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. Thymic epithelial cells (TEC) are essential for thymocyte differentiation and repertoire selection.

. Despite their indispensable role in generating functional T cells, the molecular mechanisms that
orchestrate TEC development from endodermal progenitors in the third pharyngeal pouch (3" PP) are

. not fully understood. We recently reported that the T-box transcription factor TBX1 negatively regulates

' TEC development. Although initially expressed throughout the 3" PP, Tbx1 becomes downregulated

© in thymus-fated progenitors and when ectopically expressed impairs TEC progenitor proliferation
and differentiation. Here we show that ectopic Tbx1 expression in thymus fated endoderm increases

. expression of Polycomb repressive complex 2 (PRC2) target genes in TEC. PRC2 is an epigenetic modifier

. thatrepresses gene expression by catalyzing trimethylation of lysine 27 on histone H3. The increased
expression of PRC2 target genes suggests that ectopic Tbx1 interferes with PRC2 activity and implicates
PRC2 as an important regulator of TEC development. To test this hypothesis, we used Foxn1¢™ to
delete Eed, a PRC2 component required for complex stability and function in thymus fated 3" PP
endoderm. Proliferation and differentiation of fetal and newborn TEC were disrupted in the conditional

. knockout (Eed*®) mutants leading to severely dysplastic adult thymi. Consistent with PRC2-mediated

: transcriptional silencing, the majority of differentially expressed genes (DEG) were upregulated in

. Eed“©TEC. Moreover, a high frequency of Eed®*° DEG overlapped with DEG in TEC that ectopically

. expressed Tbx1. These findings demonstrate that PRC2 plays a critical role in TEC development and

. suggest that Tbx1 expression must be downregulated in thymus fated 3™ PP endoderm to ensure
optimal PRC2 function.

T cell development occurs in the thymus where a unique three-dimensional network of thymic epithelial cells
* (TEC) provides indispensable signals for thymocyte growth, differentiation and T cell receptor repertoire selec-
© tion. In mice, the epithelial thymic rudiment originates from bilaterally paired third pharyngeal pouches (3
. PPs). Endodermal cells in the ventral domain of each 3™ PP are specified to a thymus fate, whereas cells in the
dorsal region are specified to a parathyroid fate [reviewed in'-]. The transcription factors FOXN1 and GCM2
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identify thymus- and parathyroid-fated cells respectively, and are required for their differentiation, but do not
specify organ fate*®. Multiple transcription factors and signaling pathways have been shown to play a role in
3t PP patterning [reviewed in'~’]. However, a complete picture of the transcriptional circuitry mediating organ
specification and TEC development is still emerging. In this regard, we recently reported that the T-box transcrip-
tion factor TBX1 plays a key role in 3% PP patterning’. Although initially expressed throughout the 3¢ PP, Thx1
expression is downregulated in the thymus-fated domain by embryonic day 10.5 (E10.5)%°. To assess the conse-
quences of inappropriate ThxI expression, we used Foxn 1 to activate expression of an inducible R26'"* allele in
thymus-fated 3™ PP progenitors’. Ectopic TBX1 suppressed Foxnl expression, reduced proliferation and arrested
differentiation of TEC progenitors, supporting the notion that TbxI expression antagonizes TEC development
and thymus organogenesis.

The dynamic, yet precisely timed changes in gene expression that underlie developmental programming are
intimately linked to epigenetic control of transcription. Cross talk between transcription factors and chromatin
modifying enzymes coordinates gene expression patterns to ensure correctly timed developmental transitions
during organogenesis. Methylation, acetylation, and other posttranslational modifications of histone tails alter
chromatin structure, thereby regulating accessibility to transcription factors [reviewed in!®!!]. Several families
of multisubunit protein complexes add or delete covalent histone modifications that alter chromatin compaction
and regulate transcriptional activation. For example, members of the Trithorax group proteins activate transcrip-
tion via H3K4 methylase activity, whereas Polycomb group repressive complex 1 (PRC1) and PRC2 repress tran-
scription by catalyzing H2AK119 monoubiquitylation and H3K27 trimethylation respectively'. Although PRC1
and PRC2-mediated transcriptional regulation has been extensively studied in numerous developmental con-
texts, the role of these epigenetic modifiers in thymus organogenesis has received minimal attention. However,
a recent report demonstrated that the absence of Cbx4, a core component of PRCI1, impaired TEC proliferation
and maturation'?. Cbx4 was found to interact with p63, a transcription factor that regulates TEC progenitor
proliferation and maintenance!?!*. A connection between PRC1 and p63 was also reported in development of
the epidermis where Cbx4 acts downstream of p63 to maintain epidermal progenitors'®. Interestingly, a recent
study reported high levels of H3K27me3 at transcriptional start sites of tissue-restricted genes that are promiscu-
ously expressed in medullary TEC (mTEC) as a result of Aire expression'®. These and other reported interactions
between transcription factors and epigenetic regulators highlight the importance of cross-talk between chromatin
modifying complexes and transcription factors in regulating cellular differentiation and function [reviewed in'7].

Here we show that PRC2 is required for TEC development and maintenance and that an inverse relationship
exists between TbxI expression and PRC2 activity in TEC. Initially, we found increased expression of PRC2 target
genes in Foxn1“4R26'1% TEC. This observation suggested that inappropriate expression of Tbx1 in TEC pro-
genitors interferes with PRC2-mediated transcriptional repression, which in turn may contribute to an aberrant
thymus phenotype. To test the hypothesis that PRC2 plays a critical role in TEC development, we used Foxn1¢*
to conditionally delete Eed, which encodes a core component of the PRC2 complex required for its stability and
function'®. TEC proliferation and differentiation were severely disrupted in late fetal and early postnatal thymi
leading to a profound loss in thymus cellularity and function. RNA-seq analysis revealed that the majority of
differentially expressed genes (DEG) in Foxn1¢%;Eed"" TEC were upregulated, consistent with the canonical gene
silencing function of PRC2. Interestingly, comparative gene expression profiling revealed considerable overlap
between the DEG identified in Foxn1¢*Eed"? TEC and those identified in Foxn1¢%R267% TEC. Moreover, most
of the shared DEG were dysregulated in the same direction strengthening the notion that ectopic Tbx1 expression
impairs TEC progenitors in part by interfering with PRC2 activity. Finally, consistent with the well-established
role of PRC2 in suppressing expression of inappropriate lineage genes'?, we found that transcriptional programs
characteristic of non-TEC lineages are upregulated in Foxn1°Eed" TEC. Collectively, these findings establish
that the epigenetic regulator PRC2 plays an indispensable role in ensuring proper TEC differentiation and lineage
commitment.

Results

Differentially expressed genes in Foxn1¢/+;R26™%+ TEC include PRC2 targets. Although TbhxI
is initially expressed throughout the 3/ PP endoderm, it is downregulated in the thymus-fated ventral domain by
E10.5%%2, To better understand why Tbx1 expression is extinguished in thymus fated 3™ PP cells, we generated
a conditional R26'™+ allele and used Foxn1“" to activate ectopic ThxI expression in thymus fated progenitors.
As previously reported, TBX1 suppressed Foxnl expression in the ventral 3" PP and arrested TEC differentia-
tion at an early progenitor stage’. In the current study, we investigated the molecular basis for this phenotype,
by performing genome-wide transcriptome analysis on TEC isolated from E15.5 Foxn1“**;R26'T%*'+ mutant
(hereafter referred to as iTbx1) and control Foxn1“**;R267/* thymi. RNA-seq analysis identified 3919 differen-
tially expressed genes (DEG) based on a false discovery rate (FDR) <0.05 and fold change (FC) >2 (Fig. la and
Table S1). DEG were equally partitioned between upregulated and downregulated genes. Consistent with our
previous report showing that Foxn1 expression is decreased in iTbx1 TEC’, the RNA-seq data revealed that 159
of 450 high confidence FoxnI target genes®! were included in iTbx1 DEG (Fig. 1a). Moreover, the majority of all
FoxnI target genes were downregulated in iTbxI TEC (Fig. 1b and Table S2).

Unexpectedly, the RNA-seq analysis also showed that iTbxI DEG were highly enriched for target genes of
PRC2, a multiprotein complex that deposits repressive H3K27me3 epigenetic marks?»** (Fig. 1c). Furthermore,
inspection of the ENCODE histone modification database showed that iTbx1 DEG are enriched in genes that
contain H3K27me3 modifications in various cell types (Fig. S1). The increased expression of PRC2 target genes in
iTbx1 TEC suggested that PRC2-mediated gene suppression may be compromised in iThxI mutant TEC.

Aberrant growth, maintenance and organization of Eed““® thymi is accompanied by reduced
H3K27me3 marks in the TEC compartment. If the defects in iTbxI TEC differentiation and
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Figure 1. iTbx1 DEG include Foxnl and PRC2 target genes. (a) Venn diagram showing overlap between iTbx1
DEG and Foxn1 target genes?!. (b) Heatmap of Foxn1 target genes in iTbxI and control TEC expressed as Z
score of FPKM. (¢) Bar graph showing enrichment for PRC2, EED, SUZ12 and H3K27me3 gene targets (red) in
iTbx1 mutant DEGs. The top 10 significantly enriched gene sets are plotted; the length of bar represents —log10
of the adjusted p value calculated using a hypergeometric test>’.

proliferation’ are due, at least in part, to diminished PRC2 activity, then inactivating PRC2 function might gener-
ate thymi with similar phenotypic characteristics. To test this prediction, we inactivated PRC2 activity by condi-
tionally deleting Eed in TEC. EED is a scaffolding protein that stabilizes the PRC2 complex and is required for its
catalytic activity'®242>, We crossed Eed"?> and Foxn 1% strains to generate Foxn1*;Eed"/ progeny (hereafter
referred to as Eed“*°) and Cre negative (Foxn1*/*;Eed"* or Foxn1*'*;Eed™/") controls. Efficient excision of Eed
in Eed“®© TEC was verified by PCR analysis (Fig. S2a). We validated the specificity of Foxn1¢*-mediated Eed
deletion by flow cytometric analysis of a YEP reporter present in the Eed” strain?. YFP was highly expressed
in Eed“®© TEC (defined as EpCAM+ CD45— cells), but was not detected in control TEC or Eed“® CD45+ thy-
mocytes (Fig. S2b). Quantitative RT-PCR analysis showed that Eed mRNA expression was markedly reduced in
Eed“®© TEC by E14.5 and no longer detectable by E15.5 (Fig. S2¢).

Homozygous deletion of Eed resulted in severely hypoplastic thymi, whereas Eed haploinsufficiency did not
affect thymus size in 4 week old adult mice (Fig. 2a). To determine when thymus hypoplasia first manifests in
Eed®®0 mice, we analyzed total and TEC cellularity in fetal, perinatal and adult Eed“¥© thymi (Fig. 2b). Despite
the absence of detectable Eed mRNA by E15.5 (Fig. S2¢), total thymus and TEC cellularity were not significantly
reduced until the perinatal period (Fig. 2b,c). By the time Eed“*° mice reached adulthood, total thymus and
TEC cellularity were reduced by >90%. Similarly, thymus architecture was not obviously perturbed in Eed®<©
fetal thymic lobes (Fig. 2d). However, thymus architecture was severely disrupted in perinatal and adult Eed<©
thymi. Histological analysis revealed perinatal Eed“*° thymi to be highly cystic with poorly demarcated cortical
and medullary regions. By 4 weeks of age, Eed“*° thymi were profoundly hypoplastic and lacked any semblance
of normal thymic architecture (Fig. 2d).

The PRC2 complex suppresses gene expression by depositing repressive H3K27me3 histone marks. To eval-
uate H3K27me3 levels in fetal and newborn Eed°¥© and control TEC, we co-stained thymic sections with anti-
bodies to H3K27me3 and FOXNI1. Inspection of sections from E16.5 fetal thymic lobes revealed robust levels
H3K27me3 staining in control Foxnl+ TEC, whereas H3K27me3 levels were clearly decreased in Eed“° TEC
(Fig. 3a). Quantitative analysis of mean fluorescence intensity (MFI) confirmed lower levels of H3K27me3 in
Eed®®0 compared to control E16.5 TEC and the reduction was even more severe in newborn (P0) TEC (Fig. 3b).
In contrast, levels of the activating H3K4mel mark were somewhat increased in control and Eed“f0 TEC, demon-
strating a selective decrease in PRC2-regulated H3K27me3 levels (Fig. 3c). Consistent with previous reports
showing that EED is required for PRC2 stability'®**%, we also found that staining intensity for EZH2 was signif-
icantly reduced in Eed“*° TEC (Fig. 3d).

SCIENTIFICREPORTS| (2018) 8:14335 | DOI:10.1038/s41598-018-32729-z 3



www.nature.com/scientificreports/

a Foxn 1+/+; Eed™ Foxn1 Cra/z, Eed /s Foxn1 Cre/-l-; Eed il
b 20 c *kkk
[l Control

g }g [ Eedcko 10 [l Control

> 20

£ 3 -

: g

0 N

() (8]

]

2 -

g

=

'—

%
S
%4‘
>

d E16.5 P3 P7 P28
Control
E e dCKO

Figure 2. Deleting Eed in TEC results in progressively hypoplastic and disorganized thymi. (a) Gross
appearance of thymi from 4 week old control (Foxn1*"+Eed /"), Eed haploinsufficient (Foxn1¢*; Eed /'),

and Eed“X© (Foxn1“*; Eed "") mice. (b) Total thymus cellularity with age in control and Eed“*° thymi. Each
bar represents data from 3-13 individuals. Significance was calculated using an unpaired t test corrected for
multiple comparisons using the Holm-Sidak method (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
(¢) TEC cellularity with age in control and Eed“®° thymi. Significance is determined as in (b). (d) H&E stained
sections from control and Eed*© mice at fetal (E16.5) and postnatal (P) day 3, 7 and 28. Images are at the same
magnification; black bar shows scale (200 pm).

Eed deletion impairs TEC proliferation, survival and differentiation. Additional analyses were
performed to determine if the aberrant thymus phenotype in Eed“*° mice is a consequence of defects in TEC
proliferation, survival and/or differentiation. Previous reports have shown that the absence of functional PRC2
reduces proliferation of skin, intestinal and hematopoietic progenitor cells>?’-’. These studies linked decreased
proliferation to increased expression of Cdkn2a, which encodes the p16™¥4 cell cycle inhibitor®. Consistent
with the earlier reports, we found a significant reduction in the percentage of TEC that incorporate BrdU in fetal
and neonatal Eed“© thymi (Fig. 4a). Moreover, Cdkn2a expression was highly upregulated in Eed“° compared
to control TEC (Fig. 4b). We also assessed apoptosis in the TEC compartment by quantifying the frequency of
FOXNI1+ cells that stained positively for cleaved caspase 3 (CC3) in control and Eed*© newborn thymi. Despite
the overall low frequency of CC3+ cells due to rapid clearance of apoptotic cells, the data show an increased fre-
quency of CC3+ TEC in Eed“¥ thymi (Fig. 4c).
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Figure 3. H3K27me3 levels are reduced in Eed“*® TEC. (a) Representative sections from E16.5 thymic lobes
co-stained for Foxnl (red) and H3K27me3 (green). White arrows in the control sections show examples of
Foxnl+ H3K27me3+ TEC. White arrows in the Eed“X? sections show examples of Foxn1+ H3K27me3— TEC.
(b,e) Quantitative analysis of MFI for H3K27me3 staining in E16.5 (b) and PO (e) Foxn1+ control and Eed“<©
TEC. (¢,f) Quantitative analysis of MFI for H3K4mel staining in E16.5 (c) and PO (f) Foxn1+ TEC.

(d) Quantitative analysis of MFI for EZH2 staining in E16.5 Foxn1+ TEC.

Given that PRC2 activity is essential for proper differentiation of epithelial progenitors in lung, skin, heart and
other organs?*323, we asked whether TEC differentiation was altered in Eed“X© thymi. Immunohistochemical
(IHC) analysis of keratin (K) staining patterns revealed defects in both cortical TEC (cTEC) and medullary TEC
(mTEC) compartments. In the cortex, the K8+K5—K14— cTEC network was sparse in Eed“*® compared to
control newborn thymi (Fig. 4d). Mutant thymi also contained fewer and smaller medullary regions identified by
the presence of K8—K5+K14+ mTEC. In addition, whereas there was a prominent population of K8+K5+ TEC
surrounding the medullary regions in control thymi, this subset was relatively scarce in mutant thymi (Fig. 4d).
Interestingly, it has been suggested that the K8+K5+ subset contains TEC with progenitor activity***. Defects
in Eed“®° TEC differentiation were also apparent in the data from flow cytometric analyses of TEC subsets.
Consistent with the IHC results, there was a significant decrease in the percentage and number of Eed“*°® mTEC
(CD45 " EpCAMTUEA-1"Ly517) (Fig. 4e,g,h). The number of mutant cTEC (CD45"EpCAM*UEA-1~ Ly51%),
was marginally reduced, but did not achieve statistical significance, perhaps due to greater variability compared
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Figure 4. Eed deletion impairs TEC proliferation, survival and differentiation. (a) Percentage of fetal and
newborn Eed“®C versus control TEC that incorporate BrdU after injection into pregnant or newborn mice.

(b) qQRT-PCR analysis of Cdkn2a expression in E17.5 TEC isolated by FACS sorting. Expression in Eed“*© TEC
is normalized to control TEC. Each sample was analyzed in triplicate and the experiment was repeated twice.
(c) Percentage of cleaved caspase 3 (CC3) positive Foxnl+ TEC in PO Eed“*© and control thymi. The frequency
of apoptotic TEC was determined by counting the total number of Foxn1l+ TEC that were positive for CC3 on
each of 3 different sections/thymus. Results shown are from three independent experiments.

(d) Frozen sections from PO thymi were stained for K8 (green), K5 (red) and K14 (blue). White arrows indicate
K8+K5+K14— TEC near the CMJ; this subset is widely distributed in controls, but sparse in mutant thymi.
Note also the smaller medullary regions identified by K8—K5+K14+ TEC in Eed“X© thymi. White bar indicates
scale (250 um). (e) Representative FACS plots of EpCAM+ CD45— TEC from PO mice showing the distribution
of UEA+Ly51— mTEC and UEA— Ly51+ c¢TEC subsets in control and Eed“© thymi. (f) Representative FACS
plots showing expansion of the MHCII'® TEC subset in PO Eed“*© thymi. (g) Bar graph showing percentage
(mean + SD) of cTEC and mTEC subsets in control and Eed*C thymi. (h) Bar graph showing number

(mean + SD) of cTEC and mTEC in control and Eed“© thymi. Significance was calculated using an unpaired

t test corrected for multiple comparisons using the Holm-Sidak method (*p < 0.05, **p < 0.01, ***p < 0.001,
wEp < 0,0001).
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Figure 5. Eed“* DEG includes PRC2 and Foxn1 target genes. (a) Bar graph showing DEG in Eed““° TEC

are significantly enriched for PRC2, EED, SUZ12 and H3K27me3 gene targets (red). The top 10 significantly
enriched gene sets are plotted; the length of bar represents —log10 of the adjusted p value calculated using

a hypergeometric test”. (b) qRT-PCR analysis of Foxn1 expression in E17.5 Eed“0 TEC isolated by FACS
sorting. Expression in Eed“®0 TEC is normalized to control TEC. Each sample was analyzed in triplicate and
the experiment was repeated twice. (c) Venn diagram showing the number of overlapping genes between DEG
and Foxn1 target genes. (d) Heatmap of Foxn1 target genes in Eed®© and control TEC expressed as Z score of
FPKM.

to mTEC counts (Fig. 4e,g,h). Additional evidence of defective differentiation was obtained from analysis of MHC
class IT (MHCII) expression, which is upregulated during maturation of postnatal cTEC and mTEC**”. Eed“*°
thymi contain a notable expansion of TEC that express low levels of MHCII, a finding consistent with a block in
TEC differentiation (Fig. 4f).

Collectively, IHC and flow cytometry analysis demonstrate that aberrant TEC proliferation, survival and dif-
ferentiation contribute to the progressive loss of both cTEC and mTEC compartments in Eed“© thymi.

A high frequency of DEG in Eed“*° TEC are shared with DEG in iTbxI1 TEC. Comparative gene
expression profiling was performed on Eed“© and control TEC that had been isolated from fetal thymic lobes at
E17.5, prior to the decline in TEC cellularity. The RNA-seq data revealed 2,768 DEG (FDR < 0.05 and FC > 2). As
expected from the transcriptional silencing function of PRC2, the vast majority (82%) of Eed““© DEG were upreg-
ulated (Table S3). In addition, DEG from Eed“*° mutants were significantly enriched for PRC2, EED, SUZ12 and
H3K27me3 target genes (Fig. 5a).

In contrast to the overall pattern of increased gene expression, Foxnl was downregulated in Eed“*° TEC
(Fig. 5b and Table S3). This finding suggested that FoxnI is an indirect target of PRC2 activity. Consistent with
decreased Foxnl expression, Eed“ 0 mutant DEG contained 74 Foxn1 target genes of which 71 were found to
be downregulated (Fig. 5c and Table S4). When this analysis was expanded to include genes with FC of >1.5,
we found that 206 of 442 high confidence Foxnl target genes?! that were expressed in Eed“*° mutant TEC were
downregulated (Fig. 5d). Foxn1 target genes include niche factors that are required to support the entry and/or
survival of CD4— CD8— CD25— CD44+- c-kit+ early thymocyte progenitors (ETP). RNA-seq data showed that
transcripts for several Foxnl regulated ETP niche factors (DLL4, CXCL12, and CCL25) were reduced in EedCko
TEC (Fig. S3e). The deteriorating TEC compartment in Eed“*° postnatal mice failed to support normal thymo-
poiesis as shown by the profound decrease in thymus cellularity (Fig. 2). Flow cytometric analysis revealed that
the distribution of thymocyte subsets was not altered in mutant thymi despite the reduction in the number of
thymocytes at all maturation stages (Fig. S3a,b). The marked decline in the number of ETP (Fig. S3c,d) suggests
that failure of the mutant thymus to provide adequate ETP microenvironmental niches likely contributes to the
decrease in thymocyte cellularity. Neither the number nor frequency of non-T lineage hematopoietic cells was
increased in the mutant thymi.
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Figure 6. Overlap between Eed““© DEG and iTbx1 DEG. (a) Venn diagram showing overlap between iTbxI DEG
and Eed“®© DEG. (b) Heatmap of log2 fold change of 1321 overlapping DEGs in iTbxI and Eed“° TEC. The green
bar denotes genes that are regulated in the same direction in iTbx1 and Eed“*® mutant TEC relative to their respective
control TEC. (c) qRT-PCR analysis of Tbx1 expression in E17.5 Eed“0 TEC isolated by FACS sorting. Expression in
Eed“® TEC is normalized to control TEC. Each sample was analyzed in triplicate and the experiment was repeated
twice. (d) Working model showing reciprocal relationship between PRC2 activity and TbxI expression.

Given that expression of PRC2 target genes is elevated in both iTbxI and Eed“* TEC and that both mutants
have defects in TEC proliferation and differentiation, we compared the extent of overlap between the DEG from
each mutant strain. Interestingly, 1,321(48%) of the Eed“*® DEG are also differentially expressed in iThxI mutants
(Fig. 6a, Table S5). Moreover, 1148 (87%) of the common DEG were differentially regulated in the same direction,
with the majority of shared genes being upregulated (Fig. 6b). Interestingly, TbxI is one of the DEG that is upreg-
ulated in Eed“®® TEC (log?2 ratio Eed*®/control FPKM = 2.19). The increase in Tbx1 expression in Eed“*° TEC
was verified by qRT-PCR analysis of FACS sorted TEC (Fig. 6¢). Increased transcription of TbxI in Eed“*® TEC
implies the presence of a feedback loop between PRC2 and TbxI. We propose a model in which PRC2 activity
is one mechanism that restrains TbxI expression in wildtype TEC (Fig. 6d). Therefore, loss of PRC2 activity in
Eed“®° mutant TEC would permit increased Thx1 expression. In the iTbxI mutants, Tbx1 is expressed due to
FoxnI®*-mediated activation of the R26'"*! allele. In either case, decreased PRC2 activity would then enhance
inappropriate gene expression leading to impaired TEC development and/or maintenance.

Eed deletion activates expression of non-TEC transcriptional signatures. A primary function of
PRC2 is to maintain transcriptional repression of inappropriate lineage genes**-*". To determine if alternative lineage
genes are upregulated in Eed“*° TEC, we compared gene expression profiles of fetal Eed“*° TEC with a curated data-
base of lineage-specific genes from various tissues using AltAnalyze Lineage Profile (Fig. 7a). The transcriptomes of
control and Eed“®® TEC are most highly correlated with thymus, the tissue of origin. However, there was also a high
degree of correlation between the transcriptional programs of Eed““° TEC and progenitor or stem cells from various
lineages (Fig. 7a). For example, gene expression patterns typically associated with mesenchymal or neural stem cells
are highly upregulated in Eed“*© TEC (Fig. 7b,c). Sustained expression of non-TEC lineage progenitor genes could
play a role in the increasingly severe phenotype observed in Eed“*° postnatal thymi. Consistent with this notion,
the vast majority of epithelial cells in the thymic remnants from young adult Eed“° mice co-expressed K5 and K14,
but were K8 negative, a phenotype that is characteristic of immature basal cells in skin and other organs (Fig. S4).
Furthermore, the K5+K14+ cells in adult Eed®*° thymi did not express detectable levels of FOXN1. Taken together,
these data indicate that deleting Eed in TEC progenitors abrogates transcriptional restraints that normally restrict
expression of alternative lineage gene signatures leading to transformation of the highly compartmentalized thymic
epithelial network into a primitive, poorly differentiated epithelial remnant.
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Figure 7. Eed deletion activates expression of non-TEC transcriptional signatures. (a) Gene expression
correlation of tissue-specific genes in Eed“© and control TEC. AltAnalyze LineageProfiler was used to
correlate the transcriptional profiles of lineage-specific markers with gene expression in Eed“*© and control
TEC. The log,FPKM values of Eed“° DEG were used as input to identify differences of lineage-specific
expression profiles. Correlation coefficients were z-score normalized to plot the heatmap. (b) Mesenchymal
stem cell differentiation pathway genes and (c) neural stem cell differentiation pathway genes were collected
from PathCards (http://pathcards.genecards.org/). From these genes, Eed“° DEG were selected and z-score
normalized log,FPKM values were used to plot the heatmaps.

Discussion

Organ development and homeostasis depend on transcriptional and epigenetic networks that regulate the differenti-
ation, outgrowth and maintenance of tissue specific progenitors. Precise control of gene expression patterns requires
coordinated crosstalk between transcriptional and epigenetic factors. We previously reported that ectopic expression
of Tbx1 in TEC progenitors impairs TEC development and thymus organogenesis’. The present investigation shows
that inappropriate expression of Thx1 in TEC progenitors alters epigenetic control of gene expression by interfering
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with PRC2-mediated transcriptional silencing. This finding suggests that downregulation of Tbx1 in TEC progeni-
tors is necessary to maintain optimal PRC2-mediated transcriptional repression. In support of this notion, we show
that inactivating PRC2 activity by deleting Eed progressively impairs TEC proliferation, differentiation and lineage
restriction. Thus, PRC2 plays a critical role in regulating TEC development and homeostasis.

TBX1 is a member of the T-box family of transcription factors that regulate gene expression directly via bind-
ing to DNA and indirectly via interactions with SMADs and other transcription factors or co-factors*~*3. TBX1
has also been implicated in epigenetic control of gene expression based on interactions with Ash21 and Baf60a,
which are protein subunits of Trithorax group and SWI/SNF chromatin remodeling complexes respectively*+*.
In addition, a recent study demonstrated that TBX1 enhances H3K4mel modification of target genes by interact-
ing with and recruiting histone methyltransferases*®. Moreover, inhibiting histone demethylase activity partially
rescued the cardiac defects that develop in mutants expressing reduced Tbx1 levels*. Collectively these reports
demonstrate that TBX1 is a multifunctional protein that regulates gene expression by epigenetic as well as tran-
scriptional mechanisms [reviewed in*’]. Additional evidence for crosstalk between TBX1 and epigenetic regula-
tion is provided in this investigation, which demonstrates that PRC2 target genes are upregulated in iTbxI TEC.

Transcriptional profiling revealed that approximately 50% of the DEG in Eed“®° TEC overlap with DEG in
iTbx1 TEC and that >85% of the shared DEG are differentially regulated in the same direction. These results
suggest that ectopic TBX1 impairs TEC development’, at least in part, by blocking PRC2-mediated gene sup-
pression. In support of this premise, other groups have shown that PRC2 regulates progenitor cell fate specifica-
tion, proliferation and differentiation in various developmental contexts®®-*. The present investigation extends
PRC2-mediated regulation of these processes to the TEC compartment by showing that Eed deletion leads to
defective TEC proliferation, survival and differentiation accompanied by a progressive loss of TEC cellularity. An
earlier report showed that deleting Cbx4, a PRC1 component, decreased the proliferation of fetal TEC'%. However,
to our knowledge, the current investigation is the first study to report a link between PRC2 and TEC proliferation.

Foxn1¢-mediated deletion of Eed disrupts differentiation as well as outgrowth of TEC progenitors. The block
in mTEC development as well as the increased frequency of immature MHCII® ¢TEC in the Eed“*® TEC com-
partment support a stringent requirement for PRC2 function in TEC differentiation. Interestingly, Foxn1 is one of
the relatively few DEG that is downregulated as a consequence of Eed depletion. As FOXN1 functions in a dosage
dependent manner to regulate cTEC and mTEC differentiation**3%°, the decrease in Foxn1 expression is likely
a major contributing factor to aberrant differentiation of Eed“*® TEC. However, given that Foxnl expression is
reduced, but not abrogated, and that PRC2 regulates a wide range of target genes, it is likely that additional tran-
scriptional alterations contribute to impaired differentiation of Eed“® TEC.

Deposition of repressive H3K27me3 epigenetic marks on chromatin is the canonical mechanism by which the
PRC2 complex silences gene expression'®?%. Consistent with this well-established function, the vast majority of DEG
are upregulated and H3K27me3 levels are decreased in Eed“*° TEC. However, recent studies have shown that PRC2
components can also exert non-canonical activity. For example, EZH2 regulates actin polymerization by methyl-
ating non-histone proteins such as Vavl and Talin®>!. EZH2 also regulates development of the NKT lineage by
directly methylating the transcription factor PLZF, leading to its ubiquitination and degradation®. EED can also
function independently of its canonical role as a scaffolding protein that stabilizes the PRC2 complex. In cardiomy-
ocytes, EED binds and stimulates the activity of histone deacetylases (HDACs)*. This non-canonical function of
EED is particularly relevant to the present investigation because HDAC3 activity is required for the induction of a
transcriptional program that promotes mTEC lineage development®. Therefore, a reduction in HDAC3 activity due
to Eed deletion may contribute to the defective mTEC differentiation we observed in Eed“*® mutants.

Deletion of Eed also upregulated expression of non-TEC genes, particularly those expressed in progenitor
cells from other tissues. The appearance of transcriptional signatures characteristic of alternative lineages is not
surprising given previous reports showing that the PRC2 complex transcriptionally silences expression of inap-
propriate lineage genes in a tissue specific manner®-%. It seems likely that the progressively aberrant thymic
phenotype observed in Eed“*© mice is associated with the observed derepression of alternative lineage genes. This
process eventually converts the thymus into a non-functional epithelial remnant that fails to provide the appro-
priate microenvironmental signals needed for T cell production. Consistent with this notion, newborn Eed“<©
thymi contain severely reduced numbers of thymocyte subsets at all maturation stages including the earliest T cell
progenitors, indicating a failure of the TEC compartment to recruit and/or support survival and differentiation
of T cell progenitors. Therefore, PRC2 activity in the TEC compartment is indispensable for maintaining a func-
tional TEC network that is capable of supporting robust thymopoiesis and T cell output.

A previous report showed that deleting Ezh2 to inactivate PRC2 function in muscle satellite progenitors
increased Thx1 expression®. Similarly, we demonstrate here that Tbx1 expression is upregulated in TEC when
PRC2 function is impaired as a consequence of deleting Eed. We also find that ectopic expression of TbxI dimin-
ishes PRC2 activity in iTbx1 TEC. These reciprocal results imply the presence of a negative feedback loop between
TbxI and PRC2. We suggest a model (Fig. 6d) in which PRC2 activity is necessary to transcriptionally silence
Tbx1 expression in TEC. In this model, the inappropriate expression of Tbx1 interferes with PRC2-mediated
transcriptional repression. The mechanisms responsible for the proposed regulatory loop are not yet clear.
Whereas RNA-seq and qRT-PCR analyses of Eed““® TEC demonstrate that PRC2 suppresses Tbx1 gene expres-
sion, RNA-seq analysis of iTbx1 TEC did not reveal altered expression of genes that encode major PRC2 subunit
components (data not shown). Therefore, we speculate that the presence of ectopic TBX1 in iTbxI TEC interferes
with the activity of the PRC2 complex rather than suppressing expression of PRC2 component genes.

Collectively, the results of this study identify a functional link between Tbx1 expression and PRC2 activity and
suggest that interference with PRC2 function is one mechanism by which ectopic Tbx1 expression dysregulates
the development of TEC progenitors. Moreover, we show that Eed deletion adversely affects TEC proliferation,
differentiation and lineage restriction demonstrating that the multifunctional PRC2 complex is indispensable for
development and maintenance of a functional TEC microenvironment.
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Materials and Methods
Mice. MD Anderson Cancer Center IACUC approved the research performed with mice. The approval num-
ber is 00001097-RN00. MD Anderson is accredited by the Association for Assessment and Accreditation of
Laboratory Animal Care (AAALC). The AAALC number is 000183. All experimental procedures were carried
out according to the protocols approved by Institutional Animal Care and Use Committee. After termination of
the experiments, animals were euthanized in a CO, chamber.

Eed"?5, R26'1%1/+7 and Foxn1“* mice?® were previously described. Each of these strains is maintained on
a C57Bl6/] background in the Department of Epigenetics and Molecular Carcinogenesis at the MD Anderson
Cancer Center Science Park in accordance with the guidelines set forth by the Association for the Accreditation
of Laboratory Animal Care. Timed pregnancies were set up in the evening and monitored daily thereafter. The
day of vaginal plug was considered embryonic day (E) 0.5. Morphological cues were used to determine embryonic
stage. The sequences of primers used for genotyping tail DNA are listed in Table S6.

Immunohistology and immunofluorescence staining. For immunohistology, embryos or thymi
were fixed for 1 hr in 4% paraformaldehyde (PFA), washed in PBS, dehydrated in an ethanol gradient, cleared in
xylene for 5min and embedded in paraffin. Serial 10 pm sections were cut on a Leica ThermoShandon Finesse
325 microtome, washed, and stained with hematoxylin and eosin (H&E) according to standard techniques. For
immunofluorescence, embryos or neonatal thymi were fixed in 4% PFA, dehydrated in sucrose and embedded
in OCT. Serial 10 pm sections were air dried, washed and incubated overnight at 4 °C in 120 pl containing pri-
mary antibody, 10% donkey serum and 0.05% Tween-20. Slides were washed three times in PBS containing
0.05% Triton X-100 and incubated with 120 ul of secondary antibody in PBS containing 10% donkey serum
and 0.05% Tween-20 for 1 hr at room temperature, in the dark. Slides were washed in PBS, incubated with
4/, 6-diamidino-2-phenylindole (DAPI) for 5min at room temperature, and washed in PBS, mounted with
ProLong® Gold antifade reagent (Life Technologies) and coverslipped. Primary antibodies used included goat
anti-Foxn1 (Santa Cruz, G-20), rabbit anti-H3k27me3 (Active Motif), rabbit anti-H3k4mel (Active Motif),
goat anti-K14 (Santa Cruz), rabbit anti-K5 (Covance) rat anti-K8 (Troma-1 Developmental Studies Hybridoma
Bank). Secondary antibodies were conjugated with either Alexafluor 488, Alexafluor 647 or CyTM3 (Jackson
Immunoresearch). Slides were imaged on either a Leica DMI 6000B fluorescence microscope or a Zeiss LSM 880
laser-scanning confocal microscope.

To analyze cellular MFI in images, individual cell surfaces were segmented and masked based on Foxn1 flu-
orescence, and the MFIs of H3k27me3, H3k4mel, or Ezh2 signals were quantified using Imaris v9.1 (Bitplane).
Control and mutant samples were processed in parallel and imaged at the same detector exposure so that the
means and distributions of their MFIs can be directly compared.

Flow cytometry. For TEC analysis fetal thymi were digested with 0.125% Collagenase (Sigma) and 0.1%
DNase (Roche) as previously described’. For analysis of thymocyte subsets, E15.5 thymi were pressed through
a 70 pm strainer (Fisher). Cells were stained with fluorochrome-conjugated antibodies in FACS buffer (PBS pH
7.2,0.005M EDTA, 2% FBS) for 15 minutes on ice and washed with FACS buffer. Propidium iodide (Invitrogen)
was added (0.5 pg/ml) to each sample prior to analysis to exclude dead cells. Cells were stained with the following
antibodies purchased from Biolgend or eBioscience: anti-CD326 (clone G8.8), anti-I-A/I-E (clone M5/114.15.2),
biotinylated anti-Rat Ly51 (Clone 6C3), anti-CD25 (clone PC61), anti-CD117 (clone 2 B8), anti-CD44 (clone
IM7), anti-CD8a (clone 53-6.7), anti-CD45 (clone 30-F11), anti-CD4 (clone RM4-5). To exclude erythrocytes,
granulocytes, dendritic cells, macrophages and NK cells from the thymocyte analyses, we used the following anti-
bodies, all conjugated to PE-Cy5 were purchased: TER-119, CD11c (cloneN418), CD11b (clone M1/70), NK-1.1
(clone PK136) and Ly-6G (clone RB6-8C5). Cells were analyzed or sorted on a FACS Aria II (BD Science). Data
were analyzed using Flow]Jo software (Tree Star).

Proliferation and apoptosis assays. BrdU (1 mg in 100yl) was injected by the intraperitoneal (ip) route
into pregnant females and E17.5 embryos were harvested after 90 minute chase. Alternatively, newborn pups were
ip injected with BrdU (200 pg in 20 pl) and thymic lobes were harvested after 2 hrs. Thymi were digested with
0.5WU/ml Liberase ™ (Roche) containing 0.1% DNASE (Roche). Cells were stained with antibodies to surface
proteins, followed by fixation and permeablization and staining with anti-BrdU (BD Pharmingen™ BrdU Flow
Kit). To determine the frequency of TEC apoptosis, 4% PFA fixed frozen thymus sections were stained with anti-
body to cleaved caspase 3 (Cell Signaling Technology) and FOXNI1.

Quantitative Reverse Transcriptase Polymerase Chain Reaction (QRT-PCR). EpCAM+ CD45—
TEC were sorted directly into Trizol (Ambion). RNA was isolated using chloroform and linear acrylamide
(Ambion) and resuspended in nuclease free water prior to cDNA synthesis. First-strand cDNA was synthesized
using a SuperScript® ITI First-Strand cDNA synthesis kit (Invitrogen). For QRT-PCR analysis of mFoxn1, mEed,
mTbxI, we used both TagMan® Gene Expression Master Mix (Applied Biosystems) and SYBR green Master mix
and used an ABI 7900HT Fast Real-Time PCR System. Primer sequences are listed in Table S1. Controls included
samples with no RT or no template. All experiments included technical triplicate and were repeated at least twice.
Data was analyzed using the AACt method. Expression levels in mutant TEC are shown relative to control TEC
after normalization to mHmbs and mHprt housekeeping genes.

RNA-seq analysis. Total RNA was obtained from iThx1 and control (E15.5) or Eed“*° and control (E17.5)
TEC that had been isolated by FACS sorting for EpCAM+ CD45— cells from thymus single cell suspensions
prepared as described above. RNA quality was assessed using a NanoDrop and Bioanalyzer. RNA libraries were
generated in the Next-Gen Sequencing Core in the Virginia Harris Cockrell Cancer Research Center at MD
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Anderson Science Park from 2-4 mutants and 3 controls of each strain using the Illumina TruSeq total RNA kit
according to the manufacturer’s instructions. Each library was sequenced on an Illumina HiSeq2500.

RNA-seq data mapping and analysis. Paired-end RNA-seq reads were aligned to Ensembl GRCm38
reference genome using TopHat v2.1.0 with parameters -library-type fr-firststrand. Accepted alignments were
counted using the featureCounts with parameter -s 2. Then the DESeq2 R package was used for DEG. The Z-score
normalized FPKM was used to plot heatmaps with R package pheatmap. DEG were based on a false discovery rate
(FDR) of <0.05 and a fold change (FC) of >2. For GSEA, MSigDB v5.0 c2 gene sets were downloaded from http://
software.broadinstitute.org/gsea/msigdb. The Piano R package was used to compute hypergeometric test on the
enrichment of DEGs with MSigDB v5.0 c2 gene sets. Multiple testing was corrected by FDR (false discovery rate).
GSEA with ENCODE histone modification database was performed with web-based tool Enrichr*®. The list of
iTbx1 DEG was used to test for enrichment and Benjamin-Hochberg method was used to correct for multiple
testing according to default Enrichr setting.

For lineage-specific gene expression AltAnalyze LineageProfiler was used to infer the most likely cell types and
tissues from RNA-seq data of Eed“*® mutants and controls. Specifically, a database containing the most robust
lineage specific expressed genes was constructed. Correlation scores were then derived by comparing the input
gene expression profile with this lineage-specific database. Log,FPKM of Eed“*® mutants and controls were used
as input. Z scores of correlation efficient were used as output and heatmap plot. Known markers for mesenchymal
cell differentiation and neural differentiation were used to perform supervised analysis of lineage-specific gene
expression. Known markers were downloaded from http://pathcards.genecards.org/.

Data Availability
All data generated or analyzed during this study are included in this published article and its Supplementary
Information files.
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