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Thymic epithelial cells amplify epigenetic
noise to promote immune tolerance
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Cellular plasticity is a principal feature of vertebrate adaptation, tissue repair and
tumorigenesis*?. However, the mechanisms that regulate the stability of somatic cell
fates remain unclear. Here, we use the somatic plasticity of thymic epithelial cells, which
facilitates the selection of a self-discriminating T cell repertoire?, as a physiological
model system to show that fluctuations in background chromatin accessibility in
nucleosome-dense regions are amplified during thymic epithelial maturation for the
ectopic expression of genes restricted to other specialized cell types. This chromatin
destabilization was not dependent on AIRE-induced transcription but was preceded by
repression of the tumour suppressor p53. Augmenting p53 activity indirectly stabilized
chromatin, inhibited ectopic transcription, limited cellular plasticity and caused multi-
organ autoimmunity. Genomic regions with heightened chromatin accessibility noise
were selectively enriched for nucleosome-destabilizing polymeric AT tracts and were

associated with elevated baseline DNA damage and transcriptional initiation. Taken
together, our findings define molecular levers that modulate cell fate integrity and
are used by thymic epithelial cells for immunological tolerance.

The stability of somatic cellidentities is essential for the coordination of
specialized organ systems, and aberrant deviations from differentiated
states can lead to disease*. However, alterations in somatic cell fates can
promotetissue repair and enable adaptation to changing microenviron-
ments'. How functional variation in asomatic lineage is constrained or
promoted to regulate the balance between cellular stability and plastic-
ity remains unclear. Here we investigate the underlying mechanisms
in medullary thymic epithelial cells (mTECs), which express nearly
the entire coding genome and adopt states that mirror specialized
cells in disparate tissues for the selection of T cells that can protect
the host but remain tolerant to self-constituents®**. The breakdown of
this selectionin autoimmune polyglandular syndrometypelrevealed
the transcriptional activator AIRE to be an important determinant of
thymic epithelial plasticity’. However, chromatin accessibility and
transcriptional initiation at AIRE-regulated loci do not require AIRE®®,
indicating that there is an orthogonal mechanism that poises mTECs
for cellular plasticity. We investigated the nature of this mechanism
inindividualmTECs by jointly profiling their transcriptome and chro-
matin accessibility landscapes along their developmental trajectory
(Fig.1a).

Epigenetic noise s linked to plasticity

To identify the molecular levers that give rise to mTEC plastic-
ity, we used the 10X Genomics Chromium Multiome platform on

mTECs from a four-week-old C57BL/6 mouse that were sorted by
fluorescence-activated cell sorting (FACS). We obtained 9,928 high-
quality cells after quality-control filtering and exclusion of further
differentiated ‘mimetic’ mTECs that extinguished Aire expression®®
to focus on AIRE-independent mechanisms that poise mTECs for
somatic plasticity (Fig. 1a, Extended Data Fig. 1a-h and Supplemen-
tary Fig. 1). We delineated a developmental trajectory consisting of
five clusters of cells that corresponded well with the known mTEC
developmental program™ (Fig. 1b,c and Extended Data Fig. 1i-p). We
next investigated the role of chromatin accessibility states in pro-
moting mTEC plasticity and found that the expression of nearly all
AIRE-dependent tissue-specific genes (aTSGs) was not confined to
any particular chromatin state across the developmental axis (Fig.1d-f
and Extended DataFig.1q-t). Moreover, we rarely found differentially
accessible peaks between mTECs expressing (aTSGP) versus not
expressing (aTSG"®) a particular aTSG (Fig. 1g,h), indicating that the
repertoire of accessible elements does not confer the potential for
ectopic transcription.

However, we often noticed differences in Tn5 inserts outside the
single-cell assay for transposase-accessible chromatin sequencing
(SCATAC-seq) peaks at regions flanking «TSGs between aTSGP* and
aTSG"® mTECs (Fig. 1li-k). The differential out-of-peak (OOP) signal
(defined by the same union peak set applied to all cells) accumulated
symmetrically about the transcriptional startsite (TSS) across a charac-
teristic length scale of around 100 kilobases (kb), eventually converging
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Fig.1|Chromatin accessibility noise is associated with ectopic
transcription. a,b, AscATAC-seq uniform manifold approximation and
projection (UMAP) (b) visualization 0f 9,928 mTECs from Multiome profiling
(a); the colours show the cluster annotation. ¢, Aire expression data overlaid
onthe UMAP.d, Number of expressed aTSGs overlaid onthe UMAP. e, The
indicated aTSG expressions overlaid on the UMAP. f, Sum expression of
eachaTSG (n=3,184) ineach UMAP cluster (coloursasina) asafraction
ofthe total. g, Histogram of minimum false discovery rate (FDR) values of
differentially accessible scATAC-seq peaks (two-sided Mann-Whitney-
Wilcoxon tests) for cells expressing a particular aTSG (aTSGP**) versus not
expressing it (aTSG"®) (black, n =3,184 aTSGs) or early AIRE" versus immature
mTECs (red arrow, P,,;,, = 8.04 x107™). h, Histogram of significant peaks
detected (FDR < 0.1) from aTSGP* versus aTSG"¢ (black) or early AIRE" versus
immature mTECs (red arrow, n=35,204 peaks) comparisons. i, Schematic

of differential chromatin accessibility analysis visualized as heatmaps at
tissue-specificlocibetween aTSGP* versus aTSG"® mTECs. j, Heatmaps of
differential OOP (left) or WIP (right) accessibility atindicated aTSGs between

with the differential within-peak (WIP) signal to acommon normal-
ized baseline (Fig.11). The differential OOP signal was not observed at
AIRE-independent loci induced during mTEC maturation, indicating
thatitisnotageneral feature of active chromatin (Fig. Im and Extended
DataFig.1u). Furthermore, we found that OOP scATAC-seq fragments
consisted of longer nucleosomal lengths than WIP fragments (Fig.1n),
whichisindicative of nucleosome-dense regions becoming more labile
for TnSintegration. The OOP ATAC-seq fragments are generally consid-
ered to be ‘noise’, and the fraction of reads within peaks is commonly
used as ametric for ATAC-seq signal enrichment''2, These resultsled us
to hypothesize that the differential OOP signal is predictive of ectopic
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oTSGP* versus aTSG™®# mTECs. k, Heatmaps of differential OOP (left) or WIP
(right) accessibility at all 3,184 aTSGs detected between aTSGP* versus
oTSG"®mTECs.l,m, Aggregate ratios of OOP or WIP scATAC-seq fragments
from aTSGP versus aTSG" ¢ mTECs (I) or MIGP** versus MIG"¢ mTECs (m)
(Extended Data Fig.1u) at the indicated loci. n, scATAC-seq fragment size
distributions from mature mTECs. o, Histogram of indicated P-values
(two-sided likelihood ratio tests) for the probability of each aTSG being
expressed as afunction oflocal OOP or WIP fragments. p, Distribution of the
logistic regression coefficient P-value ratios (OOP/WIP) from 0. Ratio =1
(black dotted line); geometric meanratio = 0.007 (red dotted line, the
indicated P-value from one-sided Mann-Whitney U-test). q, Volcano plot of
regression coefficients S versus the P-values from o. Number of P-values <0.1
for non-zero coefficients S from out-of-peak (red) or within-peak (blue)
analyses.r, Cumulative distribution of probabilities that within a aTSG**
versus aTSG™® mTEC, another aTSG within 50 kb (local) orarandomdistance
isexpressed (for 3,184 «TSGs). P-value (local aTSGP* versus aTSG"*¢) from
one-sided Mann-Whitney-Wilcoxon test.

gene expression and indicates destabilization of chromatin barriers
(Extended Data Fig. 1v).

Totest this hypothesis, we performed aseries of logistic regressions.
Wefit the probability (P) of expressing an aTSG to the normalized OOP
fragments within the characteristic length scale of destabilized chroma-
tin (L = +50 kb). We also included the number of scATAC-seq fragments
(nFrags) ineach cell as aregression covariate to control for the extent
of sampling per cell:

1
+ e—(ﬂ0+ﬁ§(L)Plog10(00P+1)+[3Nlog10(nFragS+1)) '

P(aTSG|OOP) ~ )



As a comparative association, we fit the probability of expressing
the aTSG to the normalized scATAC-seq WIP fragments:

1
+ e’(BOJ'ﬁ\Jﬁ/LlPlOgm(WIPJr1)+BN10g10(nFrags+l)) :

P(xTSG|WIP) -
1

We then profiled the magnitudes, directions and statistical signifi-
cance of the fit regression coefficients for local OOP ( gép) and WIP
(ﬁvﬁp) fragments. The regression coefficients Bgép for OOP fragments
exhibited high levels of statistical significance compared with the coef-
ficients ﬁvf/fp for WIP fragments, with the regression P-values for gép
being around 140-fold smaller than those for ﬁ\;’l_P forthesame aTSGs.
Theseresultsindicate that variationinlocal OOP fragments was amuch
more reliable predictor of ectopic transcription than local WIP frag-
ments (Fig. 1o,p). Furthermore, statistically significant regression
coefficients ﬂgép for OOP fragments were almost always greater than
zero, meaning thatanincrease in OOP fragments was associated with
ahigher probability of «TSG expression when controlling for the extent
of sampling per cell (Fig.1q). Moreover, the expression of agiven a TSG
by an mTEC (aTSGP*) substantially increased the likelihood of express-
inganeighbouring aTSG within the same100-kb region of destabilized
chromatin compared with the likelihood in a TSG"* cells, at a signifi-
cance level (P=9.15 x 107'°®) that was far greater than the difference in
thelikelihood of expressing arandom subset of aTSGs (P=4.34 x10™)
(Fig. 1r). Together, these results indicate that enhanced fluctuations
in background chromatin accessibility are strongly predictive of
ectopic expression of the local tissue-specific genes.

Epigenetic noise is AIRE-independent

Toidentify whenin mTEC development chromatin accessibility noise
becomes amplified, we followed the proportion of scATAC-seq frag-
ments within peaks genome-wide (the WIP fraction) and found a promi-
nent decrease at the early mature stage that was maintained through
the later stages (Fig.2a,b and Extended Data Fig. 2a-c). This decrease
was not dependent on the magnitude of the transcriptome detected,
nor the number, size or significance of peaks called (Extended Data
Fig. 2d-I). Furthermore, we did not observe similar decreases in WIP
fraction in quiescent versus cycling cells from Multiome datasets of
embryonic day 18 (E18) mouse brain, indicating that this decrease was
not a general feature of postmitotic cells (Extended Data Fig. 2m-o).

We also observed areciprocalincrease inthe prevalence of nucleoso-
malfragmentsin mature mTECs compared withimmature progenitors
or peripheral T cells from previously published bulk ATAC-seq studies®"
(Fig.2cand Extended DataFig.2p-r). The progressive loss in WIP frac-
tion and gain in OOP fragments mirrored the progressive increase in
the number of aTSGs expressed per maturing mTEC (Fig.2d). We also
found these features to be conserved in human mTECs (Supplemen-
tary Fig. 2a-i and Supplementary Notes), further linking chromatin
destabilization with ectopic transcription during mTEC maturation.

To determine whether this association is dependent on transcrip-
tion, we analysed published scATAC-seq data’® from Aire” mTECs
and found no substantial differences in WIP fraction between Aire™”
and Aire”” mTECs (Fig. 2e-g and Extended Data Fig. 2s-v). Rather, we
observed a small increase in median nucleosomal fragments in the
accessible genomes of mature Aire”” versus Aire””* mTECs (Extended
Data Fig. 2w), which may be associated with the previously reported
repressive influence of AIRE on chromatin accessibility®™*. These data
indicate that increased chromatin accessibility noise was not driven
by AIRE-dependent expression of tissue-specific genes, nor by the
AIRE-dependent facets of mTEC maturation.

mTECs repress p53 during maturation

To identify potential drivers of chromatin accessibility noise, we
conducted transcription factor motif enrichment and found that the

greatest differential feature was the depletion of p53-binding motifs in
theaccessible genome of mature versusimmature mTECs (Fig. 2h,iand
Extended DataFig.3a,b). We also observed losses in footprinting at sites
containing p53-binding motifs and expression of validated p53 target
genes® in mature versusimmature mTECs (Fig. 2j,k and Extended Data
Fig.3c). These data, in conjunction with the well-characterized roles of
p53inenforcing differentiation along committed lineage trajectories'
and inhibiting somatic reprogramming?, led us to hypothesize that
mTECs repress p53 activity to amplify chromatin accessibility noise
for cellular plasticity.

To investigate how p53 is repressed in mTECs, we assessed the dif-
ferential expression of known p53 regulators and found highly signifi-
cant induction of Mdm2 (the primary regulator of p53 that promotes
its proteosomal degradation') during mTEC maturation at both the
transcript and protein levels (Fig. 2l and Extended Data Fig. 3d-g).
Other negative regulators of p53 were also induced in mature versus
immature mTECs, such as COP1, another E3 ubiquitin ligase of p53
(ref.18),and SIRT1, which deacetylates p53 toinhibit its transactivation
potential” (Fig. 21-n).

We also observed repression of p53 regulators that promote p53
activity, including genes that encode SET7/9 and PCAF (which respec-
tively methylate?® and acetylate? p53 to promote its transcriptional
activity), c-ABL and CHK1 (which respectively phosphorylate p53
(ref.22) and MDM2 (ref. 23) toinhibit p53 degradation), RASSF1A (which
promotes MDM2 ubiquitination**) and ATF3 and p63 (which facilitate
cooperative binding of p53 target genes*?°) in mature versus immature
mTECs (Fig. 21 and Extended Data Fig. 3h—-n). By contrast, we did not
detectsignificant differences in the expression of 7rp53 (which encodes
p53), except forabriefinductionin transit-amplifying mTECs that was
extinguished before the AIRE" state (Fig. 21 and Extended Data Fig. 30).
Importantly, we observed the systematic repression of p53 activity in
human mTECs (Supplementary Fig. 2j-u and Supplementary Notes)
and in mature AIRE-deficient mTECs (Extended Data Fig. 3p,q), which
is consistent with the AIRE-independent nature of amplified chromatin
accessibility noise.

Augmenting p53 activity stabilizes chromatin

To test the role of p53 in regulating chromatin accessibility noise,
we generated TrpS3-tt:Foxn1°* (p53-cHyper) mice that con-
ditionally express in mTECs (from the endogenous Trp53 locus) a
transactivation-dead p53 mutant thatimpairs MDM2 binding, allowing
ittostabilize heteromeric wild type-mutant complexes to bring about
modestincreasesinp53activity”. Comparedwithsex-matched Trp53““;
FoxnI® (p53 wild-type) littermate controls, thymi from p53-cHyper
mice had comparable total cellularity, frequency of AIRE* mTECs,
mean expression of AIRE, frequencies of FOXP3* regulatory T cells
and other thymocyte compartments, indicating that p53 hyperactiv-
ity did not disrupt mTEC or thymocyte differentiation in p53-cHyper
mice (Extended Data Fig. 4a,b).

To investigate the effect of p53 hyperactivity, we FACS-sorted
mTECs from sex-matched p53-cHyper and p53 wild-type littermates
and jointly profiled the transcriptome and chromatin accessibility
landscapes (Fig. 3a,b and Extended Data Fig. 4c). Differential enrich-
ment of p53-binding motifs and enhanced footprinting at these sites
in mature p53-cHyper versus p53 wild-type mTECs validated the per-
turbation (Extended Data Fig. 4d,e). We next quantified the proportion
of scATAC-seq fragments within peaks (the WIP fraction) across the
developmental trajectory and found highly significant increases in
p53-cHyper compared with p53 wild-type mTECs (Fig. 3c and Extended
Data Fig. 4f). Notably, the increase in WIP fraction became progres-
sively larger across the developmental stages, such that the median
WIP fraction of mature p53-cHyper mTECs was greater than that of
immature p53 wild-type controls (Fig. 3c). Furthermore, we observed
thereciprocallossin prevalence of nucleosomal scATAC-seq fragments
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the prevalence of p53-target motifsin accessible genomes (chromVAR
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footprinting at p53-target motifs (highlighted region) within the indicated
mTEC developmental cluster. k, Aggregate expression of p53-target genes
across mTEC development (overlaid on the scATAC-seq UMAP from Fig. 1b).

1, Scatter plot of differential expression (TPM, transcripts per million) of known
p53regulators for the indicated comparisons (n =2 biological replicates).
Highly significant differentially expressed genes (Benjamini-Hochberg
FDR<1x107, fold-change >2 or<0.5) indicated as repressors (brown text) or
promoters (green text) of p53 activity. m,n, Expression of the p53 regulators
Copl (m) and Sirt1 (n) across mTEC development (scATAC-seq UMAP from Fig. 1b).
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inmature p53-cHyper versus p53 wild-type mTECs, indicating greater
stability of nucleosome-dense regionsin p53-cHyper mTECs (Extended
DataFig. 4g).

Todetermine whether the suppressed chromatin accessibility noise
inp53-cHyper mTECs affected their potential for ectopic transcription,
we quantified the expression levels of aTSGs and found both the diver-
sity and magnitude of ectopic gene expression to be compromised in
mature p53-cHyper versus p53 wild-type mTECs (Fig. 3d). To assess the
full scope of this effect, we conducted bulk RNA sequencing (RNA-seq)
on FACS-sorted mature and immature mTECs from sex-matched
p53-cHyper and p53 wild-type littermates. We found that p53 hyper-
activity in mature p53-cHyper mTECs significantly affected the expres-
sion of 6,279 genes, 77% of which were repressed, which is consistent
with the heightened stability of nucleosomal barriers (Fig. 3e). We also
found that 1,653 tissue-specific genes, which were normally induced
duringmTEC maturation, were repressed in mature p53-cHyper versus
p53 wild-type mTECs, with around 70% of these being AIRE-dependent,
indicating a strong concordance (P < 2.3 x 10%) between p53 repres-
sion and AIRE-mediated ectopic expression of tissue-specific genes
(Fig. 3e). At the same statistical thresholds, this effect resulting from
p53 hyperactivity was more than 3.4-fold more deleterious than the
effect of dysregulated mTEC maturation resulting from p53 deficiency
in Trp53"":Foxn1° (p53-cKO) mice on AIRE-dependent ectopic gene
expression (Supplementary Fig. 3 and Supplementary Notes).

Augmenting p53 activity limits plasticity

To determine whether p53 hyperactivity inmTECs affected the differ-
entiation of downstream ‘mimetic’ phenotypes®¢, we re-integrated the
mimetic populationsinto the p53-cHyper/wild-type Multiome analysis
(Fig. 3f and Extended Data Fig. 4h-m). We detected a relative paucity
of p53-cHyper mTECs inthe microfold, enterocyte, tuft and secretory
mimetic compartments (3.1-fold, 2.8-fold, 1.4-fold and 1.3-fold fewer
than p53 wild-type mTECs, respectively), in contrast to the almost
I:1ratios observed in the keratinocyte and ciliated compartments
(Fig. 3g,h). To confirm and extend these findings to other mimetic
compartments, we used previously established mimetic flow cytometry
panels® (Extended Data Fig. 4n-s) and found a significant decrease in
numbers of keratinocyte (about 28% fewer), ciliated (about 44% fewer)
and myoid (about 52% fewer) mimetic mTECs in p53-cHyper versus p53
wild-type thymi, along with confirmed decreases in tuft (about 29%
fewer) and overall mimetic mTEC numbers (30% fewer) (Fig. 3i). These
dataindicate that suppression of chromatin accessibility noise by p53
hyperactivity constrained the potential of mTECs to deviate from the
established state, preventing the activation of genesrestricted to other
tissues and compromising the differentiation of mimetic subtypes.

p53 stabilizes chromatin indirectly
To identify the mode by which p53 suppresses chromatin acces-
sibility noise, we conducted p53-targeted cleavage under targets &
release using nuclease?® (CUT&RUN) in sorted immature and mature
mTECs. We detected little p53 occupancy near aTSGs with heightened
chromatin accessibility noise compared with the focal signal within
p53 CUT&RUN peaks and p53 target genes, consistent with the rela-
tive dearth of p53 target motifs within 50 kb of aTSGs (Fig. 4a,b and
Extended Data Fig. 5a-c). Moreover, we observed a prominent loss of
p53 occupancy at p53-binding sites (p53 CUT&RUN peaks) in mature
versus immature mTECs (Fig. 4¢,d), consistent with the depletion of
p53-binding motifs within scATAC-seq peaks during mTEC maturation.
Theseresultsindicate that p53 does not physically localize to genomic
regions with elevated chromatinaccessibility noise and insteadimposes
itssuppressive influence indirectly.

To understand how p53 stabilizes chromatin indirectly, we con-
ducted differential expression analysis of validated p53 target genes®

6 | Nature | www.nature.com

between p53-cHyper and p53 wild-type mature mTECs and found p53
hyperactivity-induced genes encoding effectors of cell death (Fig. 4e-g
and Extended DataFig.5d,e). The connection between p53 activity and
BAX (aneffector of the intrinsic apoptosis pathway?’) was particularly
notable because the conditional deletion of BaxinmTECs (onaBak ™~
background) caused a selective increase in the number of immature
mTECs®, the only developmental subset with substantial p53 activ-
ity in wild-type mice (Fig. 2h-k and Extended Data Fig. 3a-c). We also
found significant upregulation of other genes encoding pro-apoptotic
BH3-only proteins® (such as NOXA, BIM, BIK and BLK) and Hrk, which
blocks the pro-survival function of Bc2(1 (encoding BCL-XL)*, as well
as downregulation of pro-survival Bc[2 in mature versus immature
p53-cHyper mTECs (Fig. 4h).

Skewed levels of pro-apoptotic versus pro-survival genes was also
observedin p53 wild-type mature versusimmature mTECs (Extended
DataFig. 5f), indicating that mature mTECs are inherently predisposed
to BAX/BAK-driven apoptosis®. Thus, the differential upregulation of
Bax and other genes encoding the pro-apoptotic proteins BIM, BAD
and BID by p53 hyperactivity, and the downregulation of the essential
pro-survival protein MCL-1(ref. 33), differentially sensitized p53-cHyper
versus p53 wild-type mTECs to apoptosis (Fig. 4e,f,h—j and Extended
Data Fig. 5g,h). Together with the data indicating normal thymic
cellularity and frequencies of mTEC and thymocyte compartments
in p53-cHyper mTECs, these results indicate that p53 hyperactivity
imposes a selective advantage for more-stable p53-cHyper mTECs
withlow chromatinaccessibility noise by triggering apoptosis of those
exhibiting cellular plasticity, whichis potentially similar to the modes
by which p53 eliminates premalignant cancers®.

Epigenetic noise is linked to DNA damage

Because DNA damage is the primary trigger for p53 activation in many
contexts*, we reasoned thatit may serve as aconnection between chro-
matin accessibility noise and p53-mediated apoptosis in p53-cHyper
mTECs. To investigate this possibility, we profiled the deposition of
YH2AX, which markssites of DNA double-strand breaks®, is the substrate
for ataxiatelangiectasia mutated (ATM) kinase (which also phosphoryl-
ates p53foractivation®), and is upregulated in mature versus immature
p53-cHyper mTECs, along with a cohort of other genes encoding DNA
damage-response proteins (Extended Data Fig. 5i). Using published
chromatin immunoprecipitation followed by sequencing (ChIP-seq)
datasets from mTECs®, we found elevated levels of yH2AX at OOP
regions flanking aTSGs compared with those at unexpressed silentloci
with low levels of chromatin accessibility noise (Fig. 4k and Extended
DataFig. 5j). The elevated deposition of yH2AX was largely maintained
in Aire”- mTECs, indicating that AIRE-induced transcription and AIRE-
mediated recruitment of topoisomerases®*** did not contribute signifi-
cantly tothe DNA damage at destabilized regions near aTSGs (Fig. 4k).
However, we did observe AIRE-independent differential localization of
both TOP2a and TOP1near aTSGs compared with silentloci, indicating
the recruitment of enzymaticactivity that causes DNA breaks (Fig. 41,m).

Tounderstand how topoisomerases are recruited to genomic regions
withincreased chromatin accessibility noise, we focused on their role
in generating long-lived DNA breaks at transcription units to resolve
the torsional stress caused by RNA polymerase Il (Pol 11)*%. We explored
the possibility that stochastic loading of Pol Il may be enhanced at
destabilized chromatin flanking aTSGs, because nucleosome density
has arole in preventing spurious transcriptional initiation®. Towards
this goal, we profiled global Pol Il occupancy inmTECs using published
ChIP-seq datasets® and found elevated levels of OOP Pol Il recruitment
at destabilized regions near aTSGs compared with those near silent
loci (Fig. 4n). The elevated Pol Il occupancy was not a consequence of
AIRE-induced transcription because the levels were largely maintained
in Aire”" mTECs (Fig. 4n). Furthermore, annotated distal enhancers*
in destabilized regions near aTSGs also exhibited elevated loading of
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Pol I, yH2AX deposition and topoisomerase recruitment compared
with enhancers near silent loci (Supplementary Fig. 4a—p and Sup-
plementary Notes). Together, these results indicate a concordance
between amplified chromatin accessibility noise, spurious transcrip-
tionalinitiation, recruitment of topoisomerases, increased DNA dam-
age and p53-mediated triggering of apoptosis in p53-cHyper mTECs
versus cellular plasticity in wild-type mTECs.

Epigenetic noise is genome-encoded

To identify the determinant that initially causes chromatin accessi-
bility noise in mTECs, we conducted de novo motif enrichment on

Fig.3b.h, MA plot of the differential expression of genes encoding proteins of
theintrinsic apoptosis pathway between mature and immature p53-cHyper
mTECs by bulk RNA-seq (n =3 biological replicates). Point colours show

the Benjamini-Hochberg FDR levels; red text indicates genes thatencode
pro-apoptotic proteins and green textindicates pro-survival proteins.

i,j, Differencesin the expression of the genes Bc/2[11 (i) and MclI (j) between
neighbouring p53-cHyper and p53-WT mTECs overlaid on the UMAP from
Fig.3b.k-n, Aggregate histograms of OOP ChIP-seq dyads over the indicated
lociinmature mTECs from the indicated genotypes; yH2AX (k), TOP2a (1),
TOP1(m)and POL2 (n). o,p, Comparison of transcription factor motifenrichment
within scATAC-seq fragments from mature mTECs mapping to OOP regions
within100 kb of aTSGs (0) or silent genes (p) versus the adenine/thymine
content of each motif. The trend line (red) with two-sided 95% confidence
intervals (¢-distribution) for the linear regression fit (grey) isindicated.

the destabilized chromatin fragments and found the enrichment of
anear-homopolymeric 10-mer adenine tract to be different from the
other motifs (Fig. 40). This was notable because poly(dA:dT) tracts are
known to destabilize nucleosomes at magnitudes proportional to the
length and perfection of the tracts*; and an 18-mer poly-A tract was
the most-enriched motif in genomic regions associated with allelic
imbalances in chromatin accessibility and gene expression of nearby
oTSGsinmTECs from NOD x B6 F, hybrid mice”. We observed a highly
significant positive correlation between motif enrichmentin OOP
fragments flanking aTSGs and the motif adenine/thymine (AT) content
(R=0.42,P=4.9 x10*), with the top three enriched motifs consisting
ofanaverage 0f 93.3% AT (Fig. 40). By contrast, the motifenrichmentin
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fragments within peaks overlapping the same genomic regions was neg-
atively correlated with motif AT content (R =-0.14, P=1.9 x 10%) with
the top three motifs containing an average of 16.1% AT (Extended Data
Fig. 5k). Similarly, neither OOP fragments from silent loci (R=-0.14,
P=1.8x107; top three enriched motifs, around 16.6% AT) nor highly
expressed housekeeping loci (R =0.05, P=0.10; top three enriched
motifs, around 25.0% AT) showed a substantial correlation between
motif enrichment and motif AT content (Fig. 4p and Extended Data
Fig. 51). This association between chromatin accessibility noise and
enrichment of low-complexity AT-rich motifs suggests that the intrin-
sic resistance of AT-rich sequences to adopt nucleosome-favourable
conformations*** may be a determinant of chromatin accessibility
noiseinvivo.

The selective enrichment of low-complexity AT-rich motifs at OOP
fragments near aTSGs could be a product of transcription factor
activity and/or aninherent prevalence of these motifs in the genomic
sequence. Toinvestigate the first possibility, we assessed the expression
levels of the transcription factors that target these motifs in maturing
versus immature mTECs. We found their expression to be around1-3
orders of magnitude lower than those encoding known regulators of
mTEC differentiation (such as Foxn1 or Relb) and even lower than that
for insulin (/ns2) transcripts in mature AIRE* mTECs (Extended Data
Fig.5m), indicating that they were unlikely to contribute substantially
to chromatin accessibility noise.

To investigate the inherent prevalence of poly-AT tracts in the
genomic sequence near aTSGs, we generated a set of 500-base pair
contiguous tiles spanning 100-kb regions flanking aTSGs minus any
tile that overlapped with scATAC-seq peaks. We observed no positive
correlation between motif enrichment and motif AT content; however,
ofthe top 5% of the enriched motifs (n = 26), 4 had more than 75% AT con-
tent, 3 of which consisted of imperfect 10-12-mer AT tracts (Extended
DataFig. 5n). Another motifthat met the top 10% threshold was 91.6%
AT with animperfect 10-mer AT tract (Extended Data Fig. 5n). By con-
trast, none of the significantly enriched motifs at the silent loci had an
AT content of 75% or more, or long imperfect AT tracts (Extended Data
Fig. 50). These results reinforce a concordance between the genomic
prevalence of nucleosome-disfavourable poly-AT tracts and amplified
chromatin accessibility noise at regions flanking aTSGs, including at
nearby tissue-specific enhancers (Supplementary Fig. 4q,r and Sup-
plementary Notes).

Augmenting p53 activity in mTECs causes autoimmunity

Todetermine whether the suppression of chromatin accessibility noise
and mTEC plasticity by p53 hyperactivity affected T cell repertoire
selection, we assayed for evidence of the escape of self-reactive T cells
in the organs of p53-cHyper mice. We found significant increases in
activated T cells thatbecame progressively larger as a function of age,
as well as reciprocal decreases in naive T cells compared with their
p53 wild-type sex-matched littermates (Fig. 5a,b and Extended Data
Fig. 6a-c). We also found substantial lymphocytic infiltration in mul-
tiple organs of 6-12-month-old p53-cHyper mice, most frequently in
the salivary gland, lung, kidney, lacrimal gland, pancreas, liver and
prostate/ovaries, that was not present or less severe in p53 wild-type
mice (Fig. 5c-e and Extended Data Fig. 6d), indicating autoreactive
tissue damage by the activated effector T cells. Together, these results
indicate thatenhanced p53 activity in mTECs causes afailure in central
tolerance induction, leading to systemic hyperactivity of peripheral
T cells and autoimmune manifestations in multiple organs.

Epigenetic noiseis regulated by p53in cancer

Theimportance of p53 in tumour suppression®* and the role of somatic
plasticity in tumour progression? prompted us to explore whether the
link between chromatin accessibility noise, p53 repression and cellular
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plasticity inmTECs can be extended to tumour contexts. Towards this
goal, we investigated the well-characterized lung adenocarcinoma
(LUAD) model* by using published Multiome datasets of lung epithe-
lial cells from Trp53“7“t (p53 wild-type), Trp53™ (p53-knockout) and
TrpS3-SEr3QH% (p53-Hyper) backgrounds* 10 weeks after oncogenic
KRAS-G12D activation. We based our analysis on the established stages
of LUAD development in p53 wild-type and knockout backgrounds®,
and identified four main transcriptional states of LUAD progression*:
the native alveolar type-2 (AT2) state; amixed AT1/AT2 state mimicking
alveolar progenitors; an embryonic liver-like state representing the
loss of alveolar identity; and an epithelial-to-mesenchymal transition
(EMT) state representing the loss of epithelial identity (Extended Data
Fig.7a-f).

We identified cellsin four clusters (5,8, 6 and 7) with both alow-WIP
fractionand a high prevalence of nucleosomal scATAC-seq fragments
indicating destabilized chromatin (Extended DataFig. 7b,e-j). Acom-
mon feature across all these cells was the loss of AT2-specific gene
expression, including the loss in expression and activity of the lung
lineage-defining transcription factor NKX2.1 (refs. 43,45) (Extended
Data Fig. 7¢,k,1). Furthermore, cells from cluster 6 exhibited high
expression and activity levels of RUNX2, a driver of LUAD metastatic
transition*® (Extended Data Fig. 7m,n). Moreover, ‘transitional’ cells
coexpressing Nkx2-1and Runx2 (cluster 3), or exhibiting transcription
factor activity for both NKX2.1and RUNX2 (cluster 4), had intermedi-
ate WIP fractions with a low prevalence of nucleosomal fragments
(Extended DataFig.7g-n). Together, these results indicate a concord-
ance between the magnitude of chromatin destabilization and the
degree towhich cells deviated from the native lung epithelial lineage.

We nextre-integrated the p53-Hyper cells on the developmental axis
we established with p53 wild-type and p53-knockout cells (Extended
Data Fig. 8a—-j) and quantified the differential WIP fraction and preva-
lence of nucleosomal scATAC-seq fragments as afunction of the Trp53
genotype for each cluster (Extended Data Fig. 81-0). For all clusters
except the embryonicliver-like cluster 5 (perhaps owing to the paucity
of p53-Hyper cellsin this cluster), we observed significantincreasesin
WIP fraction in p53-Hyper versus p53 wild-type cells, indicating that
p53 hyperactivity suppressed chromatin accessibility noise (Extended
Data Fig. 8n). Reciprocally, we observed significant decreases in the
WIP fraction in p53-knockout cells compared with p53 wild-type cells
inall clusters except the knockout-enriched Runx2°°*Nkx2-1°* cluster
3, indicating less stable nucleosomal barriers in p53-deficient cells
(Extended Data Fig. 8n). By and large, we also observed consistent
associations between the Trp53genotype and the prevalence of nucleo-
somal scATAC-seq fragments (Extended Data Fig. 80). Together, these
resultsindicate that the distinct roles of p53 in suppressing chromatin
accessibility noise and promoting lineage fidelity work in concert to
inhibit phenotypic plasticity during LUAD tumorigenesis.

Discussion

The mechanistic basis of somatic plasticity has remained enigmatic
despite its broad relevance to organismal adaptation, tissue repair
and tumorigenesis* Our findings indicate a central role for ampli-
fied fluctuations in background chromatin accessibility thatincrease
the entropy of the epigenetic landscape, which is similar to raising a
‘statistical temperature’ to facilitate a more permissive state. In the
developmental framework of cellular differentiation, these results
indicate that somatic plasticity is not initially driven by the induction
of alternative cell fates, but rather by the stochastic erosion of chro-
matin barriers.

Our findings show that amplified accessibility noise at chromatin bar-
riers contributes to a highly mixed transcriptional state thatlacks clear
regulatory logic, as observed in the coexpressed genes in individual
AIRE*mTECs** or high-plasticity states of LUAD progression* that are
not related by tissue-specific function, lineage-specific regulation or
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developmental origin. This high-plasticity state then promotes hetero-
geneity indownstream phenotypes, as observed in the differentiation
of mimetic mTECs>*° or the emergence of primordial gut programs
and the EMT state in advanced LUAD tumours*** (Supplementary
Discussion).

Notably, the destabilization of chromatin barriers and the repression
of p53in mTECs did not require AIRE, in concordance with previously
published studies demonstrating that AIRE acts late in the transcription
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7-12-month-old p53-WT and p53-cHyper mice. Each heptagon represents an
individual mouse. d, Comparison of the mean histopathology scores (based on
the number and size of lymphocyticinfiltrates) from the organs assessedinc
andin Extended DataFig. 6d for sex-matched littermates of the indicated
genotypes. The P-value was calculated by aone-sided t-test. e, Representative
H&E staining of the indicated organs from p53-WT and p53-cHyper mice (n = 8).
Thearrowsindicatelymphocyticinfiltration.Scale bars,100 pm.

cycle®™*, Considering the affinity of AIRE to positive elongation factors
of transcription®%, it may function to facilitate Pol Il pause release
at sites of destabilized chromatin, increasing the probability and fre-
quency of transcriptional bursts. AIRE could target these sites through
multiple modes, including: interactions with topoisomerases and DNA
repair machinery®*"**3*; the formation of Z-DNA, resulting from the
negative supercoils generated by nascent transcription®%%; AIRE’s
histone-binding module specific for unmodified amino-terminal
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histone H3°**%; and the interaction of AIRE with the ATF7ip-MBD1
complex, which targets repressive chromatin enriched in H3K9me3
and DNA methylation®°.

Our findings identify molecular levers that regulate fluctuations
in nucleosome dynamics at chromatin barriers that influence a cell’s
potential for alternative fates. Understanding the molecular and bio-
physical mechanisms that governnoiseinthe chromatinlandscape may
illuminate principles of gene regulation and cellular differentiation,
and enable therapeutic innovation for diseases linked to chromatin
instability.
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Methods

Mice

The mice used in this study were housed in pathogen-free facili-
ties at the University of Chicago and Stanford University. All mice
were housed in positively pressurized, individually ventilated cage
racks and changed in biological safety cabinets. Cage supplies were
sanitized using hot water (82 °C). Bedding and shredded-paper
enrichment were autoclaved and cages were provided with irradi-
ated food. Reverse Osmosis water was provided by an automated
watering system directly to each cage. Rodent housing rooms were
maintained ata12 h:12 hlight:dark cycle. Temperature and humidity
were within the Guide for the Care and Use of Laboratory Animals rec-
ommended ranges:20-26 °C and 30-70% humidity. All experiments
and animal-use procedures were conducted in compliance with the
Guide for the Care and Use of Laboratory Animals and were approved
by the Institutional Animal Care and Use Committee (IACUC) at the
University of Chicago. B6.129-TrpS3tSit3QW26sF53Q.F54S heterozygous
mice? ' were provided by Laura Attardi (Stanford University) and
were bred with B6-FoxnI“® homozygous mice® purchased from Jack-
son Laboratories to generate TrpS3-S-t35QW26S F3QFS4s/wt: Foyp 17/t and
TrpS53“/*t;FoxnI°** littermates. Trp53™" mice were purchased from
Jackson Laboratories and bred with B6-FoxnI¢ mice to generate
Trp53™FoxnI*** mice. C57BL/6) mice were purchased fromJackson
Laboratories. mTECs and thymocytes were collected from mice 4-5
weeks old. Sex-matched littermates were used for all comparisons
of genetic perturbations.

Isolation, sorting and analysis of mouse mTECs

Thymic epithelial cells were isolated as previously described®® with
minor modifications. In brief, thymi from 4-6-week-old mice were
removed and connective tissue was removed. Stromal tissue was
perforated using scissors and incubated with rotation in DMEM-F12
(Gibco) at room temperature for 10 min to liberate the thymocytes.
The remaining stromal tissue was enzymatically digested (0.5 mg mI™*
Collagenase D (MilliporeSigma), 0.2 mg ml™ DNasel (MilliporeSigma),
0.5 mg ml™ Papain (Worthington Biochemical)). Cells were stained
with anti-EpCAM antibodies conjugated to APC-Cy7 (clone G8.8,
BioLegend, 3 pl per 100 million cells) and EpCAM" cells were enriched
by positive selection using magnetic anti-Cy7 beads (Miltenyi, 10 pl
per 100 million cells). The enriched fraction was stained with the
appropriate panel of fluorochrome-conjugated antibodies to CD45
(clone 30-F11, Invitrogen, 1:100), Ly-51 (clone 6C3, BioLegend,
1:100), MHC-I1 I-A/I-E (clone M5/114.15.2, Invitrogen, 1:100), CD104
(clone 346-11A, BD Biosciences, 1:200), GP2 (clone 2F11-C3, MBL,
1:10), CD177 (clone 1171 A, R&D, 1:25), Ly-6D (clone 49-H4, Invitro-
gen, 1:200), Sca-1 (clone D7, BioLegend, 1:200), AIRE (clone 5H12,
Invitrogen, 1:500), Ki-67 (clone SolA15, Invitrogen, 1:100), SynCAM
(clone 3E1, MBL, 1:100), CD171/L1CAM (clone 555, Miltenyi, 1:25)
along with fluorescein-labelled UEA-I (Vector Labs, 1:100), Zombie
Aqua (BioLegend, 1:500) and DAPI (Invitrogen, 1:20). Intracellular
staining for AIRE and Ki-67 was subsequently done using the eBiosci-
ence FoxP3 transcription factor staining kit (Invitrogen) according
to the manufacturer’s instructions. Intracellular staining for MDM2
(clone EPR22256-98, Abcam, 1:25) was also done using the eBioscience
FoxP3 transcription factor staining kit (Invitrogen) accordingto the
manufacturer’s instructions with the addition of a1-h incubation in
blocking buffer (eBioscience permeabilization buffer with 5% normal
donkey serum) before a secondary stain (BV412 donkey anti-rabbit,
Jackson Immuno, 1:50). Cells were sorted using FACS Symphony Sé6,
FACSAria Fusion or FACSAria Il equipped with a100-pm nozzle (BD
Biosciences). Flow-cytometry data for thymic mimetic cells were
acquired using a Cytek Aurora. All other flow-cytometry data were
acquired using a BD LSRII or Fortessa. All flow-cytometry data were
analysed using FlowJo (v.10).

Human thymic tissue acquisition and processing

Thymus fragments were obtained from a 12-week-old human patient
with no known genetic abnormalities undergoing standard-of-care
cardiacsurgery. The patient was de-identified on receipt with written
informed consent for the release of genomic sequence datain accord-
ance with IRB protocol 20-1392 approved by the Biological Sciences
Division and University of Chicago Medical Center Institutional Review
Boards at the University of Chicago and protocol 2020-203 approved
by the Advocate Aurora Health Research Subject Protection Program
and Advocate AuroraHealth Care Institutional Review Board. Connec-
tive tissue was removed and the remaining tissue was minced, then
incubated with rotation in DMEM-F12 (Gibco) at 4 °C for 20 min to
liberate the thymocytes. Stromal tissue was enzymatically digested
using 0.5 mg ml™ Collagenase D (MilliporeSigma) and 0.2 mg ml™
DNase I (MilliporeSigma) at 37 °C for 20 min. The remaining fragments
were incubated with rotation in 0.5 mg ml™ Papain (Worthington),
0.25 mg ml™ Collagenase D and 0.1 mg ml™ DNase I at 37 °C for 20 min.
Cellswere stained with anti-EpCAM antibodies conjugated to APC-Cy7
(clone 9C4, BioLegend, 1:100) and EpCAM’ cells were enriched by posi-
tive selection with magnetic anti-Cy7 beads (Miltenyi). The enriched
fraction was stained with DAPI (Invitrogen, 1:20), CD45 (clone 2D1,
BioLegend, 1:100), LY51/CD249 (clone 2D3/APA, BD Biosciences, 1:00)
and HLA-DRA (clone L243, BioLegend, 1:100) and sorted on a Symphony
S6 (BD Biosciences).

Flow cytometry of thymocytes and splenocytes

Thymi from 4-6-week-old mice were removed and small cortical inci-
sions were made before mechanical agitation with wide-bore glass
pipettesin DMEM/F-12 (Gibco) to liberate the thymocytes. Spleens from
mice aged 4 weeks to 12 months old were isolated in RPMI (Gibco) sup-
plemented with10% FCS. Cells were liberated by mincing with asyringe
plunger and filtered through a40-umstrainer. Following red blood cell
lysis (BD PharmLyse), cells were stained with fluorochrome-conjugated
antibodies specific for mouse CD4 (GK1.5,1:100), CD8a (53-6.7,1:100),
CD25 (PC61,1:100), CD44 (IM7,1:100), CD69 (H1.2F3,1:100), CD62L
(MEL-14, 1:100), TCR (H57-597,1:100) and DAPI (Invitrogen, 1:20).
Intracellular staining for FoxP3 (clone FJK-16s, eBioscience, 1:100) was
doneusing aneBioscience FoxP3 transcription factor staining kit (Inv-
itrogen) according to the manufacturer’sinstructions. Flow-cytometry
data were acquired using a BD LSRII or Fortessa and analysed using
FlowJo (v.10).

Bulk RNA-seq sample preparation

We FACS-sorted 75,000 primary mTECs directly into RULT lysis buffer
(Qiagen RNEasy UCP MicroKit) and total RNA was extracted following
the manufacturer’sinstructions. The mRNA was enriched and RNA-seq
libraries were constructed using an lllumina TruSeq Stranded mRNA
kit. Paired-end, dual-index sequencing was performed on an Illumina
NovaSeq 6000 platform.

Bulk RNA-seq data processing

RNA-seq reads were mapped to the mm10 mouse genome assembly
using TopHat (v.2.1.1) with the setting -microexon-search. Unmapped,
unpaired and low-quality reads (MAPQ < 5) were removed using sam-
tools (v.1.9) view with settings -q 5 -f 2. Paired reads were counted
for each gene using featureCounts from Subread (v.2.0.1). TPM
values were calculated for each gene to quantify the relative abun-
dance of transcripts for clustering analysis. The trimmed mean of
M values was calculated for each gene for differential comparisons
across samples using edgeR (v.4.0.2) (calcNormFactors()). Com-
mon dispersions were estimated using estimateCommonDisp() and
Benjamini-Hochberg FDRs were calculated for pairwise compari-
sons using the exactTest(). Genes with FDR < 0.05 were regarded as
significant.
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Definition of tissue-specificand AIRE-dependent genes
Previously published transcriptional data®* from Aire wild-type and
Aire-knockout mTEC" were analysed according to the bulk RNA-seq
pipeline outlined above. Genes that exhibited at least 1.5-fold induction
inAirewildtyperelative to Aireknockout and had Benjamini-Hochberg
FDR < 0.05wereregarded as Aire-induced. TSGs were classified as pre-
viously®*, and aTSGs were taken to be the intersection of these two
gene sets. For human TSGs, GTEX® expression counts (median TPM),
Shannon entropy (S ==y plogzp) across tissues was calculated for
eachgene. Geneswith anentropy S < 3wereincluded for downstream
analyses.

Multiome sample preparation and sequencing

For allMultiome experiments, we used an ATAC + GEX single-cell kitand
protocol (10X Genomics 1000236 with protocol CGO00338 RevE) with
minor modifications to sample preparation. In brief, 40,000 mTECs
were FACS-sorted into 1x PBS supplemented with 2% BSA and centri-
fuged at 300g for 5 min. Cells were gently washed in 50 pl lysis buffer
(10 mM Tris, 10 mM NacCl, 3 mM MgCl, in nuclease-free water) and cen-
trifuged at 300g for 5 min. Cells were resuspended in 50 pl permeabi-
lization buffer (10 mM Tris, 10 mM NacCl, 3 mM MgCl,, 0.1% Tween20,
0.01%digitonin and RNase inhibitor (Invitrogen) in nuclease-free water)
and incubated for 5 min on ice. Nuclei were gently washed with wash
buffer (10 mM Tris, 10 mM NacCl, 3 mM MgCl,, 0.1% Tween20 and RNase
inhibitor in nuclease-free water) and centrifuged at 500g for 5 min.
Finally, nucleiwereresuspendedin 5 pl chilled diluted nucleibuffer (10X
Genomics) and added to the transposition mix. Paired-end, dual-index
sequencing was performed on an lllumina NovaSeq 6000 platform.

Multiome data quality control

After sequencing, bclfiles were converted to fastq using cellranger-arc
(v.2.0.2) mkfastq. FASTQfiles were aligned to the mm10 or hg38 genome
assembly using cellranger-arc count. ATAC-seq fragment files were
used as inputs to the ArchR® (v.1.0.2) analysis pipeline in R (v.4.3.2).
Transcript count matrices were used as inputs to the Seurat (v.5.1.0)
gene expression analysis pipeline. For gene expression quality control,
cellswithnFeature_RNA =250 and < 6,000, nCount_RNA < 25,000 and
percent_mitochondrial <25 were included for downstream analyses.
Transcript counts were log-normalized. For scATAC-seq quality control,
cellswithn_ATAC_Frags > 3,000 and TSS_Score > 10 were included for
downstreamanalyses. Doublet inference was conducted using ArchR
addDoubletScores(), and presumed doublets were excluded. Cells
that passed each filter were admitted for downstream analyses. Finally,
based on gene expression markers, contaminating cells (thymocytes)
and putative mTEC mimetic cells were excluded from analysis (except
for targeted analyses of mimetic compartments). In the wild-type multi-
ome (Fig.1), afurther cluster of cells that exhibited uncharacteristically
low TSS enrichment scores was excluded.

Multiome data processing

Dimensionality reduction, scATAC-seq clustering, projections, pseu-
dotime, transcription factor motif enrichment (except for scATAC-seq
fragments or genomic tiles, which was computed using HOMER2 (v.5.1)
findMotifsGenome.pl with settings -size given), and transcription fac-
tor footprinting were performed using the ArchR pipeline with default
parameters. For UMAP plots overlaid with continuous colour scales,
MAGIC? (v.2.0.3) imputation was used for data smoothing to facili-
tate better visualization. MAGIC-imputed values were used for UMAP
display purposes only; imputed values were not used anywhere else
in the analysis of scATAC-seq or scRNA-seq datasets (such as violin
plots or heatmaps). For scATAC-seq peak calling, the standard ArchR
workflow was used using MACS2 (v.2.2.9.1). To maximize the detection
of open chromatin regions specific to each sample and stage in the
mTEC developmental trajectory, fixed-width 501-bp scATAC-seq peaks

were called (extendSummits = 250) on the Tn5-corrected single base
insertions (shift = -75, extsize =150, -nomodel) for each scATAC-seq
clusteridentified per sample (groupBy = Clusters, reproducibility = 1)
using the ArchR wrapper function addReproduciblePeakSet(). The
significance of each called peak was calculated as a false discovery
rate (g-value) comparing the observed number of Tn5 insertions in
the sliding window (300 bp) and the expected number of insertions
(totalnumber of insertions/genome size (-nolambda)). A g-value cut-
off (cutOff = 0.1) and an upper limit for the number of peaks called
per cell (peaksPerCell =1,000, minCells =100) were applied to pre-
vent consideration of low-quality peaks. We also excluded peaks that
mapped tothe mitochondrialor Y chromosomes (excludeChr = c(chrM,
chrY)). Peak sets called from each scATAC-seq cluster from respective
samples were combined and trimmed for overlap using an iterative
procedure that discarded any peak that directly overlapped with the
most significant peak®. The resultant ‘union peak set’ was applied
to all cells for WIP and OOP count-based and motif-based analyses.
The fraction of fragments within peaks was computed automatically
as a product of the addReproduciblePeakSet() function. Subnucleo-
somal and mononucleosomal fractions for each cell or sample were
computed as the fraction of the cell’s scATAC-seq fragments whose
length L <100 bp (subnucleosomal) or100 < L <200 bp (mononucleo-
somal). To ensure reproducibility of bioinformatic analysis results,
for each dataset, a single script was used for all the quality control
and pre-processing, including purging of low-quality cells, doublet
removal, peak calling, motif enrichment, dimensionality reduction
and clustering. A file representing the full processed data was saved
using saveArchRProject() and loaded for all subsequent analyses (this
filewas not edited after pre-processing). More individual scripts were
used toload processed data and perform specific analyses or generate
specific figures.

Peak-centric differential accessibility analysis

Differential chromatin accessibility analysis across peaks was done
using ArchR getMarkerFeatures() with the following arguments: use-
Matrix = PeakMatrix, bias = ¢(TSSEnrichment, log,,(number of scATAC-
seq fragments)), testMethod = wilcoxon.

Processing of OOP scATAC-seq fragments

For each Multiome dataset, WIP and OOP fragments near genes of
interest (such as aTSGs, housekeeping genes and maturation-induced
genes) were retrieved using the ArchR and GenomicRanges R packages.
For eachgene:first, asearch window, search_window, was established
around the TSS(search_window = TSS+?); and second, scATAC-seq
fragments intersecting the search_window were retrieved from cells
of interest, cell_subset, using the ArchR getFragmentsFromProject()
function with arguments subsetBy = search_window and cell-
Names = cell_subset. Fragments were then partitioned based on
whether they overlapped the data’s union peak set using subsetBy-
Overlaps() with arguments invert = FALSE to retrieve WIP fragments,
orinvert = TRUE to retrieve OOP fragments. Finally, fragments were
binned and/or tallied for the specific application (see below).

Analyses comparing aTSG*** and aTSG"*® mTECs

Cells from early mature, mid mature and late mature clusters expressing
any aTSG, > 0 were selected as the aTSGP* cohort and a size-matched
cohort of aTSG"® cells was sampled randomly from the remaining cells
from the same three clusters. These cohorts were then used as inputs
to getMarkerFeatures()in ArchR for differential accessibility of peaks
between aTSGP* and aTSG"*¢ mTECs. For local OOP and WIP analysis,
ATAC-seq fragments within peaks and outside of peaks from « TSG"*
and aTSG™ cohorts were intersected witha+5 kb sliding window with
1kbincrements, normalized to the total number of ATAC-seq fragments
per cell, and tallied in each window within aregion flanking « TSG; . For
o TSG coexpression analysis, the probability of detecting each aTSG;
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neighbouring aTSG, within the specified length scale (or arandomly
selected alternative aTSG as a control) was computed for each of the
aTSGP* and aTSG™& cohorts.

Regression analysis

ForeachaTSG; the total number of OOP and WIP scATAC-seq fragments
within the characteristic window of instability (¢ = +50 kb) was com-
puted foreachmTEC in the early mature, mid mature and late mature
clusters. A logistic regression framework was used (glm() with fam-
ily = binomial) to estimate the probability of expressing agiven aTSG
based on the number oflog;,(OOP + 1) or log,,(WIP +1) fragments using
log,(n_ATAC_Frags) per cell as a covariate. P-values for regression coef-
ficients were generated using the Wald-y* test (anova(test = ‘LR")).

CUT&RUN sample preparation

CUT&RUN was performed as previously described? with minor
modifications. In brief, 350,000-500,000 cells were washed 3 times
in wash buffer (20 mM HEPES pH 7.5,150 mM NacCl, 0.5 mM spermi-
dine, 1x EDTA-free protease inhibitor cocktail (Roche)) thenbound to
Concanavalin-A beads (Bangs Laboratories) according to the manu-
facturer’s instructions. Cells were incubated with 1:100 dilution of
anti-p53 antibody (Leica NCL-L-p53-CM5p) for 2 h or overnight at 4 °C
in permeabilization buffer (1x permeabilization buffer (eBioscience),
0.5 mM spermidine, 1x EDTA-free protease inhibitor cocktail, 2 mM
EDTA). The sample was then incubated with 700 ng m1™ pA-MNase
(S. Henikoff) in permeabilization buffer at 4 °C for 1 h. Digestion
was done in 0.5% permeabilization buffer supplemented with 2 mM
CaCl,at4 °Cfor1h. Thereaction was stopped by the addition of 2x
stop buffer (final concentration 100 mM NaCl, 10 mM EDTA, 2 mM
EGTA, 20 pg ml* glycogen, 25 pg ml™ RNase A (Thermo Fisher)) and
the sample was incubated at 37 °C for 20 min. Protein in the sample
was then digested in 0.1% SDS and 250 pg ml™ Proteinase K (New Eng-
land Biolabs) for 2 h at 56 °C, shaking gently. CUT&RUN fragments
were purified by phenol chloroform extraction. CUT&RUN libraries
were generated using NEBNext Ultrall DNA Library Prep Kit for Illu-
mina coupled with NEBNext Multiplex Oligos for lllumina (New Eng-
land Biolabs) with modifications optimized for small fragments, as
detailed in https://doi.org/10.17504/protocols.io.wvgfe3w. Paired-end,
dual-index sequencing was performed on the Illumina NextSeq500
platform.

CUT&RUN data processing

CUT&RUN reads were mapped to mm10 mouse genome assembly using
Bowtie2 (v.2.2.9) with settings --local --very-sensitive-local -no-unal
-no-mixed -no-discordant -phred33 -110 -X 700. PCR duplicates
were removed using Picard (v.2.21.8) MarkDuplicates REMOVE_
DUPLICATES=true VALIDATION_STRINGENCY = LENIENT. Reads with
MAPQ scores below 30 were purged and excluded from downstream
analysis using samtools (v.1.9) view -b -q 30 -f 2 -F 1804. Peaks were
called for each sample using MACS2 (v.2.2.7.1) with settings --shift O
--extsize 200 --nomodel --call-summits --keep-dup all -p 0.01. For each
sample, a301-bp fixed-width peak set was generated by extending the
MACS2 summits by 150 bp in both directions. Peaks were ranked by
significance (MACS2 peak score) and overlapping peaks with lower
peak scores were removed iteratively to create non-overlapping sample
peak sets. Peaks mappingto chrY, as well as any that spanned genomic
regions containing “N” nucleotides, were removed. Robust peaks were
defined by ascore per million (SPM) (each peak score divided by the sum
of all peak scores in the sample, divided by 1 million), and we retained
only those peaks with SPM > 5. We defined p53 CUT&RUN peaks by
further filtering for peaks that overlapped with known p53-binding
motifs (HOMER2, v5.1) from samples with characterized p53 activ-
ity (mTEC" samples). CUT&RUN fragment counts across regions of
interest were normalized by the number of unique fragments in the
samplelibrary.

ChIP-seq data processing

ChIP-seqreads were mapped to mm10 mouse genome assembly using
Bowtie2 (v.2.2.9) with settings --very-sensitive -X 2000. PCR dupli-
cates were removed using Picard (v.2.21.8) MarkDuplicates REMOVE_
DUPLICATES=true VALIDATION_STRINGENCY = LENIENT. Reads with
MAPQ scores below 30 were purged and excluded from downstream
analysis using samtools (v.1.9) view -b -q 30 -F 1796. ChIP-seq read
counts were normalized by the number of unique reads in the sample
library.

Histopathology

Histopathology experiments were carried out as previously
described”. In brief, tissues were fixed in buffered 10% formalin and
paraffin-embedded. H&E staining was done by the standard methods.
Histopathology scores were assigned using a four-tier systembased on
the degree and distribution of lymphocyticinfiltration observedinthe
tissue sections. A score of O was assigned when no lymphocyte infiltra-
tion was detected; a score of 1 corresponded to minimal infiltration,
characterized by very few small, isolated clusters; a score of 2 corre-
sponded to moderate infiltration, in which several small to moderately
sized clusters of lymphocytes were observed; ascore of 3 corresponded
to severe, diffuse infiltration, indicated by the presence of numerous
large clusters distributed throughout the tissue.

Statistical analysis

De novo and known transcription factor motif P-values were determined
using HOMER2 (v.5.1). For bulk RNA-seq, P-values for differentially
expressed genes were computed using edgeR (v.4.0.2) (estimateCom-
monDisp()) and corrected for multiple testing using the Benjamini-
Hochberg FDR method. For scATAC-seq and scRNA-seq, FDR-corrected
Wilcoxon test P-values for differentially accessible ATAC peaks and
differentially expressed genes were computed using ArchR (v.1.0.2)
(getMarkerFeatures(testMethod = “wilcoxon”)). Logistic regression
coefficient estimate P-values were computed using analysis of variance
(ANOVA; anova(test ="“Chisq”)) to compare the regression results from
glm(). Box plots show the median (centreline), 25th and 75th percentiles
(edges), and whiskers show +1.5 times the interquartile range. Outliers
beyond the interquartile range are represented as individual dots. All
other P-values and statistical tests were computed in R or Prism and
are specified in the figure legends.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Original raw scATAC-seq, scRNA-seq and bulk RNA-seq data have
been deposited at the National Center for Biotechnology Informa-
tion (NCBI) Gene Expression Omnibus: accession numbers GSE274320,
GSE274324, GSE290716 and GSE301724. Further Gene Expression
Omnibusaccession numbers for published datasets used in this study
include GSE53111, GSE102526, GSE234331, GSE194253, GSE231681 and
GSE92597. All other data are available from the corresponding author
uponreasonable request. Source data are provided with this paper.

Code availability

This study did not generate any new code. Analysis scripts are available
fromthe corresponding author upon reasonable request.
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Extended DataFig.1|Metrics of single-mTEC Multiome profilingand
working hypothesis. a, Scatter plot depicting scATAC-seq library complexity
versus quality of Tn5 transposition for 9,928 filtered mTECs. b, scATAC-seq
fragmentsize distribution from 9,928 filtered mTECs. ¢, Aggregate histogram
of Tn5insertions across transcription startsites. d, scRNA-seq UMAP of mTECs
colored by cluster annotation defined in Fig. 1b. Yellow=mimetic mTECs or cells
that did not pass quality-control filters. Numbers=mimetic subtypesin (f-h).
e,sCATAC-seq UMAP mTECs colored by cluster annotation defined in Fig. 1b.
Yellow=mimetic mTECs from (d,f-h) or cells that did not pass quality-control
filters.f, Expression levels of genes encoding mimetic-defining transcription
factors forindicated subtypes overlayed on scRNA-seq UMAP from (d).

g,h, Heatmap of Z-scores of differentially expressed genes (g) or differentially
enriched transcription factor motifs (h) across mimetic mTEC clusters defined
in(d,f).i,Bar plot depicting number of cells per annotated scATAC-seq cluster
from Fig.1b.j, Bar plot depicting number of pseudo-bulk ATAC-seq peaks and
associations toindicated genomicregions (colors) per annotated scATAC-seq
cluster fromFig.1b.k, Pseudotime trajectory analysis overlayed on scATAC-
seq UMAP from Fig.1b.1, Violin plots depicting the distributions of the number
of unique scRNA-seqreads (UMIs) per cell withineach annotated cluster

(n=9,928:Immature=2,107, Transitional=1,790, Early Mature=2,825, Mid
Mature=2,511, Late Mature=695) defined in Fig. 1b. Box plots depict median,
25"and 75" percentile, whiskers=1.5 times interquartile range. m,n, Expression
levels of indicated genes overlayed on scATAC-seq UMAP from Fig. 1b.

o,p, Mean aggregate expression of genes associated with S- (o) or G2/M (p) cell
cycle stages overlayed onscATAC-seq UMAP from Fig. 1b. q, Sum of mRNA from
all AIRE-dependent tissue-specific genes (dTSGs) overlayed on scATAC-seq
UMAP fromFig.1b.r,s, Indicated aTSG expression overlayed on scATAC-seq
UMAP from Fig. 1b. t, Sumexpression of aTSGs withinindicated clustersasa
cumulative fraction of the total sumacross all clusters. u, MA plot comparing
differential expression of genes by bulk RNA-seq®* (n =2 biological replicates)
upon mTEC maturationand the mean gene expression. Fold-change density
onright margin. Statistically significant (Benjamini-Hochberg FDR <0.05)
differential gene expression between mature and immature mTECs is
highlighted forindicated genes. v, Schematic depiction of hypothesis that
out-of-peak scATAC-seq fragments represent fluctuations in nucleosome
dynamics withininaccessible chromatin, compromising chromatin barriers
flanking aTSGs.
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Extended DataFig.2|Chromatinnoiseisindependent of transcriptome
size, peak definition, postmitoticstate, and AIRE. a-c, Mean aggregate
expression of genes associated with the S- (a) or G2/M (b) phase of cell

cycle (aqua) or Aireexpression (c) and fraction of scATAC-seq fragments
withinscATAC-seq peaks (WIP) (purple) across mTEC developmental axis.

d, Transcriptome size versus WIP fraction detected per mTEC. Trendlines with
two-sided 95% confidence intervals (t-distribution) for the linear regression

fit (gray) for each annotated cluster defined in Fig.1b. e,f, Comparison of the
minimum FDR (g-value) cutoff for scATAC-seq peak-calling versus total number
of peaks called (e) or median WIP fraction (f). g,h, WIP fractions calculated with
indicated g-value cutoff for peak-calling, overlayed on scATAC-seq UMAP
definedinFig.1b.i,j, Comparison of the width of scATAC-seq peaks versus total
number of peaks called (i) or the median WIP fraction (j). kI, WIP fractions
calculated withindicated peak width, overlayed on scATAC-seq UMAP defined
inFig.1b. m-o0, WIP fraction (m) or mean aggregate expression of genes
associated with S- (n) or G2/M (o) phase of the cell cycle, overlayed on scATAC-
seq UMAP of cells from embryonic E18 mouse brain10X Multiome dataset.

p, Comparisons of the nucleosome ratio (Ymononucleosomal versus

Ysubnucleosomal bulk ATAC-seq fragments) as a function of size of the most
prevalent nucleosomal ATAC-seq fragmentacross ATAC-seq libraries from
mature, immature mTECs and splenic T cells from published datasets®.

q, Fraction of mononucleosomal scATAC-seq fragments overlayed on
scATAC-seq UMAP defined in Fig.1b.r, Violin plots depicting the distributions
ofthe fraction of mononucleosomal scATAC-seq fragments across annotated
clusters of cells defined in Fig.1b (n=9,928:Immature=2,107, Transitional=1,790,
Early Mature=2,825, Mid Mature=2,511, Late Mature=695). Box plots depict
median, 25" and 75" percentile, whiskers represent 1.5 times interquartile
range. P-values from one-sided Mann-Whitney U-tests. s, scATAC-seq UMAP

of merged Aire”* and Aire” mTEC data® colored by indicated genotype.

t,u, Imputed ‘gene score’ (ArchR chromatin accessibility proxy of gene
expression) for Aire (t) or H2-AbI (u) overlayed on scATAC-seq UMAP from
Fig.2e.v, Fraction of mononucleosomal scATAC-seq fragments overlayed
onscATAC-seq UMAP defined in Fig. 2e. w, Paired violin plots comparing
distributions of the fraction of mononucleosomal scATAC-seq fragments from
indicated genotypes (left =Aire”*, right = Aire”) across annotated clusters
definedinFig.3e.P-values fromone-sided Mann-Whitney U-tests.
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Extended DataFig.3 | mTECsrepress p53 upon maturationindependently
of AIRE. a, Aggregate prevalence of p53-target motifs across accessible mTEC
genomes (chromVAR deviationscores) overlayed on scATAC-seq UMAP from
Fig.1b.b,c, Mean chromVAR deviation scores of p53-target motifs (red) and
mean fraction of scATAC-seq fragments within scATAC-seq peaks (WIP)
(purple) (b) or mean aggregate expression of p53-target genes (green) (c) in
mTECs across developmental axis. d, Representative flow cytometry plots of
the frequencies of MDM2" cellsin singlets from thymic digest and indicated
mature and immature mTEC compartments. e,f, Comparison of frequencies of
MDM2"° and MDM2" cells (e) or ratio of MDM2 mean fluorescence intensity
(MFI) (f) betweenimmature and mature mTECs. P-values for two-sided paired

2 3
Aire”~ Mature / Immature mTEC
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t-testsdisplayed. g-o, Expression levels of indicated genes overlayed on
scATAC-seq UMAP from Fig. 1b. p, Rank-sorted differences in motif prevalence
within accessible genomes (chromVAR deviation scores) of AIRE-deficient
mTECsbetweenindicated mTECs defined in Fig. 2e (and UMAP inset) for 884
known transcription factor motifs. q, Scatter plot comparing differential gene
expression (transcripts per million=TPM) of 51known regulators of p53 activity
between AIRE-deficient mature and immature mTECs versus AIRE-sufficient
mature and immature mTECs. Benjamini-Hochberg FDR for AIRE-deficient
mature versus immature comparisonindicated as point colors with highly
significant differentially expressed genes (FDR <1e-9, fold-change >2 0or<0.5)
indicated asrepressors (brown text) or promoters (green text) of p53 activity.
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of frequencies or mean fluorescence intensity (MFI) of indicated thymus
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scATAC-seq UMAP from Fig.3b. d, Rank-sorted differencesin transcription
factor motif prevalence withinaccessible genomes (chromVAR deviationscores)
of p53-cHyper versus p53-WT Early Mature mTECs as defined in Fig. 3b.

e, Transcription factor footprinting at p53-target motifs within p53-cHyper and
p53-WT Early Mature mTECs. f, Differences in fraction of scATAC-seq fragments
within scATAC-seq peaks (WIP) between neighboring p53-cHyper and p53-WT

mTECs overlayed onscATAC-seq UMAP from Fig. 3b. g, Paired violin plots
comparingdistributions of the ratio of the normalized sum of mononucleosomal
vs.subnucleosomal scATAC-seq fragments fromindicated genotypes across
annotated clusters defined in Fig. 3b. P-values from one-sided Mann-Whitney
U-tests. h,i, Heatmap of Z-scores of differentially expressed genes (h)
ordifferentially enriched transcription factor motifs (i) across mimetic mTEC
clusters defined in Fig. 3f. j-1, Gene expression levels of Aire (j), H2-Ab1 (k) or
module of S-phase genes (I) overlayed on scRNA-seq UMAP from Fig. 3f.

m, Expression levels of genes encoding mimetic-defining transcription
factors forindicated subtypes overlayed on scRNA-seq UMAP from Fig. 3f.
n-s,Representative flow cytometry plots for the definition of mimetic mTEC
compartments.
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Extended DataFig. 5| Nucleosome-destabilizing motifs underlie chromatin
accessibility noise. a,b, Aggregate histograms of p5S3 occupancy at AIRE-
dependent tissue-specific genes (aTSGs) (blue), p53 CUT&RUN peaks (green)
or p53-induced target genes (red) in total mTECs from WT mice. ¢, Motif
enrichment of indicated motifs within 500 bp genomic windows (“tiles”)
spanning +/-50 kb of aTSGs (blue) or sites of p53 occupancy (CUT&RUN peaks).
d,e, Differencesingene expression ofindicated genes between neighboring
p53-cHyper and p53-WT mTECs overlayed on scATAC-seq UMAP from Fig. 3b.

f, MA plot of the differential expression of genes encoding proteins of the
intrinsicapoptosis pathway between mature and immature p53-WT mTECs by
bulk RNA-seq (n=3).Red text=pro-apoptotic, green text=pro-survival proteins.
g,h, Differences in gene expression of indicated genes between neighboring
p53-cHyperand p53-WT mTECs overlayed on scATAC-seq UMAP from Fig. 3b.

i, MA plot of the differential expression of genes encoding DNA damage
response proteins between mature and immature p53-cHyper mTECs by bulk
RNA-seq. Point colors=Benjamini-Hochberg FDR levels.j, Aggregate histogram
of out-of-peak (OOP) TnSinserts over aTSGs (blue) or Silent genes (orange) in

0
log, TPM AIRE" Transitional mTEC"
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mature mTECs. k,I, Comparison oftranscription factor motifenrichment
within scATAC-seq fragments from mature mTECs mapping to within-peak
(WIP) (k) or out-of-peak (OOP) () atindicated regions versus the adenine/
thymine content of each motif. Trendlines (red) with two-sided 95% confidence
intervals (t-distribution) for the linear regression fit (gray) indicated. m, MA
plotofthe expression levels of genes encoding known transcription factors
(transcripts per million=TPM) versus the fold-change in expression between
transitional and immature mTECs. Motif enrichments (-log,, P value) within
SCATAC-seq fragments from mature mTECs mapping to out-of-peak regions
(OOP frags) +/-100 kb of aTSGs are indicated as point colors. Red dotted
line=Ins2expression in mature mTECs (AIREP* mTEC"). n,0, Comparison of
transcription factor motifenrichment within scATAC-seq fragments from
mature mTECs mappingto out-of-peak (OOP) regions atindicated lociversus
the adenine/thymine content of each motif. Trendlines (red) with two-sided
95% confidenceintervals (t-distribution) for the linear regression fit (gray)
indicated.
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Extended DataFig. 6 |p53 hyperactivity in mTECs causes systemic defects
inimmune tolerance. a, Representative flow cytometry plots of T effector
memory (Tg,) and naive (T,) compartments of splenic CD8* T cells from

10 month-old p53-WT and p53-cHyper sex-matched littermates. b,c, Comparison
of frequencies of indicated splenic T cell compartments between p53-WT and

p53-cHyper sex-matched littermates (n =12). P-values from two-sided paired
t-tests.d, Comparison of histopathology scores (based on number and size
of lymphocyticinfiltrates) fromtheindicated organs between sex-matched
littermates (n = 8) of indicated genotypes.
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Extended DataFig.7 | Chromatinaccessibility noiseiselevated inhigh
plasticity states oflung adenocarcinoma. a,b, UMAP of merged scATAC-seq
datafromlungadenocarcinomas** (LUAD) in p53-KO and p53-WT mice colored
by genotype (a) and cluster annotation (b). c-f, LUAD progression depicted by
aggregate expression of genes defining alveolar type-2 (AT2) lung epithelial
state* (c), mixed alveolar type-1and type-2 lung epithelial state** (d), embryonic
liver state*® (e) or epithelial-to-mesenchymal transition (EMT) state* (f)
overlayed on scATAC-seq UMAP from (b). g, Fraction of scATAC-seq fragments
withinscATAC-seq peaks (WIP) overlayed on UMAP from (b). h, Fraction of
mononucleosomal scATAC-seq fragments overlayed on UMAP from (b).

i.j, Violin plots depicting WIP fraction (i) or the fraction of mononucleosomal
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scATAC-seq fragments (j) within cells (n=3,172: C1=612,C2=511,C3 =112,
C4=581,C5=425,C6=188,C7=190,C8=553) across annotated LUAD clusters
definedin (b-f). Box plots depict median, 25" and 75" percentile, whiskers
represent1.5timesinterquartile range. P-values fromone-sided Mann-Whitney
U-tests. k, Nkx2-1 gene expression levels overlayed on scATAC-seq UMAP from
(b).1, Prevalence of NKX2.1-binding motifs across accessible LUAD genomes
(chromVAR deviation scores) overlayed on scATAC-seq UMAP from (b).
m, Runx2 expression overlayed on scATAC-seq UMAP from (b). n, Prevalence of
RUNX2-binding motifs across accessible LUAD genomes (chromVAR deviation
scores) overlayed on scATAC-seq UMAP from (b).
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Extended DataFig. 8| p53 regulates chromatin accessibility noisein

lung adenocarcinoma. a, UMAP of merged scATAC-seq data fromlung
adenocarcinomas* (LUAD) in p53-KO, p53-WT and p53-Hyper mice colored by
genotype. b, Cluster annotations overlayed on UMAP of merged scATAC-seq
datafrom (a).c-f, LUAD progression depicted by aggregate expression of genes
defining alveolar type-2 (AT2) lung epithelial state* (c), mixed alveolar type-1
and type-2lung epithelial state® (d), embryonic liver state* (e) or epithelial-to-
mesenchymal transition (EMT) state® (f) overlayed on scATAC-seq UMAP from
(b). g, Nkx2-1gene expression levels overlayed on scATAC-seq UMAP from (a).
h, Prevalence of NKX2.1-binding motifs across accessible LUAD genomes
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Software and code

Policy information about availability of computer code

Data collection  Flow cytometry / FACS data were collected using FACS Diva (v8.0.2). Sequencing Data were collected using Illumina NextSeq 500 or NovaSeq
6000

Data analysis FlowJo (v10.9.0) was used to analyze flow cytometry data.
cellranger-arc (v2.0.2) was used to align single-cell multi-omic data to reference genomes/transcriptomes.
R (v4.3.2) was used for analysis and data visualization.
ArchR (v1.0.2) was used for scATAC-seq analysis.
Seurat (v5.0.1) was used for scRNA-seq analysis.
MACS2 (v2.2.9.1) was used to call ATAC-seq peaks.
Tophat (v2.1.1) was used to align RNAseq data to mm10 reference transcriptome.
Bowtie2 (v2.2.9) was used to align ChIP-seq and CUT&RUN data to mm10 reference genome.
Samtools (v1.9) was used to process aligned reads and perform quality control.
Subread (v2.0.1) was used to generate transcript counts for RNAseq data.
EdgeR (v3.36.0) was used to perform differential gene expression analysis.

Bulk RNA-seq data processing

RNA-seq reads were mapped to the mm10 mouse genome assembly using TopHat (v2.1.1) with setting —microexon-search. Unmapped,
unpaired and low quality reads (MAPQ < 5) were removed using samtools (v1.9) view with settings -q 5 -f 2. Paired reads were counted for
each gene using featureCounts from Subread (v2.0.1). ‘Transcripts-per-million” (TPM) values were calculated for each gene to quantify the
relative abundance of transcripts for clustering analysis. “Trimmed mean of M values” (TMM) was calculated for each gene for differential
comparisons across samples using edgeR (v4.0.2) (calcNormFactors()). Common dispersions were estimated using estimateCommonDisp()
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and Benjamini-Hochberg false discovery rates (FDRs) were calculated for pairwise comparisons using exactTest(). Genes exhibiting FDR < 0.05
were regarded as significant.

Multiome data quality-control

Following sequencing, bcl files were converted to fastq using cellranger-arc (v2.0.2) mkfastq. FASTQ files were aligned to the mm10 or hg38
genome assembly using cellranger-arc count. ATAC-seq fragment files were used as inputs to ArchR76 (v1.0.2) analysis pipeline in R (v4.3.2).
Transcript count matrices were used as inputs to the Seurat gene expression analysis pipeline. For gene expression quality control, cells with
nFeature_ RNA > 250 & < 6,000, nCount_RNA < 25,000 and percent_mitochondrial < 25 were included for downstream analyses. Transcript
counts were log-normalized. For ATAC-seq quality control, cells with n_ATAC_Frags > 3,000 & TSS_Score > 10 were included for downstream
analyses. Doublet inference was conducted using ArchR’s addDoubletScores(), and presumed doublets were excluded. Cells that passed each
filter were admitted for downstream analyses. Finally, based on gene expression markers, contaminating cells (thymocytes) and putative
mTEC mimetic cells were excluded from analysis. In the WT multiome (Fig. 1), an additional cluster of cells exhibiting uncharacteristically low
TSS enrichment score was excluded.

Multiome data processing

Dimensionality reduction, ATAC-seq clustering, projections, pseudotime, transcription factor motif enrichment, and transcription factor
footprinting were performed using the ArchR pipeline with default parameters. For UMAP plots overlaid with continuous color scales, MAGIC
(v2.0.3) imputation was used for data smoothing to facilitate better visualization. MAGIC-imputed values were only used for UMAP display
purposes; imputed values were used nowhere else in the analysis of scATAC-seq or scRNA-seq datasets (e.g. violin plots, heat maps, etc.). For
SCATAC-seq peak calling, 500 bp ATAC-seq peaks were called using MACS2 (v2.2.9.1) and corresponding ArchR wrapper function
addReproduciblePeakSet() with the following arguments: groupBy = Clusters, reproducibility = 1, peaksPerCell = 1000, minCells = 100,
excludeChr = c(chrM, chrY), shift = -75, extsize = 150, cutOff = 0.1, additionalParams = -nomodel —nolambda, extendSummits = 250,
promoterRegion = ¢(2000, 100). Fraction of fragments within peaks (WIP) was computed automatically as a product of this function.
Subnucleosomal and mononucleosomal fractions for each cell or sample were computed as the fraction of the cell’s ATAC-seq fragments
whose length L < 100bp (subnucleosomal) or 100 < L < 200bp (mononucleosomal). Differential chromatin accessibility analysis across peaks
was performed using ArchR’s getMarkerFeatures() with the following arguments: useMatrix = PeakMatrix, bias = ¢(TSSEnrichment,
log10(nFrags)), testMethod = wilcoxon.

Analyses comparing aTSGpos and aTSGneg mTECs

Cells from Early Mature, Mid Mature and Late Mature clusters expressing any aTSG_i>0 were selected as the aTSGpos cohort and a size-
matched cohort of aTSGneg cells was sampled randomly from the remaining cells from the same 3 clusters. These cohorts were then used as
inputs to getMarkerFeatures()in ArchR for differential accessibility of peaks between aTSGpos and aTSGneg mTECs. For local OOP and WIP
analysis, ATAC-seq fragments within peaks and outside of peaks from aTSGpos and aTSGneg cohorts were intersected with a 5 kb sliding
window with 1 kb increments, normalized to the total number of ATAC-seq fragments per cell, and tallied in each window within a region
flanking aTSG_i. For TSG co-expression analysis, the probability of detecting each aTSG_i neighboring TSG_0 within the specified length scale
(or a randomly selected alternative aTSG as a control) was computed for each of the aTSGpos and aTSGneg cohorts.

CUT&RUN data processing

CUT&RUN reads were mapped to mm10 mouse genome assembly using Bowtie2 (v2.2.9) with settings --local --very-sensitive-local —no-unal —
no-mixed —no-discordant —phred33 -1 10 -X 700. PCR duplicates were removed using Picard (v2.21.8) MarkDuplicates
REMOVE_DUPLICATES=true VALIDATION_STRINGENCY=LENIENT. Reads with MAPQ scores below 30 were purged and excluded from
downstream analysis using samtools (v1.9) view -b -q 30 -f 2 -F 1804. Peaks were called for each sample using MACS2 (v2.2.7.1) with settings
--shift O --extsize 200 --nomodel --call-summits --keep-dup all -p 0.01. For each sample, a 301 bp fixed-width peak set was generated by
extending the MACS2 summits by 150 bp in both directions. Peaks were ranked by significance (MACS2 peak score) and overlapping peaks
with lower peak scores were removed iteratively to create non-overlapping sample peak sets. Peaks mapping to chrY as well as any that
spanned genomic regions containing “N” nucleotides were removed. Robust peaks were defined by a ‘score-per-million’ (SPM) (each peak
score divided by the sum of all peak scores in the sample, divided by 1 million), and we only retained peaks with an SPM value @ 5. ‘p53
CUT&RUN peaks’ were defined by further filtering for peaks that overlapped with known p53-binding motifs (HOMER2 (v5.1)) from samples
with characterized p53 activity (mTEClo samples). CUT&RUN fragment counts across regions of interest were normalized by the number of
unique fragments in the sample library.

ChIP-seq data processing

ChIP-seq reads were mapped to mm10 mouse genome assembly using Bowtie2 (v2.2.9) with settings --very-sensitive -X 2000. PCR duplicates
were removed using Picard (v2.21.8) MarkDuplicates REMOVE_DUPLICATES=true VALIDATION_STRINGENCY=LENIENT. Reads with MAPQ
scores below 30 were purged and excluded from downstream analysis using samtools (v1.9) view -b -q 30 -F 1796. ChIP-seq read counts were
normalized by the number of unique reads in the sample library.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Original raw scATAC-seq, scRNA-seq and bulk RNA-seq data have been deposited to the National Center for Biotechnology Information (NCBI) Gene Expression
Omnibus: accession numbers GSE274320, GSE274324, GSE290716 and GSE301724. Additional Gene Expression Omnibus accession numbers for published datasets
used in this study include GSE53111, GSE102526, GSE234331, GSE194253, GSE231681, and GSE92597. mm10 and hg38 reference genomes were used for mouse
and human genomic data respectively.
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Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Thymus fragments were obtained from one 12 week-old male patient with no known genetic abnormalities undergoing

standard of care cardiac surgery. Patient sex was reported by the attending physician.

Reporting on race, ethnicity, or Information on race, ethnicity, etc. was not provided.
other socially relevant

groupings

Population characteristics One 12 week-old with no known genetic abnormalities undergoing cardiac surgery.

Recruitment

Ethics oversight

Thymic tissue was excised during the course of standard of care cardiac surgery.

All human studies were in compliance with the Declaration of Helsinki and conducted in accordance with Institutional Review
Board (IRB) protocol 20-1392 approved by the Biological Sciences Division and the University of Chicago Medical Center
Institutional Review Boards at the University of Chicago and protocol 2020-203 approved by the Advocate Aurora Health
Research Subject Protection Program and Advocate Aurora Health Care Institutional Review Board.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences

|:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size

Data exclusions

Replication

Randomization

Blinding

No statistical method was used to determine sample size. The number of replicates performed was determined based on those of previous
related studies: e.g. Fang et al., Nature 2024 PMID: 38480882; Givony et al., Nature 2023 PMID: 37674082; Gamble et al., Nat Immunol 2024
PMID: 38632339; Zhou W et al., Sci Immunol 2022 PMID: 35594339; Hosokawa et al., J Exp Med 2021 PMID: 34180951; Shin et al., PNAS 2021
PMID: 33479171; Shin et al., Nat Immunol 2023 PMID: 37563311.

No animals or samples were excluded from analysis. Low-quality reads were excluded from processing. Low-quality and duplicate barcodes
were excluded from analysis. Thymic mimetic cells were not considered.

All results from single-cell muti-omic assays were reproduced across one C57BL6 mouse, one pair of WT and sex-matched p53-cHyper mice,
and one human sample. All other experimental findings were reliably reproduced with at least 2 biologically independent replicates.

Pairs of sex-matched littermates housed in the same cages were randomly selected for each experimental perturbation. Relevant control
samples were processed together and in parallel with all perturbation samples. No additional method of randomization was used.

Investigators were not blinded to experimental group allocations because the same investigators performed genotyping, tissue harvest,
experimental procedures and/or analyses. However, all controls and perturbations were performed on sex-matched littermates. Additionally,
all experimental and bioinformatic processing for control and perturbation groups was performed identically, together and in parallel for each
replicate.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| |Z| ChIP-seq

Eukaryotic cell lines

Palaeontology and archaeology

|:| |Z| Flow cytometry

IZI D MRI-based neuroimaging

Animals and other organisms
Clinical data
Dual use research of concern

Plants
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Antibodies used For flow cytometry, the following antibodies were used:

Pacific Blue anti-mouse CD45 (clone 30-F11, 1:100) BioLegend Cat# 103125, RRID:AB_493536
APC/Cyanine 7 anti-mouse CD45 (clone 30-F11, 1:100) BioLegend Cat# 103115, RRID:AB_312980
APC/Cyanine 7 anti-mouse EPCAM (clone G8.8, 1:50-1:100) BioLegend Cat# 118217, RRID:AB_1501158
PE anti-mouse Ly-51 (clone 6C3, 1:100) BioLegend Cat# 108307, RRID:AB_313364

APC anti-mouse |-A/I-E (clone M5/114.15.2, 1:100) BioLegend Cat# 107613, RRID:AB_313328

PE anti-mouse I-A/I-E (clone M5/114.15.2, 1:100) BioLegend Cat# 107607, RRID:AB_313322
eFlour 660 anti-mouse AIRE (clone 5H12, 1:500) Invitrogen Cat #50-5934-80, RRID:AB_2574257
Pacific Blue anti-mouse CD4 (clone GK1.5, 1:100) BioLegend Cat# 100428, RRID:AB_493647

APC anti-mouse CD8a (clone 53-6.7, 1:100) BioLegend Cat# 100711, RRID:AB_312750
APC/Cyanine 7 anti-mouse CD8a (clone 53-6.7, 1:100) BioLegend Cat# 100713, RRID:AB_312752
PE anti-mouse CD69 (clone H1.2F3, 1:100) BioLegend Cat# 104508, RRID:AB_313111

APC anti-mouse CD62L (clone MEL-14, 1:100) BioLegend Cat # 104412, RRID:AB_313099

APC anti-mouse CD25 (clone PC61, 1:100) BioLegend Cat# 102012, RRID:AB_312861

PE anti-mouse/human CD44 (clone IM7, 1:100) BioLegend Cat# 103007, RRID:AB_312958

FITC anti-mouse TCR-B (clone H57-597, 1:100) BioLegend Cat# 109206, RRID:AB_313429

PE anti-mouse FOXP3 (clone FJK-16s, 1:100) Invitrogen Cat# 12-5773-80, RRID:AB_465936

BUV563 anti-mouse CD45 (clone 30-F11, 1:100) Invitrogen Cat# 365-0451-82, RRID:AB_2925377
BV605 anti-mouse CD104 (clone 346-11A, 1:200) BD Biosciences Cat# 743080, RRID:AB_2741272
AF532 anti-mouse IA/IE (clone M5/114.15.2, 1:50) Invitrogen Cat# 58-5321-82, RRID:AB_2811913
PE anti-mouse GP2 (clone 2F11-C3, 1:10) MBL Cat# D278-5

AF700 anti-mouse CD177 (clone 1171A, 1:25) R&D Cat# FAB8186N

eFlour450 anti-mouse Ly-6D (clone 49-H4, 1:200) Invitrogen Cat# 48-5974-80, RRID:AB_2574089
BV785 anti-mouse Sca-1 (clone D7, 1:200) BioLegend Cat# 108139, RRID:AB_2565957

BUV805 anti-mouse Ki-67 (clone SolA15, 1:100) Invitrogen Cat# 368-5698-82, RRID:AB_2896151
Biotin anti-mouse SynCAM (clone 3E1, 1:100) MBL Cat# CM004-6

PE-Vio770 anti-mouse CD171 (L1CAM) (clone 555, 1:25) Miltenyi Cat# 130-102-135

BV421 Donkey anti-Rabbit (polyclonal, 1:50/1:100) Jackson Immuno Cat# 711-675-152, RRID:AB_2651108
Rabbit anti-mouse/human MDM2 (clone EPR22256-98, 1:25) Abcam Cat# ab259265

APC/Cyanine 7 anti-human EPCAM (clone 9C4, 1:50-1:100) BioLegend Cat# 324245, RRID:AB_2783193
FITC anti-human CD45 (clone 2D1, 1:100) BioLegend Cat#368507, RRID:AB_2566367

PE anti-human LY51/CD249 (clone 2D3/APA, 1:100) BD Biosciences Cat# 553735, RRID:AB_395018
APC anti-HLA-DRA (clone L243, 1:100) BioLegend Cat# 307609, RRID:AB_314687

Validation All antibodies were previously validated by their manufacturers. Links to relevant citations listed on vendor sites and additional
validation information provided below:

Pacific Blue anti-mouse CD45 (clone 30-F11, BioLegend Cat# 103125, RRID:AB_493536): https://doi.org/10.4049/
jimmunol.140.11.3851

APC/Cyanine 7 anti-mouse CD45 (clone 30-F11, BioLegend Cat# 103115, RRID:AB_312980): https://doi.org/10.4049/
jimmunol.140.11.3851

APC/Cyanine 7 anti-mouse EPCAM (clone G8.8, BioLegend Cat# 118217, RRID:AB_1501158): https://doi.org/10.4049/
jimmunol.148.2.590

PE anti-mouse Ly-51 (clone 6C3, BioLegend Cat# 108307, RRID:AB_313364): https://doi.org/10.1084/jem.165.3.920
APC anti-mouse I-A/I-E (clone M5/114.15.2, BioLegend Cat# 107613, RRID:AB_313328): https://doi.org/10.1146/
annurev.immunol.15.1.821

PE anti-mouse I-A/I-E (clone M5/114.15.2, BioLegend Cat# 107607, RRID:AB_313322): ): https://doi.org/10.1146/
annurev.immunol.15.1.821

eFlour 660 anti-mouse AIRE (clone 5H12, Invitrogen Cat #50-5934-80, RRID:AB_2574257): https://




pubmed.ncbhi.nlm.nih.gov/2815252/

Pacific Blue anti-mouse CD4 (clone GK1.5, BioLegend Cat# 100428, RRID:AB_493647): https://doi.org/10.1146/
annurev.iy.07.040189.003051

APC anti-mouse CD8a (clone 53-6.7, BioLegend Cat# 100711, RRID:AB_312750): https://doi.org/10.1016/1074-7613(94)90075-2
APC/Cyanine 7 anti-mouse CD8a (clone 53-6.7, BioLegend Cat# 100713, RRID:AB_312752): https://
doi.org/10.1016/1074-7613(94)90075-2

PE anti-mouse CD69 (clone H1.2F3, BioLegend Cat# 104508, RRID:AB_313111): https://doi.org/10.4049/jimmunol.141.2.369
APC anti-mouse CD62L (clone MEL-14, BioLegend Cat # 104412, RRID:AB_313099): https://doi.org/10.1073/pnas.87.6.2244
APC anti-mouse CD25 (clone PC61, BioLegend Cat# 102012, RRID:AB_31286): https://pubmed.ncbi.nlm.nih.gov/3934270/

PE anti-mouse/human CD44 (clone IM7, BioLegend Cat# 103007, RRID:AB_312958): https://doi.org/10.1016/0092-8674(89)90639-9
FITC anti-mouse TCR-B (clone H57-597, BioLegend Cat# 109206, RRID:AB_313429): https://pubmed.ncbi.nlm.nih.gov/2467936/
PE anti-mouse FOXP3 (clone FJK-16s, Invitrogen Cat# 12-5773-80, RRID:AB_465936): this antibody was validated via relative
expression: https://www.thermofisher.com/antibody/product/FOXP3-Antibody-clone-FJK-16s-Monoclonal/12-5773-82

BUV563 anti-mouse CD45 (clone 30-F11, Invitrogen Cat# 365-0451-82, RRID:AB_2925377): https://doi.org/10.4049/
jimmunol.140.11.3851

BV605 anti-mouse CD104 (clone 346-11A, BD Biosciences Cat# 743080, RRID:AB_2741272): https://
pubmed.nchi.nlm.nih.gov/3940637/

AF532 anti-mouse IA/IE (clone M5/114.15.2, Invitrogen Cat# 58-5321-82, RRID:AB_2811913): https://doi.org/10.1146/
annurev.immunol.15.1.821

PE anti-mouse GP2 (clone 2F11-C3, MBL Cat# D278-5): https://doi.org/10.1038/nature08529

AF700 anti-mouse CD177 (clone 1171A, 1:25) R&D Cat# FAB8186N https://doi.org/10.1038/s41467-023-44348-y

eFlour450 anti-mouse Ly-6D (clone 49-H4, Invitrogen Cat# 48-5974-80, RRID:AB_2574089): https://doi.org/10.1016/
j.celrep.2018.11.069

BV785 anti-mouse Sca-1 (clone D7, BioLegend Cat# 108139, RRID:AB_2565957): https://doi.org/10.1084/jem.164.3.709
BUV805 anti-mouse Ki-67 (clone SolA1S5, Invitrogen Cat# 368-5698-82, RRID:AB_2896151): This antibody was validated via cell
treatment and knockout validation https://www.thermofisher.com/antibody/product/Ki-67-Antibody-clone-SP6-Recombinant-
Monoclonal/MA5-14520

Biotin anti-mouse SynCAM (clone 3E1, MBL Cat# CM004-6): https://doi.org/10.4049/jimmunol.176.2.1238

PE-Vio770 anti-mouse CD171 (L1CAM) (clone 555, Miltenyi Cat# 130-102-135): https://doi.org/10.1002/j.1460-2075.1984.tb01753.x
BV421 Donkey anti-Rabbit (polyclonal, Jackson Immuno Cat# 711-675-152, RRID:AB_2651108): https://doi.org/10.1038/
s41388-025-03318-y

Rabbit anti-mouse/human MDM?2 (clone EPR22256-98, Abcam Cat# ab259265): https://doi.org/10.3390/biom11111695
APC/Cyanine 7 anti-human EPCAM (clone 9C4, BioLegend Cat# 324245, RRID:AB_2783193): https://
pubmed.nchi.nlm.nih.gov/2463074/

FITC anti-human CD45 (clone 2D1, BioLegend Cat# 368507, RRID:AB_2566367): https://doi.org/10.1093/jnci/65.1.33

PE anti-human LY51/CD249 (clone 2D3/APA, BD Biosciences Cat# 553735, RRID:AB_395018): https://doi.org/10.21769/
BioProtoc.4865

APC anti-HLA-DRA (clone L243, BioLegend Cat# 307609, RRID:AB_314687): https://doi.org/10.4049/jimmunol.137.2.490

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

Mice used in this study were housed in pathogen-free facilities at the University of Chicago or Stanford University. All mice were
housed in positively pressurized individually ventilated cage racks and changed in biological safety cabinets. Cage supplies are
sanitized using hot water (180°F). Bedding and shredded paper enrichment were autoclaved and cages were provided with irradiated
food. Reverse Osmosis water was provided by an automated watering system directly to each cage. Rodent housing rooms were
maintained at a 12-hour light / 12-hour dark cycle. Temperature and humidity were within the Guide for the Care and Use of
Laboratory Animals recommended ranges: 68-79°F and 30-70% humidity.

All experiments and animal use procedures were conducted in compliance with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee (IACUC) at the University of
Chicago.

B6.129-Trp53LSL-L25Q,W26S,F53Q,F54S heterozygous mice27,61 were provided by Laura Attardi (Stanford University) and were
bred with B6-Foxn1Cre homozygous mice62 purchased from Jackson Laboratories to generate Trp53LSL-L25Q,W26S,F53Q,F54S/wt;
FoxnlCre/wt and Trp53wt/wt; Foxn1Cre/wt littermates. Trp53f/f mice were purchased from Jackson Laboratories and bred with B6-
Foxn1Cre mice to generate Trp53f/f; Foxn1Cre/wt mice. C57BL/6J mice were purchased from Jackson Laboratories. mTECs and
thymocytes were harvested at 4-5 weeks of age. Sex-matched littermates were used for all comparisons of genetic perturbations.

No wild animals were used in this study.

Samples were derived from both male and female animals. Sex-matched littermates were used for all perturbations.

No field-collected samples were used in this study.

All experiments and animal use procedures were conducted in compliance with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee (IACUC) at the University of
Chicago.
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Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks
Novel plant genotypes

Authentication

No plants were used in this study.
N/A

N/A

ChlIP-seq

Data deposition
Confirm that both raw and final processed data have been deposited in a public database such as GEO.
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Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links All genomics data produced in this study are publicly available on GEO under the accession number GSE290716.
May remain private before publication.

Files in database submission Raw FASTQ files, MACS2 peak bed files, and normalized BigWig files are available on GEO: GSE290716.

Genome browser session https://genome.ucsc.edu/s/ngamble/antiP53_CUTRUN_mTECs
(e.g. UCSC)
Methodology
Replicates Two independent biological replicates were generated for each experimental condition. Representative individual replicates were

used for heat maps and histograms. Original FASTQ files, MACS2 peak bed files, and normalized BigWig files for all conditions and
replicates are publicly available on GEO: GSE290716

Sequencing depth 50bp paired-end reads.
Unique reads for each sample:

anti-P53 CUT&RUN mTEClo Rep1: 57,657,219
anti-P53 CUT&RUN mTEChi Rep1: 63,136,557
anti-P53 CUT&RUN mTEClo Rep2: 59,417,428
anti-P53 CUT&RUN mTEChi Rep2: 50,050,248

Antibodies Leica NCL-L-p53-CM5p

Peak calling parameters  Peaks were called for each sample using MACS2 (v2.2.9.1) with settings --shift O --extsize 200 --nomodel --call-summits --keep-dup all
-p 0.01. For each sample, a 301 bp fixed-width peak set was generated by extending the MACS2 summits by 150 bp in both directions

Data quality See ATAC-seq and CUT&RUN data analysis section in Methods.

Software Bowtie2 (v2.2.9) was used to align sequencing data to mm10 reference genome.
Picard (v2.21.8) was used to mark and purge duplicates.
Samtools (v1.9) was used to process aligned reads and perform quality control.
MACS2 (v2.2.9.1) was used to call ATAC-seq, ChIP-seq and CUT&RUN peaks.
bedGraph2BigWig (v4) was used to convert begGraph files to BigWig file format.
Bedtools (v2.27.1) was used for intersection, subtraction, and additional analysis of genomic regions.

Flow Cytometry

Plots
Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|Z All plots are contour plots with outliers or pseudocolor plots.

|Z| A numerical value for number of cells or percentage (with statistics) is provided.




Methodology

Sample preparation

Instrument

Software

Cell population abundance

Gating strategy

For all flow cytometry, cells were incubated for 15 minutes at 4°C with relevant antibody mix diluted in T cell FACS buffer (2%
FCS, 0.5% BSA, 10 mM EDTA in PBS).

Thymocytes:
Thymi from 4-5 week-old mice were removed and small cortical incisions made prior to mechanical agitation with wide-bore
glass pipettes in DMEM/F-12 (Gibco) to liberate thymocytes.

Splenocytes:
Spleen and lymph nodes from 4-6 week-old mice were isolated in RPMI 1640 (Gibco) supplemented with 10% FCS and 1%
Penicillin-Streptomycin (10% RPMI). Cells were liberated by mincing with syringe plunger and filtered through 40 um strainer.

Murine thymic epithelial cells:

Thymi from 4-5 week-old mice were harvested and connective tissue was removed. Stromal tissue was perforated using
scissors and incubated with rotation in DMEM-F12 (Gibco) at room temperature for for 10 min to liberate thymocytes.
Remaining stromal tissue was enzymatically digested (0.5 mg/mL Collagenase D (MilliporeSigma), 0.2 mg/mL DNasel
(MilliporeSigma), 0.5 mg/mL Papain (Worthington Biochemical). Cells were stained with anti-EpCAM antibodies conjugated to
APC-Cy7 (BioLegend, clone 9C4) and EpCAM+ cells were enriched via positive selection using magnetic anti-Cy7 beads
(Miltenyi). Intracellular staining for AIRE was performed using the eBioscience FoxP3 transcription factor staining kit
(Invitrogen) according to manufacturer’s instructions.

Human thymic epithelial cells:

Thymus fragments were obtained from a 12 week-old patient with no known genetic abnormalities undergoing standard of
care cardiac surgery. Patient was de-identified upon receipt with written informed consent for release of genomic sequence
data in accordance with IRB protocols 20-1392 from the University of Chicago and 2020-203 from Advocate Aurora Health.
Connective tissue was removed and remaining tissue was minced, then incubated with rotation in DMEM-F12 (Gibco) at 4C
for 20 min to liberate thymocytes. Stromal tissue was enzymatically digested using 0.5 mg/mL Collagenase D (MilliporeSigma)
and 0.2 mg/mL DNase | (MilliporeSigma) at 37C for 20 min. Remaining fragments were incubated with rotation in 0.5 mg/mL
Papain (Worthington), 0.25 mg/mL Collagenase D and 0.1mg/mL DNase | at 37C for 20 min. Cells were stained with anti-
EpCAM antibodies conjugated to APC-Cy7 (BioLegend, clone 9C4) and EpCAM+ cells were enriched via positive selection with
magnetic anti-Cy7 beads (Miltenyi).

Flow cytometry and FACS were performed using BD FACS Symphony S6, BD FACSAria Fusion, or BD FACSAria Il equipped with
a 100 um nozzle.

BD FACS Diva (v8.0.2) and FlowJo (v10.9.0) were used for data collection and analysis respectively.

Post-sort fractions were analyzed to have > 95% of the relevant cell
population. See representation of gating strategies and population abundance in Extended Data.

Cells were gated based on FSC-A and SSC-A to exclude debris and doublets were excluded by gating on FSC-A / FSC-H. Dead
cells were excluded using DAPI (Invitrogen). Supplemental gating strategies are provided in Extended Data and
Supplementary Information.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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