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Letter to the Editor

T-cell acute lymphoblastic leukemia (T-ALL) is a malighant neoplasm of transformed
immature T-cells 1. Recently, a refractory subset of T-ALL derived from the early T-

cell precursors (ETPs) has been recognized and designated as ETP-ALL 2 3, ETP-ALL
represents ~12% of T-ALL in children and 7.4% in adults, and confers a significantly worse
outcome than other T-ALL subtypes (non-ETP T-ALL) 2. ETP-ALL is characterized by
distinct phenotypes, including simultaneous expression of myeloid or stem cell markers 2
and prevalent activating mutations in the Ras signaling pathway (e.g. NRASand KRAS),
which are rarely identified in non-ETP T-ALL but characteristic for myeloid leukemias 3.

Oncogenic RAS mutations predominantly occur at G12, G13, or Q61 codons, which
compromise their GTPase activity and result in the accumulation of GTP-bound active

Ras and hyperactivation of Ras downstream signaling . In addition to the prevalent NRAS
and KRAS mutations in ETP-ALL, we found concurrent oncogenic KAS mutations and
haploinsufficiency of WT KRASin some ETP-ALL patients. Notably, Kras™"; Nras@61R/*
mice developed early onset of T-cell malignancy that is characteristic of human ETP-ALL
5. We showed that Kras™~ and Nras@8IR signaling cooperate to downregulate expression of
Rasgrpl, a Ras guanine exchange factor 8. Rasgrp downregulation leads to hyperactivation
of Nras/ERK signaling, T cell proliferation, and expansion of the ETP compartment.
However, it remains unclear if Rasgrpl downregulation drives ETP-like ALL formation

in Nras@6IR* mice.

To address this question, we generated Rasgrpl™~; Nrast-St Q6IR*: Mx1-Cre and
Rasgrol™~; Nras-St Q61R/*: pMx1-Cre mice and referred them as Rasgrp1?/~; NrasQ61R/*
and Rasgrol™"; Nras962R* mice respectively upon pl-pC treatment. Both groups of

mice displayed Rasgrpl gene dosage-dependent survival, which was intermediate between
Nras@Q62R* and Kras™~; Nras?62R/* mice (Fig. S1a). At the moribund stage, only two

of Rasgrol™~; Nras962”"* mice displayed an enlarged thymus and died with ETP-like
leukemia (Fig. S1b). Flow cytometry and pathological evaluation of hematopoietic tissues
identified that additional two Rasgrp1*/~; Nras@62R/* mice and three Rasgrp1™"; NrasQ61R/*
mice developed early stage of T-cell leukemia (Fig. S1c). Therefore, the incidences of T-cell
disease in Rasgrp1?/~; Nras@61R/* mics (4/8) and Rasgrpl™~; Nras@61R/* mice (3/5) were
significantly higher than that in AMras@627/* mice (2/20) (Fig. S1d). In addition, we found
that all the Rasgrp1*/~; Nras@61R/* and Rasgrpl™~; Nras@®LR’* mice developed myeloid
disease (predominantly myeloproliferative neoplasm) (Fig. S2), similar as Nras@62R/*
mice’, but with an accelerated rate. Some of them even showed transformation to acute
myeloid leukemia. The rapid lethality in these mice may prevent the development of full-
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blown T-cell malignancy. Collectively, our results indicate that RasgrpI downregulation in
NrasQ6IR/* mice is capable but less potent than Kras downregulation to drive ETP leukemic
transformation. We postulated that additional mediator(s) may be critical to promote the
early onset of T-cell malignancy in Kras™~; Nras@®1”/* mice.

To identify novel molecular event(s) that facilitate(s) the initiation of ETP-like ALL in
Kras™=; NrasQPIR’* mice, we collected thymocytes from control, Nras@62R/* and Kras™";
Nras@62R/* mice as previously described ® and conducted a quantitative phospho-proteomics
and proteomics study (Fig. 1a). These quantitative analyses revealed that the level of
phosphorated Tcof1 at T104 was significantly downregulated in Kras™~; Nras@61R/*
thymocytes as compared to control and Aras@CZR’* thymocytes, while the total level of
Tcofl protein was comparable among all three groups (Fig. 1b and 1¢). 7COF1 plays a
critical role in craniofacial development and its mutations cause Treacher Collins syndrome
in humans 7 8. TCOF1 is located in human chromosome 5q region that is deleted in a subset
of myelodysplastic syndrome patients. A recurrent 7COF1 somatic mutation was previously
identified in de novo acute myeloid leukemia with monocytic differentiation 9. However,

the function of TCOF1 in hematopoiesis or leukemogenesis has not been studied before.
Interestingly, 7ocf! displays a similar expression pattern to Rasgrpl and Ets1° during T

cell development, low at the ETP stage and higher following T cell maturation (Fig. S3).
Moreover, alignment of TCOF1 protein sequences from human, rabbit, monkey, and mouse
demonstrated that T104 and its adjacent amino acids are highly conserved in these species
(Fig. 1d), suggesting that phosphorylation at T104 is likely to have an important role in
regulating Tcofl function.

To determine whether phosphorylation at human TCOF1 T102 (corresponding to mouse
T104) plays a functional role, we overexpressed wild-type (WT) TCOF1, phosphorylation-
deficient TCOF1 T102A, and phosphorylation-mimicking TCOF1 T102D in human Jurkat T
cells. Interestingly, overexpression of TCOF1 T102D moderately but significantly decreased
the percentage of Jurkat cells in S-phase, while no effects were observed with WT and
T102A TCOF1 overexpression (Fig. S4a). It is possible that both WT and T102A TCOF1
do not have a dominant function in cell cycle progression in the presence of endogenous
TCOF1. By contrast, sh 7COF1 decreased endogenous TCOF1 protein level, leading to a
moderate increase of Jurkat cells in S-phase (Fig. S4b). Our results demonstrate that human
TCOF1 is regulated through T102 and that TCOF1 levels impact cell cycle progression in
the Jurkat T cell line model.

Consistent with our Jurkat data, our prior RNA-Seq analysis showed that 7cofZ mRNA
level in Kras™=; Nras@62”/* ETP-like ALL cells was lower than that in control thymocytes
(data not shown). We validated this observation using RT-gPCR (Fig. 1e). More importantly,
TCOFI1 mutations, predominantly haploinsufficiency, were more prevalent in human ETP-
ALL patients as compared to T-ALL patients (Fig. 1f). Corroborating our mouse result,
TCOFI mRNA levels were lower in human ETP-ALL cells vs T-ALL (Fig. 1g), suggesting
that TCOF1 downregulation might play an important role in ETP-ALL development.

To validate the role of 7cofZ downregulation in ETP-ALL, we generated 7cofZ conditional
knockout allele and subsequently 7cofZ™*: Mx1-Creand Tcof1™*; Nrast-St Q6IR/* - px1-
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Cremice (Fig. 2a). We referred them as 7cof1*/~and Tcof1*/~; Nras@®2”* mice upon
pl-pC treatment. pl-pC injections efficiently induced deletion of the floxed 7cof1 allele and
activation of oncogenic Arasin Tcof1*’~; NrasQPLR* thymocytes (Fig. 2b). Consistent with
our Jurkat data, 7cofI*/~; Nras@62R/* Thy1.2* cKit* thymocytes were more proliferative
than control cells on Day 37 (Fig. 2c). More importantly, 7cofl*’~ Nras@62R/* mice
showed a significantly shortened survival compared to AVras?2R’* mice (Fig. 2d) with a
marked increase of T cell malignancy incidence as indicated by their enlarged thymi (Fig.
2e). Similar to the ETP-like leukemia cells in Kras™~,; Nras962R/* mice, the malignant

T cells in Tcof1?~; Nras96IR’* mice behaved aggressively with frequent infiltration of

the bone marrow and spleen (Fig. 2f). Interestingly, at the moribund stage, Tcof1 protein
levels were greatly decreased in 7cof1?/~; Nras@PLR’* thymocytes (Fig. 2g). Detailed
immunophenotypic analyses showed that the number of Thy1.2* Mac1* T lymphoblasts
significantly increased in 7cof1*/~; Nras@62R/* mice compared to those in age-matched
control, Tcof1*~, and Nras@62R/* mice (Fig. 2h). We also quantified ETP cells in all groups
of animals as CD4, CD8-double negative (DN)1, cKit* DN1, or cKit" DN1+DN2 as in

our prior study °. Regardless of ETP definitions, we observed a marked expansion of the
ETP compartment in AVras9%2”"* mice compared to control and 7cofI*~ mice, and a further
expansion in 7cof1*/~; Nras@6R/* mice over Nras@62R/* mice (Figure 2i). Taken together,
our data demonstrated that 7cofI*/~ promotes ETP expansion and ETP-like leukemia in
Nras@0IR/* mice.

In summary, our quantitative phospho-proteomics identified reduced Tcofl phosphorylation
at the conserved T104 codon in Kras™~; Nras?CIR’* thymocytes at the early stage, while
Tcofl downregulation was observed in both mouse and human ETP-ALL cells. More
importantly, 7cof1 haploinsufficiency promoted ETP proliferation and expansion, leading
to an increased incidence of ETP-like ALL in NVrasR®1R™* mice. Our study identified 7cof?
as a novel regulator in oncogenic Aras-driven ETP-like leukemia.

All mouse lines were maintained in a pure C57BL/6J genetic background (>N10). The
Tcof1 conditional knockout allele was constructed as illustrated in Fig. 2a. The conditional
allele was confirmed by PCR genotyping using the following primer set: TLoxPF (5’-cac tag
tga cat ctc atg cc-3’) and TLoxPR (5’-aag gct aac tag ctc tge ca-3”). The wild-type allele
produces a 266-bp product whereas the floxed allele product is 300-bp. A second primer

set consisting of TLoxPF and TdelR (5’-gca ggc aga tct ctg agt tc-3”) was used to detect a
375-bp product, indicating the Cre-mediated 7cofI deletion.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Quantitative ph%sglhRo/-proteomics and RNA-Seq analysesidentify Tocfl asa potential

regulator of Kras™ ™;Nras

*_induced ETP-like leukemia.

(a-c) Six-seven weeks old Mx1-Cre (Con), Nras@62R/* (Q/+), and Kras™~; Nras@CLR* (K-/
—; Q/+) mice were treated with pl-pC as described in Materials and Methods. Thymocytes
were collected ~4 weeks after the last pl-pC injection for quantitative phospho-proteomics
and proteomics analyses. (a) Flow chart of quantitative phospho-proteomics and proteomics
studies of thymocytes (n=3 per group). o values were calculated using student’s t-Test with
two-tails. Peptides with p<0.05 were selected for bioinformatics analysis. (b) Volcano plot
analysis of total peptides (upper) and phosphorylated peptides (lower) in the quantitative
proteomics and phospho-proteomics studies, respectively. The x-axis represents fold-change
of total or phosphorylated peptides (log2) in Q/+ vscontrol, K-/-; Q/+ vscontrol, and
K-/-; Q/+ vsQ/+, and the y-axis represents p values (-log10). (c) Heat map of total
Tcofl and phosphorylated Tcofl T104 levels in Con, Q/+, and K—/—; Q/+ thymocytes.
(d) Alignment of Tcofl peptide sequence containing T104 among different species. The
rectangle defines the highly conserved phosphorylation site. (€) gRT-PCR quantification of
7cofI mRNA in thymocytes from moribund K—/—; Q/+ mice and age-matched controls
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using two different primer sets. p values were calculated with student’s t-Test with two-tails.
(f) 7TCOFI mutations in human ETP-ALL and T-ALL samples. Chi-square analysis was
performed. (g) Quantification of 7COFI mRNA levels in human ETP-ALL and T-ALL
samples. p value was cited from the original study °. * p<0.05; *** <0.001.
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Figure 2. Tcofl haploinwfficienqé romotes expansion of early T-cell precursorsand an early

R/+

on-set of ETP-like ALL in Nras? mice.

Six-seven weeks old MxI-Cre (Con), NrasQCIR* (Q/+), Tcofl*~ (T+/-), and TcofI*!~;

Nras@6IR/* (T+/-: Q/+) mice were treated with pl-pC as described in Materials and

Methods. Thymocytes were collected ~4 weeks after the last pl-pC injection for Day 37 and
moribund stage analyses. (a) Schematic illustration of constructing the conditional 7cof
knockout allele (/ef?) and the experimental scheme (righ?). (b) Genotyping of 7cofZ and
Nras alleles in T+/—; Q/+ mice before and after pl-pC induction. (c) Cell cycle analysis of
Thy1.2* cKit* thymocytes on Day 37. (d) Kaplan-Meier survival curves were plotted against

days after the 15t pl-pC injection. p values were calculated using the Log-rank test. ()

Quantification of thymus weight. T cell malignancy is defined as thymus weight above 150
mg (red dashed line). (f) Representative H&E stained images of hematopoietic tissues from
moribund T+/-; Q/+ mice. (g) Western blot analysis of Tcof1 protein levels in thymocytes
from the moribund T+/-; Q/+ mice and age-matched control mice. (h) Quantification of

the number of Thy1.2* Macl* thymocytes. (i) Quantification of the number of early T-cell
precursors. DN, CD4~ CD8™ T cells; DN1, CD44* CD25~ DN cells; DN2, CD44* CD25*
DN cells. Data are plotted as mean + SD. p values were calculated with student’s t-Test with

two-tails. * p<0.05; ** p<0.01; *** p<0.001.
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