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Aberrant expression of Ecotropic Viral Integration Site 1 (EVI1) is a hallmark of acute myeloid leukemia (AML) with inv(3) or
t(3;3), which is a disease subtype with especially poor outcome. In studying transcriptomes from AML patients with
chromosome 3q rearrangements, we identified a significant upregulation of the Nuclear Receptor Interacting Protein 1
(NRIP1) as well as its adjacent non-coding RNA LOC701927745. Utilizing transcriptomic and epigenomic data from over 900
primary samples from patients as well as genetic and transcriptional engineering approaches, we have identified several
mechanisms that can lead to upregulation of NRIP7in AML. We hypothesize that the LOC707927745 transcription start site
harbors a context-dependent enhancer that is bound by EVI1, causing upregulation of NRIP7 in AML with chromosome 3
abnormalities. Furthermore, we showed that NRIPT knockdown negatively affects the proliferation and survival of 3g-
rearranged AML cells and increases their sensitivity to all-trans retinoic acid, suggesting that NRIP7 is relevant for the
pathogenesis of inv(3)/t(3;3) AML and could serve as a novel therapeutic target in myeloid malignancies with 3q

abnormalities.

Introduction

Ectopic activation of the Ecotropic Viral Integration Site 1
(EVI1) gene is associated with a dismal outcome in patients
with acute myeloid leukemia (AML) or myelodysplastic syn-
drome (MDS), who have an average survival of only 10
months after diagnosis.! EVI7 is located in the MDS7 And EVI1
Complex Locus (MECOM) on chromosomal band 3926.2, en-
codes a DNA-binding protein with two zinc finger domains,
and is expressed in hematopoietic stem and progenitor cells.
In an inducible mouse model, EviT overexpression led to the
suppression of erythropoiesis and lymphopoiesis, driving a
pre-leukemic expansion of myeloid cells which ultimately
led to leukemic transformation,? suggesting that activation
of EVI1 drives myeloid leukemias. Moreover, ectopic activa-
tion of the EVI7 gene through vector integration was associ-
ated with the development of AML in a gene therapy trial.?
Although upregulated EVI7 is the defining molecular char-

acteristic of AML with inv(3) or t(3;3), high EVIT expression
has been reported in approximately 11% of all adult AML
cases, in which it was suggested to be an independent ad-
verse prognostic factor*’ Currently, there are no targeted
therapies or additional prognostic indicators available for
myeloid malignancies with abnormal 3q or high EVIT ex-
pression and the mechanisms that cause or contribute to
EVI1 upregulation remain largely unclear.

In 2012, Haferlach et al reported seven AML cases with
translocation t(3;21)(926;911). This led to the formation of an
EVI1 fusion protein with the Nuclear Receptor Interacting Pro-
tein 1 (NRIPT), which the authors found to be associated with
an especially poor prognosis.® Additionally, a more recent re-
port described a poor prognosis, therapy-induced childhood
AML with a cryptic t(3;21)(q26;911), leading to NRIPT-EVIT
fusion, which displayed high EVIT expression.? While studying
transcriptomes from AML and MDS patients with or without
3q rearrangements, we discovered that both NRIPT as well
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as its neighboring non-coding gene, LOC101927745, were up-
regulated in MECOM-rearranged AML without t(3;21) fusions,
such as inv(3) and t(3;3).

NRIP1 and its neighboring gene LOC101927745, share a topo-
logically associating domain (TAD). TAD are genomic regions
that are delimited and insulated from external regulatory in-
fluences by CCCTC-binding factor (CTCF)- and cohesin-
bound sites® Genes and regulatory elements within a TAD
were shown to physically interact with each other more fre-
guently than with sequences located outside their TAD,”°
prompting us to investigate whether a potential co-regula-
tory relationship exists between NRIP1 and LOC101927745
which could lead to upregulation of NRIPT in MECOM-re-
arranged AML. Although NRIP1 has been implicated in differ-
entiation processes via modulation of retinoic acid (RA)
receptors™?® and regulation of energy metabolism,* its role
in myeloid malignancies is largely unknown. Hypothesizing
that NRIPT could function as a yet undescribed proto-onco-
gene in AML cells, we utilized public transcriptomic and
epigenomic data collected from more than 900 AML and
MDS patients and conducted genetic and transcriptional en-
gineering approaches to: (i) identify potential mechanisms
that can lead to upregulation of NRIP7 and (ii) investigate how
the perturbation of NRIPT expression would affect
inv(3)/t(3;3) AML cells.

Methods

Patients’ data and experimental datasets

Most datasets that were analyzed for this study are available
either through the National Cancer Institute’s Genomic Data
Commons portal (TCGA-LAML,® Beat AML,®
https:/portal.gdc.cancer.gov/), the International Human
Epigenome Consortium data portal (BLUEPRINT primary AML
samples,” sample identities: ERS699839, ERS699842,
ERS699843, ERS753996; https:/epigenomesportal.ca/ihec/)
or the National Center for Biotechnology Information’s Gene
Expression Omnibus database
(https://www.ncbi.nlm.nih.gov/gds) under the following identi-
fiers:

GSE114922: healthy and MDS CD34" cells, RNA-seq (n=130);®
GSE106291: AMLCG-2008 & AMLG-1999 AML samples, RNA-
seq (n=250);"

GSE104099: cytogenetically normal AML, AMLSG_07-04,
RNA-seq (n=46);*

GSE35159: expression profiling in 12 human myeloid cell
lines, microarray;?'

GSE123255: murine leukemic stem cell enriched cells (LSCe)
+/- ATRA;>

GSE31477: ENCODE TF and co-factors in various cell lines,
ChIP-seq;*

GSE32465: ENCODE TF and co-factors in various cell lines,
ChlP-seq;*

S. Grasedieck et al.

GSE36030: murine B10 cell line, Rad21 ChIP-seq (ENCODE
mouse project);

GSE136488: murine E14 cell line, Ctcf ChIP-seq (ENCODE
mouse project);

GSE55407: THP-1 AML cell line, CTCF and Rad21 ChIP-seq;*
GSE87286: SKH-1 AML cell line, ChIP-seq and RNA-seq;>®
GSE72816: Gm12878 cell line ChIA-PET cluster data;*
GSE63525: Gm12878 and K562 Hi-C chromatin contact
data;?®

PRJNA385337: THP-1 Hi-C chromatin contact data;*
GSE52457: H1-derived hMSC Hi-C chromatin contact data;*
GSEB84662: keratinocytes Hi-C chromatin contact data.”

Survival analyses

Cox proportional hazard and Kaplan-Meier analyses for as-
sociation with overall or event-free survival were calculated
using the R survival®? and survminer® packages. Patients were
dichotomized into groups expressing the gene of interest at
a high or low level based on maximally selected rank stat-
istics.®*

Patients’ samples and cell lines

RNA sequencing was performed on primary samples of viably
frozen bone marrow from patients (n=65) with a complex
karyotype (CK-AML) (Online Supplementary Methods). Forty
of the 65 (62%) patients were treated on consecutive multi-
center treatment trials of the AML Study Group (AMLSG), ap-
plying age-adjusted intensive chemotherapy: AMLHD98A
(n=4; NCT00146120) and AMLSGO07-04 (n=22; NCT00151242)
for younger patients (16 to 60 years); AMLSG06-04 (n=14;
NCT00151255) for elderly patients (>60 years). All studies
were approved by local ethics committees, and all patients
gave informed consent to treatment, cryopreservation of
samples, and molecular analyses according to the Declar-
ation of Helsinki. All the cell lines used were obtained from
the German Collection of Microorganisms and Cell Cultures
(DSMZ), except for the Cas9-expressing OCI-AML5 cells
which were a gift from Dr. Jan Krénke (Ulm University Hos-
pital, Germany). All cells were maintained in adherence to
the culturing conditions recommended by the DSMZ.

All-trans retinoic acid treatment and analysis

All-trans retinoic acid (ATRA; Sigma-Aldrich, Germany) was
prepared in dimethylsulfoxide (DMSO) at 100 mM and further
diluted in phosphate-buffered saline. Cell lines that were
transfected with NRIP7-targeting GapmeR or control or with
NRIP1-targeting shRNA or control after selection (see Online
Supplementary Methods) were seeded at 0.25x10° cells per
well in 2 mL culture medium at a final concentration of 0.5
uM ATRA or a concentration-matched DMSO control. Cells
were analyzed after 24 and 72 h for cell proliferation by
counting trypan-negative cells, for gene expression of NRIP1,
MECOM, and LOC101927745, for NRIP1 protein expression (see
Online Supplementary Methods), and for apoptosis after
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staining with an annexin-V-APC antibody (Biolegend, USA)
and SYTOX-Blue dead stain (Invitrogen, USA) using flow cyto-
metry.

Results

The NRIP1-EVI1 fusion positions the EVI7 open reading
frame under control of the NRIP1 gene regulatory elements
To understand which functional domains of the NRIP1 and
EVI1 proteins were lost and retained in a fusion event as re-
ported by Haferlach et al.® and D'Angio et al.,® we studied the
exact t(3;21)(q26;911) breakpoints and found that the NRIP7-
EVI1 fusion does not generate a novel chimeric protein, but
instead removes most of the upstream regulatory elements
of EVIT and places the complete EVIT coding sequence (exons
3 to 16) under the control of the three putative NRIPT pro-
moters and additional upstream regulatory elements (Figure
1A). Similar to what was observed in inv(3)(q21926) or
t(3;3)(921;926) AML cases, in which EVI1 was reported to ap-
propriate multiple enhancer sites of the GATA2 gene,*? we
found that a t(3;21)(g26;q11) event effectively places the com-
plete EVIT open reading frame under the control of a different
transcriptional network.

Expression of NRIP1 and LOC1071927745 is associated with
poor survival in acute myeloid leukemia

Analysis of published RNA-sequencing datasets, comprising
sorted healthy human donor bone marrow cell populations
(n=56),"® blasts from MDS patients (n=74),”® and primary AML
samples (n=950, including TCGA L-AML,* AMLCG-2008/1999,°
an in-house generated cytogenetically normal AML* and a
CK-AML cohort® as well as data from the Beat AML trial,"®
showed that transcript levels of NRIP1, located on chromo-
some 21q, as well as its neighboring gene, LOC107927745,
were highly expressed in CD34" hematopoietic stem and pro-
genitor cells from healthy donors and MDS patients (Online
Supplementary Figure S1A) and were significantly upregulated
in inv(3)/t(3;3) AML patients compared to all other cytogen-
etic AML subgroups (P, =0.01 and 0.003, respectively) (Figure
1B). We were able to confirm this exceptionally high ex-
pression of LOC1071927745 and NRIPT in EVIT"e"- compared to
EVIT°w-expressing AML cell lines (total of n=4 vs. n=17) (Online
Supplementary Figure 1B-D).

Based on the report by Haferlach et al., which associated the
presence of an NRIP1/EVI1 fusion gene with an especially poor
prognosis,®. we next examined whether NRIP1T and
LOC101927745 transcript levels were linked to outcome in
AML patients. Indeed, survival analyses using the Beat AML
RNA-sequencing dataset™ showed that high NRIPT as well as
high LOC101927745 expression were significantly associated
with poorer overall survival (Figure 2A), independently of the
inclusion of inv(3)/t(3;3), complex karyotype and also of
del(5q)/del(7q) cases, which represent the most common co-
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abnormalities of inv(3)/t(3;3) (Online Supplementary Figure
S2). The association of high NRIPT or LOC1071927745 expression
with poorer outcome was further corroborated in the
AMLCG-2008 cohort®™ as well as in RNA-sequencing data
from CK-AML patients® (Figure 2B, C, Online Supplementary
Methods). Of note, LOC107927745 and NRIP1 transcript levels
exceeded the prognostic stratification capacity of EVI7 levels
in all analyzed datasets both when applying a dichotomiza-
tion approach based on maximally selected rank statistics®
(Figure 1A-C, Online Supplementary Figure S2) or the median
(data not shown).

In line with other studies reporting EVI7 expression in the ab-
sence of detectable EVI7 fusion events or inv(3), only 11/126
(8.7%) and 5/28 (17.8%) of EVI1-expressing patients carried
molecularly detectable 3q abnormalities in the analyzed Beat
AML and CK-AML cohorts, respectively (2x dupl(3926),
t(3;21)(926;922), t(3;3)(q26;921), and t(3;6)(q26;p22)), in which
expression was defined as EVI7 >5 transcripts per kilobase
million. Although expression of LOC7071927745 and NRIP1 was
particularly enriched in inv(3) AML (i.e., EVIT"€"), and both tran-
scripts showed a high degree of correlation in EV/7"&" healthy
and MDS CD34* blast cells (R=0.78 and 0.89) (Figure 2D), we
observed that in AML this correlation was perturbed (R=0.31
and 0.64) (Figure 2E). Compared to healthy and MDS
samples, in which all NRIP1-expressing cells also expressed
LOC101927745, NRIPT and LOC101927745 RNA transcripts only
showed correlation in 46% of AML cases. However, AML pa-
tients who expressed LOC707927745 always expressed NRIP1
(Figure 2E). Considering this highly specific pattern of ex-
pression, we next investigated a potential co-regulatory re-
lationship between LOC701927745 and NRIPT in AML.

The LOC701927745 transcription start site contains an
NRIP1 gene regulatory element

NRIP1 and its neighboring gene LOC101927745 share a TAD
(Online Supplementary Figure S3A, B), suggesting a co-regu-
latory relationship between these genes. In support of this
hypothesis, we found that the exonic regions of
LOC101927745, its genomic location and its orientation
relative to the murine Nrip7 homolog as well as their
Ctcf:Rad21 TAD boundaries are conserved between human
and mouse genomes (Online Supplementary Figure S3B-D).
Of note, the region overlapping the putative transcription
start site (TSS) of LOC107927745 is annotated as GH21J015439
in most recent genome browser versions, due to its classifi-
cation as a candidate enhancer of NRIP1 by the GeneHancer
project® (Online Supplementary Figure S4A, based on eQTL
and Hi-C data). A defining feature of enhancers is that they
establish measurable physical contact with the promoters
of their regulated genes. As there are currently no chromatin
conformation capture data available from cells with chro-
mosome 3 abnormalities, we instead compared Hi-C data
from NRIP1°" leukemia cell lines (THP-1, K562 and Gm12878)
to data generated from human skin samples, which show
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strong NRIPT as well as EVIT expression when compared to
mature blood cells (Figure 3A). When we subtracted normal-
ized chromatin contact counts obtained in NRIPT*" AML cell
lines from counts recorded in NRIPT"€"/EVI1"e" human skin
cells, we found that contact was 70- to 330-fold increased
specifically between the LOC707927745 TSS (GH21J015439)
and the NRIPT genomic locus in NRIPTM&"-expressing cells

A EVI1 gene locus:
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(Figure 3B, blue areas depict regions where contact inten-
sities in NRIP1/EVI1"€" tissues exceed contact in NRIPT°" AML
cells). Collectively, these observations suggest that
LOC101927745 likely harbors an NRIP1-controlling regulatory
element.

To further explore the transcription factor (TF) binding and
chromatin state at the LOC707927745/NRIP1 locus in AML cells

NRIP1 gene locus:
UTR
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Figure 1. LOC101927745 and NRIP1 are upregulated in EVIT'e" acute myeloid leukemia. (A) Schematic representation of the EVI7

and NRIP1 gene loci including the breakpoints and resulting

fusion product in t(3;21)(q26;911) cases based on the report by

Haferlach et al.® (B) Transcript levels of LOC107927745, NRIP1, and EVI1 (MECOM) in a subset of acute myeloid leukemia patients

with recurrent cytogenetic and molecular abnormalities from
presented as counts per million. P-values were calculated com
t-test with 95% confidence and adjusted for multiple hypothes

the Beat AML Master Trial.'® Data were TMM-normalized and are
paring individual groups to all cases, using the Welch two sample
is testing. The group t(3;other) comprises a t(2;3)(p13;925~26) and

a t(3;11)(p21.3;p11.2) sample. CDS: coding sequence; UTR: untranslated region; CPM: counts per million; CN: cytogenetically
normal; MLLr: MLL gene locus rearrangement; TMM: trimmed mean of M values.
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Beat AML Master Trial, n=408
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Figure 2. LOC107927745 and NRIP1 transcript levels are negatively associated with survival in patients with acute myeloid
leukemia. (A-C) Graphical representation of Kaplan-Meier estimates based on EVIT (MECOM), NRIP1 and LOC101927745 expression
calculated in: (A) the adult acute myeloid leukemia (AML) subset of the Beat AML Master Trial cohort;"® (B) the AMLCG-2008
cohort;™ and (C) a subset of patients from the complex karyotype (CK)-AML cohort®* for whom survival information was available.
P-values were calculated using the log-rank test. Patients were dichotomized into groups with high or low expression of the
gene of interest using maximally selected rank statistics.** (D) Pairwise correlations of TMM-normalized RNA-sequencing data
for LOC101927745 and NRIP1 from healthy CD34* hematopoietic stem and progenitor cells (GSE114922), primary blast cells from
patients with myelodysplastic syndrome (GSE114922) and complex karyotype-AML patients’ AML cells® with the respective
Pearson R, where R=1 describes a perfect correlation. (E) Pairwise correlation of TMM-normalized RNA-sequencing data for
LOC101927745 and NRIP1 in the AMLCG-2008 cohort with the respective Pearson R, where R=1 describes a perfect correlation.
Data were voom-transformed (variance modeling at the observational level, see Online Supplementary Methods). OS: overall

survival; CK: complex karyotype; MDS: myelodysplastic syndrome; TMM: trimmed mean of M values.

with intact chromosome 3 and with low NRIPT expression,
we analyzed public chromatin immunoprecipitation (ChIP)-
sequencing data assessing TF occupancy and ChIP-sequenc-
ing data from AML patients’ blasts and cell lines (data from
BLUEPRINT™ and ENCODE?*?). NRIPT*" AML cell lines and pri-
mary cells displayed a universal lack of TF binding and were
devoid of activating histone modifications in the
LOC101927745/NRIP1 TAD (data not shown). Instead, these
cells displayed an accumulation of repressive histone marks
such as H3K27me3 (associated with promotor repression)
and H3K9me3 (associated with permanent heterochromatin
formation) (Online Supplementary Figure S4B). In summary,
these findings support our hypothesis that the LOC1071927745
genomic site is of relevance for the transcriptional regulation
of NRIP1.

NRIP1 transcription is independently regulated by retinoic
acid signaling and the GH21J075439 enhancer in acute
myeloid leukemia cells

The promoter sequences of NRIP1 were reported to be rich
in RA receptor binding sites.*® Another hint towards the rel-
evance of RA signaling for NRIP1 transcription is that t(15;17)
AML patients’ samples and the t(15;17) RA receptor dysfunc-
tional NB-4 cell line do not transcribe NRIPT at all (Figure 1B,
Online Supplementary Figure S1A). Therefore, we aimed to as-
sess whether an external stimulation of RA receptor signaling
would induce NRIPT expression in an NRIP1°"-expressing AML
model. Concurrently, we also aimed to determine whether
the deletion of the putative regulatory element GH27J075439,
which is embedded within the LOC707927745 TSS, would have
an impact on any hypothetical RA-mediated effects on NRIP1
transcription. We, therefore, deleted a 470 bp genomic region
spanning GH21J015439, LOC101927745 exon 1, and part of exon
2 (Online Supplementary Figure S4A, C) using a CRISPR/Cas9-
guided approach in the human OCI-AML5 AML cell line (LOC-
KO), which inherently displays low NRIP1 and lack of
LOC101927745 expression (Online Supplementary Figure S1A).
Genomic deletion led to a modest but significant reduction
of NRIPT mRNA levels in LOC-KO compared to wild-type OCI-
AMLS5 control cells (LOC-WT) (P=0.05) (Figure 4A), confirming
that the deleted site likely harbors an NRIP7-enhancing regu-
latory element. Treatment of both LOC-KO and LOC-WT cell
lines with the RA receptor agonist ATRA led to a pronounced

upregulation of NRIPT expression in both cell lines (Figure 4A).
As ATRA is known to induce differentiation in AML cells, in-
cluding OCI-AML5 (Online Supplementary Figure S5), we next
tested whether expression of NRIP1 was truly the result of
RA receptor signaling or merely a side effect of differentiation.
Thus, we independently treated both cell lines with the pro-
tein kinase C-activator 12-O-tetra-decanoylphorbol-13-acet-
ate (TPA), which induces differentiation of OCI-AMLS5 cells in
an RA-independent manner.”® TPA treatment did not affect
NRIP1 transcription, suggesting that NRIPT was indeed in-
duced by RA receptor signaling and is differentiation inde-
pendent. Of note, genomic deletion of GH27J075439 also led
to a significant reduction of NRIPT mRNA levels in LOC-KO
compared to LOC-WT cells treated with TPA (P=0.03) (Figure
4A) again highlighting the positive regulatory effect of this el-
ement on NRIPT transcription. In addition, LOC-KO cells dis-
played increased expression of the mature myeloid surface
marker CD11c and a reduced proliferation rate compared to
LOC-WT cells (Online Supplementary Figure S5B, C).

We were able to confirm the pronounced upregulation of
NRIPT in response to ATRA treatment in an RNA-sequencing
dataset generated by Nguyen et al. in MLL-AF9-expressing
murine leukemic stem cell-enriched fractions that were
treated with 1 uM ATRA or control for 24 h.?? In these cells,
ATRA treatment resulted in an 8.8-fold increase of Nrip7 ex-
pression (P=0.006) (Figure 4B) and, interestingly, ATRA-in-
duced expression of Nrip7 was antagonized by simultaneous
shRNA-mediated Evil-knock-down (7.6-fold increase relative
to vehicle-treated sh-control), which reduced Nrip7 levels
even more strongly in vehicle controls alone (6.6-fold de-
crease, P=0.07) (Figure 4B). This observation hints at a rel-
evance of NRIP1 expression for EVI1"&" AML and suggests that
NRIP1 could be under the direct transcriptional control of the
EVI1 TF complex.

NRIP1 expression is regulated by the oncogenic EVI1
transcription factor network

To explore whether EVI1 contributes directly to the transcrip-
tional control of NRIP1, we first ensured that there are EVI1
binding sites present within the NRIP1/LOC101927745 TAD and
identified 16 sites with a significant z-score that are con-
served between human, mouse and rat (Online Supplemen-
tary Figure S6). No EVI1 binding motifs were present within
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were obtained from the GTEx Portal, dbGaP accession number phs000424.vN.pN in March 2021. (B) Heatmaps generated by
subtracting sequencing-based Hi-C chromatin contact quantification data which were obtained in NRIP1"9"/EVI1"9" skin tissues:
human H1 ESC-derived fibroblast-like mesenchymal stromal cells (H1-MSC, left) and human epidermal keratinocytes (right),
from Hi-C quantification data obtained in NRIPT®Y/EVI1"%°t¢ |eukemia cell lines (THP-1, K562, and Gm12878). Blue areas on
heatmaps represent sites of high contact in NRIP1""/EVIT"9" tissues whereas red areas have greater contact intensities in
leukemia cells. The black triangle indicates the region connecting the LOC707927745 transcription start site and the NRIP1 gene
body. All presented Hi-C data were visualized using the Yue Lab 3D Genome Browser, available at: http:/3dgenome.org. Data from
H1-MSC were generated by Dixon et al.,*® from keratinocytes by Rubin et al.,* from THP-1 by Phanstiel et al.,”® and from Gm12878
by Rao et al.?® TPM: transcripts per kilobase million.
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the NRIPT promoter but a total of six conserved EVI1 binding vs. control SKH-1 AML cells, which harbor a t(3;21)(q26;922)
sites were present within the LOC7071927745 gene, including translocation. The exact SKH-1 breakpoint in chromosome
the putative NRIP1 enhancer GH21J015439, which overlaps the 21q is located more than 19 Mb upstream of the NRIPT ge-
LOC101927745 TSS. To confirm that any of these motifs are nomic locus which is therefore retained in this cell line.*
actually bound by EVI1 in AML cells, we analyzed ChlIP-se- Translocation t(3;21) causes expression of a fused RUNX1-
quencing data produced by Loke et al. from EVI1-knockdown EVI1 TF, which was found to form an abnormal transcription-
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Figure 4. NRIP1 transcription is induced by retinoic acid signaling and reduced upon knockdown of EVI1. (A) Quantitative real-
time polymerase chain reaction of NRIP1in LOC1071927745 transcription start site-knockout (LOC-KO) and control OCI-AML5 cells
treated with either 0.1 uM ATRA or 1 nM TPA for 72 h in three independent experiments. Total RNA was extracted before, after 24
h and after 72 h of treatment, DNase-digested and reverse transcribed. 29t was calculated relative to SDHC. P-values were
calculated using a paired two-tailed Student t-test. (B) Normalized RNA-sequencing data for Nrip7 and Mecom, generated by
Nguyen et al.?? in MLL-AF9-expressing murine leukemic stem enriched cell fractions treated with 1 uM ATRA or dimethylsulfoxide
control for 24 h. (C) Normalized RNA-sequencing data quantifying NRIP1T and EVI1 transcripts, both generated from
t(3;21)(926;922) SKH1 AML cells treated with either EVI1-targeting- or control siRNA. Presented data combined all replicates
analyzed 48 h (n=2) and 96 h (n=2) after siRNA treatment to increase statistical power. Data were generated by Loke et al.?® (D)
Chromatin immunoprecipitation-sequencing footprinting data for RUNX1, EVI1 and GATA-2, which form an abnormal
transcription-activating complex in t(3;21) AML. Data was generated by Loke et al?® as described in C. P-values were calculated
using the Welch two sample t-test. LOC-KO: LOC107927745 transcription start site-knockout; ATRA: all-trans retinoic acid; (LOC-
KO); TPA: 12-0O-tetra-decanoylphorbol-13-acetate; FC: fold change; KD: knockdown; DMSO: dimethylsulfoxide; RPKM: reads per
kilobase million; FPKM: fragments per kilobase per million.
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activating complex together with GATA-2 and ETS factors.?
When analyzing EVI1, RUNX1, and GATA-2 ChlIP-sequencing
data produced in SKH-1 cells, we found that they displayed
strong binding at two EVI1 motifs within the LOC707927745
gene, with the strongest binding of all three TF at the
GH21J015439 putative NRIPT regulatory site as well as high
NRIP1 transcript levels in the corresponding RNA-sequencing
data (Figure 4C, D). Upon shRNA-mediated EVIT:RUNX1
knockdown, both TF binding and NRIP1 expression were sig-
nificantly reduced in SKH-1 cells compared to controls (Fig-
ure 4C, D), supporting our hypothesis that the NRIPT gene is
under the direct control of the abnormal EVI1 TF complex
that drives this AML phenotype.

Assuming that LOC7071927745 upregulation is indeed con-
trolled by an oncogenic EVIT TF complex, LOC1071927745 and
EVI1 transcript levels would be expected to correlate in pa-
tients’ samples. Indeed, similar to our observations regarding
a correlation between LOC17071927745 and NRIP1 RNA, tran-
script levels of LOC707927745 and EVI1 showed a high degree
of correlation in normal and MDS hematopoietic stem and
progenitor cells (R=0.87) (Figure 5A). According to AML data,
2.9% to 10.5% of all patients expressed both transcripts
(LOC'/EVIT*), 66.9% to 78% expressed neither (LOC/EVIT),
3.4% to 8.7% expressed only EVIT in the absence of
LOC101927745 (LOC /EVIT") and 13.9% to 15.7% of patients only
expressed LOC701927745 (LOC*/EVIT), suggesting that
LOC101927745 and therefore NRIP1 transcription is not exclus-
ively regulated through EVI1 in AML patients (Figure 5A).
When comparing survival among these four groups, patients
who expressed LOC707927745 RNA had significantly worse
outcome or response to treatment, independently of EVI7 ex-
pression (P=0.04 and 0.0018 in the AMLCG-2008 and Beat
AML cohort, respectively) (Figure 5B). Of note, expression of
the LOC1071927745 transcript was able to further sub-stratify
adverse-risk EVI71"€" AML patients, highlighting cases with es-
pecially poor outcome.

NRIP1 knockdown affects proliferation, viability, and
response to all-trans retinoic acid in chromosome 3
rearranged acute myeloid leukemia cells

As NRIPT is strongly upregulated in AML cases with chromo-
some 3q rearrangements, we further assessed the depend-
ence of EVI1-expressing AML blasts on NRIPT expression.
Therefore, we performed both transient antisense- and
stably integrated shRNA-mediated knockdown of NRIPT in
EVITe" and EViTreeatve AML cell lines with NRIPT expression.
Stable NRIP1 knockdown significantly affected growth and
viability in t(3;3) UCSD-AML1 and HNT-34 (Figure 6A, B) but
to a lesser extent or not at all in chromosome 3 intact OCI-
AML3, Kasumi-1, and K562 cells (Online Supplementary Figure
S7A, B). Knockdown of NRIP1 was confirmed at RNA and pro-
tein levels in all cell lines (Figure 6C, D, Online Supplementary
Figures S7C, S8 and S9). NRIP1 knockdown rendered t(3;3)
cells significantly more sensitive to ATRA treatment, as
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exemplified by decreased proliferation (HNT-34 88% and
UCSD-AML1 39% reduction) (Figure 6A) and higher levels of
apoptosis after 72 h of treatment compared to controls
(HNT-34 46% and UCSD-AML1 37% increase in apoptotic
cells) (Figure 6B). In line with our earlier findings in OCI-AML5
cells, ATRA treatment induced expression of NRIPT and, of
note, also resulted in increased EVIT transcription in t(3;3)
cells as well as in the EVIT-negative cell line OCI-AML3 (On-
line Supplementary Figures S10 and S77). Furthermore, NRIP1-
knockdown resulted in significantly elevated transcription of
LOC101927745 RNA exclusively in t(3;3) cells (Figure 6C, Online
Supplementary Figure S10). In all EVIT-expressing cell lines,
including chromosome 3 normal K562 cells, NRIP1-knock-
down resulted in reduced EVI7 transcription (Figure 6C, On-
line Supplementary Figure S7). Proliferation and apoptosis
data recorded in t(3;3) UCSD-AML1 and HNT-34 cells as well
as in chromosome 3 normal OCI-AML3 and NR/PT™&de NB-4
cells after transient transfection with NRI/P71-targeting
GapmeRs, confirmed our observation that cell lines with
chromosome 3q rearrangements were more vulnerable to
NRIP1-knockdown, especially in combination with ATRA treat-
ment (Online Supplementary Figure S11A-C). In contrast,
GapmeR-mediated knockdown of LOC707927745 RNA in
UCSD-AML1 did not affect RIP1 transcription or proliferation
and proliferation and cell viability, supporting a regulatory
model in which the LOC7071927745 genomic site - i.e., its func-
tion as an enhancer - but not its RNA transcript, is relevant
for the control of NRIPT expression (Online Supplementary
Figure ST11D).

Discussion

In a large collection of transcriptomic and epigenomic data-
sets, we found that expression of LOC707927745 and NRIP7 on
chromosome 21 is markedly upregulated in AML patients with
chromosome 3q abnormalities. Although the majority of AML
patients do not express LOC707927745 at comparably high
levels, overall between 18.6% and 24.4% of AML cases had
detectable LOC707927745 transcription in the Beat AML and
AMLCG-2008 cohorts, and this was associated with es-
pecially poor outcome in AML and was independent of EVI1
transcription status.

In all the datasets we studied, we found that whenever
LOC101927745 is transcribed, so too is NRIPT and that their
expression correlates significantly. Based on our findings, we
propose the following functional interaction model between
NRIP1 and LOC7071927745 in AML: blast cells that do not ex-
press either LOC101927745 or NRIP1 display a repressive het-
erochromatin state in the LOC7071927745/NRIP1 TAD (Figure
7A). In EVITE" MDS and AML cells, NRIP1 transcription is regu-
lated predominantly through usage of the GH27J075439 en-
hancer site, which is embedded within the LOC707927745 TSS.
Binding of the enhancer is at least in part mediated by the
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Figure 5. Transcription of LOC707927745 is associated with negative outcomes independently of EVI7 status in patients with acute
myeloid leukemia. (A) Left: pairwise correlations of TMM-normalized RNA-sequencing data for EVIT (MECOM) and LOC101927745 in
primary blast cells from patients with myelodysplastic syndrome (GSE114922) with the respective Pearson R, where R=1
describes a perfect correlation. Right: Kaplan-Meier plots based on LOC707927745 and EVI1 (MECOM) expression calculated in the
subset of patients with available survival information. (B) Left: pairwise correlations of TMM-normalized RNA-sequencing data
for EVIT (MECOM) and LOC701927745 from the AMLCG-2008 cohort™ with respective Pearson R. Data were voom-transformed
(variance modeling at the observational level, see Online Supplementary Methods). Right: Kaplan-Meier plot based on
LOC101927745 and EVI1 (MECOM) transcript levels stratified as indicated by the color coding in the subset of patients with
available survival information of the same dataset. (C) Left: pairwise correlations of TMM-normalized RNA-sequencing data for
EVIT (MECOM) and LOC107927745 from the Beat AML trial' with the respective Pearson R. Axes are log, transformed. Right:
Kaplan-Meier plot based on LOC707927745 and EVI1 (MECOM) expression stratified as indicated by the colour coding in the subset
of patients with available survival information of the same dataset. MDS: myelodysplastic syndrome; TMM: trimmed mean of M
values; OS: overall survival.
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Figure 6. Knockdown of NRIP1 induces apoptosis and increases sensitivity to all-trans retinoic acid in t(3;3) acute myeloid
leukemia cells. (A, B) t(3;3) HNT-34 and UCSD-AMLI1 cells were lentivirally transduced with constructs encoding either NRIP1-
targeting or two different control shRNA in three independent experiments. Puromycin-selected cells were seeded at 0.25x10°
cells/mL and treated with with either 0.5 uM all-trans retinoic acid or dimethylsulfoxide control and a total of three replicates per
condition were harvested and analyzed after 24 h and 72 h. (A) Cells were resuspended, stained with trypan blue and counted at
the indicated time points. The figure shows the total number of trypan-negative (live) cells per well over time. (B) Cells were stained
with annexin-V-APC and Sytox viability dye at the indicated time points and 10,000 cells per sample were recorded via flow
cytometry. The figure shows the percentage of annexin/Sytox double negative (i.e., non-apoptotic) cells relative to day 0 of the
experiment. (C) RNA was extracted from three individual treatment samples per condition, DNase-digested and reverse-transcribed
to cDNA. In the same sample, RNA levels of NRIP1, EVI1 (MECOM), and the housekeeping gene ABLT were quantified using
commercially available TagMan assays in technical triplicates. Transcript levels of LOC707927745 (exon 1) were quantified using SYBR
Green chemistry and compared to the predetermined levels of the housekeeping gene SDHC. Fold changes were calculated using
the 299t method with sh-contr. samples set to 1. (D) Total protein was extracted, BSA-quantified and western blots were performed
with NRIP1- and B-actin targeting antibodies from three individually generated cell lines per condition. The signal intensity of NRIP1
relative to B-actin bands was quantified using Fiji/Image J. All P-values shown were calculated using paired, two-tailed Student t-
tests for unequal variance. ATRA: all-trans retinoic acid; DMSO: dimethylsulfoxide.
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Figure 7. Schematic model of NRIP1 transcriptional regulation in acute myeloid leukemia. (A) Cells that neither express LOC101927745
nor NRIP1 display tightly coiled heterochromatin that is marked by repressive histone modifications and is inaccessible to
transcription factors (TF). (B) In EVI1-expressing acute myeloid leukemia (AML) cells, the oncogenic EVI1 TF complex binds the
GH21J015439 enhancer located in the LOC707927745 transcription start site, which causes the enhancer complex to loop onto the
NRIP1 promoter sites. This process delivers the RNA transcription machinery to the site of contact, resulting in simultaneous
transcription of the LOC7071927745 and NRIP1 genes. (C) In NRIP1-expressing cells that do not express the EVI1 TF, the NRIP1 promoters
are bound and transcription is activated directly, without the involvement of GH21J015439, by other TF (as was shown for retinoic
acid- and estrogen receptors). Top: while the NRIPT gene locus is accessible, the LOC707927745 genomic site is in a repressed,
inaccessible state. Bottom: an alternative mode of NRIPT transcriptional activation in EV/7799e/NR|P1°"-hi9" cells involves binding of TF
other than EVI1 to the GH21J075439 enhancer promoting NRIPT transcription. (D) CRISPR-Cas9-mediated excision of GH21J015439
(LOC-KO) in EVI1e9etve/NRIPT expressing AML cells only modestly affected NRIPT transcription and did not prevent promoter-
mediated activation of the NRIP1 gene through retinoic acid receptor (RAR):retinoid X receptor (RXR) heterodimers, which were
induced via external stimulation with all-trans retinoic acid. AML: acute myeloid leukemia; RA: retinoic acid; ER: estrogen receptor;
ATRA: all-trans retinoic acid; TF: transcription factor; RAR: retinoic acid receptor; RXR: retinoid X receptor.
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EVI1 oncogenic TF complex, which does not bind the NRIP1
promoter directly but instead forms a looped chromatin con-
tact as is common for enhancer:promoter interactions* (Fig-
ure 7B). This process recruits the transcriptional machinery
to the site of contact which results in simultaneous tran-
scription of both the LOC707927745 and NRIP1 genes. Hence,
the expression of the LOC707927745 transcript, regardless of
its functionality, is indicative of the accessibility and activa-
tion of the NRIP1 enhancer GH21J015439. LOC101927745 and
EVI1 transcript levels correlate significantly in EVIT"E" healthy
and MDS CD34" cells. Thus, NRIPT transcriptional control
through usage of the GH21J075439 enhancer might reflect
how NRIP1 expression is physiologically regulated in imma-
ture hematopoietic cells and in other EVIT-expressing tissues
such as fibroblasts. In more mature cells and in about 50%
of NRIP1-expressing AML patients, NRIPT transcription is ac-
tivated via additional mechanisms that are not mediated
through GH21J015439 and therefore do not cause
LOC101927745 transcription (Figure 7C). Comparing survival of
AML patients stratified according to their expression patterns
of NRIP1, EVIT and LOC101927745, we found that transcription
of LOC1071927745 was the most reliable prognostic factor
among all groupings and that it was highly associated with a
dismal overall outcome in the presence or absence of EVI7
transcription.

Due to the high degree of functional redundancy in the regu-
latory landscape of physiologically relevant genes, deletion
of a single enhancer site is not necessarily expected to have
an impact on gene expression as this greatly depends on the
presence of transcriptional regulators such as TF and histone
modifiers. Nevertheless, we observed a modest but signifi-
cant reduction of NRIP1 transcript levels after excising
GH21J015439 in an NRIPT*"-expressing AML cell line, which
enhanced its response to differentiation-inducing drugs.
However, removal of this enhancer site did not hinder the
transcriptional upregulation of NRIP1 through ATRA-stimu-
lated RA signaling (Figure 7D), which we have identified to
serve as an independent mechanism that induces NRIP1 ex-
pression in human AML cells.

Utilizing two different knockdown strategies in combination
with ATRA-mediated induction of NRIPT transcription, we ob-
served that a forced downregulation of NRIP7 is harmful to
t(3;3) EVITe" AML cells. Furthermore, NRIP1-knockdown ren-
dered chromosome 3 rearranged cell lines vulnerable to ATRA
treatment, resulting in decreased growth and induction of
apoptosis. After 72 h of ATRA treatment, we detected an up-
regulation of EVI7 in t(3;3) and, surprisingly, in the chromo-
some 3 normal cell line OCI-AML3. Increased EVI1 expression
also resulted in an upregulation of LOC707927745 RNA in t(3;3)
cells which, according to our proposed model of NRIPT regu-
lation in EVIT"E" AML, likely reflected increased enhancer
usage in an attempt to upregulate NRIP1. In line with the
findings of a study by Nguyen et al.,® reporting that ATRA en-
hances the oncogenic effects of EVI1, these observations
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highlight the relevance of NRIP1 for EVI7-expressing AML cells
and suggest that NRIP1 might contribute to resistance of
EVIThe" AML to RA agonists such as ATRA.

In our study of the exact t(3;21)(926;911) breakpoints, as
reported by Haferlach et al® and D'Angio et al.,’ we
discovered that instead of forming a novel fusion protein,
this translocation results in a repositioning of the com-
plete EVIT1 open reading frame under the control of the
NRIP1 gene promoters and upstream regulatory elements
containing multiple RA responsive elements. In chromo-
some 21 intact cells, these elements mediate a strong in-
duction of NRIPT transcription upon stimulation with ATRA.
Treating t(3;21)(q26;q11) cases with ATRA, as suggested in
a recent clinical study,”® would therefore coordinate a
similarly pronounced upregulation of the EVI7 oncogene in
these special cases, presumably with devastating con-
sequences. Another finding of our analyses of NRIPT regu-
lation is that the absence of RA receptor signaling - as in
t(15;17) AML - abrogates NRIP1 expression. Transferring this
knowledge to the aberrant NRIP1-abstracted upstream
control of EVI7 that is unique to t(3;21)(q26;911) AML would
therefore theoretically open a therapeutic window for RA
receptor antagonists, which might help to reduce or even
abrogate expression of the EVI7 oncogene in these cases.
Our data and those from Nguyen et al. as well as a recent
clinical study do not convincingly show a benefit for ad-
ding ATRA to the treatment of EVI/7-expressing AML pa-
tients.”® As knockdown of NRIP1 negatively affected the
proliferation and survival of EVIT-expressing AML cells, our
findings warrant further investigation of NRIP1 as a thera-
peutic target in myeloid diseases with EVI7 activation.
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