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Capicua (CIC) regulates a transcriptional network downstream of
the RAS/MAPK signaling cascade. In Drosophila, CIC is important
for many developmental processes, including embryonic pattern-
ing and specification of wing veins. In humans, CIC has been im-
plicated in neurological diseases, including spinocerebellar ataxia
type 1 (SCA1) and a neurodevelopmental syndrome. Additionally,
we and others have reported mutations in CIC in several cancers.
However, whether CIC is a tumor suppressor remains to be for-
mally tested. In this study, we found that deletion of Cic in adult
mice causes T cell acute lymphoblastic leukemia/lymphoma (T-ALL).
Using hematopoietic-specific deletion and bone marrow transplanta-
tion studies, we show that loss of Cic from hematopoietic cells is
sufficient to drive T-ALL. Cic-null tumors show up-regulation of the
KRAS pathway as well as activation of the NOTCH1 and MYC tran-
scriptional programs. In sum, we demonstrate that loss of CIC
causes T-ALL, establishing it as a tumor suppressor for lymphoid
malignancies. Moreover, we show that mouse models lacking CIC
in the hematopoietic system are robust models for studying the
role of RAS signaling as well as NOTCH1 and MYC transcriptional
programs in T-ALL.
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Capicua (CIC) is an evolutionarily conserved transcriptional
repressor that binds to DNA through the high motility group

(HMG) box with the aid of its C-terminal C1 domain (1). In both
Drosophila and mammals, CIC has at least two isoforms [CIC
long (CIC-L) and CIC short (CIC-S)] generated through alter-
native promoter usage. It is not known whether the two isoforms
have different functions or regulation, but both isoforms are
ubiquitously expressed and share all of the domains that are
known to be critical for CIC function (2–5). Studies in Drosophila
and mammalian cells have placed CIC as a key mediator of RAS/
MAPK signaling. In Drosophila, activation of the receptor tyro-
sine kinase (RTK) and the subsequent RAS/MAPK signaling
cascade relieves CIC from its DNA targets, leading to de-
repression of target gene transcription. This process is important
for the patterning of the embryo, development of the wing veins,
and proliferation of intestinal stem cells (6–10). An analogous
RAS/MAPK-CIC axis is also present in mammals—activation of
the RAS/MAPK pathway phosphorylates CIC to modulate its
subcellular localization and decrease its repressor activity (11).
In mammals, CIC forms a transcriptional repressor complex

with ataxin-1 (ATXN1) and the ataxin-1 paralog, ataxin-1 like
(ATXN1L). Gain-of-function toxicity of this complex, due to a
polyglutamine expansion in ATXN1, contributes to the patho-
genesis of spinocerebellar ataxia type 1 (SCA1), a neurodegen-
erative disease (12, 13). During embryonic development, the

ATXN1-CIC complex plays a part in abdominal wall closure
and lung alveolar maturation (3, 14). In the developing fore-
brain, loss of function of this complex results in impaired neu-
ronal maturation and several neurobehavioral abnormalities (5).
Interestingly, individuals lacking one functional copy of CIC also
present with neurodevelopmental phenotypes. The neurological
phenotypes of these people bear remarkable resemblance to
those of the forebrain-specific Cic knockout mice, and serve as
defining features of CIC haploinsufficiency in humans. However,
individuals with CIC haploinsufficiency also present with non-
neurological symptoms, including cardiac and vascular abnor-
malities, as well as history of cancer. The role of CIC in contributing
to nonneurologic phenotypes is difficult to assess because so far
only a handful of individuals haploinsufficient for CIC have been
identified. To overcome this hurdle, we can study mouse models
lacking CIC and determine whether there are overlapping mouse
and human phenotypes.

Significance

Capicua (CIC) is a protein that regulates gene transcription, and
its dysfunction leads to several neurological diseases. CIC is fre-
quently mutated in several cancers, but mechanistic studies on
its tumor suppressor function have been limited. Here, we
showed that deletion of Cic in mice causes T cell acute lympho-
blastic leukemia/lymphoma (T-ALL) and disrupts early T cell de-
velopment. We also found that loss of CIC up-regulates the
oncogenic RAS program, both before and after the onset of T-
ALL. Moreover, we detected activation of the NOTCH1 and MYC
transcriptional programs, which we propose cooperate with the
RAS pathway to drive tumor development. Our study demon-
strates that CIC is a tumor suppressor for lymphoid malignancies
and elucidates the tumorigenic events upon loss of CIC.
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Somatic mutations in CIC have been implicated in the tu-
morigenesis of several cancers. Rearrangements of CIC have
been reported in a subset of round cell/Ewing-like sarcomas (15–
18). CIC loss of heterozygosity (LOH) frequently occurs in oli-
godendroglioma with 1p19q codeletion (19, 20). While neuron/
glia-specific Cic knockout mice fail to develop brain tumors (5,
14), loss of Cic promotes tumor development in a PDGFB-driven
orthotopic mouse model of glioma (21). These data hint that loss
of CIC alone is not sufficient to drive gliomagenesis. Additionally,
the only tumor reported in patients with CIC haploinsufficiency is
one case of acute lymphoblastic leukemia (ALL) (5). Therefore,
whether CIC is a tumor suppressor and whether its loss can drive
tumorigenesis is still not clear.
In an effort to study the tumor suppressor function of CIC in

mice, a recent study generated a conditional allele of Cic (herein
referred to as the CicΔ2–6 allele) (14). This allele harbors loxP
sites flanking exons 2–6 of Cic. Upon Cre-mediated recombination,
it produces truncated forms of CIC lacking the DNA-binding
HMG box, leading to loss of repressor function. Using this allele,
inactivation of CIC function in adult mice causes T cell lympho-
blastic lymphoma, with most mice succumbing to cancer by a year’s
age. Moreover, tumors that arise from CIC inactivation show a
gene signature of KRAS activation, consistent with the fact that
CIC is a downstream effector of the RAS/MAPK pathway (4, 6, 11,
14, 22, 23). We have previously generated a different conditional
knockout allele for Cic, where exons 9–11 are flanked by loxP sites
(herein referred to as the Cicflox allele) (5). Cre-mediated re-
combination of this allele completely ablates Cic mRNA and
protein products. Using this allele, Park et al. (24) found that
mice with conditional knockout of Cic in the hematopoietic
system (Vav1-Cre; Cicflox/flox) had elevated adaptive immunity
and excessive follicular helper T (TFH) cells. However, no T cell
malignancies were reported in mutant mice up to 12 mo of age.
Such a puzzling discrepancy raises two important questions. Is
the development of lymphoma in the adult CicΔ2–6 mutant mice
caused by neomorphic functions of the truncated CICΔ2–6 pro-
teins? Do noncell-autonomous factors contribute to lymphoma-
genesis in the adultCicΔ2–6 mutant mice? Answers to these questions
may explain why ubiquitous deletion ofCic causes lymphoma but the
hematopoietic-specific knockout fails to do so.
In this study, we addressed these questions using a multipronged

approach. First, we generated a Cic adult knockout mouse model
using the Cicflox allele and the UBC-cre/ERT2 allele (25). Tamox-
ifen treatment led to ubiquitous deletion of Cic from adult tissues.
We found that mutant mice developed T cell acute lymphoblastic
leukemia/lymphoma (T-ALL). Next, by genetically deleting Cic in
the hematopoietic cells using the Tek-Cre, and by performing bone
marrow transplantation studies, we demonstrate that loss of Cic in
hematopoietic cells is sufficient to cause T-ALL. CIC plays a role
in normal T cell development, as loss of CIC promotes the ex-
pansion of early T cell precursors (ETPs) in the thymus of pre-
leukemic mice. Last, we show that acquired mutations in Notch1,
up-regulation of the RAS pathway, and MYC target genes col-
laboratively drive T-ALL development in Cic adult knockout mice.
Our work demonstrates that mouse models lacking Cic in the he-
matopoietic cells are robust models to study T-ALL and establishes
the role of CIC as a tumor suppressor in the lymphoid lineage.

Results
Deletion of Cic from Adult Mice Causes T-ALL.To ubiquitously delete
Cic from adult mice, we crossed the previously described Cicflox

allele (5, 24) to the UBC-cre/ERT2 allele (25). The UBC-cre/
ERT2; Cicflox/flox mice and the control Cicflox/flox mice were sub-
jected to tamoxifen treatment at 6–12 wk of age to completely
ablate Cic (SI Appendix, Fig. S1A). The tamoxifen-treated UBC-
cre/ERT2; Cicflox/flox mice are herein referred to as the Cic adult
knockout mice. We initially tested two regimens of tamoxifen
treatment: i.p. injection for 4 wk and tamoxifen diet for 6 wk. We

found that both methods were effective in deleting Cic. Thus, we
do not distinguish the routes of tamoxifen treatment in this
study. To determine the efficiency of Cic deletion, we first ana-
lyzed the expression of the two major CIC isoforms, CIC-L and
CIC-S, in hematopoietic organs. We found that both CIC-L and
CIC-S were efficiently removed from the thymus and spleens of
the Cic adult knockout mice (SI Appendix, Fig. S1B). Of note, we
did not detect any CIC-L and CIC-S expression in the bulk bone
marrow from the wild-type mice, which consists of about 70%
myeloid cells and 20% lymphocytes. This suggests that the two
major isoforms of CIC are not abundantly expressed in the mye-
loid cells. To determine whether Cic is expressed in the rarer bone
marrow hematopoietic stem and progenitor cells (HSPCs), we
isolated HSPCs from animals 2 wk posttamoxifen treatment and
found that Cic was reduced by more than 90% in the Cic adult
knockout mice (SI Appendix, Fig. S1C). Overall, these results in-
dicate that upon Cre-mediated recombination, the Cicflox allele did
not produce any detectable Cic mRNA or protein products.
Cic adult knockout mice appeared normal the first 20 wk post-

tamoxifen treatment. However, by 25 wk posttamoxifen treatment,
mutant mice started to lose weight, became lethargic, and had
reduced activity. By 13 mo posttamoxifen treatment, all mutant
mice had either died suddenly or had to be euthanized at their
respective humane endpoint. The median survival age for the Cic
adult knockout mice was 37.6 wk following tamoxifen treatment
(Fig. 1A). Eight mutant mice were euthanized and analyzed at
their respective humane endpoint and all had severely enlarged
thymus (Fig. 1B). Tumor immunophenotyping and histological
analysis revealed a monoclonal T cell population in the tumor
with blast morphology (Fig. 1 C–E and SI Appendix, Table S1).
Six of the eight tumors analyzed were recognized as T cell lym-
phoblastic lymphoma, as malignant T cells were not found in the
bone marrow. Two mice developed full-blown T cell lymphoblastic
leukemia as malignant T cells were predominant in the bone mar-
row. The malignant T cells showed a variety of immunopheno-
types, including CD4+ single positive, exclusively CD4+ CD8+

double positive, as well as CD4+ CD8+ double positive with vari-
able degree of CD4+ or CD8+ expression (Fig. 1E and SI Appendix,
Table S1). Both the latency and the tumor immunophenotypes of
T-ALL in the Cic adult knockout mice resembled those in the
recently published UBC-cre/ERT2; CicΔ2–6/Δ2–6 mice (14). These
data clearly demonstrate that the development of lymphoma in the
UBC-cre/ERT2 CicΔ2–6/Δ2–6 mice is due to the loss of CIC functions
rather than neomorphic functions of the CICΔ2–6 proteins.

Loss of Cic in Hematopoietic Cells Causes T-ALL. A recent study found
that deleting Cic in the hematopoietic system (Vav1-Cre; Cicflox/flox)
causes an autoimmune lymphoproliferative phenotype, but no
lymphoma was reported in any of the mice up to 12 mo of age
(24). This raised the possibility that T cell malignancies in the
Cic adult knockout mice may arise in part from loss of Cic in
nonhematopoietic cells in the niche. Thus, it was important to
determine whether ablation of CIC in the hematopoietic lineages
could give rise to malignancies. We took a three-pronged approach
to address this. First, we generated the Vav1-cre; Cicflox/flox mutant
mice as previously described (24, 26). These mice appeared normal
before 35 wk of age. However, a small number of mice showed
reduced survival soon after 35 wk of age (SI Appendix, Fig. S2A).
We followed the Vav1-cre; Cicflox/flox mutant mice up to 80 wk of age
and found that 42% (8/19) of the mice had died before this age.
Importantly, analysis of postmortem tissue from the six Vav1-cre;
Cicflox/flox mutants revealed that they all had a severely enlarged
thymus, similar to those found in the Cic adult knockout mice (SI
Appendix, Fig. S2B). These findings demonstrate that the Vav1-cre;
Cicflox/flox mutant mice also developed lymphoma eventually, albeit
with a much delayed onset and an incompletely penetrant phe-
notype. Although it was shown that CIC was efficiently removed
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from the spleen and thymus in the Vav1-cre; Cicflox/flox mice (24), it
is possible that a slight deficiency in Cre-mediated recombination in
the Vav1-cre; Cicflox/flox mice compared with the Cic adult knockout
mice may account for the delayed disease onset and reduced phe-
notype penetrance between the two mouse models.
Next, using the Tek-cre allele, we sought to delete Cic from a

similar population of hematopoietic cells and their progenitors
to those targeted by the Vav1-cre (27). We found that Cic ex-
pression was completely abolished in HSPCs from the Tek-cre;
Cicflox/flox mice (SI Appendix, Fig. S2C). The two major isoforms
of CIC, CIC-L and CIC-S, were not detectable in the thymus and
spleens from mutant mice (SI Appendix, Fig. S2D), confirming
efficient deletion of CIC in hematopoietic cells. The Tek-cre;
Cicflox/flox mice developed normally until about 20 wk of age;
then they started to lose weight, developed kyphosis, and showed
reduced activity. By 80 wk of age, 94% (17/18) of the Tek-cre;
Cicflox/flox mice had died or had to be euthanized, in contrast to
the 42% of the Vav1-cre; Cicflox/flox mice, suggesting that the Tek-

cre; Cicflox/flox mice produced a more robust phenotype (Fig. 2A).
The median survival age was 49 wk for the Tek-cre; Cicflox/flox mice.
It is worth noting that the median tumor-free survival age was
11 wk longer for the Tek-cre; Cicflox/flox mice compared with the Cic
adult knockout mice. This could be due to altered signaling to
compensate for the loss of CIC during development in the Tek-cre;
Cicflox/flox mice, or the stress that the Cic adult knockout mice had
experienced during tamoxifen treatment. We analyzed eight tu-
mors from Tek-cre; Cicflox/flox mice, and found seven cases of T cell
lymphoblastic lymphoma and one case of T cell lymphoblastic leu-
kemia. Immunophenotypes and histology of tumors from the Tek-
cre; Cicflox/flox mice are similar to those of tumors from the Cic adult
knockout mice (SI Appendix, Fig. S2E and Table S2).
Lastly, to complement the genetic studies on the Tek-cre; Cicflox/flox

mice, we performed bone marrow transplantation studies. To this
end, we isolated bone marrow progenitor cells from Cicflox/flox or
UBC-cre/ERT2; Cicflox/flox mice (both CD45.2) and transplanted
them into lethally irradiated wild-type CD45.1 recipients. The

Fig. 1. Deletion of Cic from adult mice causes T cell acute lymphoblastic leukemia/lymphoma (T-ALL). (A) Tumor-free survival for UBC-cre/ERT2; Cicflox/flox

mice treated with tamoxifen (TAM) or vehicle (Veh), or control genotypes treated with tamoxifen. The median survival age was 37.6 wk for the UBC-cre/ERT2;
Cicflox/flox mice treated with tamoxifen. (B) Representative image of the T cell lymphomas observed in the Cic adult knockout mice. (Scale bar: 0.5 cm.)
(C) Flow cytometry analyses of the thymus and bone marrow from the Cic adult knockout mice at their respective humane endpoint and analysis of an age-matched
Cicflox/flox control mice. Representative results are shown for a mouse with T cell lymphoblastic lymphoma and a mouse with T cell lymphoblastic leukemia.
(D) Histology of a control Cicflox/flox mouse and a UBC-cre/ERT2; Cicflox/flox mouse with T cell lymphoblastic lymphoma and one with T cell lymphoblastic leukemia.
Note the blast morphology of T cells in the lymphomas from the UBC-cre/ERT2; Cicflox/flox mice. (Scale bars: 100 μm.) (E) Latency and immunophenotypes of tumors
from the UBC-cre/ERT2; Cicflox/flox mice. DP, CD4+ CD8+ double positive.
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transplanted recipients were allowed to recover for 4 wk and the
engraftment efficiencies were examined. Recipients with a suc-
cessful engraftment were then placed on a tamoxifen diet for 6 wk,
leading to the deletion of Cic from host-derived UBC-cre/ERT2;
Cicflox/flox cells. The wild-type recipients transplanted with UBC-
cre/ERT2; Cicflox/flox progenitor cells developed an aggressive course
of disease 20 wk posttamoxifen treatment, and 90% of the mice
(12/13) succumbed to tumors within 30 wk after tamoxifen treatment
(Fig. 2B). Analyses of nine tumors with a UBC-cre/ERT2; Cicflox/flox

origin showed that they were all T cell lymphoblastic lymphomas
(Fig. 2C and SI Appendix, Table S3).
Our data showed that genetic ablation of Cic from Tek-lineage

hematopoietic cells caused T-ALL. Moreover, bone marrow he-
matopoietic progenitors gave rise to T cell lymphoblastic lym-
phoma upon transplantation into wild-type recipients followed by
Cic deletion. Altogether, these data indicate that loss of Cic in
hematopoietic cells is sufficient to cause T cell malignancies in a
cell-autonomous fashion.

Loss of CIC Alters Early T Cell Development. Although Cic is ubiq-
uitously expressed in various hematopoietic compartments dur-
ing normal hematopoiesis (28) (SI Appendix, Fig. S3), CIC is not
readily detected at the protein level in normal bone marrow (SI
Appendix, Figs. S1B and S2D), which contains about 70% mye-
loid cells and 20% B cells. This suggests that the steady-state
levels of CIC are down-regulated by posttranscriptional regula-
tion in myeloid cells and B cells, and that CIC is highly expressed
in the T cells. This prompted us to investigate whether CIC plays
a role in T cell development. Because the Cic adult knockout
mice did not show any obvious signs of disease until 20 wk post-
tamoxifen treatment, we analyzed the populations of hematopoi-
etic cells in the bone marrow, spleens, and thymus of the mutant
mice 2 wk posttamoxifen treatment. We found that mature mye-
loid cells, and B and T cell compartments in the mutant bone
marrow and spleens were similar to those in the control mice (SI
Appendix, Fig. S4 A and B). No differences in CD4+, CD8+, CD4+

CD8+ double positive (DP), and CD4− CD8− double negative

Fig. 2. Loss of Cic in hematopoietic cells causes T cell acute lymphoblastic leukemia/lymphoma (T-ALL). (A) Tumor-free survival for Tek-cre; Cicflox/flox

mice and control mice. The median survival age was 49.2 wk for the Tek-cre; Cicflox/flox mice. (B) In the bone marrow transplantation study, wild-type
mice that received donor cells from the UBC-cre/ERT2; Cicflox/flox mice and treated with tamoxifen (TAM) showed reduced tumor-free survival (median
survival = 26.6 wk posttamoxifen treatment). (C ) Flow cytometry analysis of the thymus from wild-type mice received donor cells from the control
Cicflox/flox mice, and tumors from two wild-type mice received donor cells from the UBC-cre/ERT2; Cicflox/flox mice. Upper panels depict percentage of
donor-derived cells (CD45.2+).
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(DN) T cells were found in the thymus when comparing control
and mutant mice (SI Appendix, Fig. S4C).
We next examined the bone marrow stem and progenitor cell

compartments in presymptomatic Cic adult knockout mice. In-
terestingly, Cic adult knockout mice showed a reduction in HSPCs
compared with control mice (Fig. 3A). A similar reduction in
HSPCs was also observed in 12-wk-old Tek-cre; Cicflox/flox mice (SI
Appendix, Fig. S5A). Deeper analysis of the HSPC compartment
in the Cic adult knockout bone marrow showed that there was a
significant decrease in the number of hematopoietic stem cells
(HSCs) and multipotent progenitors (MPPs), while the number of
common lymphoid progenitors (CLPs) remained unchanged (Fig.
3A). To analyze the impact of CIC loss on early T cell develop-
ment, we examined different early thymic T cell maturation stages,
as previously described (29–31). We detected a significant expan-
sion of the most immature double negative 1 (DN1) population as
early as 2 wk after tamoxifen treatment (Fig. 3B and SI Appendix,
Fig. S5B), while no significant changes were registered in the more
mature DN2, DN3, and DN4 populations. Importantly, the num-
ber of the early T cell precursors (ETPs), a subset of DN1 cells that
are recent immigrants from the bone marrow and remain plurip-
otent (31), was increased in the Cic adult knockout mice (Fig. 3B),

suggesting increased self-renewal or decreased differentiation of
ETPs upon loss of CIC. Altogether, the reduction of stem and
progenitor cells paired with the expansion of ETP and DN1 cells
strongly suggest a role of CIC in the early steps of T cell devel-
opment (Fig. 3C).

KRAS, NOTCH1, and MYC Programs Drive Tumorigenesis in Cic Adult
Knockout Mice. The Cic adult knockout mice appeared grossly
normal up to 20 wk posttamoxifen treatment (Fig. 1A). This gave
us a unique opportunity to study the early transcriptional changes
leading to the development of T-ALL. To this end, we isolated
bone marrow HSPCs from Cicflox/flox and Cic adult knockout mice
2 wk posttamoxifen treatment and profiled their gene expression
using RNA-seq. Analyses of RNA-seq data identified 110 differ-
entially expressed genes (DEGs) [false discovery rate (FDR) <
0.05] in the HSPCs from Cic adult knockout mice, with 72 up-
regulated genes and 38 down-regulated genes (SI Appendix, Fig.
S6A and Dataset S1). The finding that there are more up-regulated
genes than down-regulated genes in Cic-null HSPCs is consistent
with the role of CIC as a transcriptional repressor. As expected, the
up-regulated genes had significant overlap with the hallmark gene set
of KRAS activation (SI Appendix, Fig. S6 B and C and Dataset S2).

Fig. 3. Loss of CIC disrupts the homeostasis of progenitor cells and alters early T cell development. (A) Analysis of hematopoietic stem and progenitor cells
(HSPCs, lineage− c-Kit+ Sca-1+; HSC, lineage− c-Kit+ Sca-1+ CD150+ CD48−; MPP, lineage− c-Kit+ Sca-1+ CD150− CD48−; and CLP, lineage− c-Kit+ Sca-1+ IL7Ra+) in
Cicflox/flox and UBC-cre/ERT2; Cicflox/flox mice 2 wk posttamoxifen treatment (n = 3–5 animals). (B) Analysis of DN1 (CD4− CD8− CD44+ CD25−) and ETP (CD4−

CD8− CD44+ CD25− c-Kit+) populations in Cicflox/flox and UBC-cre/ERT2; Cicflox/flox mice 2 wk posttamoxifen treatment (n = 3–5 animals). (C) Diagram showing
progenitor cell development in the bone marrow and T cell development in the thymus. CLP, common lymphoid progenitor; DN, double negative; DP, double
positive; ETP, early T cell precursor; HSC, hematopoietic stem cell; HSPC, hematopoietic stem and progenitor cell; LMPP, lymphoid-primed multipotent
progenitor; MPP, multipotent progenitor. Data are presented in scatterplots with error bars representing mean ± SEM. Statistical analyses were performed
using two-tailed unpaired t test. *P < 0.05; **P < 0.01; ***P < 0.001.
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Moreover, similar expression changes were detected in HSPCs
from presymptomatic Tek-cre; Cicflox/flox mice (SI Appendix, Fig.
S6D). These findings suggest that transcriptional activation of KRAS
signaling targets occurs in preleukemic Cic-null HSPCs.
We next examined whether Cic-null tumors acquired common

secondary mutations. To this end, we performed Sanger sequenc-
ing on six tumors for mutations in eight genes that are frequently
mutated in T-ALL (32, 33). No mutations were found in the fre-
quently mutated exons of Kras, Nras, Fbxw7, Idh1, Flt3, and Ptpn11
(SI Appendix, Table S4). A rare missense mutation (p.Gln171Leu)
in Pten was identified in one of the tumors. Notably, we iden-
tified truncating mutations in exon 34 of Notch1 in two tumors,
p.Ser2407Glyfs*2 and p.Arg2361Profs*123 (Fig. 4A). These mu-
tations are located in the PEST domain of NOTCH1. The PEST
domain of NOTCH1 mediates the proteasomal degradation of the
intracellular domain of NOTCH1 (ICN1). Truncating or frame-
shifting mutations in the PEST domain are believed to stabilize
ICN1 and increase NOTCH signaling (34, 35).
To understand the molecular underpinnings of Cic-null tu-

mors, we profiled the transcriptomes of six tumors and identified
2,386 DEGs between tumor and normal thymus from littermate

controls (FDR < 0.05; Log2 fold change > 3). To our surprise,
fewer than 15% of the DEGs (322 genes) were up-regulated, while
the majority of the DEGs (2,064 genes) were down-regulated in Cic-
null tumors (Fig. 4B and Dataset S3). This is in sharp contrast to the
established role of CIC as a transcriptional repressor (3, 4, 11). To
determine the prevalence of CIC direct targets among the DEGs,
we looked for conserved CIC binding sites (TGAATGAA or
TGAATGGA) upstream 5 kb and downstream 2 kb of the tran-
scriptional start sites (TSSs) in the DEGs. We found that for both
up-regulated and down-regulated DEGs, only about 10% of the
genes harbor CIC binding motifs proximal to their TSSs (Dataset
S3). This result suggests that the majority of the transcriptional
changes in Cic-null tumors are not directly due to the loss of CIC’s
repressor function, but most likely driven by other factors.
We then performed gene set enrichment analysis (GSEA) on

the expression profiling data from Cic-null lymphomas. While
down-regulated genes from Cic-null tumors were highly enriched
for genes that are down-regulated upon KRAS activation (Fig.
4C and SI Appendix, Table S5), analysis of up-regulated genes
indicated a significant NOTCH pathway activation (Fig. 4C).
This is in agreement with our findings that two of six Cic-null

Fig. 4. KRAS, NOTCH1, and MYC programs drive tumor development in Cic adult knockout mice. (A) Chromatogram traces showing that two of the Cic-null
tumors harbor mutations in Notch1. The sequences of wild-type and mutant alleles are indicated. (B) Heatmap showing clustering of differentially expressed
genes (DEGs) (FDR < 0.05, Log2 fold change > 3) from the tumor RNA-seq analysis. (C) Gene set enrichment analysis (GSEA) reveals signatures of activation of
KRAS, NOTCH1, MYC, and mTORC1 signaling in Cic knockout tumors.
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lymphomas harbor NOTCH1 activating mutations. During T cell
development and in T-ALL, NOTCH1 can regulate MYC expres-
sion (35). Interestingly, Myc expression was increased by almost
fourfold in Cic-null tumors (Dataset S3) and GSEA analysis of up-
regulated genes demonstrated clear enrichment for MYC targets
(Fig. 4C). Altogether these results point to the NOTCH1 and MYC
transcriptional programs as driving forces in Cic knockout tumors.
Due to the observed activation of KRAS and NOTCH signaling

in Cic-null tumors, we next explored whether pharmacological in-
hibition of the RAS/MAPK pathway and NOTCH signaling could
halt the growth of tumor cells. To this end, we treated cultured
primary tumor cells from Cic adult knockout mice with inhib-
itors targeting the MEK1/2 kinases in the RAS/MAPK path-
way, PD0325901 and trametinib, for up to 8 d in culture. We
found that MEK1/2 inhibitors did not inhibit the growth of Cic
knockout tumor cells (SI Appendix, Fig. S7). These results are
in agreement with the recent findings that Cic-inactivated tumor
cells are insensitive to trametinib (14), highlighting the role of CIC
in regulating a transcriptional program downstream of MEK in the
RAS/MAPK pathway. We also treated Cic knockout tumor cells
with the gamma secretase inhibitor LY3039478 (36) and found it to
have no significant effect on cell growth (SI Appendix, Fig. S7). It is
worth noting that not all T-ALLs with mutated NOTCH1 are sen-
sitive to gamma secretase inhibitor treatment. Specifically, gamma
secretase inhibitor-resistant T-ALL cells have been demonstrated to
up-regulate the PI3K-AKT/mTORC1 signaling network (37–39).
Interestingly, Cic-null tumors showed features of mTORC1 path-
way activation (Fig. 4C), providing a possible explanation for re-
sistance to NOTCH1 inhibition.

Discussion
CIC is frequently mutated in many cancers, and thus has long been
proposed to be a tumor suppressor (16–20), but in vivo evidence
and appropriate mouse models have been lacking. In a recent
study, it was found that converting CIC into an inactive form that
lacks the DNA binding domain (CICΔ2–6) in adult mice caused
T-ALL (14). However, another study reported that hematopoietic-
specific Cic knockout mice seemed to be free of cancer (24). In this
study, we investigated whether the loss of CIC functions causes any
malignancies, and whether deleting Cic from hematopoietic cells
alone is sufficient to drive tumorigenesis. We found that ablation
of Cic from adult mice resulted in T-ALL. Moreover, deletion of
Cic from hematopoietic cells is sufficient to cause cancer, but
the onset and penetrance of the disease vary, depending on the
Cre-expressing alleles.
The Cic adult knockout mice that we generated produced a

very similar phenotype to the previously reported UBC-cre/
ERT2; CicΔ2–6/Δ2–6 mice (14). This provides evidence that the
lymphoma phenotype observed in the UBC-cre/ERT2; CicΔ2–6/Δ2–6

mice was due to the loss of function of CIC, but not an abnormal
function (e.g. hypermorphic or neomorphic function) of the trun-
cated CICΔ2–6 proteins. The fact that we were able to reproduce the
previous findings using an independent Cic allele, highlights the
robustness of these models as tools to study T-ALL in mice and
the functions of CIC in tumorigenesis. Secondly, our genetic
knockouts using the Tek-cre and bone marrow transplantation
studies demonstrate that the loss of CIC in hematopoietic cells,
most likely stem and progenitor cells, is sufficient to cause T-ALL.
On the other hand, the Vav1-cre; Cicflox/flox mice exhibited a much
more delayed disease onset and reduced phenotype penetrance,
which could explain why no incidence of lymphoma was reported
in a previous study (24). This is likely due to the different effi-
ciencies of Cre-mediated recombination. However, we cannot rule
out the possibility that there are hematopoietic cells that are of the
Tek lineage but not the Vav1 lineage, and those cells contribute to
T-ALL development.
We discovered that loss of CIC alters early T cell development

in the thymus. Specifically, ETPs and immature DN1 cells ac-

cumulate in Cic knockouts, suggesting increased self-renewal of
ETPs in the thymus. Such an increase in the ETP/DN1 pop-
ulation is at the expense of bone marrow stem and progenitor
cells, evident from the decrease in HSCs, MPPs, and total HSPCs
in the knockout bone marrow. We also performed colony-forming
assays and addressed the in vivo repopulating ability of Cic knockout
HSPCs, observing a slight reduction of the HSC pool in mice
transplanted with knockout cells, suggesting a possible impairment
of HSC self-renewal in vivo (SI Appendix, Fig. S8). Although we
observed an increase in the ETP/DN1 population in Cic adult
knockout mice shortly after the ablation of CIC (2 wk posttamoxifen
treatment), Cic knockout mice did not develop ETP T-ALL, an
aggressive form of T-ALL characterized with stem cell and mye-
loid transcriptional programs and immunophenotypes (40, 41).
This suggests that in Cic adult knockout mice, other key leuke-
mogenic events, such as acquired mutations in Notch1 and acti-
vation of the NOTCH1 and MYC transcriptional programs, may
occur at later stages of T cell development.
CIC is a downstream effector of the receptor tyrosine kinase

(RTK)/RAS/MAPK pathway in Drosophila and mammals (4, 8,
11, 12, 22, 23, 42, 43). Upon activation of the RAS signaling
cascade, CIC is phosphorylated and relieved from its DNA tar-
gets, either due to decreased protein stability or increased
nuclear-to-cytoplasmic translocation. This allows the expression
of CIC target genes. Our findings that genes responsive to KRAS
activation were up-regulated in hematopoietic progenitors from
presymptomatic mice indicate that KRAS signaling activation is
an early rather than late oncogenic event. Importantly, the in-
crease in KRAS signaling is conserved in Cic-null tumors, as
down-regulated genes were highly enriched for genes down-
regulated upon KRAS activation. Because CIC has been estab-
lished to be a transcriptional repressor, it is surprising to see
the overwhelming number of the down-regulated genes in Cic
knockout tumors. The fact that many of these genes are also
down-regulated in response to KRAS activation, and that CIC is
a downstream effector of KRAS, suggests that CIC might act
downstream of KRAS as a transcriptional activator. A similar
hypothesis has been recently proposed by others (21). In two of
the six Cic-null tumors, we identified truncating mutations lo-
cated in the PEST domain of NOTCH1. Previous studies have
shown that these types of mutations are not sufficient for leu-
kemogenesis, but they can complement other tumorigenic events
such as activation of KRAS to initiate leukemia (34). Our results
suggest that KRAS signaling activation following loss of CIC
synergizes with Notch1 mutations to promote leukemogenesis.
So far, large-scale sequencing studies have failed to report so-

matic CIC mutations in ALL (44–46) and we speculate this could
be due to several reasons. First of all, germline mutations in CIC
might have been ruled to be nonpathogenic or of unknown sig-
nificance, while such mutations might in fact affect CIC’s function
and increase predisposition to cancer. Secondly, CIC’s tumor
suppressor function could be compromised through transcrip-
tional and/or posttranscriptional regulation but not mutational
loss of function, as has been proposed in non-small-cell lung
cancer (43). Therefore, it would be interesting to systematically
assess the transcript and protein levels of CIC in T-ALL and other
cancers in future studies. Last but not least, low sequencing cov-
erage of CIC could have complicated the report on CIC variants
in large-scale studies. In targeted sequencing studies on leukemia
samples, CIC might not have been included in the panel of tested
genes. Therefore, the incidence of somatic/germline CIC muta-
tions in hematologic cancers might have been underestimated.
Our work provides a rationale for the addition of CIC into tar-
geted sequencing panels in future clinical studies of leukemias.
Germline mutations that activate the RAS/MAPK pathway

cause a group of developmental disorders, called the RASopathies.
Examples include neurofibromatosis type 1 (NF1), Noonan syn-
drome, Costello syndrome, cardiofaciocutaneous syndrome, and
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LEOPARD syndrome (47). Patient phenotypes of the various
syndromes are diverse, but share some overlapping features,
including cardiac and vascular abnormalities, developmental
delay, neurodevelopmental phenotypes (autism and ADHD) and
predisposition to cancer (48–50). Intriguingly, all individuals
haploinsufficient for CIC have developmental delay and neuro-
developmental phenotypes, and some individuals have cardiac
and vascular abnormalities (5). Moreover, one patient with CIC
haploinsufficency had acute lymphoblastic leukemia. We and
others (14) now showed that mice lacking CIC developed
T-ALL, raising the possibility that individuals with half the dosage
of CIC might be predisposed to cancer. Given these human and
mouse phenotypes, and the fact that CIC is a downstream effector
of the RAS/MAPK pathway, we propose that the human syndrome
due to CIC haploinsufficiency may be a RASopathy syndrome.
In conclusion, our studies establish robust mouse models for
T-ALL and provide mechanistic insight into the tumor suppressor
function of CIC.

Materials and Methods
Mouse Models. Cicflox mice have been previously described (5). UBC-cre/ERT2
mice [B6.Cg-Tg(UBC-cre/ERT2)1Ejb/J, stock number: 008085] (25), Tek-cre
mice [B6.Cg-Tg(Tek-cre)1Ywa/J, stock number 008863] (27), and Vav1-cre mice
[B6N.Cg-Tg(Vav1-icre)A2Kio/J, stock number 018968] (26) were obtained from
The Jackson Laboratory. Primers for genotyping are listed in Dataset S4. All
procedures in mice were approved by the Institutional Animal Care and Use
Committee of Baylor College of Medicine. Humane endpoints were default
endpoints recommended by the Institutional Animal Care and Use Committee
of Baylor College of Medicine.

Tamoxifen Treatments. I.p. tamoxifen injections were performed as previously
described (51). Briefly, tamoxifen was dissolved in peanut oil (20 mg/mL) at
50 °C, aliquoted, and frozen until use. Starting at 8–12 wk of age, tamoxifen
or vehicle (peanut oil) was injected intraperitoneally at a dose of 100 mg/kg,
three times a week for 4 wk. Alternatively, mice starting at 6–10 wk of age
were fed a tamoxifen diet (ENVIGO, TD.140229) for 6 wk, with regular diet
fed as a supplement during the weekends. After the tamoxifen diet regi-
men, mice were placed back on a regular diet.

Flow Cytometry Analyses.All flow cytometry analyses were carried out using a
Sony SH800 sorter equipped with 488-nm and 568-nm lasers. All antibodies
used for flow cytometry analyses were from eBioscience and used at a
1:100 dilution, unless otherwise specified. To discriminate live versus dead
cells, propidium iodide (PI) was added to the cell suspension at 1 μg/mL and
incubated for 15 min before analyses.

To prepare single-cell suspensions of tumors, thymus, spleen, or bone
marrow, tissues were dissected, ground with the top of a 5-mL syringe in
Hank’s balanced salt solution (HBSS) with 2% FBS, and filtered through a
40-μm cell strainer. Red blood cells (RBCs) were lysed using a RBC lysis buffer
(eBioscience) following the manufacturer’s instructions. For lineage analyses,
cells were stained with CD45.2 FITC, B220 PE-Cy7, Gr-1 PE-Cy7, CD11b PE-Cy7,
CD4 PE, CD8 PE, and B220 PE, and analyses were performed as previously
described (52). For T cell analyses, cells were stained with CD4 PerCP-
eFluor710, CD8 FITC, CD44 PE-Cy7 (1:50), CD25 PE (1:50), and c-Kit PE-Cy5
(1:50). DN (CD4− CD8−) populations were defined as previously described
(31): DN1, CD44+ CD25−; DN2, CD44+ CD25+; DN3, CD44− CD25+; DN4, CD44−

CD25−. ETP cells were defined as DN1 cells that were positive for c-Kit. For
the analyses of hematopoietic stem and progenitor cells, bone marrow cells
were stained with a lineage marker mixture in FITC (CD4, CD8a, CD11b,
B220, Gr-1, Ter119), c-Kit PE-Cy5, Sca-1 PE-Cy7, CD48 PerCP-eFluor710, and
CD150 PE. HSPCs were defined as Lin− c-Kit+ Sca-1+; HSCs were defined
as Lin− c-Kit+ Sca-1+ CD150+ CD48−; and MPPs were defined as Lin− c-Kit+

Sca-1+ CD150− CD48−. For CLP analysis, cells were stained with the above lineage
marker, c-Kit PE-Cy5, Sca-1 PE-Cy7, and IL7Ra PE.

Isolation of Bone Marrow HSPCs and RNA-Seq. To isolate bone marrow HSPCs,
single-cell suspensions were prepared as described above and red blood cells
were lysed. Cells were incubated with c-Kit-biotin (1:50) for 30 min at 4 °C.
Cells were then washed twice with HBSS with 2% FBS, and incubated with
anti-biotin microbeads (Miltenyi) and positively selected using a MACS stand
and a MS column (Miltenyi) following the manufacturer’s protocol. Posi-
tively selected cells were then stained with a lineage marker mixture in FITC
(CD4, CD8a, CD11b, B220, Gr-1, Ter119), streptavidin PE, and Sca-1 PE-Cy7.

HSPCs were defined as Lin− cKit+ Sca-1+, sorted using a Sony SH800 cell
sorter, and collected directly into TRIzol (Thermo Fisher Scientific).

For RNA-seq, RNAwas extracted from sorted HSPCs using the RNeasyMicro
Kit (Qiagen). cDNA synthesis, library preparation, RNA-seq, and data analysis
were performed as previously described (5, 53). Gene set enrichment analysis
was performed using the GSEA/MSigDB database (54, 55).

Tumor RNA-Seq and DNA Sanger Sequencing. Thymic lymphomas were dis-
sected from Cic adult knockout mice or wild-type mice transplanted with Cic
adult knockout progenitors. Tissues were snap frozen in liquid nitrogen until
further analysis. RNA and DNA were purified using the AllPrep DNA/RNA mini
kit (Qiagen). For DNA sequencing, PCRs were performed using KOD Hot Start
Polymerase (EMD Millipore), with primers listed in Dataset S4. Primers were
designed to have M13F and M13R tags. Unpurified PCR products were sub-
mitted for Sanger sequencing. For RNA-seq, library preparation was performed
using the TruSeq Stranded mRNA Library Preparation Kit Set A (Illumina).
Sequencing was run on a NextSeq using a NextSeq 500/550 High Output Kit v2
75 Cycles (Illumina). STAR aligner (56) was used to map sequenced reads to
reference genome (GENCODE GRCm38) and estimate gene counts.

Quantitative Reverse Transcription PCR. RNA was extracted with TRIzol
(Thermo Fisher Scientific) and reverse transcribed using M-MLV Reverse
Transcriptase (Thermo Fisher Scientific). Real-time PCR was performed with
iTaq Universal SYBR Green (BIO-RAD). Primers are listed in Dataset S4. Rps16,
Gapdh, and Hprt were used as reference genes, and fold changes were
calculated using the 2−ΔΔCt method (57, 58).

Bone Marrow Transplantation Experiments. Sca-1–enriched bone marrow cells
from Cicflox/flox, UBC-cre/ERT2; Cicflox/flox, or Tek-cre; Cicflox/flox (all CD45.2)
were retroorbitally transplanted into lethally irradiated (11 Gy divided in
two fractions) wild-type C57BL/6 CD45.1 recipients. Sca-1 enrichment was
performed using a biotin-conjugated anti–Sca-1 antibody (Clone D7; Biolegend)
and anti-biotin microbeads (Miltenyi) following manufacturer instructions.
Magnetic sorting was performed with an AutoMACS Pro Separator (Miltenyi).
Engraftment was confirmed in peripheral blood by flow cytometry in all
recipients 4 wk after injection.

For repopulation studies, 2 × 105 c-Kit–enriched bone marrow progenitor
cells from two Cicflox/flox and two Tek-cre; Cicflox/flox mice were retroorbitally
injected into lethally irradiated CD45.1 C57/BL6 recipients (five for each
genotype). c-Kit enrichment was performed using anti-mouse CD117 mag-
netic beads (Miltenyi) following manufacturer instructions. Magnetic sorting
was performed as described above. Eight weeks after transplantation, re-
cipients were euthanized and peripheral blood, bone marrow, and thymus
were analyzed by flow cytometry.

Protein Extraction and Western Blot Analysis. Cells from thymus, spleen, and
bonemarrow (single-cell suspension with red blood cells lysed) were counted,
and an equal number of cells were lysed using protein extraction buffer
(75 mM NaCl, 5 mM MgCl2, 50 mM Tris pH 8.0, 0.5% Triton X-100, supple-
mented with fresh protease inhibitors and phosphatase inhibitors). The
homogenates were centrifuged at 11,000 × g for 10 min at 4 °C, and LDS
loading buffer (Invitrogen) was added to the supernatant. Equal volumes of
cell lysates were analyzed using Western blot. The antibodies used were:
rabbit anti-CIC (1:2,000) (5) and mouse anti-GAPDH (1:10,000, 2-RGM2; Ad-
vanced ImmunoChemical, Inc).

Histology. Tissues were dissected and fixed in 10% neutral buffered formalin
for at least 24 h before further processing. The tissues were then incubated in
70% ethanol for 24 h, 95% ethanol overnight, 100% ethanol for 4 h, chlo-
roform overnight, and paraffin for 4 h twice. Paraffin-embedded tissues were
sectioned at a 6-μm thickness. Hematoxylin and eosin (H&E) stain was per-
formed using a standard protocol.

Tumor Inhibitor Studies. Primary tumor cells were isolated from Cic adult
knockout mice following the protocol previously described (59). Following
three passages, tumor cells were seeded into 96-well plates (3,000 cells per
well) and treated with DMSO (control), PD0325901 (100 nM), trametinib
(100 nM), or LY3039478 (0.5 nM or 5 nM) for up to 8 d. The relative number
of live tumor cells was identified by analyzing the number of live cells (PI−) in
each well using FACS and normalized to the DMSO-treated controls.

Colony Forming Unit Assay. Enriched c-Kit+ bone marrow cells from two
Cicflox/flox and two Tek-cre; Cicflox/flox mice were seeded at a density of
1,000 cells per well into cytokine-supplemented methylcellulose medium
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(MethoCult M3434; STEMCELL Technologies). Every 7 d, colony counts were
recorded. A portion of the cells was used for replating (1,000 cells per well)
for a total of four platings. Each one of the two biological replicates was
performed in technical triplicates.

Statistical Tests. Statistical tests were performed with GraphPad Prism. Un-
paired two-tailed t tests were performed using parametric test assuming equal
SDs between groups. Statistical analysis for qPCR results was performed using
multiple t tests with a FDR approach. For tumor inhibitor study, regular two-
way ANOVAwas performed with Turkey’s correction for multiple comparisons.
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