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-7/del(7q) is prevalent across subtypes of myeloid neoplasms. CUXT, located on 7922, encodes a homeodomain-containing
transcription factor, and, like -7/del(7q), CUXT inactivating mutations independently carry a poor prognosis. As with loss of 7q, CUX1
mutations often occur early in disease pathogenesis. We reported that CUX1 deficiency causes myelodysplastic syndrome in mice
but was insufficient to drive acute myeloid leukemia (AML). Given the known association between -7/del(7qg) and RAS pathway
mutations, we mined cancer genome databases and explicitly linked CUXT mutations with oncogenic RAS mutations. To determine
if activated RAS and CUX1 deficiency promote leukemogenesis, we generated mice bearing Nras®’?® and CUX1-knockdown which
developed AML, not seen in mice with either mutation alone. Oncogenic RAS imparts increased self-renewal on CUX1-deficient
hematopoietic stem/progenitor cells (HSPCs). Reciprocally, CUX1 knockdown amplifies RAS signaling through reduction of negative
regulators of RAS/PI3K signaling. Double mutant HSPCs were responsive to PIK3 or MEK inhibition. Similarly, low expression of CUXT
in primary AML samples correlates with sensitivity to the same inhibitors, suggesting a potential therapy for malignancies with
CUX1 inactivation. This work demonstrates an unexpected convergence of an oncogene and tumor suppressor gene on the same

pathway.
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INTRODUCTION

Deletion of part or all of chromosome 7 [-7/del(7q)] is a recurrent,
adverse-risk cytogenetic change in pediatric and adult myeloid
malignancies [1]. Deletions of chromosome 7 occur in clonal
hematopoiesis and can be an initiating event in myeloid
transformation [2-5]. We reported that the non-clustered HOX-
family transcription factor, CUX1, is a haploinsufficient tumor-
suppressor gene encoded on 7q22 [6]. CUXT loss-of-function
mutations are recurrent in myeloid malignancies and are an
independent prognostic indicator of poor outcome [7-9]. Muta-
tions in CUX1 include nonsense truncating mutations, deleterious
missense mutations in conserved protein domains, and mutations
predicted to alter CUX1 splicing [1]. CUXT mutations are found in
clonal hematopoiesis and occur early in myeloid transformation,
suggesting CUXT is a gatekeeper in myeloid neoplasia [7, 10-12].
Overall, patient data assert the clinical similarities between loss of
7q and CUX1 mutations.

CUX1 is highly conserved across species, ubiquitous, and
essential for embryogenesis [13-15]. CUXT has critical roles in
the development of several different tissues including hemato-
poietic [16-19]. The human CUX1 protein is 1505 amino acids and
harbors a homeodomain and three CUT-repeat DNA binding
domains. We reported that CUX1 binds widely across the genome
with a preference for active, distal enhancers [20]. In line with
these diverse functions, CUX1 regulates several distinct transcrip-
tional pathways [21]. In hematopoietic cells, CUX1 haploinsuffi-
ciency is repeatedly associated with gene signatures of increased

proliferation [6, 19, 20, 22]. We reported that CUX1-knockdown in
mice leads to myelodysplastic syndrome (MDS) and myeloproli-
ferative neoplasms (MPNs), indicating that loss of this single 7q
gene is sufficient to cause disease [19, 22]. However, loss of CUX1
is not sufficient to cause overt acute myeloid leukemia (AML),
raising the question of whether additional genetic events
cooperate in leukemogenesis.

Monosomy 7 has long been associated with gain-of-function
mutations in the RAS pathway. This co-occurrence is observed in
myeloid malignancies arising de novo, after chemotherapy, or in
inherited predisposition syndromes [23, 24]. Juvenile myelomo-
nocytic leukemia (JMML) provides a striking example of this; the
majority of cases harbor a RAS pathway mutation with -7/del(7q)
being the single most common co-occurring cytogenetic abnorm-
ality [25, 26]. We reported that oncogenic RAS pathway mutations
in -7/del(7q) myeloid malignancies are enriched in cases with
deletions spanning CUXT [27]. This co-occurrence suggests
positive genetic epistasis between gain of RAS signaling and loss
of CUXT and, on the surface, aligns with the paradigm of
collaboration between Class | signaling mutations and Class Il
mutations in transcriptional regulators [28].

RAS pathway alterations observed in CUXT7-deleted myeloid
malignancies include gain-of-function mutations of NRAS, KRAS,
PTPN11, and RIT1, and deletion or loss-of-function mutations of NF1
and CBL [27]. Intriguingly, inherited mutations in these same genes
occur in RASopathy syndromes which carry a risk of myeloid
transformation, particularly with monosomy 7 [29]. RASopathy
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mutations promote growth factor receptor-independent activation
of downstream signaling effectors, such as RAF-MEK-ERK and PI3K,
culminating in enhanced proliferation and cell survival. Among
these genes, NRAS is the most frequently somatlcally mutated in
myeloid cancers [30]. Mice expressing oncogenic Nras®'?® develop
indolent myeloid disorders and not AML [31].

Here we report the significant and wide-spread co-occurrence
of RAS pathway and CUX1 mutatlons across cancer types. CUX1-
knockdown mice harboring Nras®'?® develop AML with high-
penetrance, constituting a genetically accurate in vivo model of
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high-risk AML. Our mechanistic studies indicate that Cux7
deficiency and oncogenic RAS unexpectedly converge to amplify
RAS signaling to drive tumorigenesis.

RESULTS

CUX1 and RAS driver mutations co-occur in myeloid
malignancies and solid tumors

We previously observed that the most frequently mutated genes
in -7/del(7g) myeloid malignancies were driver mutations in the
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Fig.1 CUXT and RAS driver mutations co-occur across tumor types and cooperate in myeloid leukemogenesis. Samples from the indicated
tumor types were divided into those with and without CUXT mutations. The frequency of RAS pathway driver mutations within CUX7 wildtype
and mutated subsets is shown. Driver mutations were annotated by cBioPortal as hotspots, an OncoKB driver [63], or present in > 5 cases in
cBioPortal or COSMIC databases. A Leukemia, MPN, and MDS/MPN patients from GENIE Cohort v.12.1 were queried via cBioPortal for driver
mutations in CUXT and RAS pathway genes (KRAS, HRAS, NRAS, CBL, and PTNP11). NFI, RIT1, and SOST were excluded from this analysis due to
insufficient profiling for these genes. B The entire remaining GENIE cohort was assessed for driver mutations in CUXT and RAS pathway genes
(KRAS, HRAS, NRAS, CBL, PTNP11, NFI, RIT1, and SOS1). In instances with multiple samples from the same patient, only patient-level data were
analyzed. C 4-6 week-old mice were treated with doxycycline and poly I:C as described in the Methods. Kaplan-Meier survival plot of indicated
mice after treatment is shown. Significance was determined by log-rank test. The median survival post-birth is shown. D Peripheral red blood
red (RBC) and white blood cell (WBC) counts are shown. Ren;Nras 12D mice that had been treated for the same length of time (Ren;Nras®'?P
time-matched) are included for comparison to diseased Cux1™¢%; Nras®'?® and Cux1'°"; Nras®'?P, Data from mice diagnosed with T-cell acute
lymphoblastic leukemia (T-ALL, n=1) or AML (n =6) are indicated by green hexagons or purple stars, respectively. E Flow cytometry was
performed for leukocyte subsets: granulocytes (CD11b17/Gr11%), monocytes (CD11b1%/Gr17), B cells (B220"), and T cells (CD3™). F The
distribution of disease phenotypes observed classified based on the Bethesda criteria [34] in the indicated genotypes is shown. A significant
increase in myeloid disease and AML was observed in Cux1'";Nras®'?® mice compared to Ren;Nras®'?® (p =0.0364 and p = 0.051,
respectively, Fisher’s exact test). G H&E staining indicates Cux1'*";Nras®'2° mice with AML have organ infiltration with myeloid cells. Infiltrates
are encircled in yellow dashed lines, and higher magnification images show the leukemic cells. H Representative images of Wright-Giemsa
stained peripheral blood are shown. Immunohistochemistry for GATA1 in the spleen is shown. For A, B, D, and E, two-tailed Student t test was

used to assess statistical significance. *p < 0.05, **p <0.01, and ***p < 0.001.

RAS pathway [27]. To determine if CUXT inactivation is directly
linked to RAS pathway mutations, we mined the AACR Project
GENIE database: https://www.aacr.org/professionals/research/
aacr-project-genie. Among 3416 myeloid malignancy patients,
1.4% harbored CUXT inactivating mutations. Compared to CUXT
wild-type patients, CUXT mutated cases had a significantly higher
frequency of driver mutations in NRAS, KRAS, HRAS, PTN11, or CBL
(Fig. 1A and Supplementary Fig. 1A). This suggests that the
association of monosomy 7 and RAS mutations is partly due to a
genetic interaction specifically between CUX7 and RAS.

CUXT mutations are also recurrent across solid tumors [9]. We
thus enquired if the association between RAS and CUXT holds true
in non-myeloid malignancies. We assessed all available non-
myeloid malignancy patients in the GENIE database profiled for
CUXT and RAS pathway genes. While RAS driver mutations were
present in 31.6% of CUX1 wildtype tumors, 52.5% of CUXT mutated
counterparts harbored oncogenic RAS mutations (Fig. 1B). We
corroborated this finding with TCGA datasets across a variety of
solid tumor types (Supplementary Fig. 1B). These findings indicate
that the genetic interaction between CUXT loss and gain-of-
function of RAS is a universal feature of tumorigenesis.

The combination of Nras®'?? and CUX1-knockdown drives
myeloid leukemia transformation

To test the impact of combinatorial CUX1 deficiency and
oncogenic RAS, we crossed our inducible, shRNA-based CUX1-
knockdown mouse lines, Cux1™< and Cux1'" [19], with Mx1-
Cre;LSL-Nras®'?® mice expressing Nras®'?® from the endogenous
locus [32]. Cux1™ has 58% and Cux1'®" has 42% residual CUXT
mRNA in Lin"/Sca1™/Kit" (LSK) cells [19]. As most patients retain
one wildtype allele of CUX17, CUX1-knockdown mice approximate
the haploinsufficient levels present in patient samples with —7/
del(7q) or CUXT mutations [6, 9, 33]. Our breeding scheme
generated Cux1™%Nras®'2P  (Cux1™%;M2rtTA**;Mx1-Cre*";N-
ras®'?°7),  Cux1"Nras®'?®  (Cux1""/;M2rtTA**;Mx1-Cre*/;N-
ras®'2>") and Ren;Nras®'?P littermate controls
(Ren.713 " M2rtTA™*:Mx1-Cre ™" ;Nras®'?>"). We activated shRNA
and Nras®’?P expression with doxycycline and poly I:C at 4-6
weeks of age. Consistent with prior reports, Rem;Nras®'?® mice
developed late-onset disease with incomplete penetrance [31]
(Fig. 10). In contrast, Cux1™%Nras®'?® mice had earlier mortality
(p =0.0123) affecting 100% of mice, which was also faster than
Cux1™%Nras"T (p =0.0003, Supplementary Fig. 2). Among the
experimental groups, Cux1'":Nras®'?® mice had the shortest
survival time, with complete disease penetrance (Fig. 1C and
supplementary Fig. 2). When diseased, Ren;Nras®'2P, Cux1™<N-
ras®'?P, and Cux1™%Nras®'?P developed similar levels of anemia
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and leukocytosis comprised of increased myeloid cells at the
expense of lymphoid cells (Fig. 1D and E). For comparison, we
included Ren;Nras®'?® mice that had been treated for the same
length of time (Ren;Nras®'?P time-matched). For most metrics,
Cux1™%Nras®'?® and Cux1'°";Nras®'?® mice were significantly
different from Ren;Nras®'?® treated for the same time length
(Fig. 1D and E). Thus, some hematopoietic indices are eventually
comparable across the three experimental groups at the time of
disease, however, CUX1-knockdown accelerates the onset and
penetrance of these changes.

Following the Bethesda criteria [34], all diseased mice devel-
oped hematopoietic malignancies which were most often MDS/
MPN, similar to JMML in pediatric patients or chronic myelomo-
nocytic leukemia (CMML) in adults. Whereas 5/8 (62.5%) of
Ren;Nras®'?® mice developed MDS/MPN, consistent with previous
reports [31], 9/10 (90%) of Cux1™%Nras®'?® counterparts acquired
MDS/MPN (Fig. 1F). In stark contrast, only Cux1'°*;Nras®'?® mice
developed AML, occurring in 6/14 (42.9%). AMLs were character-
ized by increased circulating blasts and organ infiltration (Fig. 1G
and H). While most of the AMLs in Cux1'°";Nras®'?® were
morphologically myeloblastic or monocytic, one mouse devel-
oped in erythroleukemia characterized by pervasive GATA1"
erythroblasts in the spleen (Fig. 1H). These data demonstrate that
the combination of CUX1-knockdown with Nras®™?® uniquely
drives leukemic transformation, not seen with either
mutation alone.

G12D low

Nras confers increased self-renewal properties on Cux1
hematopoietic stem and progenitor cells

We reported that CUX1-knockdown promotes the expansion of
progenitor and mature myeloid cells, but phenotypic long-term
hematopoietic stem cells (LT-HSC) are eventually depleted and
exhaust [19]. That Cux7 deficiency leads to HSC exhaustion is
incongruent with transformation and suggests that a second
genetic alteration is required for the long-term self-renewal of
CUX1-deficient leukemic stem cells. As gain-of-function mutations
in the RAS pathway increase HSC and multipotent progenitor
(MPP) self-renewal [35, 36], we hypothesized that Nras®'2P confers
self-renewal properties on CUX1-knockdown hematopoietic stem
and progenitor cells (HSPC). To test this, we first assessed the
combinatorial impact of CUX1-knockdown and Nras®'?® on HSPC
population frequencies at the pre-disease stage, 6-8 weeks after
transgene induction. Compared to Nras®'?® alone, Cux1'°";N-
ras®'?® mice had an expansion in MPPs and granulocyte-
monocyte progenitors (GMP) at this early time point (Fig. 2A).
Consistent with a phenotypic expansion of progenitor popula-
tions, Cux1'**;Nras®'?® bone marrow had the highest frequency of
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granulocyte/monocyte colony forming units (CFU-GM, Fig. 2B,
passage 1). CUX1-knockdown;Nras®'?® cells did not have sub-
stantially increased CFU serial-replating capacity (Fig. 2B). On the
other hand, Nras®'?" cells alone also do not have increased self-
renewal in this in vitro assay (Fig. 2B) [37]. These data indicate that
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the combination of CUX1-knockdown and Nras®'?® leads to an
expanded myeloid progenitor population.

To test self-renewal capacity more rigorously, we performed
serial, competitive bone marrow transplantation assays. CD45.2"
experimental bone marrow was mixed 1:10 with CD45.1%" wildtype
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Fig. 2 Oncogenic RAS confers increased progenitor numbers and self-renewal properties on Cux1'®" HSPCs. A HSPC populations were
quantified at 6-8 weeks post-treatment, before the development of disease. Absolute cell counts of LT-HSC (LSK™/CD347/FIt3~), ST-HSC (LSK*/
CD34"/FIt37), and MPP (LSK"/CD34"/FIt3") in the bone marrow are shown. For myeloid progenitor cells, absolute cell counts of CMP (Lin~/
Kit*/Sca1~/CD34/CD16/32'°%), GMP (Lin /Kit"/Scal~/CD341/CD16/32"9"), and MEP (Lin /Kit"/Scal~/CD347/CD16/327) in the bone
marrow were also quantified. Data represent mean of n=3-6 per genotype + SEM. B Bone marrow cells isolated from mice treated for
6-8 weeks were tested in CFU assays containing doxycycline. Data represent one of three biological replicates. At each passage, cells were
collected, and 25,000 cells were re-plated, with 7-11 days between each passage. CFU-GM were counted at the end of each passage. C Serial
competitive bone marrow transplantation assays were performed in lethally irradiated CD45.1% recipients with a 10:1 ratio of total bone
marrow from CD45.1" wildtype competitor cells and CD45.2" experimental bone marrow as described in the Methods. At the end of the
primary transplant, bone marrow cells were collected from two mice representing the median reconstitution and transplanted into secondary
recipients (n = 6-7 recipients per experimental group). Data represent the total donor leukocyte (CD45"), B cell (B220™"), and granulocyte
(Gr17/CD11b™) reconstitution at the indicated weeks. Data represent the mean +SD. For statistical comparisons: * = Ren;Nras"" vs.
Ren;Nras®'?P; * — Cux1'°";Nras"'" vs. Cux1'°";Nras®'?® or Ren;Nras™™; * = Ren;Nras®'?® vs. Cux1'®";Nras®'?°. D The absolute cell count of
donor-derived LT-HSCs (CD45.21/LSK*/CD150"7/CD48") and MPPs (CD45.27/LSK™/CD1507/CD48~) were quantified at the end of each
transplant. Each dot represents one biological replicate. Two-tailed Student t test was used to assess statistical significance. *, *, or *p < 0.05; **,

# or *5p < 0.01; and ***, #* or 5555 < 0,001.

competitor bone marrow and transplanted to lethally irradiated
CD45.1" mice. The mice were monitored for 16 weeks, bone
marrow was collected, and transplanted into new recipients, for a
total of four serial transplants. Consistent with prior reports,
Nras®'?® bone marrow had higher levels of reconstitution and
self-renewal, up through the 4th transplant (Fig. 2C) [35]. Cux1'®%
bone marrow cells initially had increased competitiveness in
myeloid lineages compared to Ren;Nras"" controls, as we
reported previously [19]. Nonetheless, this advantage extin-
guished in the quaternary transplant, consistent with HSC
exhaustion (Fig. 2C). The addition of the Nras®'® allele
significantly mitigated this phenotype and enabled continued
Cux1'" HSC self-renewal and multi-lineage production. Based on
a limiting dilution analysis of Lin~/Scal™/Kit"/CD150"/CD48"~
cells, the combination of Nras®'®® and Cux1™" did not
substantially increase the functional capacity of individual HSCs
(Supplementary Fig. 3, Ren;Nras™" vs. Cux1'°*;Nras®'?° p = 0.066).
Rather, the combination of alleles increased the absolute numbers
of LT-HSC and MPP, particularly in later transplants when control
and Cux1'" counterparts are extremely diminished (Fig. 2D). Of
note, MPPs containing Nras®'?® gain long-term multilineage
reconstitution potential [35], consistent with the increase in
Cux1"" MPPs observed with the addition of Nras®'?°. Thus,
imparts increased, long-term self-renewal on CUX1-
deficient repopulating cells which would otherwise exhaust.

CUX1-knockdown enhances RAS signaling and cell cycling
A feature of JMML and CMML with RAS pathway mutations is
hypersensitivity to growth factors and growth factor-independent
colony formation [38, 39]. Given the CMML/JMML-like disease in
some CUX1-knockdown;Nras®'?® mice, we tested the combined
effect of Nras®'?® and CUX1-knockdown on growth factor
responsiveness. To control for the finding that some experimental
groups have increased numbers of progenitors (Fig. 2A), we
plotted the results as absolute CFU numbers and normalized to
the maximum number of CFUs, as performed previously [31, 39].
Compared to Ren;Nras"" cells, Ren;Nras®'?° exhibited a greater
number of CFUs, as reported (Fig. 3A and Supplementary Fig. 4)
[31]. In response to IL3, the addition of CUX1-knockdown with
Nras®'?® (Cux1'*“:Nras®'?P) led to a significant increase in CFUs
compared to Nras®'?P alone (Fig. 3A, lower panel). In contrast,
CUX1-knockdown in the absence of Nras®'?® did not alter
cytokine responsiveness. For reasons that are unclear, CUX1-
knockdown did not further increase the sensitivity of Nras®'?®
bone marrow cells to GM-CSF (Supplementary Fig. 4). Discrepan-
cies between IL3 and GM-CSF sensitivity have been observed
previously [40].

We reasoned that increased IL3 sensitivity is accompanied by
increased IL3 receptor signaling. To test this, we stimulated
splenocytes from all six mouse genotypes with IL3 and measured
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downstream signaling activity. By immunoblot, both Cux1™< and
Cux1'" alleles led to increased phosphorylation of ERK, AKT, and
S6, downstream of IL3 receptor engagement (Fig. 3B and C). While
Cux1'" alone modestly increased phospho-protein levels, the
effect of Cux1™9 was most apparent in the context of Nras®'?P.
We assessed if this elevated signaling is occurring in HSPCs
(Lin'Kit™) via intracellular phospho-flow. CUX1-knockdown sig-
nificantly increased p-ERK levels after either IL3 or SCF stimulation
(Fig. 3D). Phospho-AKT was also highest in IL3-stimulated
Cux1'°":Nras®'2® HSPCs although this did not achieve statistical
significance (p = 0.15). Overall, CUX1-knockdown increases signal-
ing cascades downstream of growth factor receptors and RAS
leading to increased growth factor sensitivity.

Compared to wildtype hematopoietic HSPCs, those with
Nras®'?® or CUX-knockdown have increased cell cycling
[19, 35, 36, 41]. We next assessed if the combination of oncogenic
RAS and loss of CUX1 further promotes cell cycling. HSPC
populations were collected from mice six weeks post-transgene
induction and assessed by intracellular flow. Comgared to Cux1'"
or Nras®'? single mutant HSCs, Cux1'®*;Nras®'?° LT- and short-
term- (ST-) HSCs were less quiescent (Gy) and more often in the G,
cell cycle stage (Fig. 4). MPP, GMP, and megakaryocyte-erythroid
progenitors (MEP) exhibited similar changes. Cux1'®";Nras®'?°
CMPs, and to a lesser extent, MPPs, were more often in S/G,/M
stages (Fig. 4). Overall, the addition of CUX1-knockdown and
G120 increases the frequency of cycling stem and progenitor

CUX1-knockdown and Nras®'?P have a convergent
transcriptional program and down-regulate negative
regulators of RAS/PI3K signaling

To assess a transcriptional role for CUX1 in regulating the RAS
signaling pathway, we performed transcriptome analysis of HSCs
(Lin~/Scal™/Kit*/FIt3™) after CUX1 knockdown. Consistent with
the cell cycle analysis in mouse HSCs (Fig. 4) and our prior
analysis of human CD34" HSPCs [19], CUX1-knockdown induced
proliferative pathways with concomitant reduction in HSC
quiescent genes (Fig. 5A). We also observed an induction of
the MTORC gene signature, as we noted previously in human
cells [19]. CUX1 is known to activate Pik3ip1 expression, a
negative regulator of PI3K [9, 19]. As such, CUX1-knockdown
causes decreased PIK3IP1 levels and corresponding increased
PI3K signaling. To assess negative regulators of PI3K and RAS
more globally, we compiled a list of genes (n =79, Supplemen-
tary Table 2) that negatively regulate RAS and/or PI3K. These
genes are generally decreased in the CUX1-deficient state, as
shown by Gene Set Enrichment Analysis (GSEA, Fig. 5B) [42].
Fourteen genes, including Pik3ip1, are significantly decreased
after CUX1-knockdown (FDR < 0.05, Fig. 5C). These data indicate
that CUX1 controls multiple negative regulators of RAS/PI3K.
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Fig. 4 The combination of CUX1 deficiency and Nras®'?°
promotes HSPC cell cycling. Bone marrow cells were collected
from Cux1%; Nras"", Ren; Nras®'?® or Cux1'"; Nras®'?® mice
6 weeks after poly I:C and doxycycline treatment. Lin™ cells were
isolated for intracellular flow analysis for Ki67 and DAPI and gated
on the indicated HSPC populations. The bar graphs represent the
mean = SD of n=3 biological replicates. Two-tailed Student t test
was used to assess statistical significance. *p < 0.05, **p < 0.01, and

**%) < 0,001 comparing Cux1°%Nras™" vs. Cux1'%Nras®'?°,
*p <0.05, *p <0.01, and **p <0.001 comparing Cux1'°";Nras®'?P
vs. Ren;Nras®'2P,

To determine how CUX1-deficiency and oncogenic RAS interact
at the transcriptomic level, we compared the Nras®'?® gene
signature to that of CUX1. Specifically, we generated separate gene
sets of transcripts downregulated or upregulated in Cux1°" cells.
We then interrogated previously published RNA-seq data of
Nras®'?P HSCs versus wildtype cells [43]. By GSEA, those genes
downregulated in Cux1'" cells are also significantly decreased in
Nras®'?® HSCs (NES=—1.190, p=0.032, q=0.070). Inversely,
genes upregulated by CUX1-knockdown are also upregulated by
Nras®'?® (NES = 1.421, p = 0.008, g = 0.004). This similarity is not
explained solely by increased cell cycling; Nras®'?® did not
significantly induce the proliferation (GSEA p =0.119) nor reduce
the quiescence gene signatures (p=0.328). Overall, CUX1 defi-
ciency and oncogenic NRAS impose overlapping gene signatures.

Taking this finding one step further, we asked what transcrip-
tional impact Nras®'?® has on cells that are already deficient for
CUX1. To test this, we generated RNA-seq data from Cux1'%N-
ras®'?® HSCs and compared it to Cux1'°";Nras"" cells. Even in a
CUX1-deficient state, the addition of oncogenic NRAS further
augments proliferative and CUX1 gene signatures (Fig. 5D) and
reinforces the concept of overlapping transcriptional effects of the
two mutations. Corresponding to the increase in proliferative
transcripts, the addition of oncogenic NRAS also attenuated
signatures of quiescent HSCs and LT-HSCs (Fig. 5D).

Overexpression of PIK3IP1 or SAMDYL inhibits the overgrowth
of Cux1'°";Nras€'?° HSPCs

While Nras®'2 alone did not associate with global changes in the
negative regulators of RAS/PI3K (GSEA p = 0.539), expression of
Nras®'2P in Cux1'®" cells further decreased this gene set (Fig. 5E
and Supplementary Fig. 5). Among down-regulated genes in the
leading edge, Samd9/ and Pik3ip1 are the most highly expressed in
HSCs (Fig. 5C and E). CUX1 directly binds 3 kb upstream of the
Pik3ip1 transcriptional start site and promotes Pik3ip1 expression,
an inhibitor of PI3K [9]. Samd9l also attracted our attention as
inherited mutations in SAMD9IL carry a risk of myeloid malig-
nancies with monosomy 7 [44]. Moreover, SAMDIL has been
described as a tumor suppressor that normally degrades cytokine
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receptors—SAMDOIL deficiency thereby sensitizes cells to growth
factors [45]. For these reasons, we validated the decrease in
Pik3ip1 and Samd9l by quantitative RT-PCR (Fig. 6A) and by
immunoblot (Fig. 6B and C) following loss of CUX1. The additional
activation of NRAS in CUX1-knockdown cells further decreased
expression of these genes. Hence, CUX1 deficiency, especially with
the addition of oncogenic RAS, abates expression of multiple
negative regulators of RAS/PI3K signaling, including Pik3ip1 and
Samd9l.

We tested whether restoration of SAMDIL or PIK3IP1 would
reverse the overgrowth of Cux1'°";Nras®'?® HSPCs. To this end, we
transfected Kit" cells with PIK3IP1 cDNA and performed CFU
assays. Overexpression of PIK3IP1 restored Cux1'°";Nras®'?® CFU
formation to numbers comparable to Ren control (Fig. 6D and E).
Similarly, Cux1'°*;Nras®'?P Kit* cells transduced with SAMDO9L also
had significantly reduced colony numbers compared to cells
transduced with control virus (Fig. 6F and G). Overall, these data
indicate that combined CUX1-deficiency and oncogenic NRAS
lead to decreased expression of PIK3IP1T and SAMDIL, and
restoration of these proteins normalizes HSPC colony formation.

Decreased CUX1 levels augments sensitivity to PI3K and MEK
inhibitors

Given the increased growth factor responsiveness and elevated
signaling activity in Cux1'°";Nras®'?® HSPCs, we predicted this
characteristic would confer a therapeutic opportunity. For this
reason, we tested the effects of PI3K or MEK inhibition on the
growth of these cells. We selected pictilisib (GDC-0941), an orally
available inhibitor of class | PI3K in clinical trials with preclinical
activity in mouse models of RAS-driven MDS/MPN [46]. We also
tested the FDA-approved drug, trametinib (GSK1120212), a
potent, selective inhibitor of MEK1/2 that has shown efficacy in
preclinical studies of Nras®'?®-driven myeloid neoplasms [47]. In
CFU assays with increasing doses of either of these drugs,
Ren;Nras®'?® bone marrow cells show a reduction of CFU
formation. While Cux1'¥;Nras®'?® cells exhibit increased CFU
formation in the absence of drugs, even low doses of either
pictilicib or trametinib significantly abated CFU formation, to an
extent similar to that of Ren;Nras®'?® cells (Fig. 7A). Thus, the
growth advantage bestowed on Nras®'?® cells by CUX1-
knockdown is dependent on PI3K and MEK signaling.

To determine if CUXT levels correlate with MEK or PI3K
inhibition in primary patient samples, we turned to the BEAT
AML dataset, comprised of 326 patient samples tested ex vivo for
sensitivity to 122 small-molecule inhibitors [48]. Across patient
samples, we correlated each drug area-under-the curve (AUC) to
the expression level of CUXT. Of the 16 drugs classified as PI3K or
MEK inhibitors, 12 had a significant positive correlation with CUX1
levels (FDR < 0.10, Fig. 7B, Supplementary Table 3). In other words,
as CUX1 levels decrease, the AUC for these classes of drugs also
decreased, indicating a greater sensitivity to the drug. Pictilisib
and trametinib were among the significant correlations, with
selumetinib (AZD6244), a MEK inhibitor, showing the strongest
correlation. To exclude the possibility that this result is con-
founded by the presence RAS pathway mutations in AMLs with
lower CUX1 levels, we repeated the analysis after removing
samples with RAS pathway mutations. This second analysis
corroborated the first (Fig. 7C). Accordingly, low levels of CUX1
correspond to increased sensitivity to PI3K and MEK inhibition in
primary AML samples.

DISCUSSION

The connection between monosomy 7 and RAS mutations in
myeloid malignancies stretches back over 30 years [49], yet the
mutual affinity between these genetic events remained unex-
plained. Leveraging the power of consortia-driven cancer genomic
datasets and mouse models, we explicitly link the chromosome 7
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Fig. 5 CUX1 knockdown and Nras®'?® have a convergent transcriptional program and down-regulate negative regulators of RAS/PI3K
signaling. A, B GSEA of RNA-sequencing of HSCs (LSK™/FIt37) from Ren and Cux1'°" mice treated for 5 days with doxycycline (n =3 per
genotype) [22]. € RNA- sequencmg-derlved levels of negatlve regulator of RAS/PIK3 pathway genes with an FDR < 0.05. D, E GSEA of RNA-

sequencing data comparing HSCs from Cux1'";Nras"/
treatment. In E, genes in the leading edge are listed.

encoded tumor suppressor gene, CUX1, with RAS mutations.
Mechanistically, CUX1 deficiency and oncogenic RAS promoted
overlapping gene expression changes. RAS signaling can impact
the transcriptome in multiple ways, including via the activation of
AP-1 transcription factors [50]. The effects of RAS and CUX1 were
not redundant, as the addition of Nras®'?® further augmented the
CUX1-knockdown gene signature. CUX1-knockdown led to
decreased expression of negative regulators of RAS/PI3K signaling,
and Nras®'?® magnified these changes. As a result, CUX1-
knockdown;Nras®'?® HSPCs had increased signaling downstream
of growth factor receptors, resulting in heightened growth factor
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T and Cux1™%;Nras®'?P

mice. HSCs were collected 6 weeks post poly I:C and doxycycline

sensitivity. Based on this, we propose a model wherein CUX1
normally restrains the proliferative effects of growth factors via
transcriptional regulation of negative regulators of signaling
(Fig. 8A). With insufficient CUX1, decreased expression of Pik3ip1,
Samd9l, and perhaps others, licenses unrestrained RAS signaling
downstream of cytokine receptors (Fig. 8B). In agreement with this
model, inhibitors of PI3K and MEK mitigate the effects of CUX1
loss. The effectiveness of these drug classes also correlates with
CUX1 expression in AML patient samples. We posit that these
inhibitors may have therapeutic value for patients with monosomy
7-associated myeloid malignancies. Additionally, RAS pathway
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Fig. 6 Overexpression of PIK3IP1 or SAMDOL reduces Cux1'®";Nras®'2" colony overgrowth. A Quantitative RT-PCR of the indicated genes
from splenocytes collected from mice 5-7 weeks after poly I:C and doxycycline treatment. Mean + SEM is shown for n=3-7 biological
replicates per genotype. B Representative immunoblots of splenocytes for the indicated proteins. C Mean + SEM quantification is shown for
immunoblots of n = 4-6 biological replicates per genotype. D Kit™ cells isolated from the indicated mice were transfected with PIK3IPT cDNA
or empty-vector control plasmid and CFU assays were performed. CFU-GM colonies were enumerated on day 10 (n = 3-6 biological replicates
per genotype). Representative CFU images are shown on the right. E Representative PIK3IP1 immunoblot of cells collected after the CFU assay
(n = 3). The pixel density is shown for individual bands quantified using ImageJ densitometry software. F Kit" cells isolated from indicated
mice were infected with CI20-SAMD9L-lentivirus or empty vector and assayed for CFU formation (n = 2-3 biological replicates per genotype).
The CFU-GM colonies were enumerated on day 10. Representative CFU images are shown on the right. G Representative SAMDOL
immunoblot of cells collected after the CFU assay (n = 3). The pixel density is shown for individual bands. Two-tailed Student t test was used
to assess statistical significance. *p < 0.05, **p < 0.01, and ***p < 0.001.

inhibitors may be beneficial for solid tumors with CUXT inactivat-
ing mutations; future studies in this vein are warranted.

The finding that CUX1 loss and oncogenic RAS converge on a
similar pathway is antithetical to two, albeit related, perennial
axioms in cancer biology. First, is the exclusivity principle, wherein
if the functional effect of two mutations is redundant, only one of
these mutations is present in any single tumor, exhibiting
negative genetic epistasis [51]. Elegant work by van de Haar,
et al., has revealed the caveats with this assumption [52]. Second is
the division of cancer drivers into separate, complementary
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classes [28]. Class | pro-proliferation oncogenes are exemplified
by kinases. Mutations in class Il tumor suppressor genes impair
differentiation and are represented by transcriptional regulators.
In this paradigm, mutations in both classes cooperate in
carcinogenesis. While CUX1 is essential for differentiation [19],
we also show herein that CUX1 regulates oncogenic kinase
cascades. Likewise, it is inarguable that aberrant RAS signaling
disrupts differentiation [31, 53]. Our results blur the distinction
between gross categorization of cancer drivers - their classifica-
tion requires more nuance.
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Fig.7 Low levels of CUX1 confer sensitivity to MEK and PIK3 inhibition in mouse HSPCs and human AMLs. A CFU assays were performed
with bone marrow cells from mice collected 5-7 weeks post-treatment with poly I:C and doxycycline. Cells were cultured in 5 ng/mL IL3 and
increasing doses of pictilisib or trametinib. Absolute colony numbers are indicated in the top panels. Bottom panels indicate the % of
maximum CFU formation. One representative experiment of n=3 is shown. Two-tailed Student t test was used to assess statistical
significance. (*p < 0.05, **p < 0.01, ***p < 0.001). B The area-under-the curve (AUC) of 122 small molecule inhibitors were correlated to the level
of CUXT expression from 326 primary patients AML samples from the BEAT-AML study [48]. Red points indicate FDR < 0.05 calculated by
Storey’s g value. C The AUC of 122 small molecule inhibitors was correlated to the level of CUXT expression from 242 primary patients AML

samples without oncogenic RAS pathway mutations.

Our findings that CUXT loss and RAS converge on increased
signaling harmonize with other studies. Kevin Shannon'’s lab has
reported that RAS mutant cancers upregulate the mutant RAS
allele in multiple ways, through increased RNA expression, loss of
the wildtype allele, or copy number neutral loss of heterozygosity
[54, 55]. Others have reported that it is not unusual to have more
than one oncogenic driver mutation in both alleles of the same
gene, including RAS genes, within a tumor [56]. These studies,
along with our results, suggest that, for RAS, “more is more.” This
may translate into increased dependence of these tumors on that
very pathway [54].

CUX1 mutations and -7/del(7q) are generally considered early
events in myeloid neoplasia [4, 5, 12]. This is congruent with
reports of CUXT mutations and -7/del(7q) in clonal hematopoiesis,
thought to be a precursor to malignancy [2, 3, 7, 10, 11]. RAS
pathway mutations, on the other hand, occur infrequently in
clonal hematopoiesis and are often late events in myeloid
transformation [12, 57]. These data imply that CUX1 loss normally
precedes RAS mutations. Among disease types, CUXT mutations
are more often associated with MDS [9], fitting the disease
phenotype we observed in CUX1-knockdown mice [19] (Fig. 8C).
Oncogenic RAS mutations are associated with the transformation
of MDS to AML [58], which is accurately modeled by the leukemic
phenotype of Cux1'*;Nras®'?® mice (Fig. 8D). Our results show
that the transformative properties of RAS include not only
enhancing oncogenic signaling but also increasing self-renewal
of CUX1-deficient HSPCs.

The exception to this sequence of events is, of course, in the
setting of inherited RASopathy gene mutations, where, by
definition, the RAS pathway mutation is antecedent to loss of
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chromosome 7 and CUXT. JMML infrequently transforms to AML,
and case studies have shown that this transformation is associated
with duplication of mutant RAS genes from acquired uniparental
disomy [59]. This finding is concordant with the “more is more”
model for RAS dosage in leukemic transformation. It is unknown if
the order of CUX1 loss and RAS influences the disease phenotype.
One could surmise that antecedent CUX1 loss associates with MDS,
and a subsequent RAS mutation leads to secondary AML. When RAS
mutations are first, then MDS/MPN such as JMML arise. Aly et al. did
not find an association between the timing of CUXT loss and
disease phenotype, however, the presence of RAS mutations was
not included in their analysis [33]. Other variables may also
confound this type of comparison. For instance, unlike MDS, JMML
has a paucity of additional mutations that may influence the
disease phenotype [25]. Further, the developmental timing of the
RAS mutation may impact the disease manifestation [60].

In conclusion, our work demonstrates positive genetic epistasis
between CUXT loss and oncogenic RAS in neoplasia. CUX1
deficiency and activated RAS drive complimentary and partially
overlapping, but non-redundant transcriptional and cellular path-
ways to enforce HSPC signaling, proliferation, defective differ-
entiation, and transformation.

METHODS

Mouse models

All animal studies were approved by The University of Chicago Institutional
Animal Care and Use Committee. Mice were housed in Association for
Assessment and Accreditation of Laboratory Animal Care-accredited, specific
pathogen-free animal care facilities. Both sexes of mice were included. Ren,

Oncogene
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Fig. 8 Model for how CUX1 deficiency cooperates with activated RAS to promote leukemogenesis. A We propose a model wherein CUX1
normally transcriptionally activates expression of PIK3IPT and other RAS/PI3K inhibitors, thereby restraining RAS signaling. B CUX1 deficiency
causes decreased expression of these regulators, resulting in increased PI3K and MEK mediated signaling and downstream proliferation and
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BioRender.com.

Cux1™4, and Cux1'" mice were generated as previously described [19]. Mx1-

Cre;Nras®'® mice were generously provided by Dr. Kevin Shannon
(University of California San Francisco). The breeding scheme to generate
littermate  controls is as  follows.  Cux1™™M2rtTAY®  or
Cux1'o" e M2rtTA** were crossed with M2rtTA*/*;Mx1-Cre ™/ Nras®'2>/+
to generate Cux1™9M2rtTA™*;Mx1-Cre*Nras®'?®" (Cux1™%Nras®'?D),
Cux1';M2rtTA ™ +;Mx1-Cre t/;Nras®'2°+/ (Cux1'":Nras®'2P),
Cux1™";M2rtTA™*;Mx1-Cre™Nras®'?®" (Ren;Nras®'?®). Mice generated by
this scheme without Mx1-Cre were sometimes used as single mutation
controls (Ren, Cux1™<, and Cux1'®%). Mice are on a C57BL/6 X129/Sv
background.

For all experiments, mice were 4 weeks and older. The shRNA transgene
was induced by maintaining the mice on continuous doxycycline-
containing chow diet (TD.120658, 1000 mg/kg, Envigo). To induce Mx1-
Cre expression, mice were injected intraperitoneally with 10 mg/kg of poly
I:C (Sigma Aldrich) every other day for three doses. Mouse genotyping was
performed by Transnetyx, Inc.

Histology
Tissues were prepared as previously described [22]. Anti-GATA1 (D52H6)
was from Cell Signaling Technologies.

Colony forming unit (CFU) assays

50,000 bone marrow cells from mice treated with poly I:C and doxycycline
for 4-6 weeks were assessed as described [19]. For cytokine sensitivity
assay, 30,000 bone marrow cells were cultured in 1 pg/mL doxycycline-
containing methylcellulose (MethoCult M3231) with recombinant murine
GM-CSF or IL3 (PeproTech). For inhibitor studies, the methylcellulose was
supplemented with 5 ng/mL of IL3 and pictilisib (GDC-0941, Genentech) or
trametinib (GSK1120212, Selleckchem). For CFUs with Kit™ cells, 7000-3000
Kit™ cells were plated after transfection or transduction.

Western blot

Red blood cell lysed splenocytes were collected 6-8 weeks post
doxycycline and poly I:C treatment. Cells were starved in RPMI with 0.1%
FBS low serum for 2 hours, then stimulated with or without 100 ng/mL IL3
(PeproTech) for 10 minutes. Stimulation was stopped by 10-fold dilution in
cold PBS. The lysates were probed as described [19] with p-AKT (5473,
193H12, Cell Signaling), p-ERK (p44/42, 137F5, Cell Signaling), or p-S6
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(5240/244, Cell Signaling). Unstimulated cells were probed for PIK3IP1
(16826-1, Protein Technology), SAMDIL (PA5-25090, Thermo Fisher), and
3-ACTIN (C4, SC-47778, Santa Cruz). Immunoblots were quantified using
ImagelJ.

RNA-seq

Two RNA-seq experiments were performed. The first compared
Cux1""M2rtTA™* to Rem;M2rtTA™* hematopoietic stem cells (HSC)
sorted from the bone marrow of mice after five days of doxycycline, with
three biological replicates (GEO accession GSE154674) [22]. The second
compared Cux1%Nras"T (n=2) with Cux1%Nras®'?® (n=3) (GEO
accession GSE161614, Supplementary Table 1). Lin'/Kit*/Sca1'/CD135
HSCs were flow sorted 5 weeks post poly I:C and doxycycline treatment.
RNA-seq libraries were generated and analyzed as previously [22]. For gene
set enrichment analysis, “Quiescent” and “Proliferative” gene sets were
obtained from ref.[61]. The “Negative regulators of RAS/PI3K” was
generated by literature and gene ontology review (Supplementary
Table 2).

Quantitative RT-PCR
RNA was quantified as described [19] with the following primers:

Mouse-Pik3ip1-F CCATGGAGCTGGAAGAGAAG
Mouse-Pik3ip1-R AGCTCCAATAGCGAGGATGA

Mouse-Gapdh-F GTGGAGTCATACTGGAACATGTAG

Mouse-Gapdh-R AATGGTGAAGGTCGGTGTG
Mouse-Samd9L-F CCTGGTGTCTCTCAGCCAGT
Mouse-Samd9L-R CTTCATTCTGCCCTGTCTCC

Transfection
Human PIK3IPT (NM_052880.4, EX-11822-M95, Genecopoeia) was over-
expressed in the mCherry™ pReceiver-M95 plasmid. Empty vector (pEX-
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NEG-M95) was used as a control. 5x 10° freshly isolated or recovered
cryopreserved mouse bone marrow Kit" cells were electroporated with
1 ng of plasmid using Neon (Thermo Fisher) at 1900 V, 20 ms, 1 pulse.

Lentivirus generation and transduction

Lentivirus was generated by transfecting the lentiviral DNA and packaging
plasmids into HEK293T cells using Lipofectamine 2000 (Thermo Fisher) at a
7:4:3 ratio of lentiviral vector:dR8.74:pMD2 VSVG. The pCL20c-MSCV-IRES-
mCherry (nFlag-human-SAMD9L) and pCL20c-MSCV-IRES-mCherry (control)
plasmids were generously provided by Dr. Jeffrey Kico [62]. Transduction
was performed as described [6]. mCherry® Kit" cells were flow sorted
2 days post-transduction.

Complete methods are provided in the Supplementary Methods.

DATA AVAILABILITY

The datasets generated during the current study are available in the GEO repository,
accession GSE161614.
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