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FIGURE 4. The cell cycle is inhibited in GFPZFP36LI Tg mice. (A) Representative FACS plots showing lymphocyte subsets defined by CD4/CD8 (left
panel), CD4/CD8-negative DN cells defined by CD44/CD25 (middle panel), and CD44-negative DN3a (CD25™&", CD98'°%), DN3b (CD25™, CD9g8"eh),
and DN4 (CD25~, CD98"2) cells (right panel) from Cre-negative control and GFPZFP36L1 188, CD2Cre (Tg) mice. (B) Proportions of DN3a, DN3b, and
DN4 cells [gated as in (A)] from control and GFPZFP36LI1""%; CD2Cre mice. (C) Absolute cell numbers of DN3a, DN3b, and DN4 cells as described in
(B). (D) Proportion of cells incorporating BrdU in S-phase within DN3a, DN3b, and DN4 populations, defined as in (A). (E) Fold expansion of sorted DN3a
or DN3b cells from control and GFPZFP36L1"*""¢; CD2Cre mice after 24, 48, or 72 h of OP9-DL1 coculture. (F) Percentage of sorted DN3a or DN3b cells
from control and GFPZFP36LI’g/’g; CD2Cre mice differentiating into CD4/CDS8-positive DP cells after 24, 48, or 72 h of OP9-DL1 coculture. (G)
Representative FACS plots showing CD4/CD8 (left panel) and CD98/CD25 (right panel) expression of BM-HSCs from control and GFPZFP36L1"",
CD2Cre mice after 20 d of coculture on OP9-DL4 cells. (H) Fold expansion of BM-HSCs from control and GFPZFP36LI"®"¢; CD2Cre (Tg) mice after 7
and 20 d of coculture on OP9-DL4 cells in the presence of 1 ng/ml IL-7. (I) Percentage of BM-HSCs from control (Ctrl) and GFPZFP36L1""¢; CD2Cre
(Tg) mice expressing CD4, CD8, CD4/CD8 (DP), or no CD4/CD8 (DN) markers after 7, 12, 15, and 20 d of coculture on OP9-DL4 cells. (J) Percentage of
BM-HSCs as in (I), in the developmental stages DN1, DN2, DN3a, DN3b, or DN4. Data are collated from four (B and C) and three (D) independent
experiments. (E-J) Data are representative of two independent experiments with four (E and F) and six (I and J) biological replicates per genotype. (E and F)
Two to three technical replicates are shown per genotype. Horizontal lines indicate mean with statistical significances calculated by two-way ANOVA with
Holm-Sidak multiple-comparisons test (*p < 0.05, **p < 0.01, ***p < 0.001) and number of mice indicated in the figure.

were readily detectable in DCKO DN3 cells, there was hardly any damaging agents, which led to the development of thymic lym-
detectable Trbv transcript expression (Fig. 6B, 6C), suggesting a phomas (43-45). We therefore assessed the degree of DNA
deficiency in V to DJ recombination. damage-related signaling in DN cells from DCKO mice by

Several groups have demonstrated that the block in VDI re- staining for phosphorylated H2afx, a marker typically associated
combination seen in scid mice could be overcome by DNA with DNA DSBs (46). The percentage of p-H2afxP° """ DN3 cells
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from DCKO mice was significantly increased compared with
controls, as was the median fluorescence intensity (MFI) of
p-H2afx staining (Fig. 7A—C). Furthermore, we found increased
staining with an Ab detecting phosphorylated Atr/Atm substrates
in DN1 and notably in DN3 cells from knockout mice (Fig. 7D,
7E). The MFIs of p-Chekl and Mdm?2, which are Atr/Atm sub-
strates, were also significantly increased in DCKO DN3 cells
(Fig. 7E-I). Furthermore, we found Mdm2 mRNA levels increased
in DCKO DN3 cells (Fig. 7J) and the 3" UTR of Mdm?2 was bound
by Zfp36l1 in the iCLIP (Fig. 7K), suggesting Mdm? is a potential
direct target of Zfp3611/12.

To confirm whether Zfp3611 and Zfp3612 may be directly reg-
ulating the DDR, we separated a list of DNA damage-related genes
based on whether their transcripts were bound or not bound in the
iCLIP and checked their expression in the RNA-seq dataset. As
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expected, the expression of DNA damage-related transcripts was
greatest in DCKO DN3 when compared with control DN3a cells,
irrespective of whether the transcript was bound in the iCLIP
(Fig. 7L). A comparison of DCKO DN3 cells with control DN3b
cells revealed that the DNA damage-related transcripts bound in
the iCLIP were significantly upregulated as opposed to unbound
transcripts, which were unchanged (Fig. 7M). Given the similarity
of DCKO DN3 cells to control DN3b cells (Fig. 2A), it is notable
that only the DNA damage-related transcripts bound in the iCLIP
were increased in DCKO mice.

Taken together, these data demonstrate that Zfp3611 and Zfp3612
directly control cell cycle transcripts and play an important role in
controlling DNA damage-related transcripts connected to VDIJ
recombination to ensure the correct timing and progression of
B-selection.
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Discussion

In this study, we demonstrated a novel posttranscriptional function
of Zfp3611 and Zfp3612 in limiting the cell cycle and DDR sig-
naling in developing thymocytes at the 3-selection checkpoint. We
propose that these RBPs limit several signaling pathways, of
which the cell cycle and DNA damage pathway are driving forces
for ensuring the proliferation and differentiation associated with
B-selection. The previously identified regulation of Notchl mRNA
by the RBPs is consistent with this model, as Notchl is an integral
part of the mitogenic signal necessary for (-selection. Interest-
ingly, overexpression of ICN1 can promote differentiation of Rag-
deficient thymocytes (47), and activating mutations in ICN1 have
been found in >50% of human T-ALL (48). However, ICNI1-
overexpressing cells that were deficient in the proximal pre-TCR
signaling component Lcp2 (Slp76) fail to develop into DPs. This
suggests that ICN1 requires the pre-TCR signaling machinery
(47). Likewise, it was shown that Notch3-driven T-ALL was de-
pendent on a functional pre-TCR (49). In this respect, it is possible
that Notch signaling is not solely responsible for initiating the
bypass of the B-selection checkpoint in DCKO mice, whereas it
could still potentiate subsequent T-ALL development by a feed-
forward loop (50). This is consistent with our data showing dif-
ferentiation of DCKO HSCs in the absence of Notch-ligand and
the lack of mRNA upregulation of Notch-target genes such as
Myec, Hesl, and Dtx1 in our RNA-seq dataset. Upregulation of
Notchl (24) and Myc protein in the DCKO thymocytes may re-
flect an effect of the RBP on translation of these mRNAs, in-
creased cell cycle feedback, lack of degradation by ubiquitinases
such as Fbwx7 (51-53), or a combination thereof. The identifi-
cation of translational targets of the RBP and their distinction
form targets regulated principally by RNA decay will require the
generation and integration of additional datasets such as ribosomal
footprinting (54).

Remarkably, even in the absence of productive VDI rear-
rangements, activation of the DDR can promote the developmental
progression of thymocytes. Irradiation induces differentiation and
DP thymocyte development in both Rag-deficient and scid animals
(43, 44, 45, 55). Although sensing of DSBs and cell cycle arrest is

N
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important for enforcement of the (3-selection checkpoint, prolif-
eration is necessary but not sufficient for differentiation. Deletion
of Ccnd3 or inhibition of Cdk4 and Cdk6 can block thymocyte
development both in vitro and in vivo. However, forced cell cy-
cling cannot promote differentiation of Rag-deficient cells into DP
thymocytes (39), indicating that the processes of proliferation and
differentiation can be uncoupled.

Once the B-selection checkpoint is passed, Ccnd3 cooperates
with the DDR machinery and inhibits Vg transcription to ensure
the allelic exclusion of 7rb genes (41, 56). In B cells deficient for
Ztp3611/12 (Zfp36lifi/fl; Zfp3612fi/fl, Mblicre), loss of quiescence
causes a failure to recombine and express Igw (23). In vivo cell
cycle inhibition in mutant B cells rescues Ign VDJ recombination
and the presence of pro- and pre-B cells containing excision cir-
cles. This is in contrast to our data showing only a partial rescue of
icTCRP expression in DCKO thymocytes upon cell cycle inhi-
bition. We therefore propose that the feedback mechanisms be-
tween cell cycle and DDR are not functioning correctly in DCKO
thymocytes. The gene list used to assess direct involvement of
Ztp3611/12 targets in DDR comprises genes of DNA repair
mechanisms as well as DDR downstream signaling, which either
recruits factors to damaged DNA or induces stress pathways. The
nature and contribution of individual targets is not yet clear. We
suggest Zfp3611/12 control transcripts involved in DDR resolution
and signaling or the generation of DSBs. Potential contributors
could be Ragl and Rag2, which were identified as iCLIP targets
and could play a role in the generation of breaks at the DN3 stage.
It was also shown that overexpression of the Zfp3611/12 target
Mdm?2 can inhibit DNA DSB repair (57). Although DNA repair
could be delayed, we think it is likely to be functional, because
mature T cells eventually express a TCR.

VDI recombination is linked to apoptosis through the activation
of p53 by DNA DSBs. Although p53 and Atm are essential for the
containment of DSBs in noncycling cells (56), this process is finely
balanced by a network of transcriptional and posttranscriptional
mechanisms. In thymocytes undergoing VDJ recombination, the
transcription factor Miz-1, for example, regulates the translation
of p53 via the ribosomal protein Rpl22, which associates with p53
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FIGURE 7. Zfp36ll and Zfp3612 limit the DDR in thymocytes. (A) Percentage of p-H2afx—positive DN3 cells of control and DCKO mice. Horizontal
line represents the mean. (B) MFI of p-H2afx in DN3 cells as in (A). (C) Representative FACS plots of p-H2afx expression in DN3 cells as in (A). (D) MFI
of p-ATR/ATM substrates in DN subsets from control and DCKO mice with respective isotype staining. Horizontal line represents the mean; significance
calculated without including isotype staining. (E) Representative histogram overlay of p-ATR/ATM substrates in DN3 cells from control and DCKO mice.
(F) MFI of p-Chk1 in DN subsets as in (D). (G) Representative histogram overlay of p-Chek1 in DN3 cells from control and DCKO mice. (H) MFI of Mdm?2
in DN subsets as in (D). (I) Representative histogram overlay of Mdm?2 in DN3 cells from control and DCKO mice. (J) Normalized counts of Mdm2 mRNA
in control DN3a (Ctrl-DN3a) or DN3b (Ctrl-DN3b) and DN3 cells from DCKO mice (DCKO-DN3). RNA-seq data were obtained from sorted thymocytes
as described in Supplemental Fig. 1H. Data depicted as mean + SD of four biological replicates with statistical significances calculated by differential
expression analysis (***p < 0.001). (K) Genome tracks of Zfp36l1 binding sites in the Mdm2 gene with binding peaks of the individual and merged
C57BL/6 and the DCKO iCLIP. Chromosomal location is indicated on the top, and genome features of Mdm?2 isoforms are shown on the bottom. The blue
boxes depict exons connected by a line of arrows, which are introns. Narrow boxes indicate 5" or 3’ UTRs. Log2 fold change of mRNA expression of DNA
damage genes from DCKO cells compared with control DN3a (L) or DN3b (M) and split into mRNA bound or not bound based on iCLIP data. Data are
representative of 5 (A-C), 1 (D-I), and 2 (L and M) independent experiments with 16 (A-C), 5 (D-G), 4 (H and 1), and 1 (L and M) biological replicates per
genotype. Statistical significances were calculated by unpaired 7 test (A and B), two-way ANOVA with Sidak multiple-comparisons test (D, F, and H), or
Wilcoxon test (L and M) (*p < 0.05, **p < 0.01, **¥*p < 0.001). Arb., arbitrary.

mRNA was bound in the iCLIP and elevated in DCKO DN3 cells.
Consistent with this, Mdm?2 was identified by iCLIP as a target of
the highly related Zfp36 RBP in a mouse macrophage cell line

mRNA (58). We did not find a strong apoptosis gene signature in
our RNA-seq or iCLIP data. Apoptosis-related genes such as Bbc3
and Bax were not increased in DCKO DN3 cells; however, Mdm2
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(54). Mdm? is a crucial inhibitor of p53 during lymphopoiesis
(59), and p53 has been found downregulated in thymic tumors of
DCKO mice (D. Hodson, A.A. Ferrando, and M. Turner, unpub-
lished observations). Moreover, pS3 deficiency can promote the
development of DP thymocytes when pre-TCR signaling is
compromised (60). Taken together, we suggest that increased
Mdm?2 could suppress p53-dependent cell death, arising in part
from the lack of pre-TCR signaling, leading to DCKO cell sur-
vival in the presence of an increased DDR. Although we cannot
fully rule out an involvement of Zfp3611/12 in apoptosis pathways,
we think it is more likely that the increased apoptosis we have
shown in late DN thymocytes is a consequence of the lack of pre-
TCR and IL-7-dependent survival signals. This is supported by
the fact that the majority of icTCRB"&*™*® cells die at the late
DN3/DN4 stage of development.

Our data suggest that Zfp3611/12 enforce the B-selection
checkpoint and ensure its dependence on the pre-TCR signal.
Firstly, the RBPs suppress cell cycle genes at the DN3a stage to
allow time for productive VDJ recombination. In addition, they
limit DDR gene expression to avoid bypass of the checkpoint due
to the activation of this pathway. Upon the signaling of a pro-
ductively rearranged pre-TCR, we speculate that Zfp3611/12
function is suppressed by an as-yet-unknown mechanism reliev-
ing inhibition of target transcripts that promote cell cycle pro-
gression and allowing differentiation into mature T cells. Part of
this response may be related to cessation of IL-7R signal trans-
duction, which we showed to be dependent on Zfp3611/12. IL-7
signaling inhibits expression of key transcription factors required
for progression to and survival of the DP stage of thymocyte de-
velopment (61). These include T cell factor 1, lymphoid enhancer-
binding factor-1, and retinoic acid-related orphan receptor +yt.
Moreover, IL-7 coordinates proliferation and rearrangement of
TCR genes; thus, the phenotype may in part be influenced by
altered IL-7 signaling (62). Exactly how the RBPs regulate IL-7
signaling is not known and could be the subject of future studies.

At the (-selection checkpoint, the timing of proliferation and
VDJ recombination is crucial to avoid sustained chromosomal
damage. DN3b cells must not be allowed to proliferate until pro-
ductive VDJ recombination and the cessation of recombinase and
DDR activity. Because transcription is a relatively slow process, the
regulation of mRNA stability by RBPs such as Zfp3611/12 can add
dynamic flexibility to gene expression programs. Coupled with
control of protein turnover, this form of control allows gene ex-
pression to be regulated in a fast and effective way so that DN3b
cells can burst into proliferation upon a positive pre-TCR signal.
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