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Role of CUXI in cancer

Higher levels of CUX! expression have been detected in breast', pancreatic> and colon® cancer tissues
and are associated with advanced tumor grade and aggressiveness, supporting an oncogenic role for
CUXI. Additionally, transgenic mouse lines overexpressing Cux1?”® or Cux1”'"? isoforms manifest an
array of phenotypes including multi-organ organomegaly, kidney abnormalities, cancerous liver
lesions, myeloproliferation and mammary tumors after long latency*'’. In contrast, mutations
predicted to generate truncated CUX17** and derivative CUX1?"" proteins are expected to be
transcriptionally inactive due to the absence of nuclear localization sequences near the C-terminal
homeodomain'"'". In addition, knockdown of CUX1 expression in human hematopoietic cells
increased their engraftment capability in immunodeficient mice", consistent with a tumor suppressive

role for CUXI.

Role of CUXT in T-ALL

Although our results were consistent with CUX1 being a tumor suppressor, it was curious that
transposon tumors with Cux/ insertions had a T-ALL phenotype, yet CUX! mutations appear to be
associated with myeloid malignancy in humans. Perhaps this may be ascribed to species differences,
but notably 17/20 tumors with Cux/ insertions also had prototypical insertions in potent T-ALL cancer
genes such as Notchl, lkzf1 or Pten (see Supplementary Fig. 3), which can drive T-ALL
development as independent lesions'*"'’. Interestingly however, CUXI truncation as a result of
chromosomal translocation has been described in human T-ALL'” and we detected two CUXI
mutations by Sanger sequencing of CUX! coding exons in eight human T-ALL cell lines, including
one heterozygous truncating variant (see Supplementary Fig. 10), suggesting a tumor suppressive
role for CUX! in human T-ALL. In support, adoptive transfer experiments using CUX1-knockdown
human hematopoietic cells revealed a role for CUX/ in T-cell and myeloid lineages13.

Supplementary Discussion

Other candidate tumor suppressor genes identified in our approach included ARHGAP35, AMOT,
MGA and LARP4B. In the cases of ARHGAP35 and AMOT, functional data consistent with these
genes being tumor suppressors has been reported'®'?, but until now they have not been shown to be
recurrently mutated. MGA4, encoding a Myc repressorzo, has been found to be mutated in a small
cohort of chronic lymphocytic leukemias"*, but our study suggests a broader role for MGA4 in
multiple cancer types (Supplementary Table 8). For LARP4B, which appears to be involved in
protein translation®, no link with cancer has been postulated.



Remarkably, the majority of CUX/ mutations in myeloid disorders were heterozygous. Although, we
were unable to exclude silencing of the remaining CUXI allele by epigenetic mechanisms, residual
CUXI expression is retained in -7/del(7q) AML cases', concordant with our mouse tumor and cell
line analysis. Whether CUX1 operates predominantly as a haploinsufficient tumor suppressor in other
tumor types requires further study. Interestingly, inactivating mutations in the histone
methyltransferase EZH?2, which resides distal to CUXI on chromosome 7 at 7q36, have also been
identified in myeloid disorders***’. Thus chromosome 7q harbors at least two myeloid tumor
suppressor genes consistent with the presence of heterogeneous commonly deleted regions between
del(7q) AML samples. EZH2 mutations also confer poor prognosis in MDS, but in contrast to CUX],
homozygous EZH2 mutations are prevalent**?. Like EZH2, which has also been reported to be an
oncogene’’, our data reveal that CUX/ is a member of a growing list of genes, that also includes
USPIX (refs. 28, 29), NKX2-1 (refs. 30, 31) and ZBTB7A (refs. 32, 33), that may function as both
tumor suppressors and oncogenes. The effect of specific CUXI mutations is likely to depend on
factors such as the expression pattern of CUX1 isoforms and co-operating genetic aberrations in the
target cell.
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Diagnoses of MPN cases (n = 151)
48 polycythemia vera; 62 essential thrombocythemia; 39 myelofibrosis; 2 MPN unclassified

Characteristics of AML cohort (n = 1630)

Average age = 48.2 years

Trial distribution: AMLSG 07-04 = 49%; AMLSG 98A = 41%; AMLSG 98B = 10%

Sex = 53% male

AML karyotype: t(15;17) = 4%; 1(8;21) = 4%; inv(16)/t(16;16) = 5%; unsuccessful = 9%
-7/del(7q) status: -7/del(7q), n = 139; no -7/del(7q) n = 1338; no karyotype n = 153
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Supplementary Figure 1 | Characteristics of myeloid diseases cohorts.

(a) MPN subtype of 151 sequencing cases and characteristics of AML patient cohort (n = 1630).
(b) Distribution of CUX7 mutations* across MDS and MDS/MPN subtypes is shown.

(c) Proportion of cases with CUX1 or -7/del(7q) lesions according to disease subtype is shown.

RA, Refractory anemia; RARS, Refractory anemia with ring sideroblasts;

RARS-T, Refractory anemia with ring sideroblasts and thrombocytosis;

RCMD, Refractory cytopenia with multilineage dysplasia;

RAEB, Refractory anemia with excess blasts;

CMML, Chronic myelomonocytic leukemia;

MDS-AML, Acute myeloid leukemia with myelodysplasia-related changes

* Papaemmanuil, E. et al. Clinical and biological implications of driver mutations in
myelodysplastic syndromes. Blood (2013). doi:10.1182/blood-2013-08-518886
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Supplementary Figure 2 | PCR verification of transposon mobilization following
plpC administration.

~2.2-kb and 225-bp products indicate presence of unmobilized and mobilized transposons
respectively. B, bone marrow ; S, spleen; neg, no DNA.
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Supplementary Figure 3 | Pattern of insertion sites in mouse transposon tumors.

(a, b, c) Transposon insertions within Notch1 (a), Ikzf1 (b) and Jak7 (c) are shown by
arrowheads. Direction of gene transcription is left-to-right. White boxes, non-coding exons;
black boxes, coding exons. Direction of arrowheads indicate orientation of transposons.
Insertions in Notch1 and Jak1 are predicted to be activating compared to inactivating insertions
in lkzf1. (d) Sense and antisense insertions in Pten. (e) Detection of splicing from Pten exon 4
toT2/0Onc transposon, leading to Pten truncation. (f) Absence of Pten staining by
immunohistochemistry in a transposon thymic tumor with Pten insertion. Scale bar = 50 um.
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Supplementary Figure 4 | Verification of Cux7-T2/Onc splicing in transposon tumors.
Splicing events involving Cux1 exons 4 (a) and 20 (b) to the T2/Onc transposon were
detected by sequencing of products obtained by RT-PCR using RNA from two transposon
tumors. The location and direction of transposon insertions within Cux7 are depicted

below each sequencing trace.
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Supplementary Figure 5 | Expression of Cux1 transcripts in mouse transposon tumors.

(a) Reduction in Cux1 expression in mouse transposon thymic tumors by qRT-PCR using Cux22F
and Cux23R primers. Location of primers is shown in Fig. 2d. Primers detect all (p75, p110 and p200)
Cux1 isoforms. Data show mean of triplicate measurements. Bar, group mean; p = 0.002, t-test. Red
points show tumors with two Cux7 insertions. (b) Semi-quantitative RT-PCR was performed on RNA
isolated from mouse transposon tumors with and without Cux1 insertions and normal thymus to detect
Cux1'?encoding Cux1P™. Gapdh expression was assessed as a control. M, DNA marker; neg, no
template control. * indicates tumors with Cux7 insertions in a forward orientation.
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Supplementary Figure 6 | Quantification of Cux17 insertions within tumors.
Quantitative PCR was performed on genomic DNA from three tumors to assess frequency
of specific Cux1 insertion events within each sample. Data show mean and s.e.m. from
triplicate assessments.
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Supplementary Figure 7 | Enrichment in proliferation pathway signaling genes following

CUX1 knockdown by siRNA in LOUCY cells.

\%

(a, b) Heat maps showing uncensored hierarchical clustering of top 50 downregulated (a) and upregulated
(b) genes following CUX1 knockdown using CUX1a and CUX1b siRNAs compared to control (n =3). Subset
of proliferation pathway genes highlighted in red. CUX1 (CUTL1) and PIK3IP1 highlighted in blue. (c) Gene
ontology (GO) analysis of dysregulated genes using DAVID. (d) Validation by gqRT-PCR of CUX1-knockdown
transcriptome profiling results. Data represent mean + s.d. (n =2).
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Supplementary Figure 8 | Histopathology of xenograft tumors.

Top: spleen sections from NOD-SCID mice injected with KE37 cells transduced with
indicated knockdown vectors were stained with haematoxylin and eosin (H&E).
Bottom: tumor xenografts were processed for immunohistochemical staining with
anti-Cux1 antibodies. Scale bar 10 um.
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Supplementary Figure 9 | Model for role of CUX1 in driving PI3K signaling.
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Supplementary Figure 10 | CUX1 and PIK3IP1 status in human T-ALL cell lines.

(a) The SUP-T1 line carries a heterozygous frameshift deletion mutation (c.3715delC) predicted

to truncate CUX1. (b) The BE13 line harbors a homozygous missense change (c.3653G>A) predicted to
generate p.S1218N change. (c) PIK3IP1 expression was assessed by qRT-PCR in the indicated cell
lines. Data are mean and s.e.m. of triplicate assessments. (d) Immunoblotting showing reduction in
CUX1 and PIK3IP1 in SUP-T1 cells. PIK3IP1 shows marked retarded migration in LOUCY cells,
attributable to protein glycosylation®. (e) Sensitivity of indicated cell lines to MK2206. IC,  values are
shown. KE37 and LOUCY cells are PTEN-null and are sensitive to AKT inhibition. BE13 and SUP-T1
cells are PTEN wild-type. BE13 cells showed higher PIK3IP1 expression and undetectable
phospho-AKT levels compared to SUP-T1 cells, suggesting that the homozygous missense CUX1
mutation in these cells is inert and does not influence PIK3IP1 expression.

* Halim A, Nilsson J, Ruetschi U, Hesse C, Larson G. Human urinary glycoproteomics; attachment
site specific analysis of N- and O-linked glycosylations by CID and ECD. Mol Cell Proteomics.
11: 10.1074/mcp.M111.013649, 1-17 (2012).
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Supplementary Figure 11 | Focal homozygous CUX7 deletion in H2803 mesothelioma cells.
Absolute copy number plot of chromosome 7 using Affymetrix SNP 6.0 data demonstrating focal
homozygous genomic deletion encompassing CUX1 alone (dark blue line).
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MSTO-211H 0.3
Cell line NVP-BEZ235 IC,, (nM) H2803 1.0
KE37::shControl 20.0 MFE-280 1.4
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Supplementary Figure 12 | Sensitivity of CUX1-deficient cell lines to NVP-BEZ235
and MK2206.

Dose response curves were derived from viability measurements of indicated cell lines after
treatment with NVP-BEV235 or MK2206 drugs and used to calculate IC,, values.



