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Puf-A promotes cancer progression by interacting with

nucleophosmin in nucleolus
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Previously, we identified Puf-A as a novel member of Puf-family RNA-binding proteins; however, its biological functions remain
obscure. Analysis of tumor samples of non-small cell lung cancer (NSCLC) showed that high Puf-A expression correlated with high
histology grade and abnormal p53 status. Kaplan-Meier curve for overall survival revealed high expression of Puf-A to predict poor
prognosis in stage | NSCLC. Among patients with colorectal cancer, high Puf-A expression also showed an adverse impact on overall
survival. In lung cancer cell lines, downregulation of p53 increased Puf-A expression, and upregulation of p53 dampened its
expression. However, luciferase reporter assays indicated that PUF-A locus harbored the p53-response element, but regulated Puf-A
transcription indirectly. In vivo suppression of p53 in CCSP-rtTA/TetO-Cre/LSL-KrasG12D/p53ﬂ°’“ﬂ°X conditional mutant mice
accelerated the progression of the Kras®'?°-driven lung cancer, along with enhanced expression of Puf-A. Importantly, intranasal
delivery of shPuf-A to the inducible Kras®'2/p531°¥oX mice suppressed tumor progression. Puf-A silencing led to marked
decreases in the 80S ribosomes, along with decrease in S6 and L5 in the cytoplasm and accumulation in the nucleolus. Based on
immunofluorescence staining and immunoprecipitation studies, Puf-A interacted with NPM1 in nucleolus. Puf-A silencing resulted
in NPM1 translocation from nucleolus to nucleoplasm and this disruption of NPM1 localization was reversed by a rescue
experiment. Mechanistically, Puf-A silencing altered NPM1 localization, leading to the retention of ribosomal proteins in nucleolus
and diminished ribosome biogenesis, followed by cell-cycle arrest/cell death. Puf-A is a potential theranostic target for cancer

therapy and an important player in cancer progression.

Oncogene (2022) 41:1155-1165; https://doi.org/10.1038/541388-021-02138-0

INTRODUCTION

Through comparative evolutionary genomic analysis, we pre-
viously identified a novel gene, Puf-A (also known as KIAA0020 or
PUM3). It belongs to the PUF family and highly expresses in
primordial germ cells [1]. Human Pumilio 1 (PUM1), a classical PUF
protein, recognizes specifically eight RNA bases by the side chains
in its eight a-helical PUM repeats [2] which are highly conserved
among classical PUF proteins. However, crystal structures of Puf-A
revealed that it has 11 PUM repeats arranged in an L-like shape [3],
suggesting Puf-A displays distinctive features. For example,
fluorescence polarization assays showed that, unlike the classical
PUF proteins, Puf-A bound with no apparent specificity to single-
or double-stranded RNA or DNA [3]. On the other hand, Puf6, the
yeast orthologue of the human Puf-A, is involved in ribosome
biogenesis [4]. Even though Pufé and Puf-A share only ~24%
sequence identity, it is possible that human Puf-A may also play a
role in ribosome biogenesis, but act differently. If so, Puf-A may
contribute to tumorigenesis and tumor promotion, given the
crucial importance of ribosome biogenesis for sustaining tumor
cell growth. A single report showed higher expression of Puf-A in
invasive breast cancer specimens than ductal carcinoma in situ [5],

but it did not address its prognostic value nor possible
involvement in ribosome biogenesis.

Many nucleolar factors, such as nucleophosmin (NPM1, also
known as B23) and ribosomal proteins, participate in cancer
growth in which robust ribosome biosynthesis is a hallmark [6].
NPM1, which is found in granular regions of nucleolus [7], plays a
critical role in ribosome biogenesis by shuttling ribosomal
proteins. Overexpression of NPM1 has been found in many
cancers [8-10] where it induced c-Myc oncogenic action in the
extranucleolar nucleoplasm [11] and influenced oxidative stress
homeostasis by regulating peroxiredoxin 6 [12]. Puf-A was also
found to possess amino acid residues in 106 to 118 similar to a
putative nucleolar localization signal [13]. Whether Puf-A interacts
with NPM1 in the nucleolus to affect the proliferation of cancer
cells is unclear.

Ribosomal protein-MDM2-p53 signaling pathways have been
found to be involved in p53 stability. TP53 encoding the p53
protein is the most frequently altered gene in human tumors [14].
p53, a nuclear transcription factor, is expressed at very low level
under normal conditions, due to proteasomal degradation by E3
ubiquitin protein ligase MDM2 [15, 16]. Upon DNA damage, p53 is
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phosphorylated and dissociated from MDM2/p53 complex, lead-
ing to regulation of many genes that are involved in cell-cycle
arrest and apoptosis [17, 18]. The interaction between p53 and
MDM2 can be disrupted by NPM1 when NPM1 translocates from
the nucleolus to nucleoplasm where NPM1 bound to MDM2 to
induce p53 accumulation [19]. However, mechanisms underlying
NPM1 translocation are still unclear.

Here, we examined Puf-A expression and its correlation with
clinical outcome in lung and colorectal cancers, investigated its
transcriptional regulation, and elucidated its role in cancer
proliferation, at least in part via interaction with NPM1. Our
findings offer valuable insights into the potential theranostics
value of Puf-A for cancer prognosis and therapy.

RESULTS

High expression of Puf-A correlates with shortened survival in
cancer patients

We examined the expression of Puf-A protein in 82 NSCLC tumors,
including 64 adenocarcinomas (ADCs), 14 squamous cell carcino-
mas (SCCs), 3 large cell carcinomas, and 1 sarcomatoid carcinoma,
by immunohistochemistry (IHC) (Fig. 1A). Puf-A was readily
detectable in both ADCs and SCCs, but barely discernible in
adjacent non-tumor lung tissues. Low grade tumors showed
conspicuous expression of Puf-A in the nucleoli, while grade 3
tumor cells exhibited Puf-A expression in nucleoli and nucleo-
plasm (Fig. 1A). The Puf-A expression was presented as H-score
and correlated with clinical characteristics of the patients (Table
S1). We found that Puf-A expression rose significantly with
increasing histology grade in H-score (p =0.0017 for grade 1 vs.
grade 2; p < 0.0001 for grade 1 vs. grade 3-4). These findings are
also in line with analysis of the datasets, GSE68571, which showed
that PUF-A RNA was significantly higher in grade 2 and grade 3
tumors than in grade 1 tumor (Fig. S1).

Kaplan-Meier curve for overall survival (OS) revealed that Puf-A
expression was highly prognostic (Fig. 1B) for patients with stage |
NSCLC (Table S2). With median follow up of 2.5 years (0.5-7.2
years), the 5-year OS rate of stage 1 NSCLC patients was 67.8%
(95% Cl, 53.6-85.6%; gray line). This 5-year OS rate was
significantly lower for those patients with high Puf-A expression,
57.0% (95% Cl 38.5-84.3%, red line) compared to those with low
Puf-A expression (85.7%, 95% Cl 69.2-100%, black line, p = 0.038).
We further stratified the stage 1 NSCLC into p53 normal and p53
mutant/silenced. As shown in Fig. S2, OS was best for patients
with low Puf-A and normal p53 and worst for patients with high
Puf-A and abnormal p53 (p = 0.09). However, the sample size was
quite small for each stratified group. Therefore, we used stages 1
NSCLC from Pan-Cancer Atlas of TCGA for similar analysis. We
found that patients with high PUM3 (Puf-A) have inferior PFS (p =
0.0027) and OS (p = 0.05) as compared to those with low PUM3 as
shown in Fig. S3A, B. When stratified into four groups according to
their TP53 status and PUM3 level, patients with PUM3 high and
TP53 mutation had the worst PFS and OS, and those with PUM3
low and TP53 WT had the best outcome (Fig. S3C, D, PFS p < 0.001;
OS p=0.003). As to the GSE39582 database of CRC, p53 status
was available in only 344 samples. Similar findings were observed
with worst outcome for patients with PUM3 high and TP53
mutation (Fig. S4). These findings further strengthen the impact of
Puf-A on cancer progression.

Next, to examine whether Puf-A expression was associated with
the proliferative activity of lung cancer cells, we assessed the
proliferating lung cancer by IHC with an antibody against Ki-67.
With a total of 82 samples, H-score showed significantly higher
Puf-A expression in Ki-67"9h specimens (155.2 + 12.3) than in Ki-
67" samples (74.8 +7.8, p < 0.0001) (Fig. 1C).

It was reported that TP53 gene abnormality occurred in 51.8%
and 79.3% of lung ADC and SCC, respectively, and contributed to
poor clinical outcome [14]. We determined the expression of p53
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protein in tumor specimens by IHC (n =82, Table S1) to explore
the possible interplay between p53 and Puf-A. Since normal p53
had a very short half-life in cells, we considered weak staining of
p53 protein as normal p53 expression; in contrast, strong or no
staining of p53 as abnormal p53 expression in IHC analysis [20]. As
shown in Fig. 1D, lung ADC with strong p53 staining (abnormal
p53) often showed strong Puf-A staining, and those with weak
p53 staining (normal p53) displayed weak Puf-A staining. Similar
results were found for SCC. Moreover, the incidence of abnormal
p53 expression in NSCLC tumor increased significantly with
increasing histology grade (Fig. 1D), reminiscent of the above-
mentioned association of Puf-A expression with tumor grade
(Fig. 1A). These results prompted us to assess whether the
abnormal p53 expression correlated with Puf-A expression. As
shown, Puf-A expression was significantly higher in tumors with
high p53 expression than those with low p53 expression (p <
0.001, Fig. 1D). We further used Pan-Cancer Atlas of TCGA to
analyze the Puf-A RNA expression and TP53 status in patients with
NSCLC and CRC. For both NSCLC (p =0.023) and CRC (p = 0.003),
PUM3 level was significantly higher for patients with mutation
TP53 than those with no mutation TP53 (Fig. S5).

We also examined the expression of Puf-A in colorectal cancer.
Puf-A expression in the tumor part of colorectal cancers was
elevated when compared to non-tumor part (Fig. 1E).
Kaplan-Meier analysis showed that OS was higher for the patients
with low expression of Puf-A compared to those with high
expression of Puf-A (p = 0.004; Fig. 1E). This result was consistent
with data mining results, which showed that high expression of
Puf-A for patients with colorectal cancer significantly correlated
with shorter OS of patients (p = 0.042; Fig. 1E).

Puf-A expression is suppressed by p53

The clinical observation of a correlation of Puf-A expression with
p53 status of NSCLC tumors prompted us to examine the
expression of Puf-A RNA and protein in a pair of p53™" and
p53~/~ colorectal carcinoma cell line, HCT116. The expression of
both Puf-A RNA and protein was indeed greater in p53~/~-HCT116
cells than those in the p53™*-HCT116 cells, along with the
opposite findings for p21 expression, as expected (Fig. 2A).

To investigate whether p53 influenced Puf-A expression, we
transfected a p53™" NSCLC cell line, H1299, with the p53-
expressing lentivirus at low and high titers. As shown in Fig. 2B,
expression of p53 in H1299 cells reduced the expression of Puf-A
RNA and protein in a dose-dependent manner, along with the
increase of p53 downstream gene, CDKN1A, as expected. Similarly,
p53 expression in p53~/"-HCT116 cells led to a decrease in Puf-A
expression (Fig. S6). This was further corroborated by a significant
increase in Puf-A expression upon p53 silencing in NSCLC cell lines
A549 cells (Fig. 2C) and H460 (Fig. S6), both of which harbored
wild-type TP53. Similar results were obtained using the colorectal
cell lines p53™" HCT116 cells (Fig. S6).

Since the prevailing function of the p53 is the transcriptional
control of target genes, we sought to delineate whether p53 could
repress promoter activities of Puf-A gene. We cloned Puf-A regulatory
control region (from -6508 to +5622) into a luciferase reporter vector.
Upon transfection of the p53~~H1299 cells with this reporter vector
and the p53-expressing lentivirus, the promoter activity of PUF-A in
these cells was markedly suppressed by the exogenously added p53
in a dose-dependent manner (Fig. 2D). Similarly, transfection of the
paired p53*/*- and p53~/~-HCT116 cells with the reporter vector and
the p53-expressing lentivirus showed that the presence of p53 also
significantly reduced PUF-A promotor activity (Fig. 2D).

To further examine whether the apparent transcriptional
repression of Puf-A by p53 could be attributed to direct binding
of p53 to a specific regulatory region of Puf-A, we scanned the
genomic sequences of Puf-A gene by ConTra V3 in order to
identify putative high-affinity binding sites for p53 [21]. Two
putative p53-response elements were identified in the Puf-A
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Fig. 1 Clinical relevance of Puf-A expression in human cancers. A Tissue sections from patients with different grades of lung cancer and
non-tumor (NT) region were used for hematoxylin and eosin staining and IHC staining with monoclonal antibody against Puf-A. The enlarged
images of Puf-A staining are shown in the bottom panels. Puf-A expression level of each sample was presented using a histological scoring
system, H-score (right panel). Each dot represents one sample and horizontal black lines represents mean + SEM. **p < 0.01 and ***p < 0.001 by
one-way ANOVA with Dunn’s multiple comparisons test. Scale bars: 100 um. B The Kaplan-Meier analysis of overall survival of patients with
stage | lung cancer (gray line) and of patients with the high (red line) and low (black line) expression of Puf-A. C Increased Ki-67 expression in
lung ADC with high expression of Puf-A. Representative immunostainings for Ki-67 of patients with low (pt #1) and high (Pt #2) Puf-A
expression were shown. Right panel is individual Puf-A H-score and mean + SEM levels of both Ki-67 high (n =22) and low (n = 60) in 82 lung
cancer specimens. Scale bars: 200 um. ****p < 0.0001 (two-tailed Mann-Whitney test). D Immunohistochemical analysis of p53 expression in
tissue sections of NSCLC including ADC and SCC. The intensity of p53 staining was divided into two groups: “p53 abnormal (ABN)” refers to
tumor cells with negative or strong nuclear p53 staining, and “p53” refers to those with weak staining. The percentages of p53 and p53 ABN in
patients with different grades of lung cancer is shown in the middle panels. Right panel is individual Puf-A H-score and mean + SEM levels of
both p53 (n=33) and p53 ABN (n =49) in 82 lung cancer specimens. Scale bars: 200 ym. ***p < 0.001 (two-tailed t test). E Tissue sections from
patients with colorectal cancers were stained with monoclonal antibody against Puf-A for immunohistochemical analysis. The expression of
Puf-A in tumor and non-tumor parts was shown. The enlarged images of Puf-A staining are shown in the bottom panel. Middle panel is
Kaplan-Meier curves for overall survival (OS) in colorectal cancer patients with high (H-score 225) and low (H-score <25) Puf-A expression. In
the right panel, a RNA microarray database, GSE39582, was used to analyze the prognostic performance of Puf-A. P value was calculated using

log-rank test.
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Fig.2 The expression of Puf-A is transcriptionally suppressed by p53. A RT-PCR and Western blot analyses of PUF-A (Puf-A) TP53 (p53), and
CDKNTA (p21) expression in p53*/*- and p53~/~-HCT116 cells were performed. GAPDH and p-actin were used, separately, as internal controls.
B RT-PCR and Western blot. Analyses of PUF-A (Puf-A), TP53 (p53), and CDKN1A (p21) expression in H1299 cells after transduction with control
lentivirus (=), or low (+) and high (++) titers of p53-expressing lentivirus were performed. GAPDH andp-actin were used, separately, as
internal controls. C Western blot analysis of Puf-A in A549 cells transfected with control (shNC) or shp53-expressing vectors was performed.
B-actin was used as an internal control. D The promoter activity of PUF-A in H1299 cells after transfection with control lentivirus (—), or low (+)
and high (++) amounts of p53-expressing lentivirus was determined. *p < 0.05 (one-way ANOVA). Similarly, the promoter activity of PUF-A in
p53**- and p53~/"-HCT116 cells after transfection with p53-expressing lentivirus (+) was determined. Mean + SD values (n = 3) are shown.
*p < 0.05 (two-tailed t test). E Two p53-response elements (p53RE-1 and p53RE-2) with the specific sequences are shown in the PUF-A gene.
The pRE-1 and pRE-2 constructs drove by DNA fragment containing the p53-binding sites p53RE-1 (—720 to —700 nt) or p53RE-2 (+3497 to
+3532 nt), respectively; the pRE-1m and pRE-2m constructs consisted of the region with mutations. These plasmids were transduced in H1299

and p53™" HCT116 cells. Normalized activity of luciferase reporter with a control plasmid was shown. Mean + SD was presented.

genome, —720 to —700 nt (p53RE-1) and +3497 to +3532 nt
(p53RE-2), each containing two decamer motifs RRRCWWGYYY
separated by a spacer, where W is A/T, R is C/G, and Y is C/T
[22, 23] and the CWWG in the motif was shown to be a pre-
requisite for high-affinity binding of p53 [24-26]. Thus, we
generated pRE-1 and pRE-2 constructs by cloning the 791 bp
(—739 to +51) and 808 bp (43493 to +4300) fragments contain-
ing these putative p53-binding elements, which were then fused
with SV40 promoter, and inserted into the pGL3 luciferase reporter
vector. Meanwhile, another two luciferase reporter constructs with
p53-response element mutation AWWA, pRE-Tm and pRE-2m
(which contained the mutated sequences as TTGATTAACAcG
AGAAAATTT and ATAAAAATAAatagatggaaaagatgGGAAAAATCT,
respectively), were also prepared. Transfection of p53~/"H1299
or HCT116 cells with pRE-1 led to the transcriptional activation of
the luciferase reporter gene which was repressed following the
expression of p53. However, transfection with the mutant
construct, pRE-1m, the enhanced activity of the luciferase reporter
gene was still suppressed by p53-expression (Fig. 2E). Besides, the
transcriptional activity of the p53RE-2 was very low, regardless of
the expression of p53 or not (Fig. 2E). These results implied that
even though the downregulation of Puf-A was associated with
p53 expression, p53 might not bind directly to the promoter
region of Puf-A to regulate the transcription of the Puf-A gene.
Next, we used site-direct mutagenesis to generate three p53
hotspot mutants, R175H, R248W, and R273H, cloned them into
HA-tag expression vector, and confirmed their protein expression
by western blot with anti-HA antibody (Fig. S7). We used a
luciferase reporter pp53-TA-luc, which contains p53 cis-acting
element, to determine the transcriptional activity of the p53
mutants. The three p53 mutants exhibited no transactivation
activity in H1299 and HCT116 p53_/_ cells as expected (Fig. S7).
We used a luciferase reporter vector with Puf-A promoter region
to address whether these p53 mutants regulate the expression of
Puf-A. As shown in Supplementary Fig. S8, unlike wild-type p53,
p53 hotspot mutants could not repress Puf-A promoter activity in
H1299 and HCT116 p53 ™/~ cells. The three p53 mutants also fail to

SPRINGER NATURE

repress the reporter activity of p53-response element wild-type
(pRE-1) and mutation (pRE-1m). Although the predicted p53-
binding site of Puf-A promoter (RE1-m) was mutated, wild-type
p53 could still repress Puf-A promoter activity. Besides, the p53-
null H1299 cells were transfected with wild-type or p53 mutants.
As shown in Supplementary Fig. S9, p53 and HA signals were
detected in H1299 cells transfected with wild-type or mutant p53.
However, only wild-type p53, but not p53 mutants, could inhibit
Puf-A expression. These results indicated that repressed Puf-A
expression by wild-type p53 is indirect but specific.

We also performed ChIP-g-PCR of p53-binding to the endo-
genous PUM3 (Puf-A) and CDKN1A (P21) loci, which is a bona fide
p53 target gene as a control, in A549 (p53 WT) and CL1-5
(p53R248W) cells. ChIP-g-PCR amplicons were designed to amplify
the p53-response element regions of PUM3 and CDKNTA. In A549
cells, we observed association of p53 with PUM3 as well as
CDKN1A. In contrast, this ChIP-g-PCR signals for PUM3 and CDKN1A
were decreased in CL1-5 cells (p53R248W) (Fig. S10). These data
support the view that wild-type p53 can bind PUM3. However,
protein and DNA interaction by ChIP assay does not necessarily
infer regulation of gene expression. In fact, our reporter assay as
described above suggests the repression of Puf-A by p53 is
indirect but specific.

Puf-A silencing in cancer cell lines impedes cell growth in vitro
To understand the interplay between Puf-A and p53 in cancer cells,
we suppressed Puf-A expression in p53™/"-A549, p537/*-H460,
P53/ T-HCT116, p53~/~-HCT116, p53~/-H1299, and p537**W.
CL1-5 cells by infection with shPuf-A-1 or shPuf-A-2 lentivirus. After
Puf-A silencing, the growth rates of all cancer cells were
significantly reduced (Fig. 3A). To exclude an off-target knockdown,
rescue experiment was performed. After treatment of 53~/~-H1299
cells with shPuf-A for 48 h, Puf-A was overexpressed in these cells,
and proliferation of the cells was determined by AlamarBlue assay.
The decreased proliferation of the Puf-A-silencing cells could be
rescued by transfection with Puf-A-expressing plasmid (p < 0.0001;
Fig. S11), supporting the specificity of shPuf-A for Puf-A expression.
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Fig. 3 Silencing of Puf-A inhibits cancer proliferation in vitro. A Proliferation of various cancer cell lines over time, including p53*/*-A549,

-H460, and -HCT116 cells and p53~/

~-HCT116 and -H1299 cells, and p537?*8W-CL1-5 cells, after transduction with control shNC, shPuf-A-1 (red

line) and shPuf-A-2 (blue line). B Lentiviruses with shPuf-A-1 and -2 for silencing Puf-A were transduced into the indicated cancer cell lines. The
expression levels of Puf-A, caspase 3, cleaved caspase 3, PARP1, cleaved PARP1, and B-actin were determined by western blot. C Flow
cytometric analysis of cell-cycle distribution of Puf-A-silenced cells. All cell lines were infected with control shNC, shPuf-A-1, or -2 and then
incubated with propidium iodide for assessment of cell-cycle distribution based on DNA content.

The proliferation of cells treated with shNC + Puf-A was greater
than those treated with shNC+ NC (p <0.0001), consistent with
the notion that Puf-A could promote growth of cancer cells. To
further confirm the effect of Puf-A on cell proliferation, we
determined the proliferation of p53™"-A549 cells transfected with
Puf-A- or control vectors. The proliferation of A549 cells was
enhanced by Puf-A gene transfection in a dose- (control, 3104 +
1482; 50 ng, 6824 + 1243; and 100 ng, 10,294 + 1076, p = 0.03 and
0.001, respectively) and time-dependent manner (48h, 4423 +
685.7 vs. 72 h, 10,076 + 1267, p = 0.0024) (Fig. S12A, B).

To assess whether Puf-A affects cancer stemness of cancer cells,
we transfected A549 cells with control and Puf-A-encoding
plasmids and performed sphere formation assay. Puf-A over-
expressing A549 cells had greater number and size of spheroids
(11.3+£4.12) as compared to the mock cell cultures (6+1.8, p=
0.002; Fig. S13A, B).

Given that apoptosis and cell-cycle arrest could contribute to
growth inhibition, we also measured caspase 3 and Poly(ADP-
ribose) polymerase 1 (PARP1) by western blot and performed
cell-cycle analyses. Puf-A silencing in cells with normal p53 did
not substantially raise the levels of cleaved caspase 3 or PARP1
(Fig. 3B). In contrast, Puf-A silencing in cells with abnormal p53
markedly increased cleaved caspase 3 and PARP1. Flow
cytometry analyses revealed that Puf-A knockdown in cells with
normal p53 increased the proportion of cells in the GO/G1 phase,
along with a decrease in the S phase (Fig. 3C), indicating that
Puf-A knockdown in cells with normal p53 induced cell-cycle
arrest. On the other hand, Puf-A silencing in cells with abnormal
p53 led to an increase in the sub-G1 phase (Fig. 3C), consistent
with apoptosis.

Puf-A plays an important role in a mouse model of mutant
Kras/p53 loss driven lung ADC

To confirm the in vivo interactions between Puf-A and p53, we
employed a previously established lung cancer model using CCSP-
ItTA/TetO-Cre/LSL-Kras®'2°/p53™* mice [27], which developed lung
adenoma, followed by ADC at 6 and 12 weeks, respectively, after
Kras®'?® induction (Fig. 4A). Here we examined the in vivo impact of
p53 on the expression of Puf-A and the development of lung tumors
by generating CCSP-rtTA/TetO-Cre/LSL-Kras®'?2/p531¥1o% mjce. As
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shown in Fig. 4A, these conditional p53™®/1°* mutant mice developed
adenomas and ADC in the lungs as early as 2 weeks and 8 weeks,
respectively, upon Kras®'?® activation, which were 5|gn|ﬁcantly
accelerated compare to the p53** mice. In addition, in Kras®'?®/
p53™" mice, only a few Puf-A™ cells (<5%) were found in bronchiolar
and alveolar adenomas after 6 weeks of Kras®'*® induction. In
contrast, in Kras®'?°/p53~/~ mice, Puf-A" cells were found in 44%
and 28% in bronchiolar and alveolar adenomas, respectively, as
early as 2 weeks (Fig. 4A). Furthermore, the percentage and the
intensity of Puf-A expression in ADC were more prominent in these
mice: the Puf-A™ cells increased from 30 and 7% in bronchiolar and
alveolar ADC in Kras®'?®/p53™* mice (12 weeks old) to 74 and
65% in Kras®'?®/p53~'~ mice (8 weeks old) (Fig. 4A).

We then determined whether suppression of Puf-A expression
after the onset of adenomas might prevent progDressmn to ADGCs in
the lungs of CCSP-rtTA/TetO-Cre/LSL-Kras®'?P/p531oX/fox mice.
Lentiviral vectors expressing shPuf-A-1, shPuf-A-2, or control
shLacZ, were intranasally delivered to CCSP-rtTA/TetO-Cre/LSL-
KrasG12D/p53ﬂ°X/ﬂ°X mice four times between week 2 and week 4.
The tumor foci in the lungs were examined at week 8 after
Kras®'?® activation and p53 deletion. The percentage of lung
tissue occupied by adenoma reduced from 26% in the mice
treated with shLacZ, to 14% and 20% in mice treated with shPuf-
A1 and shPuf-A2 lentivirus, respectively. In addition, ADC
formation also decreased from 18% to 4% and 10%, respectively
(Fig. 4B). Besides, the lung tissues were harvested to evaluate the
proliferation and apoptosis in lung tumors, using Ki-67 staining
and TUNEL assay, respectively. As shown in Supplementary Fig.
S14, the frequency of Ki-67 positive cells in tumors of shPuf-A-
treated mice was significantly lower than those treated with
shLacZ. Moreover, compared to control mice, there was a
significant increase in the frequency of TUNEL positive cells in
tumor tissue of shPuf-A-treated mice. These data indicate that
silencing Puf-A in vivo can not only inhibit tumor cell proliferation
but also induce apoptosis of tumor cells. These results support a
crucial role of Puf-A in the progression of NSCLC.

Silencing of Puf-A reduces the activity of ribosome biogenesis

IHC analysis of ADC and SCC displayed a distinctive Puf-A signal in
the nucleolus of tumor cells (Fig. 1A). It is well known that the
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Fig. 4 Silencing of Puf-A inhibits tumor progression in a spontaneous lung cancer mouse model. A Lung tissues with tumors from CCSP-
rtTA/TetO-Cre/LSL-Kras®'2°/p53*/+ mice after Kras®'?? activation for 6 and 12 weeks (left panel) and from CCSP-rtTA/TetO-Cre/LSL-Kras®'?®/
p53719¥/fox mice after Kras®'?P activation and p53 deletion for 2 weeks and 8 weeks (right panel) were respectively stained with the antibody
against Puf-A. The enlarged images of Puf-A staining in the enclosed areas are shown below. Quantification of Puf-A™ cells in adenomas and
ADCs derived from LSL-Kras®'2?/p53*/* (12 weeks old) and LSL-Kras®'?®/p53~/~ mice (8 weeks old), respectively (bottom panel). ***p < 0.001
(one-way ANOVA). B Lentiviral vectors expressing shPuf-A-1, shPuf-A-2, or control shLacZ were intranasally delivered to the lungs of CCSP-
rtTA/TetO-Cre/LSL-Kras®'2P/p5311% mice four times between weeks 2 and 4. The areas of tumor involvement in the lungs were categorized
as adenoma or ADC, measured by Metamorph and expressed as the percent of total lung involved at week 8 after Kras®'2° activation and p53
deletion. Box-whisker plots are shown for control shNC (n = 13), shPuf-A-1 (n = 11), and shPuf-A-2 (n = 6). *p < 0.05 and ***p < 0.001 (one-way

ANOVA).

nucleolus, the subcellular region for ribosome biogenesis, tends to
be more prominent in cancer than normal cells [28], and ribosome
biogenesis is more robust in cancer cells. Besides, one of the PUF
protein family, Puf6 in yeast, which shares ~24% sequence
identity with Puf-A, was shown to be involved in pre-rRNA
processing [3]. To decipher whether Puf-A is involved in the
ribosome biogenesis, we used sucrose gradient centrifugation to
assess sedimentation patterns of ribosome biogenesis. We found
that Puf-A silencin9 with shPuf-A-1 led to marked decreases in the
80S peak in p537/*-HCT116, p53~/~-HCT116 and p53~/~-H1299
cells (Fig. 5A), especially in those cells with defective p53. Western
blot analysis of gradient fractions revealed significant decreases in
S6 (a marker for the 40S ribosome) [29] and L5 (a marker for the
60S ribosome) [30] upon Puf-A silencing (Fig. 5B II, IV, and VI), as
compared to cells treated with control shNC (Fig. 5B I, Ill, and V).
The subcellular localization of S6 and L5 proteins in response to
Puf-A silencing was further examined by immunofluorescence
microscopy (Fig. 5C). Upon Puf-A silencing in p53~/~-HCT116 and
p537/7-H1299 cells by shPuf-A-1 lentivirus, the expression of S6
and L5 markedly diminished in the cytoplasm along with
accumulation in the nucleolus. To further address this issue, we
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performed additional experiments to examine the expression of
NPM1, ribosomal protein L5 (RPL5), and Puf-A in clinical NSCLC
specimens with high and low expression of Puf-A, using Opal
multiplex immunofluorescence assay. In samples with low Puf-A
expression, we found NPM1 to be dispersed in the nucleoplasm
and RPL5 to be markedly diminished in the cytoplasm but present
in the nucleolus. In contrast, in samples with high Puf-A
expression, we observed co-localization of Puf-A and NPM1 in
the nucleolus and the distribution of RPL5 in the cytoplasm (Fig.
S15). These results support that Puf-A plays an important role in
ribosome biogenesis.

Puf-A interacts with NPM1 in nucleolus

Another key player in ribosome biogenesis is nucleophosmin
(NPMT1) [31]. Thus, we investigated the possible interplays between
Puf-A and NPM1. Co-immunoprecipitation of Puf-A and NPM1 were
demonstrated in p53*/THCT116, p53~/"HCT116, and H1299 cells
(Fig. 6A). The mass spectrometric analyses of the proteins
immunoprecipitated by Puf-A antibody revealed NPM1 as one of
the Puf-A-interacting proteins (Fig. S16). In order to verify their
interactions, we overexpressed HA-tagged Puf-A and flag-tagged
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Fig. 5 Puf-A silencing reduces ribosome biogenesis. A Polysome profiles of ribosome extracts from cancer cell lines (p53*/*-HCT116,
p53~/7-HCT116 and p53~/~-H1299) that were transduced with control shNC (black) and shPuf-A-1 (red) lentivirus were analyzed. B Equal
volumes of protein extracts of various ribosomal fractions from p53*/*-HCT116, p53~/~-HCT116 and p53~/~-H1299 cells after transduction
were precipitated using trichloroacetic acid and then analyzed via western blot with antibodies against S6, L5, and Puf-A. (I, lll, and V) with
control shNG; and (ll, VI, and VI) with shPuf-A-1. C Immunofluorescence staining of p53+/+—HCT1 16, p537/7—HCT1 16, and -H1299 cells, were
transduced, separately, with shNC (control) or shPuf-A-1 virus. These cells were then analyzed with antibodies against L5 (red) and S6 (green)
and counterstained with DAPI (blue). The expression of S6 and L5 proteins in the cytoplasm and nucleolus from p53*/"-HCT116,
p53~/7-HCT116, and -H1299 cells after transduction was quantized by ImageJ software.
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P53 THCT116, p53~/ HCT116 and H1299 cells were co-IP with antibodies directed against Puf-A or NPM1 and subsequently immunoblotted
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0.05 (one-way ANOVA).

NPM1 in H1299 cells and showed that HA-tagged Puf-A co-
precipitated with flag-tagged NPM1 and vice versa (Fig. 6B).

It's been shown that NPM1 could interact with nucleolar
proteins containing arginine-rich linear motifs, such as GNL2 and
SURF6 [32]. Using protein—protein docking program GRAMM-X, we
predict CPL domain of Puf-A as a region for binding to NPM1,
which contains *”RRR*€° (Fig. S17A). Therefore, Puf-A was
mutated from the *®RRR*° to *3GGG*° and cloned into an
expression vector containing a HA tag. We overexpressed flag-
tagged NPM1 along with HA-tagged Puf-A or Puf-A mutant in
H1299 cells. As shown in Supplementary Fig. S17B, while wild-type
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HA-tagged Puf-A co-precipitated with flag-tagged NPM1, consis-
tent with Fig. 6B, the mutant Puf-A did not co-precipitate with
NPM1. To our knowledge, this is the first evidence showing that
the residues *’®RRR*®° of Puf-A are important for binding of Puf-A
to NPM1. We further performed a rescue experiment to evaluate
whether a Puf-A mutant deficient in binding to NPM1 can rescue
Puf-A-silenced H1299 cells. As shown in Fig. S11, unlike wild-type
Puf-A  (shPuf-A + Puf-A), mutant Puf-A (shPuf-A + Puf-A-mut)
could not rescue the proliferation of Puf-A-silenced cells (p <
0.0001). This result indicates that the binding of Puf-A to NPM1 is
important for cell proliferation.
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Immunofluorescence staining indicated that the co-localization
of Puf-A and NPM1 in the nucleolus (Fig. 6C, shNQ). Interestingly,
in cells treated with shPuf-A-1, NPM1 was largely dispersed to the
nucleoplasm (Fig. 6C), although Puf-A silencing did not alter the
expression of NPM1 protein or RNA (Fig. 6F) as compared to
control cells. Furthermore, we overexpressed Puf-A with or
without silencing of NPM1 in HCT116 (p53 WT) cells and used
sucrose gradient centrifugation to evaluate whether the interac-
tion between Puf-A and NPM1 affects ribosome biogenesis. As
shown in Supplementary Fig. $18, the signals of 40S, 60S, and 80S
were strikingly reduced in Puf-A-overexpressing cells with NPM1-
silencing when compared to Puf-A-overexpressing cells without
NPM1-silencing. This result demonstrates that interaction between
Puf-A and NPM1 is important for ribosome biogenesis.

To confirm that disruption of NPM1 localization in nucleolus by
shPuf-A was attributed to Puf-A silencing, a rescue experiment
was performed. As shown in Fig. 6D, the exogenously expressed
Puf-A construct successfully re-localized NPM1 to nucleolus in the
Puf-A knockdown H1299 cells. Furthermore, overexpression of
Puf-A in A549 cells led to detection of strong signals of NPM1 as
well as Puf-A in the nucleolus by immunofluorescence (Fig. 6E), in
contrast to weak expression of Puf-A and NPM1 in the nucleolus of
cells transfected with control plasmid. To further confirm the
location of Puf-A and NPM1, we stained fibrillarin, which is a
nucleolus maker. Co-localization of Puf-A, NPM1, and fibrillarin at
the nucleolus following Puf-A transfection of the A549 cells was
observed (Fig. 6E), suggesting that Puf-A overexpression could not
alter the distribution of NPM1 in the nucleolus. These data implied
that Puf-A expression might dictate nucleolar localization of NPM1
through their direct interaction.

DISCUSSION

The clinical relevance of Puf-A expression has not been investigated
except for a single report showing greater Puf-A expression in
invasive breast cancer than ductal carcinoma in situ, but its
expression level did not correlate with histology grade (p = 0.238),
and its impact on clinical outcome was not addressed [5]. Here we
showed that expression of Puf-A protein was greater in non-small
cell lung cancer (NSCLCs), especially those with altered p53
expression, than normal lung tissues, and the expression level was
not only positively correlated with histology grade but also highly
prognostic for stage | NSCLC. To the best of our knowledge, this is
the first study demonstrating the prognostic impact of Puf-A in
cancer. Since ~1 in 5 patients with completely resected early-stage
NSCLC will recur within 2 years [33], it is imperative to identify risk
factors and biomarkers predictive of recurrence. In spite of more
than 500 reported studies for prognostic evaluation, not a single
protein marker has yet been validated sufficiently for clinical use
[34]. Thus, our finding of Puf-A as a prognostic marker for stage |
NSCLC may address this unmet need, if verified in further studies.

The clinical significance of Puf-A expression suggests a critical
role of Puf-A in tumor progression. Indeed, Puf-A silencing
inhibited the growth of Iung and colorectal cancer cells in vitro
and development of Kras®'2°-driven lung tumors in vivo. Further-
more, we observed higher Puf-A expression in Ki-67"9" tumor
tissues than in Ki-67"°" tumor tissues, and overexpression of Puf-A
increased cell proliferation. This is consistent with the report that
Puf-A overexpression increased colony forming ability of MDA-
MB231 breast cancer cells and their growth in nude mice [5].
These data suggests that Puf-A may play an important role in
tumorigenesis.

Association of Puf-A expression with abnormal p53 expression
suggested possible transcriptional regulation of Puf-A by p53.
However, our reporter assays suggested that p53 might regulate
the transcription of Puf-A indirectly. Recent advances in p53
function also indicate that p53 could indirectly downregulate
gene expression through p21, which is a cyclin dependent kinase
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inhibitor [35]. p21, a direct p53 target, stabilizes RB (retinoblas-
toma protein)-related DREAM (DP, RB-like, E2F4 and MuvB)
complex to downregulate cell-cycle genes, such as BIRC5, CDC25C,
and PLK1 [36, 37]. These genes that were downregulated by p53
were not reduced in doxorubicin-treated p21-null cells by RNA-
seq analysis [37], suggesting p53 might not directly regress the
transcription of these genes [38, 39]. In this study, we found
upregulation of p21 in p53-overexpressing cells. Whether p21 is
involved in the transcriptional downregulation of Puf-A by p53
awaits further investigation.

Our observation of the growth inhibition by silencing Puf-A
in vitro in various cancer cell lines, especially in those with
abnormal p53 expression, suggests that Puf-A might be an
attractive therapeutic target for cancer with abnormal p53. A
reduction in Kras®'?C-driven tumor foci by administration of
shPuf-A in p53-deficient mice further reinforced this notion.
Besides, Puf-A silencing also suppressed the growth of cancer cells
with normal p53, indicating that Puf-A might play a decisive role in
regulating tumor cell growth, even when its expression was
restricted by p53.

Genotoxic stress can cause disruption of ribosome biogenesis.
In this context, L5, L11, and L23 ribosomal proteins associate with
HDM?2 to abrogate ubiquitination of p53, leading to p53 activation
[40-42]. Interestingly, we found that Puf-A silencing decreased
ribosomal biogenesis, regardless of p53 status. We think that wild-
type p53 might indirectly inhibit Puf-A expression to decrease
ribosome biogenesis. While p53 is mutated, it could not inhibit
Puf-A expression. Then Puf-A might maintain or increase ribosome
biogenesis and exhibit anti-apoptosis activity to promote
tumorigenesis.

The observation of predominant nucleolar localization of Puf-A
is intriguing. The nucleolus is the nuclear subdomain with no
membrane. It can be segregated into three compartments,
including fibrillary center, dense fibrillary component, and
granular component [43]. NPM1 is found to reside in the granular
component of nucleolus [44]. It is likely that Puf-A might also be
located in the granular component of nucleolus when it binds to
NPM1. Indeed, we showed that Puf-A directly interacted with
NPM1 by immunoprecipitation with specific antibodies. It was
reported that the acidic tracts of NPM1 could interact with other
nucleolar proteins which contain arginine-rich linear motifs [32].
Sequence analysis of the Puf-A reveals that Puf-A contains two
arginine-rich motifs in residues 146-147 and 478-480, suggesting
that Puf-A might directly interact with NPM1 through these two
arginine-rich motifs. We demonstrated that the *’®RRR*® residues
of Puf-A was important for binding to NPM1.

NPM?1 is involved in tumor progression, especially with the role
in ribosome biogenesis that is increased in cancer cells [45, 46]. It
promotes the nuclear export of 40S and 60S ribosomal subunits
into the cytoplasm to increase the number of 80S ribosomes, and
then leading to increased cell proliferation [47]. The over-activated
ribosome biogenesis is consistent with the concept that cancer
cells require extensive protein synthesis, which relies on a
constant supply of new ribosomes [48]. We found that the
ribosome biogenesis was disrupted and NPM1 dispersed in the
nucleoplasm in Puf-A-silenced cancer cells. These data suggest
that Puf-A might control the location of NPM1 to regulate the
processes of nuclear export of ribosomal subunits.

In summary, Puf-A plays an important role in cancer progression
for NSCLC and CRC. Combined with the prognostic value of Puf-A
in NSCLC observed in this study, development of Puf-A-targeted
cancer theranostics is warranted.

MATERIALS AND METHODS

Tumor sections of human cancers

Tumor sections of 82 patients with NSCLC were obtained from the tissue
bank of Chang Gung Memorial Hospital (CGMH) at Linko under the
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approved of the Institutional Review Board (IRB) at CGMH (IRB #103-
39400C). Informed consent was obtained from all subjects and the
experiments conformed to the principles set out in the WMA Declaration
of Helsinki and the Department of Health and Human Services Belmont
Report. Clinical characteristics of the NSCLC patients are shown in Table S1.
Two CRC tissue microarrays (CDA3 and CD4) were purchased from
SuperBioChips (Seoul, Korea).

Immunohistochemical staining

Formalin-fixed paraffin sections were incubated overnight with antibodies
against Puf-A, p53 (NCL-P53-DO7, Novocastra, Leica Biosystems, UK), and
Ki-67 (NCL-L-Ki-67-MM1, Leica Biosystems). After washing, tissue slides
were incubated with biotinylated secondary antibodies for 1h at room
temperature, and then incubated with horseradish peroxidase-conjugated
streptavidin (Vector, USA). All sections were counterstained with Mayer's
hematoxylin. Puf-A, p53, and Ki-67 stained tissue sections were read by the
pathologist YLH and evaluated with a histological scoring system, H-score
[49]. Ki-67 was low if there is <14% of nuclei staining and high if >14%
[50, 51]. The Youden index, which was calculated from the receiver
operating characteristic curve, was used to determine the optimal cut-off
value for high versus low expression level.

Cell culture

293T, A549, H460, and H1299 cells were obtained from the American Type
Culture Collection (USA) (Authenticated Nov, 2018 by STR sequencing).
p53*/*- and p53~/~-HCT116 cells were kindly provided by Dr. Yu-Ju Chen
(Institute of Chemistry, Academia Sinica, Taiwan). CL1-5 cells were kindly
provided by Dr. Pan-Chyr Yang (Graduate Institute of Oncology, National
Taiwan University Medical College, Taiwan). 293 T, A549, H460, p53*/"-
and p53*/’—HCT116 cells were cultured in 10% FBS/DMEM (Gibco, NY,
USA); H1299 and CL1-5 cells were cultured in 10% FBS/RPMI-1640 (Gibco).
Cells were passaged every 3 days in a 0.5% trypsin-EDTA solution and
maintained until used.

Conditional mutant mice

CCSP-rtTA and TetO-Cre transgenic mice and p53™"°/f°* knock-in mice
were obtained from the Jackson Laboratory (USA). LSL—Krassz/p53+/Jr
knock-in mice were obtained from the NCI Mouse Models of Human
Cancers Consortium. All mice were housed in a pathogen-free environ-
ment, and experiments were performed with the approval of the
Institutional Animal Care and Use Committee (IACUC) of Chang Gung
University (IACUC #CGU-14-021). CCSP-rtTA/TetO-Cre/LSL-Kras®'?° condi-
tional mutant mice were generated by crossing CCSP-rtTA/TetO-Cre
transgenic mice and LSL-Kras®'?® knock-in mice. CCSP-rtTA/TetO-Cre/
LSL-Kras®'2P/p53M1o/fox  conditional mutant mice were generated by
crossin% CCSP-rtTA/TetO-Cre /LSL-Kras®'?® conditional mutant mice and
p53M1/fex knock-in mice. Conditional mutant mice (6-8-week-old) were
treated with doxycycline (1 mg/mL, Sigma-Aldrich, USA) in their drinking
water to induce lung tumors.

Immunofluorescence staining

The primary antibodies used for immunofluorescence staining were Puf-A
(monoclonal antibody), NPM1 (sc-5564, Santa Cruz, TX, USA), S6 (sc-74459,
Santa Cruz), L5 (ab157099, Abcam), fibrillarin (sc-374022, Santa Cruz), and
fibrillarin  (sc-374022, Santa Cruz). The secondary antibodies used for
immunofluorescence staining were Alexa488-conjugated donkey anti-
rabbit IgG, donkey anti-mouse IgG (Invitrogen, USA), Alexa555-conjugated
donkey anti-mouse 1gG, donkey anti-rabbit IgG (Jackson ImmunoResearch,
PA, USA), and Alexa633-conjugated streptavidin. Briefly, cells were fixed in
4% paraformaldehyde/phosphate-buffered saline (PBS) for 20 min at room
temperature, permeabilized with 0.5% Triton X-100 in PBS for 5 min, and
then blocked with 5% bovine serum albumin/PBS for 30 min. Slides were
incubated at 4 °C with primary antibodies. After overnight incubation, cells
were washed and incubated for 1h at room temperature with secondary
antibodies. Cells were then counterstained with DAPI (Pharmingen, NJ, USA).
The staining intensity of S6 and L5 protein in the cytosol and nuclei of cells
was determined using MetamorphT'Vl software (Molecular Devices, USA).

Statistical analysis

Statistical analysis was performed with Prism (GraphPad Software). One-way
ANOVA and Student’s t test (two-tailed) were used to analyze the results of
the experiments as indicated in the figure legend, and a p value < 0.05 was
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considered statistically significant. Data are expressed as the mean+
standard error. The Kaplan-Meier method was used to calculate OS, and
differences between the groups were assessed by the log-rank test. The
survival analysis of high and low expression of Puf-A in stage | NSCLC was
analyzed using “survival” and “survminer” packages in R version 3.4.1.

Other methods, including plasmid construction, g-PCR, western blot,
cell-cycle analysis, cell proliferation, co-immunoprecipitation, genotyping,
intranasal delivery of lentivirus, PUF-A promoter activity, sucrose gradient
fractionation, and primer sequences, are found in Supplementary
Information.

DATA AVAILABILITY
All data generated or analyzed during this study are included in this published article
and its Supplementary Information Files.
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