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NPM1 (nucleophosmin isoform 1) is a nucleolar and multifunctional protein. NPM1 is involved in ribosome
assembly as ribonuclease, associated with centrosome duplication, and controls cellular apoptotic response by
inhibiting ARF (alternative reading frame). In some cancers, mutant forms of NPM1 including the one fused to ALK,
anaplastic lymphoma receptor tyrosine kinase, and NPM1c+ (NPM1 cytoplasmic positive) are known. Moreover, in
this study, NPM1 has been identified as a novel factor interacting with a CDK inhibitor p27Kip1. Increased NPM1
expression in cancer cells suppresses p27 function and promotes cell proliferation of cancer cells in
vitro and in vivo.

p27Kipl nucleophosmin isoform 1 cell proliferation CDK inhibitor cancer cells

protein—protein interaction mouse xenograft model

| 1.Introduction

Cell cycle progression is promoted by complexes of cyclins and cyclin-dependent kinases (CDKs) and inhibited by
CDK inhibitors (CKIs). The cell cycle is tightly controlled by various interactions of these factors. Disturbance of

these cell cycle regulatory mechanisms can lead to carcinogenesis and cancer progression, as well as cell death !
2]

p27KiPl is a member of CKls and was first identified as an inhibitor of the cyclin E/CDK2 complex[2l. p27 inhibits
CDK activities by binding to the cyclin/CDK complex via its N-terminal domain and blocking ATP binding of CDK [,
A major regulatory mechanism of p27 function is controlling p27 protein levels through transcriptional, translational,
and post-translational regulationsRIEIEIENIL0 - Enyvironmental factors such as TGF-B, serum starvation, and cell

contact inhibition can increase p27 protein levels11li2]

Clinically, p27 protein levels are often low in cancer cells and there is a negative correlation among p27 protein
levels and malignancy of cancer in breast cancer, lung cancer, colorectal carcinomas, and gastric carcinomas 3]
(14]I15116]  previous studies on p27-null mice have indicated that p27 deficiency can cause an increase in cell
proliferation, body size, and weight2d[28IL9 |n addition, p27-null mice have shown higher carcinogenicity in the
intermediate robe of the pituitary gland and higher tumor induction by external factors such as y-irradiation and

carcinogens than p27 wild-type mice22,

Recent studies have indicated that abnormal localization and degradation of p27, depending on phosphorylation,

suppressed p27 function and promoted tumor cell proliferation2ll. For example, serine 10 phosphorylation by
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UHMK1, U2AF homology motif kinase 1, promotes p27 translocation from the nucleus to the cytoplasm depending
on nuclear export protein CRM1, chromosomal maintenance 1, resulting in p27 inactivation and ovarian cancer cell
proliferationlZ22l, Threonine 187 is phosphorylated by CDK1/2, which promotes binding of SCFSKP2 ubiquitin ligase
complex to p27 and its polyubiquitination and degradation[22l. Threonine 157 and 198 are also phosphorylated by
PKB/AKT1, which causes 14-3-3 binding to p27, resulting in maintenance of cytoplasmic localization and
degradation of p27[24. However, in human cancer cells, loss-of-function mutation or homozygous deletion of p27

gene is very rarell,

On the basis of this information, normal expression level and localization are considered to be important for p27
function. However, some serious cancer patients show positive and normal expression of p27[23, raising a question
whether or not p27 function is controlled quantitatively. In this study, authors focused on the antiproliferative
function of p27 at normal or high expression levels in cancer cells and demonstrated that p27 did not function even
under forced overexpression in some cancer cells. Thus, their experiments revealed qualitative, but not
guantitative, suppression of p27 in cancer cells, and authors screened for factor(s) involved in such p27 functional
suppression by proteomic screening and identified nucleophosmin isoform 1 (NPM1) as a novel p27-
interacting factor.

2. Increased Expression of NPM1 Suppresses p27 Function
In Vitro

NPML1 is an abundant nucleolar protein found in nucleolus in growing cells. Authors checked the expressions of
NPML1 in normal cells and cancer cells and observed that the protein level of NPM1 is about two times higher in

cancer cells than normal cells (Eigure 3A).
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Figure 3. Nucleophosmin isoform 1 (NPM1) suppresses the function of p27 in vitro. (A) (left) Expressions of NPM1
protein in human cancer cell lines (U-2 OS and HT1080) and normal cell lines (murine NIH/3T3 and human MRC-
5) were detected by Western blot analysis using antibodies against NPM1 and control B-actin. (right) The relative
expression levels of NPM1 (normalized with (-actin) in three cell lines are plotted (MRC-5 = 1); (B) (left)
Expressions of NPM1 and p27 in NIH/3T3 cells carrying Dox-inducible p27 and overexpressing NPML1 (top) and U-
2 OS and HT1080 cells carrying Dox-inducible p27 and expressing NPM1 shRNAs (middle and bottom) were
detected by Western blot analysis using antibodies against p27, NPM1, and control B-actin (mock, no vector; MT,
Myc-tag only expression vector; Myc-NPM1, Myc-tagged NPM1 expression vector; and shNC, negative control
shRNA). The relative expression levels of p27 and/or NPM1 (normalized with B-actin) in the three cell lines are
plotted in the right (mock or shNC = 1); (C) Proliferation assay for NIH/3T3 Tet-on p27 cells with or without NPM1
overexpression. The cells were seeded at low densities (1%, 3 x 103 cells per 35 mm dish), cultured for one week
with or without 10 pg/mL Dox, and counted. Growth rate is the division of the Dox+ cell number by the Dox—; (D)
Proliferation assays for U-2 OS (top) and HT1080 (bottom) Tet-on p27-EGFP cells with or without NPM1
knockdown. * 0.01 < p < 0.05.

Thus, authors predicted that increased expression of NPM1 in cancer cells is involved in suppression of p27

function. To verify the effect of increased expression of NPM1 on p27 function, normal cells carrying Dox-inducible
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p27 and NPM1 stable overexpression constructs and cancer cells carrying Dox-inducible p27 and NPM1 stable
knockdown constructs were established (Figure 3B), and their growth rates were compared. NPM1-overexpressing
normal cells showed a higher growth rate than the mock-expressing normal cells upon p27 induction (Figure 3C).
Conversely, NPM1 knocked down cancer cells showed a lower growth rate than the control cancer cells upon p27
induction (Eigure 3D). The cell numbers, after one week of cultivation with and without Dox, showed that
overexpression or NPM1 knockdown did not have significant effect on proliferation of all the cell lines in the
absence of Dox. These results suggest that increased expression of NPML1 in cancer cells suppresses p27 function

in vitro.

3. NPM1 Suppresses p27 Function in Xenografted Tumors in
Mouse

Next, to verify the effect of NPM1 on p27 function in more physiological settings, mouse xenograft model
experiments were carried out. The HT1080 cells knocked down for NPM1 and carrying Dox-inducible p27 were
transplanted into the back of BALB/c-nu nude mice and the tumor growth was monitored with or without Dox
feeding. The tumors derived from the negative control cells showed a steady growth, with or without p27 induction.
By contrast, the growth of tumors derived from NPM21 knockdown cells was markedly suppressed upon p27
induction as compared with no p27 induction (Eigure 4A(#)). Importantly, authors observed that the combination of

p27 induction and NPM1 knockdown significantly suppressed tumor growth (Eigure 4A(**)).
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Figure 4. NPML1 suppresses p27 function in mouse xenograft model. (A) Control shRNA (NC)- and shNPM1 (No.
2)-introduced HT1080 Tet-on p27-EGFP cells were injected subcutaneously into the back of BALB/c-nu nude mice.
One week after injection, mice were fed with Dox (200 pg/mL) or only solvent and the size of tumor was measured
every day. (top) Samples of the tumors excised from four groups of xenografted mice. (bottom) The tumor volume
was calculated as follows: volume (mm?3) = (length, mm) x (width, mm)? x 0.523. ** 0.005 < p < 0.01 and # 0.05 < p
< 0.1; (B) Immunofluorescence analysis of p27 and NPM1 in tumors. The tumors excised from each group of
xenografts were subjected to immunofluorescence analysis using anti-NPM1 antibody (red). Nuclei were stained
with DAPI. BF, bright field.

Finally, to check whether p27 expression was induced by Dox and NPM1 was knocked down in tumors,
immunofluorescence analysis was carried out (Figure 4B). After the tumors were excised from each nude mouse,
their cryosections were subjected to immunofluorescence analysis. On the one hand, p27-EGFP (green) was
detected in the nuclei of Dox + tumor cells, while some background whole cell signals were observed in Dox— cells
(especially in negative control shRNA Dox— cells). On the other hand, NPM1 (red) was detected remarkably

weaker in tumors derived from NPM1 knockdown cells than in those from negative control cells.
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These results strongly suggest that the increased expression of NPM1 suppresses p27 function in vivo, as well as

in

vitro. Author's findings have an impact on the conventional understanding of p27, as a novel

mechanism for its functional regulation, and also, might contribute to cancer prevention, as well as

cancer treatment, because a lot of tissue cells maintain high p27 protein expression in our body.
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