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Mutant NPM1 marginally impacts ribosome footprint in acute
myeloid leukemia cells

Lorenzo Brunetti®?® | Giulia Pianigiani?*® | Michael C. Gundry* |

Margaret A. Goodell* | Brunangelo Falini?

1Department of Clinical and Molecular
Sciences, Hematology, Universita Politecnica
delle Marche, Ancona, Italy

Abstract
Background: NPM1-mutated acute myeloid leukemia (AML) is the most fre-
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quent AML subtype. As wild-type NPM1 is known to orchestrate ribosome
biogenesis, it has been hypothesized that altered translation may contribute to

leukemogenesis and leukemia maintenance in NPM1-mutated AML. However, this
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IR.C.C.S. “Burlo Garofolo”, Trieste, Italy hypothesis has never been investigated. We reasoned that if mutant NPM1 (NPM1c)

4Stem Cell and Regenerative Medicine, Baylor directly impacts translation in leukemic cells, loss of NPM1c would result in acute
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Methods: Here, we performed ribosome footprint profiling (Ribo-seq) and bulk mes-
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senger RNA (mRNA) sequencing in two NPM1-mutated cell lines engineered to express
endogenous NPM1c fused to the FKBP (F36V) degron tag (degron cells).

Results and discussion: Incubation of degron cells with the small compound dTAG-13
enables highly specific degradation of NPM1c within 4 hours. As expected, RNA-
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degradation, confirming the reliability of our model. In contrast, Ribo-seq data showed
negligible changes in the ribosome footprint in both cell lines, implying that the pres-
ence of NPM1c does not influence ribosome abundance and positioning on mRNA.
While it is predictable that NPM1c exerts its leukemogenic activity at multiple levels,

ribosome footprint does not seem influenced by the presence of mutant NPM1.
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1 | BACKGROUND

nucleolar protein exhibiting multiple functions, including ribosome bio-

genesis and maintenance of genome stability [4]. Mutations at the

NPM1-mutated AML represents approximately 30-35% of all adult
AML [1]. The 5th edition of the World Health Organization [2] and
the International Consensus Conference (ICC) [3] classifications of
myeloid neoplasms recognize NPM1-mutated AML as an entity with

distinctive clinical, pathological, and genetic features [4]. NPM1 is a

C-terminus of the NPM1 protein abrogate its ability to localize within
the nucleolus and result in the generation of a nuclear export signal
(NES) motif, leading to enhanced interaction with the nuclear exporter
XPO1 and accumulation of mutant NPM1 (NPM1c) in the cytoplasm of
AML cells [5].
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NPM1c likely exerts its oncogenic functions in the cytoplasm and
in the nucleus [6]. While recent work has shed light on how NPM1c
facilitates the expression of homeobox (HOX) genes directly at the
chromatin level, less is known about possible oncogenic activities of
NPM1c in the cytoplasm [6]. In this regard, a gain-of-function in the
cytoplasm, leading to the inhibition of caspase-6 and -8 with conse-
quent deregulation of cell death and myeloid differentiation has been
reported [7]. Moreover, NPM1c has been also demonstrated to ham-
per the formation of promyelocytic leukemia nuclear bodies, which are
regulators of mitochondrial fitness [8].

Translation, the process by which genetic information in messen-
ger RNA (mRNA) is converted into a functional protein by ribosomes
and transfer RNA, is one of the critical processes of life that occurs in
the cytoplasm. Many cancer-promoting factors, including cyclins, anti-
apoptotic factors, regulators of cell metabolism, immune modulators,
and proteins involved in DNA repair are translationally regulated and
altered translation has been involved in cancer development [9].

One of the putative physiologic functions of NPM1 is the regulation
of ribosome biogenesis. Specifically, NPM1 binds to nascent rRNA and
several ribosomal proteins [10]. It has been suggested that in NPM1-
mutated AML, ribosome biogenesis and translation may be impacted
either by the loss of one copy of wild-type NPM1 or the presence
of NPM1c in the cytoplasm or both [11]. A possible impact of NPM1
on translation is also consistent with the expression pattern of nucle-
ophosmin, that is, diffuse cytoplasmic positivity, in NPM1-mutated
AML cells. However, there is no formal demonstration that NPM1c
interacts with ribosomes in the cytoplasm of living cells, and whether
NPM1c alters translation in NPM1-mutated AML remains unclear.

2 | METHODS AND RESULTS

It has recently become possible to comprehensively study translation
using ribosome footprint profiling [12]. This technique allows us to
determine the mRNAs that are bound to ribosomes, hence actively
translated. Combining standard bulk RNA-sequencing (RNA-seq) and
ribosome footprint profiling (Ribo-seq), the rate of protein synthesis is
then inferred by evaluating the ribosome density at each mRNA [13]
(Figure 1A).

Here, we combined ribosome footprint profiling with selective
NPM1c degradation to explore whether NPM1c influences translation
in NPM1-mutated AML cells. We hypothesized that if NPM1c directly
impacts the positioning of ribosomes in leukemic cells, loss of NPM1c
would result in acute changes in the ribosome footprint. Hence, we
performed ribosome footprint profiling and bulk RNA sequencing in
two NPM1-mutated cell lines (i.e., OCI-AML3 and IMS-M2), engineered
to express endogenous NPMi1c fused to the FKBP (F36V) degron
domain (hereafter referred as to degron cells) (Figure 1B). Incuba-
tion of degron cells with the small compound dTAG-13 enables highly
specific degradation of > 85% of NPM1c within 4 h [14].

The experiments were performed comparing cells treated with
either dimethyl sulfoxide (DMSQ) or dTAG for 6 h. We chose this time-

point as it guarantees maximal NPM1c degradation (achieved within

3-4 h [14]) and minimal differentiation, which is known to happen
shortly after NPM1c loss [14, 15], influencing translation. Collected
cells from each condition were split into aliquots and simultane-
ously processed for bulk RNA-sequencing and for ribosome footprint
profiling as previously reported [12]. Differential expression (DE) anal-
ysis enabled exploring the impact of NPM1c loss on transcriptional
regulation (RNA-seq data), ribosome occupancy (Ribo-seq data), and
translational efficiency (ribosomal mRNA occupancy accounting for
mRNA quantity, that is, Ribo-seq/RNA-seq). We performed one repli-
cate for OCI-AMLS3 and two replicates for IMS-M2 cells. For DE, when
two replicates where used, genes that passed a false discovery rate
(FDR) of 5% and with a z-score of > 4 and < —4 were considered
regulated, while when one replicate was used, genes with a z-score
of > 4 and < —4 were considered regulated. Further details are pro-
vided in the Supplementary Appendix. Efficient NPM1c degradation
was confirmed by western blot in all replicates (Figure S1).

As the impact of NPM1c loss on transcriptome has been already
studied [14-16], we first analyzed RNA-seq data to confirm the fidelity
of our experimental system. In OCI-AML3 13 genes were upregulated
and 12 downregulated (Figure 2A and Table S1) upon NPM1c loss. In
line with NPM1c directly promoting the expression of HOX genes, 11
of the 12 downregulated genes were part of the HOX family, includ-
ing members of the HOXA and HOXB clusters (Figure 2A and Table
S1). In IMS-M2 cells only one gene was upregulated, while none of the
downregulated genes had an average z-score of < —4. However, among
the 8 genes with an average z-score of < —3, 4 were members of the
HOXA and HOXB clusters (Figure 2B and Table S1), indicating consis-
tent downregulation of HOX genes across both cell lines. Altogether,
these results confirmed that NPM1c drives HOX expression and that
our model was reliable.

Then, we combined RNA-seq and Ribo-seq data to infer trans-
lational efficiency (TE) upon loss of NPM1c. TE data revealed that
only one gene (CXCL8) was translationally upregulated and 4 genes
(CTC1, C8orf37, FCGR2A, and MYNN) were downregulated in OCI-
AML3 (Figure 2C), while none was found to be translationally regulated
(any z-score) in IMS-M2 using 5% FDR (Figure 2D and Table S1). Alto-
gether, these results indicate that the impact of NPM1c loss on the
transcript footprint of functional ribosomes and TE is marginal or likely

absent.

3 | DISCUSSION

Combining RNA-seq, Ribo-seq, and selective NPM1c degradation
through dTAG-13, we explored for the first time the impact of NPM1c
on ribosome footprint in the two available NPM1-mutated cell lines.
Analysis of translatome (referring to all mRNAs recruited to ribo-
somes for protein synthesis) showed that NPM1c only marginally
impacts ribosome abundance and positioning on mRNA in NPM1-
mutated cells. Although it is possible that NPM1 mutations may result
in deranged translation either by the presence of NPM1c or by the
reduction of wild-type NPM1 levels, there is still no evidence that this

could be of biological relevance in AML cells. Furthermore, as each
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FIGURE 1 (A) Cartoon depicting the simultaneous processing of RNA for ribosome footprint sequencing (Ribo-seq, left) and messenger RNA
(mRNA) sequencing (RNA-seq, right). (B) Schematic representation of the NPM1c degron system. The addition of the small compound dTAG-13
enables CRBN-dependent ubiquitination and proteasome-mediated degradation of the target protein.
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FIGURE 2 (A) Messenger RNA (mRNA) fold change of OCI-AML3 degron cells treated for 6 h with dTAG-13 versus dimethyl sulfoxide
(DMSO). The yellow lines represent a z-score of +4 and —4, respectively. Genes with a z-score of < -4 are highlighted in red, while genes with a
z-score of > 4 are highlighted in green. Single replicate. (B) mRNA fold change of IMS-M2 degron cells treated for 6 h with dTAG versus DMSO.
Genes with a significant average z-score with a false discovery rate (FDR) of 5% are highlighted in red. Two replicates. (C) Translational efficiency
(TE) fold change of OCI-AML3 degron cells treated for 6 h with dTAG-13 versus DMSO. The yellow lines represent a z-score of +4 and —4,
respectively. Genes with a z-score of < -4 are highlighted in red, while genes with a z-score of > 4 are highlighted in green. Single replicate. (D) TE
fold change of IMS-M2 degron cells treated for 6 h with dTAG-13 versus DMSO. Genes with a significant average z-score with an FDR of 5% are

highlighted in red. Two replicates.

NPM1-mutated cell harbors one wild-type and one mutant NPM1 copy,
it is possible that residual wild-type NPM1 is still able to control ribo-
some biogenesis, ribosome positioning, and translational efficiency. As
we did not perform comparative proteomic studies, we cannot exclude
that the stability of specific proteins and post-translational modifica-
tions may be still impacted by the presence of NPM1cin the cytoplasm.

In conclusion, while it is predictable that NPM1c likely exerts its
oncogenic functions at multiple levels [6], our work shows that the

ribosome footprint is not directly impacted by mutant NPM1.
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