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Understanding the mechanisms promoting chromosomal translocations of the rearrang-
ing receptor loci in leukemia and lymphoma remains incomplete. Here we show that
leukemias induced by aberrant activation of f-catenin in thymocytes, which bear recur-
rent Tera/Myc-Potl translocations, depend on Tcf-1. The DNA double strand breaks
(DSBs) in the Tcra site of the translocation are Rag-generated, whereas the Myc-Potl
DSBs are not. Aberrantly activated f-catenin redirects Tcf-1 binding to novel DNA sites
to alter chromatin accessibility and down-regulate genome-stability pathways. Impaired
homologous recombination (HR) DNA repair and replication checkpoints lead to reten-
tion of DSBs that promote translocations and transformation of double-positive (DP)
thymocytes. The resulting lymphomas, which resemble human T cell acute lymphoblas-
tic leukemia (T-ALL), are sensitive to PARP inhibitors (PARPis). Our findings indicate
that aberrant f-catenin signaling contributes to translocations in thymocytes by guiding
Tcf-1 to promote the generation and retention of replication-induced DSBs allowing
their coexistence with Rag-generated DSBs. Thus, PARPis could offer therapeutic
options in hematologic malignancies with active Wnt/f-catenin signaling.
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Genomic instability is a well-characterized hallmark of cancer that drives both malignant
transformation and cancer cell plasticity, which underlies treatment escape. It is estimated
that a human cell is subjected to ~70,000 DNA lesions a day and the integrity of its
genome depends on a coordinated balance between the generation and faithful repair of
these DNA lesions (1). While extensive research into DNA repair pathways has identified
many cancer risks and treatment opportunities, the precise molecular mechanism generat-
ing large-scale genomic alterations remains incomplete. Chromosomal aberrations and
gene fusions are particularly prevalent in hematological malignancies, including up to
80% of T cell acute lymphoblastic leukemia (T-ALL) (2—4). Importantly, T-ALL is an
aggressive hematologic malignancy with poor prognosis and limited treatment options
that remain largely untargeted (5-7). While dose escalation and combinatorial strategies
have improved pediatric cure rates to >90%, these regimens are not well tolerated by
adult patients (6). Excitingly, molecular and genomic classifications have led to improved
new therapies including antibody and chimeric antigen receptor T cell (CAR-T) regimens
that predominately target B cell ALL (6). However, similar success in T-ALL has lagged.
Lymphocytes are unique among somatic cells because their development requires the
controlled generation of DNA double strand breaks (DSBs) to recombine the T cell
receptor (TCR) and immunoglobulin (Ig) loci. Rag recombinases catalyze these DSBs
at recombination signal sequences (RSSs) that flank the V, D, and ] segments of these
loci. Rag activity occurs during the GO/G1 phases of the cell cycle when the predomi-
nant DSB repair pathway is nonhomologous end joining (NHE]) (8-10). NHE] is
error prone as it directly ligates DNA ends leading to small insertions, deletions, and
potentially translocations (11). Homologous recombination (HR), the other major
DSB repair pathway, is favored during replication when a sister chromatid is present,
providing a template for error-free repair (12). Genome stability during thymocyte
development requires a refined coordination between cell cycle and repair mechanisms.
This is because T cell development is a highly regulated stepwise progression through
precursor stages that require bursts of proliferation followed by G0/G1 arrest to facili-
tate Rag-mediated receptor rearrangements (13, 14). When DSBs are detected, check-
point kinases Chek2 or Chek1 signal cell cycle arrest to allow for repair of DNA lesions
and maintenance of genome stability (15). In thymocytes, the inability to promptly
resolve replication-induced DSBs due to failure of repair pathways and/or checkpoint
signaling could allow their persistence into GO/G1. At this phase, which relies on the
error-prone NHE] repair mechanism, these breaks could serve as aberrant substrates
during Rag recombination, leading to translocations. Not surprisingly, chromosomal
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aberrations involving the recombining T cell receptor genes are
frequently observed in T-ALL cases (16).

Stabilizing mutations in P-catenin and activation of the Wnt
signaling pathway have been described in T cell malignancies
(17), including precursor (T-ALL), peripheral (PTCL), cutaneous
(CTCL), and adult T cell leukemia (ATL) (18-21). A more
recent study showed that B-catenin is required for the initiation
of T cell leukemia downstream of Notch signaling (22), which is
the most frequently activated pathway due to mutations in
T-ALL patients. Additionally, both loss of PTEN and activation
of PI3K/Akt signaling, which mark ~20% of T-ALL (23), stabi-
lize B-catenin by inactivating Gsk3p and preventing the phos-
phorylation events that initiate its proteasomal degradation
(24-26). Mouse models of thymocyte-specific f-catenin activa-
tion, via mutation of B-catenin itself, loss of PTEN, or expression
of an active AKT, produce genomically unstable T cell leukemias
that mirror human disease (24-28). Importantly, B-catenin sig-
naling is required in PTEN-deficient models of T cell transforma-
tion (24), highlighting the need to understand the mechanisms
by which B-catenin activation drives T cell transformation.

The T cell-specific partners of B-catenin in the context of
Wnt signaling are the HMG domain-containing DNA binding
proteins Tcf-1 (encoded by 7¢f7) and Lef-1. Upon Wnt activa-
tion, P-catenin is stabilized and transported to the nucleus
where it interacts with DNA-bound Tcf-1 and Lef-1, promot-
ing chromatin accessibility and target gene expression (29).
Tcf-1 has essential roles at almost all stages of T cell develop-
ment and function (30). We and others have shown that Tcf-1
is required for T cell specification (31, 32), progression to the
CD4*CD8™" double-positive (DP) stage (33), thymic selection,
and the choice of postselection T cell lineages (34). These studies
established that Tcf-1 modulates the chromatin landscape and
transcription profiles of thymocytes (35). Specifically, we showed
that in DP thymocytes Tcf-1 acts both by directly binding its
conserved DNA motif or through the indirect coordination with
other regulatory proteins (33). Tcf-1 binding can promote either
up- or down-regulation of target gene expression depending on
sequence context and coordination with binding partners. It
remains unclear how oncogenic B-catenin stabilization affects the
natural functions of Tcf-1 to promote transformation.

Here we used our previously established mouse model of
T-ALL, which relies on conditional stabilization of -catenin in DP
thymocytes, to understand the mechanism by which p-catenin and
Tcf-1 cooperate in transforming these cells (24, 25). The leukemias
in our model have chromosomal translocations that are identical to
aberrations seen in T cell leukemia models resulting from PTEN
ablation or constitutive AKT activation (28). We found that condi-
tionally ablating Tcf-1 at the time of P-catenin stabilization abro-
gates leukemogenesis. This observation allowed us to narrow down
on the specific mechanisms of transformation. Our findings indi-
cate that activation of P-catenin redirects Tcf-1 binding and pro-
motes gene expression changes that compromise the replication
process and checkpoint responses to replication stress. As a result,
DNA damage generated during replication is aberrantly joined
with Rag breaks induced during the subsequent GO/G1 phase. The
HR impairments of these leukemias render them more vulnerable
to Parp inhibitors and provide a therapeutic possibility.

Results

p-Catenin-Induced Translocations Link DSBs from Two Distinct
Processes. We have previously reported that CD4-Cre-
mediated stabilization of B-catenin (36) (CAT mice) produces
DP T cell lymphomas (24). These have recurrent translocations

2of 12 https://doi.org/10.1073/pnas.2201493119

in which the Te¢ra locus on chromosome 14 is illegitimately
linked to the Myc-Putl locus on chromosome 15 (25), driving
elevated expression of the Myc oncogene and malignant transfor-
mation of DP thymocytes. Although lymphomagenesis in CAT
mice is dependent on Rag activity, we sought to further under-
stand the mechanisms underpinning the genomic instability that
allows for aberrant 7cra/Myc-Pvtl joins. Given that both Rag2
(37) and Tcf-1 bind the Myc-Putl locus as shown by chromatin
immunoprecipitation sequencing (ChIP-seq) profiles from nor-
mal DP thymocytes (Fig. 14), we hypothesized that off-target
Rag activity may generate DSBs in the Myc-Pvzl locus, which
are then aberrantly joined with breaks generated during normal
Tera rearrangement. To address this postulate, we made whole
genome mate pair libraries from genomic DNA isolated from
four CAT lymphomas and next generation sequencing was used
to identify discordant reads. The precise translocation break-
points were then established using Sanger sequencing of regions
comprising  Teral Myc-Potl hybrid reads (Fig. 1B and S/
Appendix, Table S1) These analyses revealed that the Tera break-
point site involved early rearranging ] fragments of the Tcra
locus (Ja49, Ja57, and Dd1-jd1). Normal thymocyte develop-
ment contains inherent danger for genomic stability, as it
involves generating DSBs and joining pairs of recombination sig-
nal sequence (RSS) sites with either 12- or 23-bp spacers
(according to the 12/23 rule), which flank V, D, and ] frag-
ments. Additionally, enzymes such as terminal deoxynucleotidyl
transferase (TdT) then mediate gap filling at coding joins that is
critical for increasing receptor diversity for adaptive immunity.
As expected, the Tcra break site of the translocations contained a
proximal canonical RSS, suggesting these breaks were Rag gener-
ated. Furthermore, small insertions of nontemplated nucleotides
(N-nucleotides) next to RSS sites are evidence of TdT activity
(Fig. 1B). In contrast, no canonical RSS sequences were identifi-
able within the Myc-Pvtl breakpoint sites. As Rag can also gener-
ate DSBs at alternative sites known as cryptic RSS (cRSS) sites, we
employed the reference database and prediction tool RSSsite (38)
to evaluate the 200-bp region flanking the Mye-Pvrl breakpoints,
accounting for potential resection from DSB processing enzymes
prior to translocation formation. Although only one low-quality
cRSS site was identified in four separate lymphomas (Fig. 10), we
also functionally tested the top scoring sequences from each lym-
phoma using a Rag-activity reporter assay. We prioritized 23-bp
spacer cRSSs that would pair with the 12-bp RSS sites identified
in the 7¢ra site of the translocation (Fig. 10). The potential cRSS
site from each lymphoma was synthesized and cloned into the
pMX-INV-GFP Rag retroviral recombination reporter (39). In
pMX-INV, Rag activity mediates inversion of an antisense green
fluorescent protein (GFP) cDNA flanked with RSS sites and ini-
tiates GFP expression. These vectors were used to transduce
(v)-Abl kinase-transformed pre-B-cell lines (a gift of B. P. Sleckman,
UAB, Birmingham, AL). Treatment of these transduced and
highly proliferative pre-B cell lines with the Abl kinase inhibitor,
STI571, blocks the Gl-to-S transition and rapidly initiates Rag
expression and activity (S Appendix, Fig. S1) (39). In contrast to a
control vector containing a bona fide RSS site, these experiments
recovered no GFP expression in any of the potential Myc-Putl
cRSSs, demonstrating that the cloned sequences were not Rag sub-
strates (Fig. 1 D and E). These findings indicate that the illegiti-
mately repaired DSBs at the Myc-Putl site of the translocation
breakpoint result from an alternative, Rag-independent mechanism(s).

Tcf-1 Is Essential for g-Catenin-Mediated Transformation of
DP Thymocytes. We next investigated processes that are altered
by p-catenin activation and may contribute to transformation.

pnas.org
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Fig. 1. The Tcra translocation break site is Rag mediated, while the Myc-Pvt1 is Rag independent. (A) ChIP-seq tracks of Rag2 (37) binding in wild-type (WT)
DP thymocytes (Top) as well as Tcf-1 binding and enrichment of H3K4m3, and H3K27Ac in Cre and CAT DP thymocytes in the Myc-PvtT locus. Arrows
1 through 4 show the location of break sites from sequenced Tcr/Myc-Pvt1 translocations in four CAT lymphomas. (B) Tcra/Myc-Pvt1 breakpoint sequences
from whole genome sequencing (uppercase) and flanking endogenous region (lowercase) are shown, highlighting heptamers and nonamers of RSS sites
(red) with 12-bp spacers and TdT-inserted N-nucleotides at junctions (green). (C) Highest scoring potential cryptic RSS (cRSS) site from Myc-Pvt1 break points
+200 bp using RSSsite (https://www.itb.cnr.it/rss/index.html) (38) (BS, break site). (D) Representative flow cytometry dot plots of GFP™ cells after a 3-d STI571
(imatinib) treatment of v-Abl-transformed pre-B cells containing pMX-INV-GFP vectors with cloned cRSSs from Myc-Pvt1 sites (Above) or a control, canonical
RSS site. Vector also harbors an IRES-Thy1.2, marking successful viral transduction of Rag-reporter cells. (E) Representative flow cytometric histograms of
GFP*Thy1.2* cells (Left) and cumulative analysis from three independent experiments (Right); data are represented as the mean + SEM, and statistical testing is
depicted as two-sided, unpaired t test; ****P <0.0001.

Our earlier studies showed that thymocytes with activated =~ BcIXL inhibitors abrogated the survival advantage of CAT thy-
[-catenin are less sensitive to irradiation-induced cell death. We mocytes (25). Therefore, to determine whether enhanced DP
further linked this to overexpression of Bc/XL, the main antia-  thymocyte survival contributes to their transformation, we con-
poptotic mediator in DP thymocytes (40), by showing that  ditonally ablated BcIXL in DP thymocytes simultaneously
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with activation of B-catenin by crossing CAT mice with mice carry-
ing a BelXI? allele (41). Compound CD4-Cre/Cennb™/Belx /"
(CAT-BcIXI?), mice had the same developmental block in the tran-
sition of DP thymocytes to the single-positive (SP) stages described
in our previous reports (24) and succumbed to leukemia with the
same frequency and latency as CAT mice (Fig. 2 A and B and S/
Appendix, Fig. S2). Thus, the BcIXL-mediated increase in the sur-
vival of CAT DP thymocytes does not contribute to their devel-
opmental defect or their transformation in vivo. Consequently,
we speculated that the developmental block could be mediated
by the DNA binding partner of P-catenin, Tcf-1, and may be
contributing to transformation. We therefore produced
compound Cd4-Cre/Cennb 17 ch7ﬂ/ﬂ (CAT—TC]‘7A) mutant
mice with conditional ablation of Tcf-1 in CAT DP thymocyrtes.
Tcf1 deletion did not resolve the developmental block, and
CAT-Tc¢f7* thymocytes had reduced numbers of CCR7*TCRB*
postselected DPs as well as fewer CD4" and CD8" SP thymo-
cytes, as seen in CAT mice (Fig. 2 A and O). Surprisingly, abla-
tion of Tcf-1 completely abrogated leukemogenesis (Fig. 2B).
This finding indicates that Tcf-1 specifically mediates a fraction
of the processes that are altered by P-catenin activadon in DP
thymocytes. Importantly, since these Tcf-1-mediated functions
are critical for leukemogenesis, the CAT-7¢7* mouse model
offers a valuable tool to specifically narrow down on the mecha-
nisms involved in transformation.

Aberrant p-Catenin Uses Tcf-1 to Down-Regulate Genome
Maintenance Pathways. To identify the Tcf-1-mediated pro-
cesses involved in the transformation of CAT thymocytes by

fB-catenin, we performed RNA sequencing in pretransformed
(6 wk) sorted DPs. Pairwise comparisons of gene expression in
the three genotypes, represented in volcano plots, exhibited
altered transcriptional programs with both up- and down-
regulated genes (SI Appendix, Fig. S3A). To determine the
extent of rescue in CAT-7¢f7* thymocytes at the transcriptional
level, we identified the differentially expressed genes (DEGs,
P < 0.05) between CAT and either Cre or CAT- ch7A cells,
finding 1,181 and 3,735 DEGs, respectively. As expected, Spear-
man rank correlation of these two sets of DEGs established that
deletion of 7¢f7 in CAT thymocytes significantly reverts tran-
scriptional programs to those in Cre thymocytes (Spearman =
0.37, P = 2.41 x 10°7; Fig. 3A). Importantly, the restored
DEGs that were down-regulated by B-catenin and returned by
ablation of Tcf-1 show strong enrichment of cell cycle, DNA
repair, and DNA replication pathways, specifically implicating
homologous recombination, the error-free program for DSB
repair (Fig. 3B, blue). Interestingly, the up-regulated DEGs
showed significant enrichment in T cell development pathways
and are likely contributing to the DP block in CAT thymocytes
(Fig. 3B, red). Nevertheless, restoration of these genes upon the
deletion of 7¢f7 is insufficient to overcome the developmental
stalling in B-catenin stabilized thymocytes.

To specifically identify gene sets that corelate with the lym-
phomagenesis phenotype in CAT mice, we performed unbiased
clustering analysis (ExpressCluster, www.GenePattern.org) of
expression levels (FPKM = Fragments Per Kilobase of tran-
script per Million mapped reads) across all genes in Cre, CAT,
and CAT-Tef7* thymocytes. Two out of eight gene clusters
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Fig. 2. Ablation of Tcf7 rescues CAT lymphomas but a developmental block remains. (A) Representative flow cytometry contour plots of live thymocytes
from 6- to 8-wk-old mice stained for CD4 and CD8 to show developmental progression. (B) Kaplan-Meier survival curve analysis for Cre (CD4-Cre, n = 10),
CAT (CD4-Cre/Ctnnb®3"e3l! n = 15), Tcf7* (CD4-Cre/Tcf7™", n = 10), BcIXL (CD4-Cre/BciXt™, n = 10), and those with codeletions CAT-Tcf74 (CD4-Cre/Ctnnb™/
Tcf7" n = 5) or CAT-BcIXL* (CD4-Cre/Ctnnb™/BciXI™, n = 10). (C) Flow cytometric histograms indicating the percentage (Top) and total number (Bottom) of
thymocytes in the indicated late developmental stages in Cre (n = 8), CAT (n = 5), and CAT-T¢f7* (n = 7) mice; data are represented as the mean +SEM, and
statistical testing is depicted as two-sided, unpaired t tests; ns > 0.05. *P <0.05, **P <0.01, ****P <0.0001.
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Fig. 3. p-Catenin uses Tcf-1 to down-regulate replication, HR repair, and checkpoint control pathway genes. (A) Spearman correlation of differentially
expressed genes (P < 0.05) between CAT and either Cre or CAT-T¢f74. (B) Pathway analysis of restored DEGs that were up-regulated (red) or down-regulated
(DN, blue) in CAT versus Cre and CAT-T¢f7* (Metascape, www.metascape.org). (C) Unsupervised clustering of triplicate RNA-seq profiles (FPKMs) for Cre
(n = 3), CAT (n = 3), and CAT-T¢f7* (n = 3) DP (CD4*CD8") thymocytes; gene clusters associated with altered expression in CAT thymocytes that are restored
to Cre levels in CAT-Tcf7* are shown. (D) Functional pathways enriched in cluster 1 and cluster 6 gene sets (Metascape). (E) GSEA/MSigDB of cluster 1 gene
expression showing significant signatures (normalized enrichment score (NES) > 1 Faulse Discovery Rate (FDR) < 0.2) with relevant genome maintenance
programs labeled and highlighted in red. (F) Representative GSEA profiles and (G) heatmaps of core enrichment genes of the indicated pathways; central
replication and repair genes are highlighted (red).

were up-regulated (cluster 6, # = 331) or down-regulated (clus-
ter 1, » = 982) in CAT thymocytes and restored in the absence
of Tcf-1 (Fig. 3C and SI Appendix, Fig. S3B). Interestingly,
pathway analysis of the down-regulated genes (www.metascape.
org) also identified strong enrichment of genome maintenance
pathways, including DSB repair (cluster 1,

PNAS 2022 Vol.119 No. 32

Fig. 3D).
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contrast, up-regulated genes did not show strong enrichment
for functionally relevant pathways (cluster 6, Fig. 3D). We also
investigated two gene clusters that were altered in CAT thymo-
cytes and remained at similar levels in CAT-Tcf7* cells; these
genes exhibited mild enrichment for some basic T cell and
homeostatic functions (SI Appendix, Fig. S3 C and D). Taken
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together, this analysis suggests that down-regulated genes in
CAT thymocytes include those responsible for dysregulated
genome maintenance pathways that may contribute to transfor-
mation. However, genes that are not restored could contribute
to the continued developmental defects.

Finally, we performed gene set enrichment analysis (GSEA)
(42) on cluster 1 genes, which accounts for magnitude and
rank order of gene expression changes associated with specific
cellular functions. The most significantly enriched pathways
confirmed the Tcf-1-mediated dysregulation of cell cycle
checkpoints and genome maintenance pathways in CAT thy-
mocytes (Fig. 3E). We further identified the core enrichment
genes at the leading edge of the GSEA profiles in five relevant
pathway associations (Fig. 3 F and G and SI Appendix, Fig.
S3D). Importantly, core regulators of HR-mediated repair,
including Breal, Brca2, Rad5I1, and Rbbp8, and replication or
cell cycle checkpoint engagement, including Pena, Rfcl, Chekl,
and Chek2, were down-regulated in CAT thymocytes. Pathways
involving chromosome maintenance and processes necessary for
mitosis were also overrepresented. Taken together, these data
provide strong transcriptional evidence that p-catenin contrib-
utes to the genomic instability of thymocytes through a Tcf-1-
mediated down-regulation of genes required for cell cycle regu-
lation, faithful DNA replication, and DNA repair of DSBs,
whereas a set of genes that are positively regulated by Tcf-1 are
more likely involved in the developmental effects of B-catenin.

Dominant Active p-Catenin Directs Novel Tcf-1 Binding to HR
Repair and Checkpoint Control Genes. We considered that expres-
sion changes in CAT thymocytes may reflect B-catenin—mediated
redirection of Tcf-1 binding and/or changes in chromatin accessi-
bility. Therefore, we mapped the distribution of Tcf-1 binding in
CAT DP thymocytes using ChIP-seq. We identified 10,875
high-confidence Tcf-1 peaks (P = 10e-4) in these cells compared
to 16,251 we had previously detected in Cre DP thymocytes
(33). Tcf-1 peaks in CAT were overall less enriched compared to
Cre thymocytes (Fig. 44). Although the majority of Tcf-1 peaks
(8,056) in CAT were shared with those in Cre DP thymocytes,
there were 2,819 new Tcf-1 peaks that are unique to CAT thy-
mocytes (Fig. 44).

To assess the effect of B-catenin stabilization on the chromatin
landscape, we determined the distribution of histone marks in
CAT DP thymocytes by ChIP-seq and compared it to our data
from Cre DP thymocytes (33). We mapped histone 3 acetyla-
tion at lysines 9/14 (H3K9/14Ac), which marks active pro-
moters, H3K27Ac, which marks active enhancers, H3K4me3,
which is associated with activation of transcription, and
H3K27me3, which marks poised/closed chromatin. Overall,
near Tcf-1 peaks, enrichment for H3K9/14Ac and H3K27Ac
marks increased while enrichment for H3K27me3 marks
decreased in CAT compared to Cre DP thymocytes (Fig. 4 B
and O). The degree of changes in histone mark enrichment (log,
fold change [FC]) varied depending on whether the Tcf-1 peaks
were unique to Cre or CAT or shared between the two geno-
types. The greatest increase of the active chromatin histone
marks H3K9/14Ac and H3K27Ac and reduction of the poised/
inactive H3K27me3 histone mark was detected in shared Cre
and CAT Tcf-1 sites compared to the novel CAT Tcf-1 sites. In
contrast to the dynamic changes in these histone marks,
H3K4me3 showed litte change in Cre versus CAT for shared or
CAT-only Tcf-1 peaks and showed reduced enrichment in Cre-
only Tcf-1 peaks. Thus, P-catenin stabilization enhances the
presence of active chromatin marks in Tcf-1-bound sites consis-
tent with the classical understanding of its epigenetic functions.
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We found no bias in the overall Tcf-1 redistribution in CAT
DP thymocytes when separating genomic regions by promoters
(PRs), active enhancers (AEs), or poised enhancers (PEs), as we
previously defined in Cre DP thymocytes (33) (SI Appendix,
Fig. S4 B and (). The novel Tcf-1 sites in CAT mice also
showed similar distribution to Tecf-1 sites we previously
reported for Cre mice (33), with 57% versus 43% in PRs, 18%
versus 24% in AEs, and 25% versus 33% in PEs (8] Appendix,
Fig. S4D). The novel Tcf-1 peaks in AEs and PEs were highly
enriched for the conserved Tcf-1 motif, whereas peaks at PR
sites lacked such enrichment (S7 Appendix, Fig. S4F). Annota-
tion of genes associated with novel Tcf-1 binding at PRs, AFs,
or PEs (www.metascape.org/) revealed that the PR-bound
group was enriched in genes involved in chromatin organiza-
tion, cellular response to stress, and DNA damage stimulus.
The AE-bound group was enriched in genes associated with T
cell-related processes and the PE group showed no specific
strong enrichment. The distribution of the novel Tcf-1 sites in
PRs, AEs, or PEs, and the corresponding chromatin changes,
suggest that these sites may selectively affect the expression of
the associated genes.

To address this possibility, we compared the expression
changes in Cre versus CAT of the genes associated with novel
Tcf-1 sites to all genes, using cumulative distribution function
(CDF) analysis (Fig. 4D). Consistent with the finding that sta-
bilization of P-catenin results in an overall increase in active
chromatin marks, the genes associated with novel Tcf-1 bind-
ing were significantly more likely to become up-regulated in
CAT thymocytes(Kolmogorov—Smirnov (K&S) P < 0.0001).
We next identified two groups of significantly up-(Log,FC >
0.56) or down-regulated (Log,FC < —0.56) genes with novel
Tcf-1 peaks in CAT thymocytes. Pathway enrichment analysis
(www.metascape.org/) revealed that the group of up-regulated
genes with new Tcf-1 peaks was enriched in genes involved in
general T cell functions, whereas the group of down-regulated
genes was enriched in HR DNA repair and cell cycle pathways
(Fig. 4F). We also investigated the Tcf-1 peaks that were
unique to Cre thymocytes, which did not appear to contribute
to genome maintenance pathways and were also enriched for
homeostatic or basic T cell functions (S Appendix, Fig. S4A).
We further characterized the chromatin changes specifically at
these CAT-unique, Tcf-1-bound DEGs. Novel Tcf-1 binding
led to greater increases in H3K9/14Ac and H3K27Ac active
chromatin marks in up-regulated compared to down-regulated
genes (Fig. 4F). Importantly, enrichment of H3K4me3 only
increased in novel Tcf-1 sites associated with up-regulated genes
but decreased in sites associated with down-regulated genes, in
line with the association of this histone mark with activation of
transcription. To determine how Tcf-1 coordinates these oppos-
ing expression programs, we performed motif enrichment analy-
sis on novel Tcf-1 binding sites associated with genes that were
up- or down-regulated in CAT thymocytes. Tcf-1 peaks in
up-regulated genes were enriched for the Tcf-1 binding motif
(T¢f?) in addition to other key transcriptional regulators in T
cell development such as Tbet and E2A. In contrast, novel Tcf-1
peaks in down-regulated genes were not enriched for the Tcf-1
consensus motif, suggesting that Tcf-1 acts in distinct complexes
with other transcriptional regulators to enforce these different
outcomes on chromatin and transcription.

To test whether the regulatory changes we detected were reflected
in the cluster analysis that identified CAT lymphoma-associated
gene sets, we selected the genes in cluster 1 (144 genes) or cluster 6
(65 genes) that acquired CAT unique Tcfl binding sites (Fig. 30).
Pathway analysis of cluster 1 genes with novel Tcf-1 binding sites
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Fig. 4. Dominant active p-catenin alters the epigenetic and transcription profile of DP thymocytes by redirecting Tcf-1 binding. (A) Histogram overlays of
Tcf-1 binding centered on Tcf-1-bound regions in Cre DP thymocytes (+1.5kb, Top) and Venn diagram of overlapping Tcf-1 peaks between Cre and CAT DP
thymocytes. (B) Heat maps of ChIP-seq peaks for Tcf-1 and indicated histone marks, centered on Tcf-1 binding (+3 kb) at shared or unique sites as indicated.
(C) Comparative enrichment histograms of histone modifications associated with active promoters (H3K9/14Ac), active enhancers (H3K27ac), transcription
(H3K4Me3), and closed/poised chromatin (H3K27me3). (D) CDF plot of expression changes in genes uniquely bound by Tcf-1 in CAT DP thymocytes (n =
2819, red line) compared to all genes (blue line). (£) Pathway analysis of down-regulated (blue) and up-regulated (red) genes uniquely bound by Tcf-1 in CAT
(Top) and the most significantly enriched transcription factor binding motifs (HOMER, Bottom). (F) Comparative enrichment histograms for histone modifica-
tions (H3K9/14Ac, H3K27ac, H3K4Me3, and H3K27Me3) centered on CAT-unique Tcf-1 binding sites corresponding to up- or down-regulated genes in CAT
versus Cre as indicated. (G) Pathway analysis of cluster 1 (blue, Top) and cluster 6 (red, Bottom) genes uniquely bound by Tcf-1 in CAT. (H) The most signifi-
cantly enriched transcription factor binding motifs (HOMER) of cluster 1 (Left) and cluster 6 (Right) genes uniquely bound by Tcf-1 in CAT. (/) Pie charts show
the distrubution of CAT unique Tcf-1 binding sites to PR, PE, or AE of genes associated with cluster 1 and cluster 6. (/) Representative enrichment tracks (Inte-
grated Genome Browser), of Tcf-1, H3K27Ac, and H3K4me3 ChIP-seq in Cre or CAT DP thymocytes as indicated, showing key replication and repair genes
that are differentially expressed and have novel Tcf-1 sites in CAT (yellow boxes).
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again enriched for DNA replication and DSB repair functions,
while the equivalent cluster 6 genes were enriched for basic cell
functions (Fig. 4G). Furthermore, Tcf-1 binding in down-regulated
cluster 1 genes also lacked its own consensus binding motif, while
cluster 6 genes contained 7¢f7 and other similar transcription factor
(TF) motifs to those in all up-regulated genes (Fig. 4H). Compared
to all new Tcf-1 peaks, the peaks associated with cluster 1 genes
showed an increased bias for PR sites (76% versus 57%) (Fig. 41)
while the peaks associated with cluster 6 genes showed an increased
bias for AE sites (37% versus 18%) (Fig. 4J). Finally, representative
tracks show new Tcf-1 binding sites and the corresponding
H3K27Ac and H3K4me3 profiles in promoters of important
genome maintenance genes Lig3, Pcna, and Rfc3 (Fig. 41) among
cluster 1 genes that acquired new Tcf-1 sites in CAT. Altogether
these findings provide a mechanistic explanation for the down-
regulation of HR repair and cell cycle genes in CAT thymocytes
and directly link these expression changes to Tcf-1 binding. This
outcome also explains why ablation of Tcf-1 eliminates these expres-
sion changes and highlights their direct mechanistic link to
transformation.

Altered Replication Process and Response to Replication Stress
in CAT Thymocytes. Our studies above (Fig. 1) established that
the DSBs in the Myc-Pvtl locus were Rag independent. How-
ever, the transcriptional evidence suggested that replication
checkpoints may be impaired in pretransformed CAT thymo-
cytes. Moreover, failures in replication and repair programs are
increasingly appreciated as a source of genomic instability in
cancer (8). Therefore, to directly test replication fork fidelity, we
performed nascent DNA fiber assays in DP thymocytes cultured
with the replication stressor, hydroxyurea (HU). In these experi-
ments, newly replicated DNA is pulse labeled by two successive
cocultures with nucleotide analogs 5-Iodo-2'deoxyuridine (IdU)
and 5-Chloro-2'deoxyuridine (CldU). The fidelity of replication
fork arrest due to replication stress checkpoints is tested through
the addition of 2 mM HU during the CldU pulse (Fig. 5A4).
Compared to the equal IdU and CIdU track lengths in
untreated thymocytes, both Cre and CAT-7¢f7* DPs exhibit
shortening of CldU tracks during HU coculture conditions (Fig.
5B). CAT thymocytes, however, continue to replicate under HU
stress, leading to significantly higher ratios of CldU to IdU track
lengths, suggesting that replication fork arrest is impaired.

We then tested whether CAT thymocytes were able to repair
DNA damage generated by etoposide (ETP), which freezes topo-
isomerase II after generating DSBs and prevents religation, with
the strongest effects on early replicating genomic regions (8). After
a brief 1-h culture in 25 mM ETP, nearly all thymocytes were
positive for the early DSB marker, phosphorylated H2ax
(YH2ax), suggesting that the detection of DNA breaks and sensi-
tivity to DNA damage induction was normal in CAT thymocytes.
However, after ETP washout and 24 h of recovery in fresh media,
CAT thymocyte cultures retained significantly more yH2ax" cells
(Fig. 5 Cand D). This finding suggests that CAT thymocytes are
either less proficient at repairing DSBs and/or they fail to initiate
apoptosis to eliminate unrepaired cells. Taken together these find-
ings support a model wherein CAT thymocytes fail to recognize
replication stress and allow unrepaired DSBs to escape cell cycle
checkpoints that typically restrict replication-mediated damage to
the error-free, HR repair in S phase. This would permit Myc-Pvtl
breaks due to impaired replication and/or repair programs to
coexist with Rag-mediated breaks in 7¢ra during G1, providing
the conditions for error-prone DSB repair by NHE] resulting in
chromosomal translocations.
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p-Catenin Induced Leukemias Are Sensitive to Parp Inhibitors.
We then asked whether the f-catenin and Tcfl-mediated down-
regulation of HR DNA repair genes might also render the result-
ing lymphomas sensitive to PARPis. Olaparib is a PARPi that
was first approved for use in cancer patients that have lost HR
activity (most commonly loss of BRCA1/2) due to its synthetic
lethal targeting of cancer cells that are now overly dependent on
backup DNA repair pathways that require Parpl (43). To test
this hypothesis, we transferred CAT lymphomas into the periph-
ery of Rag™'~ mice and treated lymphoma recipients with a
3-wk course of olaparib (50 mg/kg daily for 5 d) or vehicle con-
trol. Excitingly, tracking of CD4"CD8* DPs in peripheral
blood showed that olaparib treatment controlled the expansion
of CAT lymphomas and prolonged survival of transplant recipi-
ents (Fig. 6 A-C).

To directly connect these findings to human leukemia, we
next investigated whether PARPI sensitivity might be applicable
more broadly in human T-ALL patients. Loss of PTEN, the sec-
ond most frequent mutation (20%) in T-ALL patients (44),
activates AKT and disrupts the GSK3b/CK1 destruction com-
plex, leading to stabilization of p-catenin. Furthermore, elevated
f-catenin has been reported in patients with mutations activat-
ing NOTCH (>50%), making B-catenin a common feature of
T-ALL pathology (45). We therefore compared the transcrip-
tional profiles derived from five CAT lymphomas to PTEN tar-
get genes identified in human T-ALL using GSEA (44). Like in
PTEN-deficient T-ALL, these genes were also down-regulated in
CAT lymphomas, supporting the relevance to these human
tumors (Fig. 6D). Furthermore, we extracted drug sensitivity
data from the Genomics of Drug Sensitivity in Cancer (GDSC)
database, which contains normalized half maximal inhibitory
concentration (IC50) data on hundreds of compounds in more
than 900 cancer cell lines. In comparison to all lines, T-ALL
samples were found to be more sensitive to three separate WNT
inhibitors (CHIR-99021, SB-216763, and XAV-939) as well as
four compounds targeting AKT, which includes both NOTCH1
and PTEN mutant lines (Fig. 6 and SI Appendix, Fig S5A).
Importantly, T-ALL lines were also more sensitive to 3/4 PARPi
compounds in this database (olaparib, ABT-88 [veliparib], and
AG-014699 [rucaparib]) (Fig. 6E). Analysis of all leukemia and
lymphoma cell lines found similar sensitivity profiles (57
Appendix, Fig S5B), suggesting relevance to other hematologic
malignancies. Moreover, the degree of drug sensitivity to PARP
targeting compounds correlated with that of WNT targeted
therapies (Fig. 6F). Taken together, these findings support a par-
adigm where stabilization of B-catenin signaling leads to dysregu-
lated HR in T-ALL, opening a therapeutic opportunity for drugs
that leverage synthetic lethality approaches in a patient popula-
tion with urgent needs for targeted therapies.

Discussion

Chromosomal translocations involving the immunoglobulin
(Ig) loci in B cells and the Tcr loci in T cells have been fre-
quently reported in leukemia and lymphoma patients (46). A
common partner to Ig and Ter interchromosomal fusions is the
Mpyc-Pvtl locus whose abnormal expression has been causally
implicated in a variety of cancer types (46, 47). Here we pro-
vide a mechanistic explanation for a recurrent, spontaneous
Tera/Myc-Ptl translocation promoted by aberrantly stabilized
f-catenin in late thymocyte development. We demonstrate that
while DSBs at the 7¢ra breakpoint site of the translocation are
generated by Rag recombinase, DSBs at the Myc-PutI site result
from Tcf-1 controlled impairment of the HR repair and cell
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Fig. 5. Response to replication stress is impaired in pretransformed CAT thymocytes. (A
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(A) Schematic of assay and representative nascent DNA fibers from

Cre, CAT, and CAT-T¢f7* CD4*CD8* (DP) thymocytes cultured in successive 25-min pulses of media containing nucleotide analog IdU (green) followed by
CldU (red) +2 mM HU during the CldU pulse. (B) Ratios of CldU:IdU tract lengths from untreated (vehicle) and HU-treated thymocytes in the replication
stress assay. Data are representative of three biological replicates per condition in two independent experiments (n > 100 fibers/condition); results depicted
as violin plots with median (solid) and quartile (dotted) lines, with statistics from two-sided, unpaired ¢ tests; ****P <0.0001. (C) Representative flow cytomet-
ric contour plots of intracellular staining for DNA damage marker yH2ax in live DP thymocytes cultured ex vivo for 1 h in 25 mM etoposide (ETP) or vehicle
control (Dimethylsulfoxide (DMSO0)), followed by 24-h recovery culture in fresh media. (D) Cumulative analysis of Cre (n = 11), CAT (n = 5), and CAT-T¢f7* (n =
4) DP cultures showing the percent of live, yH2ax* cells from two independent experiments in the indicated conditions. Data are represented as the mean-
+SEM and statistical testing depicted as two-sided, unpaired t tests; ns > 0.05, *P <0.05, ***P <0.001, ****P <0.0001.

cycle checkpoint processes. Specifically, stabilized P-catenin
redirects Tcf-1 binding to novel sites associated with genes
involved in replication-associated DNA damage resulting in
their down-regulation. We demonstrate that this HR repair
impairment implicated in the etiology of the translocations
opens an exciting therapeutic opportunity for PARP inhibitors,
with potential for use more widely in Wnt/B-catenin stabilized
leukemias and lymphomas.

Tcf-1, a member of the Tcf/Lef family of transcriptional regu-
lators, plays critical roles at multiple stages of T cell development
and function, including the DP stage investigated here (30, 48,
49). Tct-1 has been shown to have a context-dependent tumor
suppressor function, since its DP thymocyte deletion did not
result in transformation, while its germline or early thymocyte
deletion caused malignant transformation (50), (51). Classically,
Tcf-1 can both negatively regulate genes when in complex with
factors like Groucho, while also positively regulating Wnt-target
genes, acting as the canonical DNA-binding partner of B-catenin
(29). However, the functions of Tcf-1 are highly context depen-
dent and it can mediate transcriptional repression even in
complex with B-catenin (52, 53). Accordingly, here we show
widespread and bidirectional alterations in Tcf-1-dependent
transcriptional programs when f-catenin is aberrantly stabilized.

PNAS 2022 Vol. 119 No.32 2201493119

‘We show that B-catenin can partially redirect Tcf-1 from its nor-
mal role and distribution on chromatin in DP thymocytes.
Interestingly, genes in cluster 6 that are directly up-regulated
through novel Tcf-1 binding in CAT thymocytes, and their
expression is restored upon Tcf-1 loss, contain its consensus
motif and show a relative preference for AE regions. By contrast,
the down-regulated genes in cluster 1 exhibit new Tcf-1 binding
at alternative TF motifs with a preference for PR regions. This is
in line with our previous observations in Cre DP thymocytes,
indicating that binding of Tcf-1 to its conserved motif in AE
sites favors gene up-regulation, while binding to PR sites lacking
its conserved motif favors gene down-regulation (33). This may
help explain how Tcf-1 can simultaneously coordinate different
outcomes on gene regulation, which has been invoked by us and
others studying Tcf-1 and its different regulatory outcomes in T
cells (30, 33). At present, our analysis cannot define precise rules
for secondary factors. Future studies will need to address
TF-complex formation and coordination with Tcf-1 throughout
thymocyte development.

Tcf-1 has been appreciated as an epigenetic regulator and has
been predominately associated with enhancing chromatin acces-
sibility (35). Work from the Gounari laboratory and others has

confirmed widespread alterations in chromatin accessibility
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Fig. 6. CAT lymphomas and T-ALL cell lines are sensitive to Parp inhibitors. (A) Representative flow cytometry pseudocolor dot plots and (B) cumulative
quantification of engraftment flow of live, CD4*CD8* DPs in peripheral blood (PB) of Rag™'~ mice (n = 10/donor) that received CAT lymphomas (n = 3). PB
was sampled 2-wk posttransfer during treatment course, with recipients split evenly between olaparib (50 mg/kg/day) or vehicle controls. Data are repre-
sented as the mean+SEM and statistical testing is depicted as two-sided, unpaired t tests; **P<0.01. (C) Kaplan-Meier survival curve of CAT lymphoma
recipients in the indicated conditions. (D) GSEA comparing PTEN targets in T-ALL (44) to RNA expression profile derived from five CAT lymphoma samples.
Heat map shows genes at the leading edge of the GSEA. (F) Normalized IC50 data from the GDSC database comparing T-ALL cell line (n = 16) sensitivity to
all cancer cell lines (n = 974) for inhibitors targeting Wnt (WNTi) or Parp (PARPi), as indicated. Data are represented as the mean + SEM, and statistical testing
is depicted as two-sided, unpaired t tests; *P<0.05, **P<0.01, ****P <0.0001. (F) Correlations of olaparib sensitivity (IC50) to WNTi compounds in all leuke-
mia and lymphoma cell lines (n = 150) with T-ALL lines highlighted (n = 16, red). Linear regressions analysis was performed in R, assuming Gaussian distribu-

tion and correlations represented as adjusted R-squared values (adj R2).

mediated by Tcf-1 in both DP thymocytes and T regulatory
cells (33, 54, 55). Accumulating evidence suggests that Tcf-1 acts
in various molecular complexes with other transcriptional and epi-
genetic regulators to alter expression programs by modifying the
chromatin landscape. More recently Tcf-1 has also been found to
have intrinsic HDAC activity (56). Here we show that stabilized
f-catenin directs Tcf-1 to novel binding sites and significantly
enhances active chromatin marks at both existing and novel Tcf-1
binding sites. This fits within the general paradigm of Tcf-1 act-
ing on top of a previously existent T cell chromatin state to
control stage-specific programs by fine tuning the chromatin
landscape during T cell development and activation (33, 35). In
agreement with this idea, novel Tcf-1 binding was frequenty
found proximal to previously existing Tcf-1 binding sites in Cre
thymocytes (Fig. 4G), which could be evidence of alterations in
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regulatory complexes at these loci. Thus, deregulated activation of
f-catenin in DP thymocytes engages Tcf-1 to predominately
enhance active chromatin and promote aberrant gene expression
programs.

Our present findings highlight a Tcf-1-controlled cluster of
down-regulated genes that is significantly enriched in genome
maintenance pathways, which we implicate in DSB retention at
the Myc-Pvtl locus. Importantly, this includes core regulators of
homologous recombination, such as Brcal and Brca2, indicating
that an impaired error-free DSB repair underlies the transloca-
tion formation, as has been shown in other translocation studies
(57, 58). Furthermore, pathway analysis strongly implicated
altered replication biology, which can also lead to DSBs through
a variety of mechanisms. These include replication fork errors or
underreplicated DNA leading to chromosome compaction and
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segregation errors that produce DSBs and translocations when
the mitotic G2 checkpoint arrest fails to facilitate repair. Indeed,
prior work in APC-mutant colon cancers has shown that overac-
tive Wnt/p-catenin signaling contributes to anaphase bridges
that lead to high levels of genomic instability in these tumors
(59). Here we provide functional evidence that CAT thymocytes
are less efficient at resolving DSBs generated by the replication
poison etoposide and are also insensitive to HU stress in nascent
fiber assays, which can lead to underreplicated DNA regions that
are a danger to genomic stability. Taken together, we suggest a
model wherein Tcf-1-mediated down-regulation of the HR and
repair machinery produces replication failures that lead to DSBs,
which are also not properly recognized for repair and fail to initi-
ate S/G2 arrest. This would allow the coexistence of breaks in
the Myc-Putl locus that traverse the cell cycle and are aberrantly
joined to rearranging receptor loci in the following G1, placing
Mpye under the control of highly active regulatory elements.

The present mechanistic study of 7cra/Myc-Potl fusion con-
ditions also uncovered an HR deficiency that renders the subse-
quent lymphomas sensitive to the Parp inhibitor, olaparib.
Human T-ALL patients, particularly adults and pediatric cases
after relapse, have poor outcomes and few therapeutic options
(6). Although mutations in P-catenin are not directly reported
in T-ALL, stabilization and elevated Wnt signaling is seen
broadly, including pediatric cases, NOTCH-driven transforma-
tion, PTEN loss with or without activating NOTCH, mainte-
nance of leukemic stem cells, as well as several subtypes of adult
differentiated T-ALL (17-21). Excitingly, we highlight the
potential for a wider application of PARPis in T-ALL due to
p-catenin—associated HR deficiency as nearly all T-ALL cell
lines exhibit sensitivity compared to other cancer lines. Impor-
tantly, sensitivity to WNT pathway inhibitors correlated with
PARPi sensitivity within leukemia and lymphoma lines. This
finding suggests T-ALL patients may see significant benefits
with the addition of PARPis to therapeutic regimens. Future
work should address whether B-catenin stabilization can also
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lead to dysregulation of homologous recombination in non-T
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translocations, and with the potential for use as a biomarker to
predict PARPI sensitivity.
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