpokSFP bacterial artificial chromosome (BAC) reporter that identifies MHC 11-signaled
cells in both strains (43, 57). From both strains, we sorted MHC Il-signaled thymocytes
(GFP*), and unsignaled CD69~ DP thymocytes; we also sorted MHC I-restricted (GFP™)
CD8™* SP thymocytes from Ctrl mice (Fig. S2AB). We integrated and analyzed two

captures from each genotype using the Signac extension of the Seurat suite (58, 59).

UMAP dimensional reduction showed cells segregating according to genotype rather than
experimental replicate (Fig. S2C). Chromatin accessibility at RagZ and SZprl identified
unsignaled DP and mature SP thymocytes, respectively (43) (Fig. S2D). Unsupervised
clustering and UMAP analysis distinguished unsignaled DP thymocytes, in clusters common
to both genotypes, from all other cells which were grouped into clusters that were in part
genotype-specific and provided limited resolution within each developmental trajectory
(Table S2 and Fig. S2EF). In contrast, we previously showed that ScRNAseq orders

the developmental trajectories of post-DP Thpok-sufficient and -deficient thymocytes and
identifies the “tipping point” at which Thpok-deficient cells switch from CD4* to CD8*
features (Fig. 2A and Ref. 43). To leverage this higher resolution, we used the Signac
integration feature to link each cell from the scATACseq data set to the transcriptomic
cluster (43) that best matches its chromatin accessibility status, thereby defining cells groups
linked to the same transcriptomic cluster (Fig. 2B).

Along the CD4*-lineage trajectory, which was shared by both genotypes up to the Immature
CD4™" SP group (ImCD4, at which Thpok is expressed), chromatin opening at CD4*- lineage
genes Thpok and Cd40lgwas independent of Thpok expression, consistent with population
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analyses (43) (Figs. 2C and S2G). Consistent with their Thpok-independent initial opening,
CD4"-lineage specific accessible areas remained open in “redirected” mature CD8* SP
(MatCD8) Thpok-deficient cells, relative to their MHC I-restricted (Ctrl) counterparts (stars
in Figs. 2C and S2G).

We next inquired how Thpok affected chromatin accessibility at the Ca8locus. Consistent
with CD8 expression pattern, chromatin at Cad8was broadly accessible in DP thymocytes
and MHC I-restricted CD8* SP thymocytes (Fig. 2D). In Thpok-sufficient MHC Il-restricted
thymocytes, accessibility at Ca8 decreased as cells differentiated from DP to mature

CD4* SP (MatCD4). In Thpok-deficient MHC Il-restricted thymocytes, accessibility at Ca8
followed a U-shaped pattern, initially decreasing before reverting to a pattern similar to that
of Ctrl mature CD8* SP cells. In these cells, we did not detect accessibility differences
between genotypes at enhancers E8 and E8y/; (Fig. 2D, red and blue stars), specific of
mature CD8" SP thymocytes and T cells (60, 61). At /tgaeand Prf1, two CD8*-lineage
specific genes not expressed in DP thymocytes, CD8*-specific chromatin accessibility
progressed with similar developmental kinetics in Ctrl (MHC I-restricted) and redirected
MHC Il-restricted thymocytes, but not in Thpok-sufficient MHC Il-restricted thymocytes
(Figs. 2E and S2G). Since Thpok binds all three genes (43), these observations supported the
conclusion that Thpok restrains chromatin opening at CD8"-lineage genes, prompting us to
further study its association with NuRD.

The Thpok BTB domain binds NuRD and is needed for CD4* T cell differentiation

We examined which domain of Thpok bound NuRD by generating deletions in the

Thpok coding sequence (Fig. 3A). BTB domains promote homodimerization (62), which
conceivably could affect Thpok function (21). To explore the role of the BTB domain
without compromising homodimerization, we generated a Thpok mutant protein (ABTB| 7)
lacking the BTB domain but containing the self-dimerizing leucine zipper from the chicken
Basic Vitellogenin-promoter Binding Protein (B-VBP), which has no known dimerizing
partner in mammalian cells (63) (Fig. S3A-C). Using immunofluorescence of transfected
HEK?293T cells, we verified these deletions did not affect nuclear localization (Fig. S3D).
Transient transfections in HEK293T cells (Fig. 3B) showed that neither deletion of the
carboxy-terminal domain (Thpok-AC) nor a point mutation in the second zing finger

of Thpok, known to abolish Thpok activity (Thpok-HD) (22), disrupted NuRD binding.

In contrast, despite efficient homodimerization, ABTB 7 failed to interact with NuRD
components Mi2p, Mta2, and HDACs 1 and 2, demonstrating a requirement for the BTB
domain (Fig. 3B). We conclude from these analyses that the Thpok BTB domains is needed
for NuRD binding.

To verify that the mutation did not prevent /n vivo DNA recognition, we assessed binding of
ABTB, 7 to two previously identified Thpok binding regions in the 7hpokand Cd4 silencers
(35). Using chromatin immunoprecipitation (ChIP)-qPCR on CD4* T cells expressing
Thpok or ABTB| 7, we readily detected ABTB 7 binding to both sites (Fig. S3E).

To examine the impact of NuRD binding on Thpok functions, we generated a transgene
expressing ABTB, 7 using CD2-based cis-regulatory elements active in thymocytes and T
cells. When expressed in otherwise wild-type mice, the transgene had no or little detectable
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effects on T cell development in three independent founder-derived lines (C5, A1, and E5),
unlike a wild-type Thpok transgene which prevented CD8" T cell development (21) (Fig.
S3F-H). To examine if ABTB 7z could support CD4* T cell development, we expressed
ABTBy 7 in Thpokfl Ca4-Cre* mice, which delete 7/pokin DP thymocytes. We found that
ABTB, 7 failed to restore CD4* T cell differentiation, as assessed on numbers of mature
CD4* SP thymocytes (with mature defined as CD44!° TCRpN CD24!° throughout this study,
Fig. S3F) and of CD4* T cells in the spleen (Fig. 3CD). Given that similar results were
observed with all three lines (Fig. S31), we selected line E5 for subsequent analyses. To
confirm proper expression of the transgenic ABTB| 2, we used an antibody which recognizes
the linker region between the Thpok BTB domain and zinc finger motifs (Fig. S4A-C). We
found equivalent expression of transgenic Thpok and ABTB| 7 in intrathymically signaled
(CD4* CD8" TCREN CD69%) ThpokTl Ca4-Cre* thymocytes expressing either transgene
(Fig. 3E, gating in Fig. S4D). In this subset, expression of the transgenic proteins was
similar to that of endogenous Thpok molecules in signaled cells from wild type mice.
Additionally, ABTB| z was also detected in CD8" thymocytes of transgenic mice (Fig. 3F),
and its expression resulted in expression of CD4 in a subset of CD8* mature thymocytes
(Fig. S3J). We conclude from these analyses that, despite appropriate dimerization and
expression, ABTB 7 failed to support CD4* T cell differentiation.

The BTB domains of Thpok and Bcl6 are not functionally interchangeable

To further delineate the role of NuRD in Thpok functions, we swapped the BTB domain
of Thpok for the distantly related BTB domain of Bcl6, generating a chimeric B-Thpok
protein (Fig. 4A). B-Thpok efficiently dimerized but failed to bind NuRD (Figs. 4B and
S5A). In contrast, a similar construct (L-Thpok) containing the BTB domain of Lrf, which
is more closely related to that of Thpok, bound NuRD (Fig. 4B), consistent with previous
results (5, 19). LC-MS analysis confirmed that the B-Thpok protein failed to recruit NURD
components, whereas, as expected, it was associated with NCoR1 (Fig. 4C). Of note,
another domain of Bcl6, located between its BTB and zinc finger domains, binds NuURD
(64); this region of Bcl6 is not included in the B-Thpok construct.

We reasoned that, if NURD recruitment is instrumental to Thpok functions, the B-Thpok
protein, whose BTB domain does not bind NuRD, should fail to support the CD4*-lineage
differentiation of Thpok-deficient thymocytes. To assess this prediction, we generated
“retrogenic” mice, using a Cre-activated retroviral vector to target gene expression in DP
thymocytes (65). In this vector, a floxed GFP open reading frame (ORF), including a stop
codon, prevents translation of a downstream gene of interest (Thpok or derivative, Fig.
S5BC). Cre expression excises the floxed GFP ORF, allowing translation of the gene of
interest. A Thy1.1 reporter cDNA, downstream of an IRES, is expressed independently of
Cre, identifying transduced cells. We transduced this vector into bone marrow progenitors
from ThpokV Ca4-Cre* CDA45.2* mice that were then transferred into irradiated congenic
CD45.17" host mice (Fig. 4D). In recipient mice, transduced cells expressed the donor
marker CD45.2 and the retroviral Thy1.1 reporter. In line with the extended half-life of GFP
in thymocytes (66), cells in which Cre expression had activated the retroviral expression
cassette were identified by absent or residual GFP expression (Fig. S5D). In 7/pokf/fl
Ca4-Cre™ cells, expression of wild-type Thpok from this vector resulted in the generation
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of mature CD4" SP thymocytes and spleen T cells (Fig. 4EF). In contrast, retrogenic
ABTB, 7 and B-Thpok failed to restore CD4" T cell development, despite expression levels
comparable to retrogenic wild-type Thpok (Fig. 4G). These experiments indicated that the
BTB domains of Thpok and Bcl6 are not functionally interchangeable, and that NuRD
binding serves functions distinct from NCoR binding.

NuRD binding mediates Thpok BTB domain functions

To further delineate the role of NuRD in Thpok functions, we sought to identify amino acid
residues critical for BTB-NuURD interactions. We compared the sequences of Thpok and

Lrf BTB domains, which bind NuRD, with that of Bcl6, which does not. We considered
regions with greater divergence between Thpok and Bcl6 than between Thpok and Lrf (Fig.
S6A). We first focused on two segments mapping to putative p-sheet (p4) and a-helix (a.6)
motifs and facing outwardly, as inferred from the three-dimensional structure of the Lrf
BTB domain (67, 68). To examine the role of these motifs in NuRD binding, we mutated
GVCE (one-letter code) (p4) and MEI (a.6) Thpok residues to the corresponding SVIN and
RKF in Bcl6 (Figs. 5A and S6A). In transfected HEK293T cells, the Thpok-RKF mutant
efficiently dimerized but failed to bind NuRD components Mi2p, RbAP46, and HDAC1
and HDAC?2 (Figs. S6B and 5B), whereas the GVCE to SVIN mutation (Thpok-SVIN)

had no detectable effect on NuRD components binding. Similar results were observed in
ThpokV Ox40-Cret Rosa26Bi™A+ activated CD4* T cells retrovirally transduced to express
Thpok-Bio, ABTB z-Bio, or Thpok-RKF-Bio (Fig. S6C). LC-MS, performed from Thpok-
RKF expressing CD4" T cells using the same approach as for wild-type Thpok, showed that
the mutation disrupted binding to all NURD components and to Serbp1, a protein reported
to associate with the NURD component Mi2a (Chd3) (69) (Fig. 5C and Table S1). In
contrast, the mutation had no effect on the other 24 non-NuRD interacting partners. Last, we
examined if Thpok-RKF bound DNA /7 vivo, by subjecting Thpok-RKF-transduced CD4* T
cells to ChIP-gPCR. We found similar binding of Thpok and Thpok-RKF to Thpok binding
regions in the 7Apokand Cd4 silencers (35) (Fig. 5D), indicating that the RKF mutation did
not affect DNA binding. We conclude from these results that Thpok MEI amino acids in

the a6 segment are specifically required for NURD binding. Although structural studies will
be necessary to understand the geometry of the BTB-NuRD interactions, this motif is not
spatially equivalent to the Smrt-binding groove of the Bcl6 BTB domain (12).

To investigate if the RKF mutation affected Thpok functions during CD4* T cell
development, we generated CD2-based Thpok-RKF transgenic lines. Similar to ABTB) z,
the Thpok-RKF transgene did not affect T cell development in wild-type mice and failed
to restore CD4* T cell development in 7Apokf! Cd4-Cre mice (Figs. 5EF and S6DE),
despite being expressed at levels similar to wild-type Thpok in CD4* CD8i"t TCRN
CD69* thymocytes and in CD8* SP thymocytes (Fig. 5GH). To track the fate of MHC
II-restricted precursors expressing Thpok-RKF, we expressed the transgene in 7ApokfV/fl
Cd4-Cre* B2m™" mice, in which neither CD4* nor MHC I-restricted CD8" T cells develop,
because of 7hpok and p2-microglobulin disruption, respectively (70). The development of
CD8* SP thymocytes and T cells in Thpok-RKF expressing 7/pokVf Cd4-Cret B2m™~
mice indicated that the RKF mutation prevented the CD4* lineage differentiation, but not
the development, of MHC Il-restricted thymocytes (Fig. 51J). We conclude from these

Sci Immunol. Author manuscript; available in PMC 2022 December 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gao et al. Page 8

experiments that the Thpok BTB a.6-MEI aminoacid motif is required for both Thpok-
NuRD interactions and Thpok functions during CD4* T cell development.

The Thpok BTB domain promotes CD4" T cell development by binding NuRD

Detergent solubilization, necessary for LC-MS, could conceivably disrupt the interaction of
NuRD-unrelated molecules to the a6 MEI motif. Indeed, other proteins had been reported to
bind the Thpok BTB domain (39). To verify that the MEI motif actually serves by binding
NuRD, we engineered a NuRD-binding but BTB-less version of Thpok. Mta subunits, of
which Mta2 is the most abundantly expressed in CD4*-lineage thymocytes (Fig. S1D),
serve as scaffolds for NURD assembly (71, 72). Thus, we generated a ABTB| 7 variant
appended with the Mta2 coding sequence at its amino-terminal extremity (Mta2-ABTB z,
Fig. 6A). Mta2-ABTB| z homodimerized (Fig. S7A) and bound Mi2p and HDAC1 (Fig.
6B), supporting the conclusion that it can recruit NuRD.

We tested the functions of Mta2-ABTB) 7 in T cell development /7 vivo using the
retrogenic approach. Mta2-ABTB z, but neither ABTB|_z nor Mta2, restored mature CD4*
SP thymocytes and spleen T cells populations (Fig. 6CD). We verified similar expression
levels of ABTBy z, Thpok and Mta2-ABTB, 7 in CD4* CD8!"t TCRBN CD69* thymocytes
(Fig. 6E). To further characterize the effect of Mta2-ABTB 7, we used RNA sequencing
(RNAseq) to compare the transcriptomes of mature CD4* SP thymocytes generated in
retrogenic mice expressing Mta2-ABTB, 7 or Thpok, to that of mature CD4* and CD8* SP
thymocytes from wild-type mice as controls (Gating in Fig. S7B). We identified 118 genes
differentially expressed between wild-type CD4* and CD8* SP cells (log, Fold change > 2
and FDR < 0.05) (Fig. 6F, top left panel). We found only minimal differences between the
transcriptomes of CD4* SP cells expressing endogenous Thpok, retrogenic Thpok or Mta2-
ABTB| z, indicating that the fusion protein fully reconstituted CD4* T cell development
(Fig. 6F). This was notably illustrated by appropriate expression of Cd4, Cd8a, Cd40lg, and
Runx1, and repression of Runx3and /fgae (encoding CD103, a prototypical Runx3 target in
the thymus) (73) (Fig. 6G). These experiments demonstrate that the BTB domain of Thpok
supports CD4* T cell development by binding the NuURD complex. Together with the strong
ChIP DNA binding of ABTB| 7 (Fig. S3E), the full restoration of CD4* T cell differentiation
by Mta2-ABTB, z, which has the same leucine zipper dimerization interface as ABTB, z,
strongly supports the idea that both ABTB, 7 and Mta2-ABTB,_z efficiently bind relevant
Thpok target genes /n vivo.

NuRD binding is needed for repression of Runx3

Thpok promotes CD4* T cell differentiation at least in part by counteracting Runx activity,
contributed in developing T cells by Runx1 and Runx3 (32, 33, 74). Such antagonism
includes at least two components. First, Thpok inhibits Runx3expression in MHC-II
restricted thymocytes (34, 35). However, Runx3 disruption does not restore the CD4* T

cell differentiation of Thpok-deficient thymocytes (75), implying that at least some Thpok
functions are independent from Runx3repression. Indeed, Thpok also inhibits the repression
of Cd4by Runx proteins (35, 76), of which Runx1 is normally co-expressed with Thpok in
CD4* SP thymocytes and T cells. Thus, we assessed if NURD recruitment mediated any of
these Thpok functions.
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We first examined if Thpok-RKF repressed Runx3. Consistent with previous results, intra-
cellular staining of 7Apok™* thymocytes detected Thpok but not Runx3 in CD4* SP cells,
and Runx3 but not Thpok in CD8* SP cells (Fig. 7A, orange and blue traces, respectively).
Runx3 but not Thpok was expressed in mature CD8* SP thymocytes from B2m™'~ Thpok/fl
Ca4-Cre™ mice, indicating Runx3 de-repression. Mature CD8* SP thymocytes from Thpok-
RKF transgenic B2~ ThpokVf! Cd4-Cre mice co-expressed both Runx3 and the Thpok-
RKF mutant protein, showing that Thpok-RKF failed to repress Runx3 (Fig. 7AB). Using
ChIP-gPCR, we verified similar binding of Thpok and Thpok-RKF on a prominent Thpok
binding site previously identified near the second Runx3exon (Fig. 7C) (37, 42, 43). We
conclude from these experiments that NuRD recruitment is needed for Thpok to repress
Runxa3.

NuRD binding is needed for of Runx3-independent functions of Thpok

We next examined if additional functions of Thpok, independent of Runx3 repression,
required NuRD binding. We expressed Thpok-RKF in 7#pokf! Runx3VaYFP Ca4.Cret
thymocytes, which express no endogenous Thpok and little or no Runx3 protein because

the Runx3?FP allele, which evaluates Runx3 expression from YFP fluorescence, is

heavily hypomorphic (34) (experiment schematized in Fig. 8A). We reasoned that, if

NuRD recruitment was dispensable for functions of Thpok other than Runx3 repression,
Thpok-RKEF, despite not binding NuRD, would restore the CD4*-lineage differentiation

of Thpok-and Runx3-deficient thymocytes. Consistent with previous results (75), mature
ThpokM RunxFVIAYFP Ca4-Cre* MHC Il-restricted thymocytes were mostly CD8* SP,
with a smaller CD4* (mostly CD4* CD8*) component (Fig. 8B). Expression of Thpok-
RKEF in such cells failed to restore their differentiation into CD4* SP thymocytes and

T cells; instead, the resulting mature thymocytes were mostly CD4* CD8* (Fig. 8B-D).

We performed RNAseq analysis of these cells and their transgene-negative counterparts
(Fig. S8). Principal-component analysis (PCA) found that all 7/pok-Runx3double-deficient
thymocyte subsets, regardless of Thpok-RKF expression, were closer to each other than to
control CD4* and CD8* SP cells processed in parallel (Fig. 8E). Furthermore, Thpok-RKF
had little or no effect on expression of CD4*-and CD8*-lineage signature genes identified in
these experiments (Fig. 8FG). We conclude from these analyses that Thpok-RKF expression
fails to support the CD4*-lineage differentiation of Runx3-deficient thymocytes and that
NuRD binding is required for Thpok repression both of Runx3and of CD8-lineage genes
expressed independently of Runx3. RNAseq also showed expression of RunxZin ThpokV/fl
Runx3VYFP cg4q-Cre* thymocytes, regardless of Thpok-RKF expression (Fig. 8G). This
was consistent with the idea that expression of CD8*-lineage genes in these Runx3-deficient
cells was RunxI-dependent (32, 74).

In contrast, Thpok-RKF supported Cd4 expression in 7Apok- and Runx3-deficient
thymocytes (Fig. 8B, G), in line with its effect on CD4 expression in Thpok-deficient but
Runx3-sufficient thymocytes (Fig. S6EF). Because the level of RunxIin Thpok- and Runx3
deficient thymocytes was similar to that in wild-type CD4" SP thymocytes (Fig. 8G), this
suggested that the physiologically relevant Thpok antagonism of Runx1 in CD4*-lineage T
cells did not require NuRD binding. To independently verify that Thpok-RKF, like Thpok,
antagonizes the repression of Cad4 mediated by Runx1 (35, 76), we performed transient
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transfections in the RLM-11 thymoma cell line, in which Thpok prevents Runx1-mediated
repression of a Cad4-GFP reporter cassette (76) (Fig. 8H). We found that transfected Thpok-
RKF was as efficient as Thpok to antagonize Runx1 repression of the Cd4 reporter. Thus,
the effect of Thpok on Cd4 expression is at least in part NURD-independent.

In summary, we demonstrate that NURD binding is both necessary and sufficient for the
function of the Thpok BTB domain, which include repression of Runx3and of CD8*-
lineage genes. These experiments establish that the BTB domain is a critical component of
the specificity of action of BTB-POZ zinc finger transcription factors.

Discussion

The present study identified the NURD complex as an obligatory co-factor for Thpok-
mediated repression of CD8*-lineage genes, including Runx3and Cd8, which both are
defining events during CD4*-lineage commitment. Identifying three aminoacid residues
within the Thpok BTB domain required for NuRD binding, we show that NuRD is
necessary for these functions. Conversely, enforcing NuRD binding makes the BTB domain
dispensable for Thpok functions. These findings shed light both on our understanding of
transcription factor function and on the mechanisms of CD4-lineage commitment.

Analyses of transcription factor DNA binding with ever greater resolution, notably with
ChlIPseq and related technologies, has brought detailed insight into the /n vivo distribution
of transcription factor molecules onto their target genes. In contrast, there is much less
understanding of how DNA-bound transcription factors control expression of their target
genes. Such control is generally inferred as involving the binding of co-activators or
co-repressors, that are thought to “bridge” transcription factor domains to the general
transcription initiation machinery or to chromatin modifying enzymes. However, which
co-factors actually mediate the /n vivo functions of a given DNA-binding transcription factor
is generally unknown.

These issues have special importance for BTB-ZF transcription factors, a family of
approximately 50 proteins, many of which are involved in the differentiation or function
of immune cells (1, 2, 77). Our current understanding of these factors function has emerged
from studies of Bcl6, a factor involved in multiple differentiation processes in immune
cells, most prominently in germinal center B and T cells. Bcl6 serves principally, if not
exclusively, as transcriptional repressor (8), and such repressive functions are mediated

by Bcl6 recruitment of the related co-repressors NCoR or Smrt (encoded by Ncorl

and Ncor2, respectively) to its BTB domain (12-15). Structural studies have found high
conformation homology between BTB domains of otherwise distantly related transcription
factors, including Bcl6 and Lrf, raising the question of whether such domains all carry
similar activities because they recruit similar cofactors.

Similar to Bcl6, Thpok serves at least in part as a transcriptional repressor during CD4*-
lineage commitment. However, we show here that this function of Thpok is mediated
through recruitment of NuRD rather than NCoR, and that it cannot be fulfilled by the
BTB domain of Bcl6, which binds NCoR but not NuRD. Thus, BTB domains are not
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functionally interchangeable among BTB-ZF transcription factors; rather, they contribute
to the functional repertoire of these factors, together with target DNA recognition by the

zinc finger domain and expression profile, and with the recruitment of other cofactors by
additional protein domains (64, 78-80).

Although LRF was shown to bind NuRD (5, 19), the functional relevance of such
interactions has not been investigated. Furthermore, Lrf had also been reported to recruit
Smrt (81), although presumably not through interactions similar to those mediating Bcl6-
Smrt binding (67, 68). Indeed, neither Thpok nor LRF were part of a set of 14 BTB-ZF
factors identified by a recent yeast two-hybrid screen as binding the NuRD components
Gatad?a or Gatad2b (18). The relevance of the NuRD-Thpok interaction, as demonstrated by
our study, supports the idea that NURD interactions with LRF and other BTB-ZF factors are
important for their function.

NuRD binding implements Thpok-mediated repression on a broad array of CD8* lineage
genes, including Runx3and CD8*-lineage genes that can be expressed independently

of Runx3. The idea that Thpok acts on genes other than Runx3is in line with our

recent demonstration that Thpok binds most genes specifically expressed in CD8*-lineage
thymocytes (43). It also fits with observations that Runx3disruption is not sufficient

to restore the CD4™ lineage differentiation of Thpok-deficient thymocytes (75). Because
expression of Ca8genes in Runx3-deficient CD8* T cells is Runxi-dependent (74, 82), Cd8
repression by NuRD-bound Thpok indicates that NuURD components antagonize, directly or
not, Runx1-induced gene transcription. This fits our previous observation that most genomic
Thpok binding sites are in close proximity with Runx binding sites (43), as independently
reported since (83).

In post-thymic CD4* T cells, Thpok is essential to maintain the integrity of resting CD4*
T cells (which express Runx1), for the differentiation of Th2 CD4* T cells, and for the
functional fitness and memory differentiation of CD4* T cells mounting Th1 responses

to intra-cellular pathogens (41, 42, 51). We previously showed that these functions of
Thpok were mediated in part or in totality by its inhibition of Runx3expression or by
antagonizing the function of Runx proteins (41, 42, 51), which are normally expressed

in Thl (Runx3) and Th2 (Runx1) effector cells. Thus, the identification of NuRD as
required for Thpok- mediated Runx antagonism uncovers a mechanism essential for both
CD4* T cell development and responses. Reciprocally, Thpok is needed for T cell-induced
inflammation in experimental models of colitis (84). Thus, because interactions between
Bcl6 and NCoR are accessible to pharmacological intervention (85), our study suggests
that similar approaches on the Thpok-NuRD interaction could be leveraged for treatment of
inflammatory disease.

Previous studies had found that Thpok prevents Runx1- or Runx3-mediated repression of
Cad'4 (35, 76). We found here that, unlike for repression of CD8*-lineage genes, the effect
of Thpok on Cd4 expression does not require NuRD. This observation contrasts with the
need for Mi2p, a key component of NuRD, for Cd4 expression in DP thymocytes (86).

It is possible that this function of Mi2p is specific to DP thymocytes; supporting this
idea, Cad4 expression is controlled by distinct enhancers in DP and CD4 SP thymocytes
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(87-89). Alternatively, mature CD4* SP thymocytes express the Mi2p-related Mi2a. protein,
unlike DP thymocytes which have minimal Mi2a. expression (86); thus it is possible that
expression of Ca4is Mi2-dependent in all CD4* thymocytes and T cells. Such Mi2 support
of Cd4 expression would be independent of Thpok-Mi2 interactions, consistent with the fact
that DP thymocytes do not express Thpok.

Which NuRD component(s) mediates Thpok functions remains to be determined. Because
all canonical members of the NuRD complex (Mi2 helicases, HDAC, and proteins of the
Mta, RbAp, and Gatad2 families) are the product of multigene families, the potential for
functional redundancy has hampered analyses of their functions in T cell development and
responses. However, two lines of evidence support the idea that histone deacetylase activity
helps enforce Thpok-mediated repression of CD8*-lineage genes. First, histone H3 and

H4 acetylation at the Ca8locus was reported to be dependent on Thpok (39). Second,
analyses of T cells carrying mutations in genes encoding HDAC1 and HDAC?2, both NuRD
components, suggest that these molecules serve to repress Runx3, Cd8, and cytotoxic genes
in post-thymic CD4* T cells, a function strikingly similar to that of Thpok (41, 90). Further
suggesting that these enzymes mediate Thpok gene repression, HDAC1 and 2-deficient
CD4* T cells expressed CD8*-lineage genes despite conserved Thpok protein expression
(90). While deletion of HDAC1 and 2 only had modest effects on Ca8 gene repression in
thymocytes, this has been related to the extended half-life of these enzymes in non-dividing
DP and SP thymocytes (90). Of note, our LC-MS analysis found no evidence for /in vivo
Thpok binding to class Il HDACs, contrary to previous studies in transfected cell lines (39).
This fits with the facts that NuRD is not associated with class II HDACSs, and that enforcing
Thpok-NuRD association bypasses the need for the Thpok BTB domain during CD4* T cell
development.

The observations that Thpok limits chromatin accessibility at CD8*-lineage genes and that
NuRD binding is required for Thpok functions raise the possibility that Thpok serves

by physically recruiting NuRD components (notably histone deacetylases, which promote
chromatin compaction) to target genes. However, experimental evidence challenges such a
simple idea. Previous ChIP analyses (90) have found no difference between CD4* and CD8"*
T cells for binding of HDAC1 and HDAC?2 at Cd8, Runx3, and Eomes, even though Thpok
is expressed and represses these genes in CD4* T cell only. In line with these observations,
ChlPseq analyses (55, 91) show Mta2 and Mi2p binding to the Cd&locus in pre-DP

and DP thymocytes, which do not express Thpok. Conversely, analyses from ChlPseq
datasets (37, 91-95) show that CD8*-lineage-specific genes, e.g. Runx3and Cd8, bind other
NuRD-binding transcription factors, including lkaros and Bcl11b (96, 97). Altogether, these
findings indicate that NURD components can interact with Thpok target genes independently
of Thpok, presumably through other transcription factors.

We do not conclude that all functions of Thpok are mediated by NuRD binding, because

our mass spectrometry analyses detected proteins that bind versions of Thpok unable to bind
NuRD, and because our study did not assess Thpok functions in post-thymic cells (30, 41,
42,70, 98). Throughout this study, we have used mitigation strategies to overcome generic
technical limitations and potential confounders. For biochemical analyses, we verified

key findings in primary cells to avoid relying on non-physiological expression conditions
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in transfected cells; we also considered the potential impact of detergent solubilization

on the detection of relevant protein-protein interactions, notably in mass-spectrometry
experiments. For genetic analyses, we have attempted to eliminate founder-specific effects
in transgenic mouse lines by verifying several founder-derived lines for each transgenic
strain we generated, and effects of premature retroviral gene expression using a stage-
specific expression strategy. For SCATACseq, current technical approaches cannot detect
all open chromatin regions in every cell; furthermore, we established correspondences
between scATACseq and scRNAseq clusters using a statistical computational treatment of
separate SCATACseq and scRNAseq data, rather than a combined scRNAseq-scATACseq
measurement at the single-cell level.

In summary, we found that Thpok functions in CD4* T cell differentiation require binding
of NuRD to its BTB domain, and that, apart from dimerization, NuRD recruitment
recapitulates the functional need for the BTB domain. NuRD recruitment is essential for
Thpok to repress Runx3and other CD8*-lineage genes, but not to support expression of
Cd4. Our study also demonstrates the critical contribution that cofactor recruitment makes to
the functional specificity of BTB-zinc finger transcription factors.

Study design

Animals

This study aimed at understanding the mechanisms of Thpok function in intrathymic CD4*
T cell differentiation. Our general approach was to (i) search for Thpok interacting proteins
using Mass Spectrometry, (ii) generate Thpok mutants to identify the domains or amino-acid
residues of Thpok responsible for such binding and (iii) use genetic approaches (generation
of transgenic and retrogenic mice) to express such mutants to assess the physiological role of
these domains in CD4" T cell development. We generated both loss- (e.g. Thpok-RKF)

and gain-of-function (e.g. Mta2-ABTB, 7) to verify the relevance of such interactions.

We assessed the physiological relevance of all conclusions by evaluating CD4™ T cell
development in /n vivo genetic models. All experiments were performed at least twice
(biological replicates), as indicated in figure legends. We did not used power analysis;
sample sizes for experiments were based on previous experience from this and other
laboratories. Because transgenic or retrogenic mice had to be identified before processing
for experiments, we used neither blinding nor randomization.

Mice carrying 7/pok™ (36), Ox40-Cre (49, 50), ThpokB® (42), Runx3YFP (34), Rosa26BirA
(99) alleles, or the Thpok transgene (21) have been described. B2/~ (100) and Cd4-Cre
mice (101) were from Taconic, H2-AbI7~ (102) mice from JAX and CD45.1 and CD45.2
C57BL/6 mice from Charles River. All transgenic mice were heterozygous for the transgene
they express. The Ox40-Cre allele was maintained heterozygous and only female Ox40-Cre*
mice were used for breeding. Except where specified otherwise, control mice included

in experimental designs were Cre-negative animals from the same lines as experimental
mice. Mice were housed and bred in specific pathogen-free facilities and analyzed between
6 and 20 weeks of age. Given the limited number of animals carrying relevant allelic
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combinations, mice of both sexes were used in experiments according to availability. Donor
and recipient mice for bone marrow chimeras were sex matched. Animal procedures were
approved by the NCI Animal Care and Use Committee. ABTB|_z or Thpok-RKF transgene
was genotyped by following primers:

ABTB, z-forward: 5’- CAGAGCTGCGCAAGGAAGTG-3;

ABTB, z-reverse: 5’- CCTTTGGTTTGAAGAAAAGCTTTCC-3’;
Thpok-RKF-forward: 5’-CGCTCTTGCTCTCTGTGTATG-3’;
Thpok-RKF-reverse: 5’- CCCACTGCCTTGTAGGAACTTCCT -3.

Plasmid construction

DNA cloning was performed using restriction enzyme-ligase technology in £.co/i DH5a
strain. Single colonies were grown in appropriate volumes of LB Broth (1X) (Gibco)
containing 100 pg/ml Ampicillin at 37 °C with shaking at 200~250 rpm overnight. Plasmid
DNA was extracted with Qiagen QIlApre Spin Miniprep or Midi kits. Thpok-HA, Thpok-
Flag and Thpok deletion constructs were amplified from a Thpok cDNA (21) and were
inserted between the EcoRI and Xbal sites in pcDNAS3 vector (Invitrogen); we used empty
pcDNAS as control in all transient transfection experiments. ABTB| z was amplified using
the synthesized leucine zipper sequence (5’-CTC GAG ATT CGG GCAGCC TTCCTT
GAG AAA GAG AAT ACG GCC CTG AGG ACG GAG GTT GCA GAG CTG CGC

AAG GAA GTG GGG-3’) in the primer. Thpok-RKF and Thpok-SVIN were obtained by
doing mutagenesis in the wild-type Thpok cDNA according to the manufacture’s protocol
(QuickChangell site-directed Mutagenesis kit from Agilent Technologies). pMGTfIT vector
was constructed from pMGfl4 (65), by replacing hCD4 with Thy1.1 between SnaBl and
Clal sites. cDNAs encoding Thpok and mutant thereof were inserted between EcoRI and
Mlul sites in pMGTIT vector. Thpok, Thpok-Bio, ABTB, z-Bio or Thpok-RKF-Bio were
amplified (42, 51) and were inserted between the EcoRI and Notl sites in pMRXx vector (103)
expressing mouse Thyl.1 as a reporter gene. For transgenic mice, bio-tag appended ABTB| »
or Thpok-RKF cDNAs were inserted between EcoRI and Sall sites of p29A2S™ vector

(104), respectively. Transgenic mice were obtained as described (105) and were identified by
Southern hybridization of DNA obtained from tail tissue. The CD4ES GFP reporters, CMV
promoter-driven expression vectors for Runx1 and CD8a. were previously described (73,
76). All gene segments were amplified using conventional PCR techniques with high-fidelity
PrimeSTAR HS DNA Polymerase (Takara) and verified by sequencing.

Cell culture and transfection

HEK?293T cells were cultured in DMEM containing 10% heat-inactivated FBS, 1%
penicillin/streptomycin/glutamine (Gibco, 10378) and 10 mM HEPES buffer (Corning).
PlatE cells (106) used for retrovirus packaging were cultured in DMEM containing

10% heat-inactivated FBS, 1% penicillin/ streptomycin /glutamine supplemented (Gibco,
10378) and 10 mM HEPES buffer (Corning) with 1 pg/ml puromycin (Sigma) and 10
ug/ml blasticidine (Thermo Fisher). HEK293T and PlatE cells were transfected using
Lipofectamine 2000 (Thermo Fisher) according to the manufacturer’s instruction. RLM-11
thymic lymphoma cells (76) were cultured in RPMI 1640 medium (Gibco) containing
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10% heat-inactivated FBS, 1% penicillin /streptomycin /glutamine (Gibco, 10378) and 10
mM HEPES (Corning), and were transfected with the Nucleofector Kit L, program C-009
(Nucleofector 11, Amaxa Biosystem). Cells were analyzed 24 hours post nucleofection by
flow cytometry.

Immunofluorescence Microscopy

HEK?293T cells were plated onto poly-L-Lysine-coated coverslips and then transfected with
HA-tagged Thpok or Thpok mutants. 48 hours post transfection, cells were fixed with

2% paraformaldehyde for 30 min at room temperature. After three washes with PBS,

the coverslips were incubated in blocking buffer (PBS, 3% BSA, 0.5% Triton X-100,

10% newborn calf serum) at room temperature for 1 hour followed by three washes with
binding buffer (PBS, 3% BSA, 0.5% Triton X-100). Samples then were incubated with 2
ug/ml HA-probe (F-7, Santa Cruz Biotechnology) at room temperature for 1 hour. After
three washes with binding buffer, samples were incubated with 10 pg/ml goat anti-mouse
Alexa Fluor 555 (Thermo Fisher) at room temperature for 1 hour. Nuclei were stained

with 4,6-diamidino-2-phenylindole (DAPI) (Life Technologies). Samples were mounted on
microscope slides using Mowiol (Sigma) and examined on Axioplan 2 imaging.

In vitro T cell activation and transduction

CD4* T cells were purified from 7okt Ox40-Cre* or Thpok /!l Ox40-Cre* Rosa26Bi/A*
spleen, with the mouse CD4-negative isolation kit (Dynal, Invitrogen) according to the
manufacture’s protocol. Isolated CD4" T cells were activated with anti-CD3 (1 ug/ml) and
anti-CD28 (3 pg/ml) antibodies (BioXcell) and irradiated T-depleted (Pan T Dynal Kit,
Invitrogen) antigen-presenting cells (APCs, irradiated at 2500 rad) (36), supplied with IL12
(10 ng/ml) and anti-1L4 (10 pg/ml) (Peprotech). Activated CD4 cells were spinfected with
retroviral supernatants 600 g, at 25 °C for 90 min 24 h after activation, resuspended and
placed back at 37 °C in their original activation media for three days, after which the culture
media was supplemented with 100 U/ml IL2 for 24 hours before harvesting for analysis 4
days after activation.

Streptavidin pull down, immunoprecipitation and immunoblot analysis

Retrovirally transduced CD4* T cells or transfected 293T cells were collected, washed twice
in ice-cold PBS, lysed by incubating 30 min in ice-cold RIPA buffer (50 mM Tris-HCI

(pH 7.5), 1% NP-40, 150 mM NaCl, 1 mM EDTA and 10% Glycerol) supplemented with
protease inhibitor cocktail (Roche). For the samples treated with Ethidium Bromide, 10
pg/ml Ethidium Bromide (Invitrogen) was added to the RIPA buffer at the beginning of
cell lysis (52). Cell lysates were cleared by centrifuging at 12,000 rpm, 4 °C for 10 min.
For immunoprecipitation, 1 pg antibody was incubated with 20 ul Protein A or Protein

G Dynabeads (Thermo Fisher) in 500 pl ice-cold PBS, and rotated at 4 °C for 1 hour.
Antibody-Protein A Dynabeads, antibody-Protein G Dynabeads (immunoprecipitation) or
M-280 Streptavidin Dynabeads (Thermo Fisher, Streptavidin pull down) were washed once
with PBS, then equilibrated with RIPA buffer. Equilibrated Dynabeads were incubated
with cleared cell lysis and rotated at 4°C for 1-2 hours. After 4 washes with RIPA

buffer, bead-bound immunocomplexes were suspended in loading buffer and boiled for 10
min at 100 °C. Proteins were separated by SDS-polyacrylamide gel electrophoresis (SDS-
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PAGE) with Chameleon molecular weight markers (LI-COR Biosciences), and examined
by Western blotting by standard procedures. Anti-actin or anti-tubulin used as the internal
loading controls. Images were visualized using a ChemiDoc Touch Imaging system (Bio-
Rad). The following antibodies were used for Immunoprecipitation and Western Blotting:
anti-Flag antibody (clone M2, Sigma-Aldrich), anti-HA tag (Clone F-7, Santa Cruz),
anti-CHD4/mi2 beta antibody (Bethyl Laboratories), NURD Complex Antibody sampler
Kit (Cell Signaling Technology), anti-MTA2 antibody (Abcam), anti-MTA1 Rabbit mAb
(Clone D40D1, Cell Signaling Technology), anti-HDAC1 Mouse mAb (Clone 10E2, Cell
Signaling Technology), anti-HDAC1 antibody (Rabbit polyclonal, Abcam), anti-HDAC2
Mouse mAb (Clone 3F3, Cell Signaling Technology), anti-RBAP46 antibody (Clone V415,
Cell Signaling Technology), anti-a-Tubulin antibody mAb (Sigma-Aldrich), anti-B-Actin
antibody mADb (Sigma-Aldrich), Alexa Fluor 680 AffiniPure Goat anti-mouse IgG (light
chain specific, Jackson Immuno Research Laboratories), IRDye 800CW Goat anti-Rabbit
IgG (H+L) (LI-COR Biosciences), Normal Rabbit IgG (EMD Millipore).

Mass-spectrometric analysis

Interacting proteins were fractionated by SDS-PAGE and each lane cut into 10 slices. The
protein bands were then in-gel digested with trypsin (Thermo Fisher) overnight at 37 °C,

as described (107). The peptides were extracted following cleavage and lyophilized, then
solubilized for mass spectrometry analysis. They were trapped on a trapping column and
separated on a 75 pm x15 cm, 2 um Acclaim PepMap reverse phase column (Thermo
Fisher) using an UltiMate 3000 RSLCnano HPLC (Thermo Fisher) followed by online
analysis by tandem mass spectrometry using a Thermo Orbitrap Fusion mass spectrometer.
Parent full-scan mass spectra were collected in the Orbitrap mass analyzer set to acquire
data at 120,000 FWHM resolution; ions were then isolated in the quadrupole mass filter,
fragmented within the Higher-energy C-trap dissociation cell (HCD normalized energy
32%, stepped £ 3%), and the production analyzed in the ion trap. Proteome Discoverer

2.0 (Thermo Fisher) was used to search the data against murine proteins from the UniProt
database using SequestHT (Thermo Fisher). The search was limited to tryptic peptides, with
maximally two missed cleavages allowed. Cysteine carbamidomethylation was set as a fixed
modification, and methionine oxidation set as a variable modification. The precursor mass
tolerance was 10 ppm, and the fragment mass tolerance was 0.6 Da. The Percolator node
was used to score and rank peptide matches using a 1% false discovery rate. The mass
spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via
the MassIVE partner repository with the dataset identifier PXD028661.

Cell preparation, staining and sorting

Thymocytes and splenocytes were prepared and stained as described (42, 43, 51). Cell
were stained with following antibodies and reagents: anti-B220-PerCpCy5.5 (Clone RA3—
6B2, eBioscience), anti-CD4-APC (Clone GK1.5, eBioscience), anti-CD4 PerCpCy5.5
(CloneRM4-5, eBioscience), anti-CD4-eFluor 450 (Clone GK1.5, eBioscience), anti-CD4-
BV786 (Clone RM4-4, BD Pharmingen), anti-CD4-PE (Clone GK1.5, BD Pharmingen),
anti-CD8a-PE (Clone 53-6.7, eBioscience), anti-CD8a-APC (Clone 53-6.7, eBioscience),
anti-CD8a-APC-eF780 (Clone 53-6.7, eBioscience), anti-CD8a.-eFluor 450 (Clone 53—
6.7, eBioscience), anti-CD8a-BUV395 (Clone 53-6.7, BD Pharmingen), anti-TCR beta-
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PE (Clone 57-597, eBioscience), anti-TCR beta-FITC (Clone 57-597, BD Pharmingen),
anti-TCR beta-BV711 (Clone 57-597, BD Pharmingen), anti-TCR beta-BV650 (Clone
57-597, BD Pharmingen), anti-CD24-APC-eFlour 780 (Clone M1/69, eBioscience),
anti-CD69-PE (Clone H1.2F3, BD Pharmingen), anti-CD69-BV711(Clone H1.2F3, BD
Pharmingen), anti-CD44-Alexa Fluor 700 (Clone IM7, eBioscience), anti-CD45.1-PE-

Cy7 (Clone A20, eBioscience), anti-CD45.1-BV650 (Clone A20, BD Pharmingen), anti-
CD45.2-PerCpCy5.5 (Clone 104, BD Pharmingen), anti-CD45.2-BV786 (Clone 104, BD
Pharmingen), anti-Thy1.1-APC (Clone HIS51, eBioscience), anti-Thy1.1-BUV737 (Clone
ox-7, BD Pharmingen), anti-Thpok-Alexa Fluor 647 (Clone T43-94, BD Pharmingen),
anti-Runx3-PE (Clone R3-5G4, BD Pharmingen), Streptavidin-Allophycocyanin (BD
Pharmingen). Flow cytometry data were acquired on LSRFortessa, LSRFortessa X-20 or
Symphony A5 (BD Biosciences) and analyzed with FlowJo (TreeStar) software. Dead cells
were excluded by staining with 4°,6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI)
(Life Technologies) (for live cell staining) or fixable blue fluorescence reactive dye
(Invitrogen) (for intracellular staining). Purification of lymphocytes by cell sorting was done
on a FACSAria I, a FACSViolet, or a FACSFusion (BD Biosciences). For sorting, cells were
not stained with viability dye, but were gated on live cells determined by size.

ChIP-gPCR analysis

Splenic CD4* T cells from 7hpokT! Ox40-Cre* Rosa26B"A* were activated and transduced
as above with retrovirus expressing Bio-tagged wild-type Thpok or Thpok derivatives.
Transduced cells were sorted on the basis of retrovirally encoded Thy1.1 expression,

and ChlP was performed as described (42, 51). qPCR was conducted using PowerUp

SYBR Green Master Mix (Thermo Fisher). The binding enrichments were shown as the
percentages of ChlP input.

The primers used for qPCR quantification are as follows:
Cd4 silencer-forward: 5’-TGTAGGCACCCGAGGCAAAG-3’;
Cd4 silencer-reverse: 5’-GTTCCAGCACAGCAGCCCCA-3".
Thpok silencer-forward: 5'-TGGTTTCGAGACTGGCTGGT-3’ (40);
Thpok silencer-reverse: 5’-GACCGAGGAGCTGCTTTCAG-3’(40).
Pax5-forward: 5’-AGAACCTGTCCACCTTTCCTTC-3’(51);
Pax5-reverse: 5’-ATGTTCTCTGACCTCTGCAATG-3’(51).
Runx3-forward: 5’-CTTGGGGAGCACCTAGAAGTAG-3’;
Runx3-reverse: 5’- GTCTGGGCTCTTATTGCGGATCG-3’.

Mixed Bone Marrow Chimeras

Mixed bone marrow chimera was performed as described (42, 51). T cell-depleted (Pan

T Dynal kit, Invitrogen) bone marrow cells were prepared from CD45 disparate donor
mice (6-10 week old), mixed together at 3:1 ratio, and injected into lethally irradiated
(950 rads) 8-week old CD45.1 recipients. Chimeric animals were analyzed 7-8 weeks post
transplantation.
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Generation of retrogenic mice

RNAseq

SCATACseq

Bone marrow cells were harvested from 7ApokVfl Cad4-Cre* CD45.2* donor mice 4

days after i.v. injection with 200 ul 5-FU (5-Fluorouracil, 25 mg/ml, Fresenius Kabi),
washed with flush medium (DMEM with 2% FCS, 1% penicillin /streptomycin /glutamine
and 10 mM HEPES buffer). Cells were cultured for 24 hours with Stem pro-34

SFM (Gibco, Thermo Fisher Scientific) supplemented with 1% penicillin /streptomycin /
glutamine (Gibco, 10378) and cytokines cocktail (6 ng/ ml IL3, 10 ng/ml IL6, 100 ng/

ml SCF and 10 ng/ ml FIt3L) (Peprotech) before transduction with pMGTFIT derivatives.
Transduction was performed by spinning at 2500 rpm, 32 °C for 90 min with retroviral
supernatants in the presence of cytokines cocktail (6 ng/ ml IL3, 10 ng/ml IL6, 100 ng/ ml
SCF, 10 ng/ ml FIt3L) (Peprotech) and 4 ug/ml polybrene (Millipore). Transduction was
repeated following the same procedure after a 24-hour culture. Cells were rested at 37 °C
for 2-3 hours after the second transduction, collected, washed twice with ice-cold PBS,
resuspended in ice-cold PBS, and i.v. injected into lethally irradiated (950 rads) CD45.1
recipients.

RNA from thymocytes sorted from indicated mice was isolated using the RNeasy Plus
Micro kit (Qiagen). Quality control was performed by bioanalyzer (Agilent), and library was
prepared by SMARTer Ultra Low Input reagent (Takara) and Nextera XT DNA (Illumina)
library preparation kits. Libraries were sequenced with paired-end reads of 74 bp on a
Nextseq sequencer (Fig. 6) or 100 bp on a Novaseq SP (Fig. 8) sequencer to reach 50 million
read pairs per sample. Raw RNAseq fastq reads were aligned to mouse genome (mm10, Fig.
6; mm39, Fig. 8) using STAR. Gene-assignment and count of RNA reads were performed
with HTseq. Further analyses were performed with R software and differentially expressed
genes were identified using DEseq2. Expression of NURD components in thymocytes (43)
and LCMV-responding T cells (42) was determined from publicly available data reported in
these studies (Gene Expression Omnibus references GSE148973 and GSE130474).

Thymocytes were sorted as indicated in Fig. S2 and processed for SCATACseq as described,
using the 10x Genomics chromium single Cell ATAC Solution (v1.0) according to the
manufacturer’s instructions (43). Sequencing files were processed, and count matrixes
generated using Cell Ranger ATACseq (v1.2.0). Replicate data integration, integration with
scRNAseq data (transcriptome projection, Fig. 2) and subsequent analyses were performed
in R using the Seurat (v4.0.4) and Signac (v1.4.0) packages (59, 108) as described (43).
Peak traces were generated with the ConveragePlot function.

Statistical analyses

All statistical analyses were done with Prism software. Error bars in graphs indicate average
+ standard deviation. Comparisons were done by one-way ANOVA followed with Tukey
multiple comparison tests or two-way ANOVA.
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Figure 1. Thpok binds NuRD.
(A) SDS-PAGE and colloidal Coomassie blue staining of streptavidin pull down from

activated 7700kl Ox40-Cre*™ Rosa26B"A* CD4* T cells retrovirally transduced to express
Thpok-Bio or with the empty retroviral vector (pMRX, Ctrl). Molecular markers are shown
on the left.

(B) Thpok-associated NUuRD-related peptides identified by mass spectrometry.

(C) Immunoblot analysis of streptavidin pull down (left panel) or whole cell lysates (right
panel) from activated CD4* T cells obtained from 7Apok Tl Ox40-Cre* Rosa2681/A* that
had been retrovirally transduced to express Thpok-Bio or with empty pMRXx as a control
vector (). EtBr indicates treatment of cell lysates with Ethidium Bromide. Protein blots
were probed with antibodies as indicated.

(D) Immunoblot analysis of streptavidin pull down (left panel) or whole cell lysates (right
panel) from activated CD4* T cells obtained from 7Apok™* or ThpokBio/Bio Rosa26BirA+,
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Protein blots were probed with antibodies as indicated. Data are representative of three
independent experiments.
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Figure 2. Thpok enforces chromatin closure at CD8"-lineage genes.
SCATACseq comparison of (i) Ctrl ( 7Apok V!l Cd4-Cre™) ThpokSFP* CD8* SP and DP

thymocytes and (ii) Thpok-deficient ( 7/pok™T Cd4-Cre*) ThpokSFP* and DP thymocytes,
all from mice carrying a 7/pokCFF BAC reporter. Data integrates two biological replicates
from each genotype.

(A) Schematic CD4-CD8 expression plot showing developmental trajectories of Thpok-
sufficient and -deficient thymocytes, and indicating previously identified SCRNAseq
transcriptomic clusters (43) used for SCATACseq analyses. Note that the cluster order shown
here, derived from pseudo-time analysis, is consistent with the experimentally determined
CD8*-lineage potential of immature Thpok-deficient CD4* SP thymocytes (109). Imm:
immature; Mat: mature; R indicates MHC Il-restricted thymocytes undergoing lineage
redirection (43).

(B) UMAP dimensional reduction plot displaying cells separated by genotype and color-
coded as in (A) according to the closest transcriptomic cluster match (43). DP thymocytes
were omitted for clarity. Outlines indicate positions of Ctrl CD4*- and CD8*-lineage cells.
(C-E) Genome browser tracks show scATACseq signals at indicated genes (bottom),
displayed as scaled sequence read density averaged for all cells sharing the indicated
transcriptome cluster projection, separated by genotype (noted at the far right) and color-
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coded as in (A). DP thymocyte tracks are shown for Ctrl cells only. MHC restriction is
indicated on the left side of each panel. The positions of Ca8enhancers E8).y, and of the
Thpok silencer (S) are indicated below the gene track (C, D). Stars indicate lineage specific
peaks, including CD8*-lineage-specific peaks at Ca8enhancers E8, (red) E8y; (blue). Open
boxes above gene tracks indicate Thpok binding sites (GEO reference GSE148976) (43).
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Figure 3. The Thpok BTB domain binds NuRD and is needed for CD4* T cell development.
(A) Schematic diagram of Thpok and mutants thereof. The Thpok BTB domain and zinc

finger motifs are depicted by red and purple boxes; the Leucine Zipper sequence (LZ) by the
orange box. *: R389G mutation in the ThpokHP mutant (22).

(B) Immunoblot analysis of anti-Flag immunoprecipitates (left panel) or whole cell lysates
(right panel) from HEK293T cells transfected with control vector (pcDNA3, Ctrl), Flag-
tagged Thpok, Thpok-HD, ABTB, 7 or Thpok-AC. Protein blots were probed with antibodies
as indicated. Data are representative of more than three independent experiments.

(C) Expression of CD4 and CDS8 in indicated thymocyte and splenocyte subsets from
ThpokVl Ca4-Cre* mice expressing the indicated Thpok-derived transgene or no transgene

).
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(D) Numbers of CD44!° TCRpN CD24!° CD4* SP thymocytes (top) and of CD44!° TCRphi
CD4" splenocytes (bottom) in mice shown in (C).

(E) Expression of transgenic Thpok or ABTB, 7 in CD4* CD8" TCRB" CD69* thymocytes
was assessed by intra-cellular staining and flow cytometry and is presented relative to

that of Thpok-expressing CD4* CD8/" TCRBN CD69* thymocytes in 7Aookl Cd4-Cre=
littermates (Ctrl), set as 1 in each experiment.

(F) Overlaid histograms show expression of transgenic ABTB, 7 in TCRB" CD24!°
CD4~CD8* thymocytes from 7hpokfl Ca4-Cre* ABTB, 2+ mice (plain line) and of
endogenous Thpok in CD4* or CD8* SP thymocytes from 7Apok !l Cd4-Cre™ (Ctrl)
littermates (dotted line and grey-shaded trace, respectively).

Data (C-F) are representative of 4 independent experiments totaling n= 7 ( 74pokf Ca4-
Cre™), 12 (ThpokVft Ca4-Cret), 8 (Thpokf! Cd4-Cre* Thpok transgenic) or 14 ( Thpokf/fl
Cd4-Cre* ABTB| z*) mice. One-way ANOVA followed with Tukey multiple comparison
tests. ***p<0.001, ****p<0.0001. Error bars indicate standard deviation.
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Figure 4. Functional specificity of BTB domains.
(A) Schematic diagram of Thpok and chimeric constructs. The Thpok BTB domain and

zinc finger motifs are depicted by red and purple boxes; the Leucine Zipper sequence (LZ)
by the orange box. The Bcl6 and Lrf BTB domain are depicted by green and cyan box,
respectively.

(B) Immunoblot analysis of anti-HA immunoprecipitates (left panel) or whole cell lysates
(right panel) from HEK293T cells transfected with control vector (pcDNAS3, Ctrl), HA-
tagged Thpok, ABTB| 7, B-Thpok or L-Thpok. Protein blots were probed with antibodies
as indicated. * indicates non-specific bands. Data are representative of more than three
independent experiments.

(C) Venn diagram showing B-Thpok binding partners and Thpok 35-set as detected by mass
spectrometry after streptavidin pull down in activated CD4* T cells. Proteins binding Thpok
but not B-Thpok are listed in the box. Peptides from NCoR1 detected in the B-Thpok pull-
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down are depicted by red lines along the NCoR1 schematic (bottom). RD1-3: Repression
Domain; DAD: Deacetylase Activity Domain; HID: Histone Interaction Domain; RID:
Receptor Interacting Domain.

(D) Schematic diagram of retrogenic mice generation.

(E) Expression of CD4 and CD8 in indicated thymocyte and splenocyte subsets from
retrogenic mice generated with Ctrl (empty pPMGTIT vector), or Thpok-, ABTB z- or
B-Thpok-expressing pPMGTIT retroviruses. The contour plots are representative of three
independent experiments totaling n= 13 (WT, C57BL/6 mice), 12 (Ctrl), 16 (Thpok), 9
(ABTB|_2) or 8 (B-Thpok) retrogenic mice.

(F) The percentages of CD4* SP cells in CD44!° CD24'° TCR@" thymocytes (top) and in
CD4410 TCRB* splenocytes (bottom) in mice shown in (E).

(G) Flow cytometric expression of transduced Thpok, ABTB| 7 and B-Thpok in CD4*
CD8" TCREN CD69* thymocytes, expressed relative to that of Thpok-expressing CD4*
CD8" TCRE" CD69™ in WT mice, set as 1 in each experiment. The data are summarized
from two independent experiments totaling n= 8 (WT), 4 (Ctrl), 9 (Thpok), 4 (ABTB_z) or 7
(B-Thpok) retrogenic mice. Two-way ANOVA *p<0.05, ***p<0.001, ns: p>0.05. Error bars
indicate standard deviation.
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Figure5. A NuRD-interacting segment of the Thpok BTB domain isneeded for CD4 T cell

development.

(A) Schematic diagram of Thpok-SVIN (orange line box) and Thpok-RKF (cyan line box)

mutations.

(B) Immunoblot analysis of anti-HA immunoprecipitates (left) or whole cell lysates (right)
from HEK293T cells transfected with control vector (pcDNAS3, Ctrl), HA-tagged Thpok,
ABTB| 7, Thpok-SVIN or Thpok-RKF. Protein blots were probed with antibodies as
indicated. * indicates non-specific bands. Data are representative of three independent

experiments.

(C) Venn diagram showing Thpok-RKF binding partners and Thpok 35-set as detected by
mass spectrometry after streptavidin pull down in activated CD4* T cells. Proteins binding
Thpok but not Thpok-RKF complex are listed in the box.
(D) ChIP-gPCR was performed on 7hpokand Cd4 silencer elements, and on a region
of Pax5 (negative control), from /n vitro activated CD4* T cells from 7hpokfl Ox40-
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Cre* Rosa26P"A* that had been retrovirally transduced with empty pMRx (Ctrl), or

pMRXx expressing Thpok-Bio or Thpok-RKF-Bio. Data are expressed as percent of input
DNA. Each symbol represents a separate determination, and the figure summarizes three
independent experiments.

(E) Expression of CD4 and CD8 in indicated thymocyte and splenocyte subsets from
indicated mice.

(F) Numbers of CD44!0 cD24!° TCRp CD4* SP thymocytes (top) and of CD44!° TCRB*
CD4* splenocytes (bottom) in mice shown in (E).

(G) Flow cytometric expression of transgenic Thpok-RKF in CD4* CD8I"t TCRpN CD69*
thymocytes, shown relative to that of Thpok-expressing CD4* CD8"™ TCRB" CD69™ in
ThpokVf! Cd4-Cre littermates (Ctrl), set as 1 in each experiment.

(H) Overlaid histograms show expression of transgenic Thpok-RKF in CD24!° TCRgh
CD4~ CD8* thymocytes from 7hHpok!fl Cd4-Cre* Thpok-RKF* mice (plain line) and

of endogenous Thpok in CD4* or CD8* SP thymocytes from 7hpokfl Cd4-Cre™ (Ctrl)
littermates (dotted line and grey-shaded trace, respectively).

Data (E-H) are representative of three independent experiments totaling n= 6 ( 7/pok/!!
Ca4-Cre™ littermates), 6 ( 7hpokV Ca4-Cre™) or 8 (ThpokVfl Ca4-Cre* Thpok-RKF™)
mice. One-way ANOVA followed with Tukey multiple comparison tests ****p<0.0001.
Error bars indicate standard deviation.

(I Expression of CD4 and CD8 in indicated thymocyte and splenocyte subsets from
ThpokVT B2m == mice expressing or not the Thpok-RKF transgene.

(J) Numbers of CD44!° cD24!° TCRpN thymocytes, CD4* CD8™ (top left) or CD8*
(including CD4* and CD4™, top right) and of CD44!° TCRB* CD4* CD8~ splenocytes
(bottom) in mice shown in (I).

Data (I-J) are representative three independent experiments totaling n= 6 (Cd4-Cre™
littermates), 8 (Cd4-Cre*) or 10 (Cd4-Cre* Thpok-RKF*) mice. One-way ANOVA followed
with Tukey multiple comparison tests ****p<0.0001, ns: P>0.05. Error bars indicate
standard deviation.
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Figure 6. NURD recruitment recapitulatesthe Thpok BTB domain functionsduring CD4 T cell

development.
(A) Schematic diagram of ABTB| 7 and Mta2-ABTB 7.

(B) Immunoblot analysis of anti-Flag immunoprecipitates (left panel) or whole cell lysates
(right panel) from HEK293T cells transfected with empty pcDNAS3 (Ctrl), or vectors
expressing Flag-tagged versions of Thpok, Mta2, ABTB| z or Mta2-ABTB, . Protein blots
were probed with antibodies as indicated. * indicates endogenous Mta2 protein. Data are

representative of three independent experiments.
(C) Expression of CD4 and CD8 in indicated thymocyte and

splenocyte subsets from

retrogenic mice generated with empty pMGTFIT (Ctrl), or pMGFIT expressing ABTB| 7,
Mta2, Thpok, or Mta2-ABTB, 7. The contour plots are representative of three independent
experiments with 5 mice per transduced vector in each experiment.
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(D) Percentages of CD4* CD8~ (CD4™* SP) cells among CD44!° CD24!° TCR@N thymocytes
(left panel) and or CD44!° TCRB* splenocytes (right panel) from one of three independent
experiments with 5 mice per group.

(E) Flow cytometric expression of retroviral ABTB| z, Thpok or Mta2-ABTB| , in CD4*
CD8" TCREN CD69™ thymocytes, presented relative to that of Thpok-expressing CD4*
CD8i"t TCRBN CD69* in WT mice, set as 1 in each experiment.

(F) Scatter plots comparing gene expression (log, RPM [Reads Per Million]) in CD4*

or CD8" SP thymocytes from wild type mice (WT CD4 and WT CDS8, respectively) and

in CD4* SP thymocytes from retrogenic mice (Thpok_CD4 and Mta2-ABTB|_, CD4), all
purified as CD4410 CD24!° CD69!° TCRBM as shown in Fig. S7B. Data is from three
biological replicates processed separately up to sequencing. Reads mapping to 7Apok
(endogenous or retrovirally expressed) were omitted from the analyses. Genes with > 4-fold
differential expression and FDR < 0.05 between indicated subsets are shown in purple or
blue; numbers in corner indicate the count of differentially expressed genes (gene numbers
in parentheses).

(G) Graphs display expression (RPM) of indicated genes in each cell subset analyzed in
(F). Each symbol represents a distinct sample. One-way ANOVA followed with Tukey
multiple comparison tests *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Error bars
indicate standard deviation.
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Figure 7. Thpok-NuRD binding is needed for Runx3 repression.
(A) Flow cytometric expression of intra-cellular Runx3 and Thpok in CD44° CD24l°

TCRpN CD4* SP (orange traces) or CD8* SP (blue traces) thymocytes from indicated mice.
(B) (Left panel) Expression of Runx3 in CD44!° CD24° TCR@" CD4* SP or CD8*

SP thymocytes is presented relative to that of CD44!° CD24!° TCRpN CD8* SP in WT
mice, set as 1 in each experiment. (Right panel) Expression of transgenic Thpok-RKF

in CD44lo CD24!o TCREN CD4* SP or CD8* SP thymocytes is presented relative to
that of endogenous Thpok in CD44!° CD24!° TCRBN CD4* SP in WT mice, set as 1

in each experiment. One-way ANOVA followed with Tukey multiple comparison tests.
****n<0.0001, ns: p>0.05. Error bars indicate standard deviation.

Data (A, B) are representative of three independent experiments totaling n= 3 (WT), 6
(Ca4-Cre™ ThpokV B2m1=), 7 (Ca4-Cre* ThpokVf B2nr!=) or 6 (Ca4-Cret ThpokVf
B2~ Thpok-RKF*) mice.
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(C) (Top) Thpok or Ctrl ChlP-seq traces on the Runx3loci in activated CD4 T cells (42);
the red bar schematizes the PCR probe in experiments below. (Bottom) Bar graph quantifies
streptavidin-ChlIP of activated CD4* T cells from 7/pok™f! Ox40-Cre* Rosa26B™A* mice
that had been retrovirally transduced with empty pMRx (Ctrl) or with pMRXx expressing
Thpok-Bio, ABTB| z-Bio or Thpok-RKF-Bio. Data shows the amount of PCR-amplified
DNA, expressed as percent of input. Each symbol represents a separate determination, and
the figure summarizes three distinct experiments. Unpaired t test. *p<0.05, ***p<0.001.
Error bars indicate standard deviation.
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Figure 8. Runx3-independent function of Thpok-NuRD complexes.
(A) Generation of mixed bone marrow chimeras from CD45.2* tester (of indicated

genotype) and CD45.1* CD45.2* (wild-type competitor) cells, analyzed in panels B-G.

(B) Expression of CD4 and CD8 in CD44!° TCRBN CD24'° thymocytes from B2m7/~ mixed
chimeras generated as in (A).

(C, D) Percentage of CD4* SP (left panel) or CD4* CD8* (right panel) cells among
tester-derived CD44!° TCRBN CD24!° thymocytes (C) or CD44!° TCRB* splenocytes (D).
Data (B-D) are from one set of 4 chimera and are representative of a total of 2 independently
generated sets of chimeras with 4-5 mice per group. One-way ANOVA followed with

Tukey multiple comparison tests ***p<0.001, ****p<0.0001. Error bars indicate standard
deviation.

(E-G) RNA-seq analyses of CD44'° CD24!° CD69'° TCRBN thymocytes of indicated
genotypes and purified as in Fig. S8, that were CD4* SP, CD8* SP, or CD4* CD8". Data is
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representative of three separate RNA samples for each population (two biological replicates
one of which split into two RNA samples subsequently processed separately).

(E) Principal-component analysis (PCA) displays cell subsets according to the first two
components. Each symbol represents an individual RNAseq sample.

(F) Scatter plots comparing CD4 lineage (41 genes) and CD8 lineage signatures (121 genes)
(defined as WT CD4* SP vs WT CD8* SP, log, (Fold Change) >2 or <-2, FDR < 0.05,
Table S2) in Thpok-RKF~ and Thpok-RKF* CD4* CD8" thymocytes. X-axis and y-axis
present logo RPM. Genes with 2-fold or greater differential expression between subsets
(and FDR < 0.05) are shown in blue and red (gene numbers are shown in parentheses),
respectively.

(G) Graphs display expression (RPM) of indicated genes in each analyzed cell subset
(symbols on top). Each symbol represents a distinct sample. Error bars indicate standard
deviation.

(H) GFP expression (indicative of Cd4 promoter activity) in RLM-11 cells transfected with
(i) a GFP-based reporter plasmid for Ca4 gene expression (schematic at bottom) (ii) a
vector expressing Cd8a as an internal control and (iii) expression vectors encoding Runx1,
Thpok or Thpok-RKF as indicated. Enh, Pr and Sil indicate the Cd4 proximal enhancer,
promoter and silencer, respectively (76, 110). Data are expressed relative to transfection with
neither Thpok nor Runx1 vector (leftmost bar) and summarize more than three independent
experiments. Each symbol represents a separate transfection. One-way ANOVA followed
with Tukey multiple comparison tests. Unpaired t test. **p<0.01, ****p<0.0001, ns, p>0.05.
Error bars indicate standard deviation.
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