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Abstract 

We have previously reported an important role of PR55 α, a regulatory subunit of PP2A Ser/Thr phosphatase, in the support of critical 
oncogenic pathways required for oncogenesis and the malignant phenotype of pancreatic cancer. The studies in this report reveal a novel 
mechanism by which the p53 tumor suppressor inhibits the protein-stability of PR55 α via FBXL20, a p53-target gene that serves 
as a substrate recognition component of the SCF (Skp1_Cullin1_F-box) E3 ubiquitin ligase complex that promotes proteasomal 
degradation of its targeted proteins. Our studies show that inactivation of p53 by siRNA-knockdown, gene-deletion, HPV-E6- 
mediated degradation, or expression of the loss-of-function mutant p53 

R175H results in increased PR55 α protein stability, which 

is accompanied by reduced protein expression of FBXL20 and decreased ubiquitination of PR55 α. Subsequent studies demonstrate 
that knockdown of FBXL20 by siRNA mimics p53 deficiency, reducing PR55 α ubiquitination and increasing PR55 α protein stability. 
Functional tests indicate that ectopic p53 

R175H or PR55 α expression results in an increase of c-Myc protein stability with concomitant 
dephosphorylation of c-Myc-T58, which is a PR55 α substrate, whose phosphor ylation other wise promotes c-Myc degradation. A 

significant increase in anchorage-independent proliferation is also observed in normal human pancreatic cells expressing p53 

R175H or, 
to a greater extent, overexpressing PR55 α. Consistent with the common loss of p53 function in pancreatic cancer, FBXL20 mRNA 

expression is significantly lower in pancreatic cancer tissues compared to pancreatic normal tissues and low FBXL20 levels correlate 
with poor patient survival. Collectively, these studies delineate a novel mechanism by which the p53/FBXL20 axis negatively regulates 
PR55 α protein stability. 
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Introduction 

PP2A (protein phosphatase 2A) is a family of holoenzyme complexes
accounting for the majority of serine/threonine phosphatase activities in
human cells [ 1 , 2 ]. Each PP2A complex consists of one catalytic subunit,
one scaffolding subunit, and one regulatory subunit [ 1 , 2 ]. While the
scaffolding and catalytic subunits each contain only two highly conserved
isoforms ( α or β), the regulatory subunits are 26 members encoded by
15 genes and classified into four distinct subfamilies (B, B’, B’’ and
B’’’), which determine the substrate specificities of their associated PP2A
complexes [ 1 , 3 ]. PP2A complexes serve essential roles in fundamental
cellular functions, including proliferation, survival, and differentiation
[ 1 , 4–7 ]. Thus, dysregulated PP2A activities are associated with various
human diseases including autoimmune diseases and cancer [8] . PR55 α is
a regulatory subunit of PP2A that has been shown to facilitate several
oncogenic signaling pathways essential for tumorigenesis, progression, and/or
metastasis of cancer [9–11] . These studies show that PR55 α-controlled
PP2A complex (PR55 α/PP2A) promotes activation of the Raf/MEK/ERK
oncogenic cascade through dephosphorylating their inhibitory sites KSR-
S392 and Raf-S259/S295 and stabilizes β-catenin and c-Myc oncoproteins
by dephosphorylating the β-catenin-T41/S37/S33 and c-Myc-T58 residues,
respectively [12–16] . Furthermore, our recent studies have revealed an
essential role of PR55 α in the activation of YAP oncogenic signaling that is
required for anchorage-independent growth, cancer stem cell maintenance,
and metastasis of most solid tumors. Our results also show that this role
of PR55 α/PP2A involves its direct dephosphorylation of MOB1-T35 and
LATS1/2-S909, resulting in the inhibition of the Hippo tumor suppressor
pathway that negatively regulates YAP’s nuclear retention and protein stability
[17] . Consistent with the roles of PR55 α in promoting oncogenic pathways,
our studies show that PR55 α is overexpressed in pancreatic cancer cells/tissues
and required for tumorigenicity and metastasis of pancreatic cancer [15] . 

The p53 tumor suppressor detects genotoxic stress and coordinates
diverse responding mechanisms to maintain genomic integrity and block
malignant transformation [18] . Thus, over 50% of human cancers carry loss
of function mutations in the p53 gene [18] . The loss of p53 function is
detected in more than 80% of pancreatic cancers and serves as the main
driver of pancreatic cancer [ 19 , 20 ]. Furthermore, the loss of p53 function is
required for pancreatic cancer to progress into invasive and metastatic diseases
[ 19 , 21 , 22 ]. p53 elicits its tumor suppressor function mainly by inducing
the DNA-damage response that leads to cell cycle arrest and DNA repair,
or apoptosis if the damage is unrepairable [ 20 , 23 ]. In response to DNA
damage, p53 has been shown to activate VPS34, a class III phosphoinositide
3-kinase that inhibits autophagy, which, in turn, promotes the transcription
of FBXL20, an F-box protein that serves as a substrate recognition component
of the SCF (Skp1_Cul1_F-box) E3 ubiquitin ligase complexes that promote
proteasomal degradation [23–25] . Previous studies have also identified
PR55 α in promoting autophagic survival [ 26 , 27 ], suggesting a functional
relationship of PR55 α and p53 in DNA damage response. On the other hand,
PR55 α is shown to interact directly with FBXL16, which is another member
of the F-box family [ 23 , 24 , 28 ]. In this study, we investigated the mechanism
that regulates PR55 α protein expression and identified the p53/FBXL20 axis
as a negative regulator of the protein stability of PR55 α. 

Materials and methods 

Cell culture and treatment 

HPNE is a line of primary human pancreatic cells immortalized by
human telomerase hTERT [29] . HPNE-E6, HPNE-E7, and HPNE-E6/E7
cell lines were established by transducing HPNE cells with retroviral vectors
expressing the E6 and/or E7 proteins of HPV 16 virus [30] . HPNE/p53 R175H

stable clones were established by transducing HPNE cells with a lentiviral
ector, pLenti6/V5_p53/R175H (Addgene, Watertown, MA), expressing 
5-tagged p53 R175H and selected with blasticidin at 4 μg/ml(Thermo Fisher
cientific, Waltham, MA). HPNE/PR55 α cell line expresses Doxycycline 
Dox)-inducible PR55 α cDNA, which was established by transducing HPNE 

ells with the pRevTet-On retroviral vector and selected with hygromycin
t 200 μg/ml (Clontech) expressing PR55 α cDNA, as described in our
revious publication [17] . The panel of HPNE cell lines was maintained in
edium-D growth medium [3 parts high glucose Dulbecco’s modified Eagle’s
edium (DMEM) (GE Healthcare Life Sciences, Pittsburgh, PA) to one-part
3:Base A (INCELL, San Antonio, TX) supplemented with 10% Tet-free

BS with 10ng/mL EGF (Invitrogen)] [29] . Ectopic PR55 α overexpression
n HPNE/PR55 α cells was induced with 1μg/ml Dox for 48–72 h. 

Human pancreatic cancer cell lines CD18/HPAF, Capan-1, BxPC-3, 
3M-4, and AsPC-1 were obtained from ATCC (Manassas, VA). The
alb/c mouse cell lines were a gift from Dr. Arnold J. Levine (Institute for
dvanced Study). Balb/c 3T3 (p53-wt) is a spontaneously immortal line
erived from Balb/c mouse embryo fibroblasts and expresses wild-type p53.
he Balb/c 3T3 (p53-/-) cell line is a derivative of Balb/c 3T3 cells that
roduce a p53 transcript with a stop codon at amino acid 173 and does
ot express a detectable level of p53 [31] . The Balb/c 3T3 (175.1) cell line
as derived from the Balb/c 3T3 (p53-/-) line by stable transfection of the

ells with a dominant-negative p53 mutant containing histidine to arginine
ubstitution at codon 175 [32] . Both the Balb/c and pancreatic cancer cell
ines were maintained in DMEM with 10% fetal bovine serum (FBS) in
n atmosphere containing 5% CO 2 . Proteasome inhibitor MG132 (EMD
iosciences) was dissolved in DMSO and the cells were treated with MG132
t 10 μM [ 33 , 34 ]. 

ntibodies 

All antibodies were purchased from Cell Signaling Technology (Danvers, 
A) unless otherwise indicated. These include mouse IgG for α-tubulin

DM1A), V5-Tag (E9H8O), GAPDH (6C5) (Santa Cruz Biotechnology, 
anta Cruz, CA), PP2A-C subunit (1D6, EMD Millipore, Burlington, MA),
R55 α (2G9, EMD Millipore), p53 (DO1, Santa Cruz Biotechnology), 
BXL20 (D-4, Santa Cruz Biotechnology), Ubiquitin antibody (P4D1, 
anta Cruz Biotechnology), c-Myc (phospho-S62) (33A12E10, Abcam, 
ambridge, UK); rabbit IgG for Ki67 (ab16667, Abcam), p53 (FL-393),
P2A-PR55 α Subunit [(100C1) and (#4953)], c-Myc (D3N8F), c-Myc 
phospho-T58, ab85380), FBXL20 (SCRAPPER) (ProSci, Poway, CA), 
BXL16 Antibody (ProSci). Secondary antibodies for immunofluorescence 
tudies included Alexa Fluor 594 Donkey Anti-rabbit IgG and Alexa Fluor
88 Donkey Anti-mouse IgG from Thermo Fisher Scientific. Nuclei were
isualized by DAPI (Sigma-Aldrich, St. Louis, MO). 

mmunoblotting, immunoprecipitation, and protein half-life analysis 

Immunoblotting (IB) and immunoprecipitation (IP) were performed as 
escribed previously [ 15 , 35 , 36 ]. For the co-IP studies, PR55 α and FBXL20
ere immunoprecipitated from 0.6–1 mg protein from the lysates of HPNE

ells using anti-PR55 α and anti-FBXL20 rabbit antibodies, respectively, and 
he precipitates were probed for the presence of both PR55 α and FBXL20
y immunoblotting with anti-PR55 α and anti-FBXL20 mouse antibodies. 
R55 α and FBXL20 in the cell lysate were measured by immunoblotting
s protein loading controls. For analyzing PR55 α ubiquitination, PR55 α
mmunoprecipitated from 0.6-1 mg protein lysates were analyzed for PR55 α
nd ubiquitin by Western blot analysis. 

To analyze protein half-life, cells were incubated with protein synthesis
nhibitor cycloheximide (CHX, dissolved in water) (Sigma-Aldrich) at 15 
g/ml for the indicated times and analyzed for specific protein expression
y immunoblotting, as described in our previous study [37] . Specific
roteins and loading control (GAPDH or α-Tubulin) on Western blots were
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visualized by chemiluminescence exposed to x-ray films, scanned using an
EPSON Perfection 4490PHOTO scanner, and quantified with Fiji-ImageJ
analytical program (NIH, Bethesda, MD). The levels of specific proteins were
normalized with the control protein levels and calculated for half-life times
[t(1/2)] by linear regression analysis of log (protein level) against time using
the SigmaPlot graphing and data analysis software, as described in our studies
[38] . 

Short interfering RNAs and transfection 

The ON-TARGETplus SMARTpool of siRNA duplexes (Dharmacon,
Lafayette, CO) for silencing FBXL20 contains four siRNAs targeting
multiple sites on the FBXL20 mRNA. The sequences of FBXL20
siRNAs are 5’-GCCCUGAGCUAGUGACUUU-3’, 5’-GGAUGGCAU
UCAAGCACUA-3’, 5’-GGUGUGACCAAGUAACCAA-3’, and 5’-
UACCAUAUGCAGAGGGUGU-3’. For validation, FBXL20 was also
knocked down with endoribonuclease-prepared siRNAs (esiRNAs) targeting
a region of FBXL20-mRNA (EMU193711, Millipore-Sigma). The sequence
for generating the FBXL20 esiRNAs is 5’-CCTGCACTAGCCTTA
GCAAGTTCTGCTCCAAACTCAGACACCTCGACTTGGCTTCCTG 

TACGTCAATAACAAACATGTCTCTAAAAGCTCTGAGTGAGGGCT 

GTCCACTGTTGGAGCAGTTGAACATTTCCTGGTGTGACCAAGT 

AACCAAGGATGGCATTCAAGCACTAGTGAGAGGCTGTGGGGGT 

CTCAAGGCCTTATTCTTAAAAGGCTGCACTCAGCTAGAAGATGA 

AGCTCTCAAGTACATAGGTGCACACTGCCCTGAGCTAGTGACTT
TAAACCTGCAAACTTGCTTACAAATCACAGATGAAGGTCTCATTA
CCATATGCAGAGGGTGTCATAAGTTGCAGTCCCTCTGTGCCTCT
GGGTGCTCCAATATCACAGATGCCATCCTGAACGCTCTAGGTCA
GAACTGCCC-3’. The sequences of the SMART siRNAs pool silencing
p53 are 5’-GAAAUUUGCGUGUGGAGUA-3’, 5’-GUGCAGCUGU
GGGUUGAUU-3’, 5’-GCAGUCAGAUCCUAGCGUC-3’, and 5’-
GGAGAAUAUUUCACCCUUC-3’. The sequence of the control siRNA is
5’-UAGCGACUAAACACAUCAA-3’. 

Cells were transfected with 100 pmol of siRNA and incubated for 48–72h
before analysis. All cell lines were transfected with DharmaFECT-1 (Thermo
Fisher Scientific) as instructed by the manufacturer. 

The sequences of shRNAs targeting the human PR55 α
(PPP2R2A) mRNA are 5’-ATGGCTAGCAGACATGGAG-3’, and
5’-CAACTATCTCAACTAAGCA-3’ and the sequence for the non-
silencing Control-shRNA is 5’ ATCTCGCTTGGGCGAGAGTAAG-3’
(Dharmacon). Transduction of CD18/HPAF cells with Control-shRNA and
PR55 α-shRNAs were done as described in our publication [17] . 

Immunofluorescence and microscopy 

Immunofluorescence and microscopy were performed as described
previously [ 17 , 35 ]. Briefly, cells grown on coverslips (#1-thickness) were fixed
in 4% paraformaldehyde (PFA) for 20 min, followed by incubation with
0.25% Triton X-100 for 10 min to achieve permeabilization. Samples were
then blocked for 30 min using 10% horse serum, 1% bovine serum albumin
(BSA), and 0.5% Tween-20 in TBS at ambient temperature. To analyze
the co-localization of PR55 α with FBXL20, cells were incubated overnight
at 4 °C in anti-FBXL20 (SCRAPPER) rabbit IgG (1:50 dilution) and anti-
PR55 α mouse IgG (2G9) (1:200 dilution) in TBS/0.05% Tween-20. After
washing with 1% BSA in TBS, cells were incubated with Alexa Fluor 594
anti-rabbit IgG (1:200 dilution, Cat. #A-21207) and Alexa Fluor 488 anti-
mouse IgG, (1:200 dilution, Cat. #A-21202) for 1 hr in dark. DAPI staining
occurred at a 1:1000 dilution for 5 min. Images were taken with a Zeiss-
810 confocal laser-scanning microscope. FBXL20 and PR55 α in the nuclei
and cytoplasm, as well as their co-localization, were analyzed by Fiji-ImageJ
[39–41] . 
pheroid culture in soft-agar and immunohistochemistry analysis 

As described previously in our studies [ 17 , 42 ], cells were plated at
0k cells/well in 6-well plates in Medium-D growth medium containing 
.35% NuSieve Agarose Soft-agar (FMC Bioproducts, Rockland, ME) and 
ultured for 3–6 weeks. The medium for HPNE/PR55 α cells contained Dox 
1μg/ml) for maintaining ectopic PR55 α expression. The Spheroids were 
ollected using cell strainers (Corning, Tewksbury, MA) by centrifugation at 
000-RPM for 2 min, washed with PBS, and fixed in 4% PFA overnight
t 4 °C. Following fixation, Spheroids were washed with PBS, incubated 
n 30% sucrose solution for 24–48 h at 4 °C, embedded into Histogel
Thermofisher, Waltham, MA), and analyzed for Ki67 proliferation marker 
ith ab16667 at 1:200 dilution by immunohistochemistry (IHC) and 
ematoxylin Counter Staining as described by the manufacturer. IHC 

nalysis of FBXL20 expression in human pancreatic ductal adenocarcinoma 
issue was carried out with the FBXL20 (SCRAPPER) rabbit IgG at 1:400 
ilution, as described by the previous studies [15] . 

T-PCR analysis 

As described in our previous study [17] , total RNA was isolated 
rom the indicated cells using the TRIzol RNA-Isolation Reagent 
Invitrogen) and analyzed for human PR55 α and GAPDH mRNA 

evels by real-time RT-PCR using the iScript Advanced cDNA Synthesis 
it (Quanta Biosciences) and SsoAdvanced Universal SYBR Green 
upermix (Bio-Rad). The PR55 α mRNA expression was normalized 
ith GAPDH mRNA levels. The PCR primer sequences for human 
APDH include forward-primer 5’-CCACTCCTCCACCTTTGA-3’, and 
everse-primer 5’-ACCCTGTTGCTGTAGCCA-3’. The PCR primer 

equences for human PR55 α (gene name PPP2R2A) include forward- 
rimer 5’-GCAACAGGAGATAAAGGTGGTAG-3’ and reverse-primer 
’TGGTTCATGGCTCTGGAAGGTG-3’. The PCR primer sequences for 
ouse GAPDH include forward-primer 5’-TTCCACCCATGGCAAATT- 

’, and reverse-primer 5’-TGGCAGGTTTTTCTAGAC-3’. The PCR 

rimer sequences for mouse PPP2R2A include forward-primer 5’- 
AGACAAAAGACCAGAAGGCTATA-3’ and reverse-primer 5’- 
TTCTCCGTGGACTGGCTTCCA-3’. 

tatistical analysis 

Student’s t-test and one-way ANOVA methods were used for the 
omparison of experimental groups using SigmaPlot software. Linear 
egression analysis of log (protein level) against time was used to calculate 
rotein half-life ( Figs. 2 , 3 D,E, and 6 D) with SigmaPlot software. The
aplan-Meier method was used to assess the correlation between FBXL20 
RNA expression and the survival of pancreatic cancer patients ( Fig. 7 C)

sing GraphPad Prism-8 software. For all the statistical analyses, P values 
0.05 were considered significant. 

esults 

nactivation of p53 function increases the stability of PR55 α protein 

We tested the effect of p53 function on PR55 α protein expression in 
uman normal pancreatic cells (HPNE), which were immortalized by human 
elomerase, and mouse embryonic Balb/c 3T3 cells. In HPNE cells, PR55 α
rotein expression was always higher in the cells engineered to lack wild- 
ype (wt) p53 function, either by siRNA-knockdown, expressing the viral 
ncoprotein HPV16-E6 that promotes p53 degradation [43] or expressing 
he dominant-negative mutant p53 (p53 R175H ) ( Fig. 1 A–C). In contrast, 
ctopically expressing HPV16-E7, which promotes the degradation of the 
RB tumor suppressor [44] , had little effect on PR55 α protein level in HPNE
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Fig. 1. Loss of p53 suppressor function increases the PR55 α protein level. (A-C) In the HPNE human pancreatic normal cells, loss of wild-type (wt) p53 
function was produced by siRNA transfection (A), expressing HPV16-E6 that induces p53 degradation (HPNE-E6) (B), or expressing p53 R175H , a loss-of- 
function of mutant p53 (C). The cell lysates were analyzed for protein expression of p53, PR55 α, and GAPDH by immunoblotting. As a positive control, 
pancreatic cancer cell lines CD18/HPAF and AsPC-1, which express p53 P151S mutant and p53-null (resulted by p53 frame-shift/TGC → GC), respectively, 
were included in the analysis. The densities of PR55 α and GAPDH signals on the blots were quantified by Fiji-ImageJ software, and relative PR55 α levels were 
determined after normalization by GAPDH levels. Note: Fig. 1 B, p53 panels were from the same x-ray film. (D) In mouse Balb/c 3T3 cells, loss of wt-p53 
function was produced by expressing p53 R175H or homologous p53 deletion (p53-/-). The effects of these interventions on PR55 α protein expression were 
determined by Western blot analysis. Relative PR55 α levels in the samples were determined as described above. (E) p53-proficient (wt) and -deficient HPNE 

(human) and Balb/c 3T3 (mouse) cells were analyzed and compared by RT-PCR for PR55 α-mRNA levels, which show no significant differences among 
the samples. (F) The oncogenic Kras G12D mutant does not affect PR55 α protein expression. HPNE-Control and HPNE-E6 cells were stably transduced with 
mutant Kras G12D with a retroviral vector and analyzed for PR55 α protein expression by immunoblotting. Relative PR55 α levels in the samples were determined 
as described above. 
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cells ( Fig. 1 B). As a positive control, the analysis included two pancreatic
cancer cell lines that lack p53 function [45] , CD18/HPAF expressing
the p53 P151S mutant, and AsPC-1 harboring p53 frame-shift/TGC → GC
resulting in p53-null, both of which showed overexpression of PR55 α
( Fig. 1 B). Consistently, mouse Balb/c 3T3 cells engineered to lack wt-
p53 function either by p53 deletion (p53 −/ −) or expressing the p53 R175H

mutant also exhibited increased PR55 α protein levels ( Fig. 1 D). Furthermore,
RT-PCR analysis showed no significant difference in PR55 α mRNA level
among the cell lines, irrespective of p53 status ( Fig. 1 E), suggesting that the
regulation of PR55 α by p53 occurs at the protein level. As a comparison,
we examined the effect of oncogenic mutant Kras G12D expression on
PR55 α-protein expression in HPNE cells. As shown in Fig. 1 F, while
expressing HPV16-E6 markedly increased PR55 α-protein level in HPNE
cells, expressing the Kras G12D mutant had little effect on PR55 α-protein levels
in the cells. 

Subsequently, we tested the effect of proteasome inhibition by MG132 on
PR55 α protein expression. As shown in Fig. 2 A, MG132 treatment resulted
in ∼4-fold increase in the level of PR55 α protein in p53-proficient HPNE
or Balb/c 3T3 cells ( p53-wt ), whereas it did not affect the already high
PR55 α level in p53-deficient HPNE or Balb/c 3T3 cells ( HPV-E6, p53-/- or
p53 R175H ). We then measured PR55 α protein stability in the isogenic HPNE
and Balb/c 3T3 cell lines, which differ only in p53 function, using the CHX-
chase assay as described in our previous study [17] . The results showed that
loss of p53 function in human HPNE cells or mouse Balb/c 3T3 cells resulted
in a marked extension of PR55 α protein half-life ( Fig. 2 B,C). 
53-supported FBXL20 negatively regulates the protein-stability of 
R55 α

Previous studies show that FBXL20 is transcriptionally induced by p53 as
art of the DNA damage response, while FBXL16 is shown to bind directly to
R55 α [ 23–25 , 28 ]. Therefore, we compared the effect of p53 function on the
rotein expression of FBXL16 and FBXL20, both of which are F-box family
embers serving as the adapters on the SCF E3 ubiquitin ligase complexes

24] . As shown in Fig. 3 A,B, inactivation of p53 function by expressing the
53 R175H mutant, p53 homologous deletion ( p53-/- ), or siRNA-knockdown

ed to marked decreases in FBXL20 protein expression in both human and
ouse cells. In contrast, the same interventions did not result in a decrease

n FBXL16 protein level. 
Next, we examined the effect of FBXL20 on PR55 α expression with

iRNAs. As shown in Fig. 3 C, transfection with FBXL20-siRNA significantly
educed the FBXL20 protein level in HPNE/Control cells, which express
ild-type p53, and resulted in an approximately 10-fold increase in PR55 α
rotein level. In contrast, transfection of FBXL20-siRNA had little effect on
he already low FBXL20 level in HPNE/p53 R175H cells, as well as on the high
R55 α level in these cells. Furthermore, there was very little difference in
he PR55 α level between the HPNE/Control cells transfected with FBXL20-
iRNAs and the HPNE/p53 R175H cells transfected with/without FBXL20- 
iRNA (lane 2 vs. lanes 3-5). 

Subsequently, we assessed the effect of FBXL20 on PR55 α protein
tability using the CHX-chase method [17] . The result showed that FBXL20-
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Fig. 2. Loss of p53 function increases PR55 α protein stability. (A) Inhibition of the proteasome by MG132 only increases PR55 α protein level in p53-wt 
cells. HPNE and Balb/c 3T3 cells proficient (p53-wt) or deficient in p53 function (HPV-E6, p53 R175H , or p53-/-) were incubated in the media containing 
proteasome inhibitor MG132 (10 μM) for 0, 4, and 6 h, and followed by Western blot analysis for the levels of PR55 α and α-Tubulin (loading control). 
Line-graphs: PR55 α and α-Tubulin signals captured by x-ray films were quantified by Fiji-ImageJ software, and relative PR55 α levels at the indicated time 
points were determined after normalization by α-Tubulin levels. The experiment was repeated three times and the results were expressed as mean ±S.D. 
(n = 3). Bottom panel: Representative Western blot analyses of PR55 α and α-Tubulin (loading control) in HPNE and Balb/c 3T3 control cells following 
treatment with MG132 for the times indicated. (B-C) Assessment of PR55 α protein half-life using the cycloheximide-chase assay. As described in Materials 
and Methods [17] , the HPNE and Balb/c 3T3 isogenic cell panels differed only in p53 function were treated with 15 μg/ml cycloheximide (CHX) for the 
indicated hours and analyzed for the protein levels of PR55 α and α-Tubulin or GAPDH by immunoblotting. The signals on the blots were quantified by 
Fiji-ImageJ software, and relative PR55 α levels were determined after normalization by α-Tubulin or GAPDH levels. Protein half-life t(1/2) of PR55 α was 
calculated by linear regression analysis of log (PR55 α level) against time using SigmaPlot software. The values shown represent the average of two independent 
experiments. 
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knockdown by siRNAs extended PR55 α protein half-life from ∼6 h to ∼12
h in both HPNE and Balb/c 3T3 cells ( Fig. 3 D,E). For validation, FBXL20
was also knocked down using esiRNAs (EMU193711, Millipore-Sigma), as
described in Materials and Methods [46] , and similar results were obtained
(data not shown). 

Loss of p53 function or FBXL20 expression reduces 
PR55 α-ubiquitination 

We analyzed the effect of p53 function on PR55 α-ubiquitination in
HPNE and Balb/c 3T3 cells. The cells with/without p53 function were
incubated with MG132 (10 μM) or 0.1% DMSO (vehicle control) for 6
h to block protein degradation, immunoprecipitated (IP) with anti-PR55 α
antibody, and analyzed for PR55 α-ubiquitination by immunoblotting (IB),
as described previously [35] . As shown in Fig. 4 A (top panel), the level of
PR55 α-ubiquitination reduced by 83% in HPNE/p53 R175H cells compared
to HPNE/Control (p53 wt ) cells. The detection was specific, as PR55 α-
ubiquitination was not present in HPNE/Control cells without inhibition
of proteasome activity by MG132 ( Fig. 4 A, top panel, lane 1). Similarly, the
level of PR55 α-ubiquitination was reduced by 87% in Balb/c 3T3 (p53 −/ −)
cells relative to Balb/c 3T3 (p53 wt ) cells ( Fig. 4 A, bottom panel). 

Next, we examined the effect of FBXL20 expression on PR55 α-
ubiquitination. For this study, HPNE and Balb/c cells were transfected with
FBXL20-siRNAs for 3 days and treated with MG132 for 6h before analyzing
PR55 α ubiquitination. As shown in Fig. 4 B, FBXL20-knockdown resulted
n the diminution of PR55 α-ubiquitination by 77% and 80% in HPNE and
alb/c 3T3 cells, respectively. 

Together, the results in Figs. 3 , 4 show that either loss of p53 function
r decrease of FBXL20 expression diminishes PR55 α-ubiquitination. This 
s linked to an increase in PR55 α protein stability. Thus, this data suggests
 role of p53/FBXL20 cascade in the promotion of PR55 α proteasomal 
egradation. 

BXL20 interacts with PR55 α in vitro and in vivo 

We tested the interaction of PR55 α and FBXL20 in HPNE cells by 
eciprocal co-immunoprecipitation (IP), as described previously in our study 
17] . Immunoblotting ( IB ) revealed the presence of both PR55 α and
BXL20 in the immunoprecipitates obtained from HPNE lysates with either 
nti-PR55 α or anti-FBXL20 antibody ( Fig. 5 A), while neither were detected
n the control immunoprecipitates obtained with non-immunized IgG. 

Next, we analyzed the intracellular co-localization of PR55 α and FBXL20 
n HPNE cells by immunofluorescence (IF) confocal microscopy, as described 
n our studies [ 17 , 35 ]. The results in Fig. 5 B–D (HPNE/Control) showed
hat PR55 α and FBXL20 were present in both the cytoplasm and nucleus 
f the cells, with PR55 α expression relatively higher in the nucleus. 
hen ectopic PR55 α expression was induced by Dox (1μg/ml) in HPNE 

ells (HPNE/PR55 α), the nuclear-portion of PR55 α was significantly 
ugmented ( P = 0.004) ( Fig. 5 B–C). A simultaneous increase in the nuclear
ortion of FBXL20 was also detected in the HPNE/PR55 α, although 
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Fig. 3. FBXL20 is required for p53 to suppress PR55 α protein stability. (A) Effect of p53 function on FBXL20 expression. Left panel: Human HPNE cells 
stably transduced with control vector ( C ) or p53 R175H ( clones #1 and #2 ) were analyzed for FBXL20, FBXL16, and GAPDH protein levels by Western blotting. 
Right panel: Balb/c 3T3 mouse cells expressing p53-wt, p53-R175H ( 175.1 ), and p53-/- were analyzed for FBXL20, FBXL16, and GAPDH protein levels 
by Western blotting. (B) HPNE cells were transfected with p53-siRNAs for 3 days and analyzed for the indicated proteins by Western blotting. (C) Effect of 
FBXL20 on PR55 α protein expression. HPNE cells were transfected with Control-siRNAs or FBXL20-siRNAs for 72 h and analyzed for FBXL20, PR55 α, 
and GAPDH by Western blotting. (D) Effect of FBXL-20 on PR55 α protein stability. Top panel: Balb/c 3T3 mouse cells were transfected with Control- 
siRNAs or FBXL20-siRNAs for 72 h and analyzed for FBXL20 and α-Tubulin levels by immunoblotting. Bottom panel: following siRNA-transfection for 
72 h, the cells were incubated in the medium containing CHX (15 μg/ml) to halt protein synthesis for 0, 4, 8, 16, and 24 h and analyzed for PR55 α and 
α-Tubulin protein levels by Western blotting. (E) Top panel: HPNE cells were transfected with Control-siRNAs or FBXL20-siRNAs for 72 h, incubated in 
the medium containing CHX (15 μg/ml) for the indicated hours, and analyzed for PR55 α and GAPDH protein levels. Table: the density of PR55 α signals 
in Fig. 3 D (bottom panel) and Fig. 3 E (top panel) were quantified by Fiji-ImageJ software, normalized with α-Tubulin ( Fig. 3 D) and GAPDH ( Fig. 3 E), 
respectively, and analyzed for the protein half-life of PR55 α by linear regression analysis of log (PR55 α level) against time. The PR55 α t(1/2) values represent 
the average of two independent experiments. 
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the increase was slightly below statistical significance ( P = 0.055) ( Fig. 5 B
and D). Co-localization studies revealed that there was a significant
decrease in the colocalization of PR55 α and FBXL20 in the PR55 α-
high cells (HPNE/PR55 α) compared to the isogeneic PR55 α-low cells
(HPNE/Control) ( Fig. 5 E) 

Ectopic expression of the p53 

R175H mutant or PR55 α increases the 
protein stability of c-Myc 

c-Myc serves as a master regulator of cellular metabolism and
proliferation. Aberrant c-Myc activation stimulates numerous metabolic
changes that not only promote oncogenic transformation but also support the
malignant phenotypes of cancer cells [ 11 , 47 , 48 ]. The intracellular level of c-
Myc is mainly regulated by its stability via the phosphorylation of its S62 and
T58 sites ( Fig. 6 A). c-Myc is a substrate of PR55 α, and dephosphorylation
of c-Myc-T58 by the PR55 α/PP2A complex prevents c-Myc proteasomal
degradation, thus stabilizing c-Myc protein ( Fig. 6 A) [16] . Alternatively,
phosphorylation of c-Myc-S62 also promotes c-Myc stabilization, which
is antagonized by a different PP2A regulatory subunit, PR61 α [ 49 , 50 ]
( Fig. 6 A). Therefore, we examined the effects of p53 R175H and PR55 α on
c-Myc phosphorylation at these sites, as well as on c-Myc protein level and
stability. 
As shown in Fig. 6 B, expressing ectopic p53 R175H mutant or PR55 α in
PNE normal cells resulted in a decrease in c-Myc-T58 phosphorylation 

y ∼84% and ∼100%, respectively, as well as an induction in c-Myc
rotein level by 6.7-fold and 11.1-fold, respectively. For comparison, we
nalyzed c-Myc-S62 phosphorylation in these cells, as it also regulates c-Myc
tability [16] . However, expressing either the ectopic p53 R175H or PR55 α
ad little effect on c-Myc-S62 phosphorylation in HPNE cells ( Fig. 6 B).
o verify the effect of PR55 α on c-Myc, PR55 α was knocked down by two
ifferent shRNAs in CD18/HPAF pancreatic cancer cells, which express the
53 P151S mutant [51–53] . As shown in Fig. 6 C, knockdown of PR55 α in
D18/HPAF cells resulted in induction in c-Myc-T58 phosphorylation with 
 concomitant decrease in total c-Myc protein levels. 

Subsequently, we assessed the effects of p53 R175H or PR55 α on c-Myc
rotein stability using the CHX-chase assay [17] . The results showed that
ctopic expression of p53 R175H mutant and PR55 α in HPNE cells resulted
n an approximately 3-fold and 4-fold increase in c-Myc protein half-life,
espectively ( Fig. 6 D). 

We have previously demonstrated that PR55 α overexpression promotes 
nchorage-independent colony formation of HPNE cells [17] . Since 
53 R175H and PR55 α increase c-Myc stability and c-Myc promotes 
ransformation-associated proliferation [47] , we assessed the effect of 
53 R175H and PR55 α on anchorage-independent proliferation in HPNE 

ells. HPNE/p53 R175H , HPNE/PR55 α, and HPNE/Control cells were 
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Fig. 4. Loss of p53 function or FBXL20 expression reduces the ubiquitination of PR55 α. (A) Top panel: HPNE/Control and HPNE/p53 R175H cells were 
incubated with 10 μM MG132 proteasome inhibitor (lanes 2-3) for 4h. As a control, HPNE/Control cells were incubated with the DMSO vehicle (lane 1). 
The cells were lysed, and 1 mg lysate samples were immunoprecipitated with anti-PR55 α (100C1) rabbit IgG (IP). The obtained immunoprecipitates were 
analyzed for PR55 α ubiquitination with anti-ubiquitin (P4D1) and anti-PR55 α (2G9) Mouse IgG by immunoblotting (IB). As protein loading controls, 
25 μg whole-cell lysates were assessed for GAPDH protein levels by Western blotting ( GAPDH ). The densities of ubiquitin (Ub) and GAPDH signals were 
quantified by Fiji-ImageJ software and determined for relative Ub levels after normalization by GAPDH levels. Bottom panel: Balb/c 3T3 cells, p53-wt and 
p53-/-, were incubated with 10 μM MG132 for 4 h, and 1 mg protein lysates were analyzed for PR55 α-ubiquitination as described above. (B) Top panel: Balb/c 
3T3 cells were transfected with none, Control-siRNAs or FBXL20-siRNAs, incubated for 72 h and analyzed for FBXL20 and GAPDH levels by Western 
blotting. Relative FBXL20 levels in the lysates were determined as described above. Bottom panel: indicated cells were transfected with Control-siRNAs or 
FBXL20-siRNAs for 72 h and then incubated with 10 μM MG132 for 4 h. As a negative control, un-transfected Balb/c 3T3 cells incubated with the DMSO 

vehicle for 4 h were included in the analysis. The resulting cells were lysed, and 1 mg protein lysates were analyzed for PR55 α-ubiquitination as described 
above. 
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plated in soft-agar in growth medium for 3-weeks and quantified for the
number of cells positive in Ki67 expression, a hallmark for cell proliferation
[54] . Immunohistochemistry analysis (IHC) revealed a 4-fold and 7-fold
increase in the number of Ki67-positive cells in the spheroids formed
by HPNE/p53 R175H and HPNE/PR55 α cells, respectively, compared to
HPNE/Control cells ( Fig. 6 E). 

FBXL20 expression significantly decreases in pancreatic cancer cell 
lines/tissues and negatively associates with poor survival of pancreatic 
cancer patients 

We have previously shown that the PR55 α protein is overexpressed in
pancreatic cancer and high levels of PR55 α are associated with poor patient
urvival [15] . Thus, we analyzed FBXL20 protein expression in panels of 
ancreatic normal and cancer cell lines and tissues. As shown in Fig. 7 A,
BXL20 was detected at much lower levels in the pancreatic cancer cell 

ines, which also express the mutant p53, as compared to HPNE normal 
ontrol [51–53] . Consistently, both PR55 α and c-Myc protein levels were 
uch higher in the pancreatic cancer cell lines relative to HPNE normal 

ells, along with much lower levels of c-Myc-T58 phosphorylation detected in 
he pancreatic cell lines compared to HPNE control ( Fig. 7 A). These results
ogether with the data in Fig. 6 suggest an inversed functional relationship 
etween the p53/FBXL20 axis and the PR55 α/c-Myc cascade. The studies 
lso reveal a positive correction of p53 mutations with the diminution of 
he FBXL20 expression and with the increase in PR55 α and c-Myc protein 
evels. 



Neoplasia Vol. 23, No. 12, 2021 p53/FBXL20 axis negatively regulates the protein stability of PR55 α, a regulatory subunit of PP2A Ser/Thr phosphatase 
L.S.V. Madduri et al. 1199 

Fig. 5. Interaction of FBXL20 and PR55 α in human normal pancreatic cells. (A) PR55 α or FBXL-20 was immunoprecipitated (IP) from 1 mg HPNE cell 
lysates with the anti-PR55 α (100C1) ( IP-PR55 α) or anti-FBXL20 (Prosci # 4449) ( IP-FBXL20 ) rabbit polyclonal IgG and immunoblotted for the presence 
of both PR55 α and FBXL20 with anti-PR55 α (2G9) and anti-FBXL20 (D-4, SC-515274) mouse monoclonal antibody, respectively (IB). As a negative 
control, immunoprecipitate obtained with non-immunized rabbit IgG was included in the analysis ( IgG ). As protein loading controls, PR55 α and FBXL20 
in the lysate were analyzed by immunoblotting (input). (B) Intracellular distribution and co-localization of FBXL20 and PR55 α. HPNE control ( Control ) 
or HPNE-transduced with Doxycycline (Dox)-inducible ectopic PR55 α ( PR55 α) were incubated with 1 μg/ml Dox for 2 days (to induce ectopic PR55 α
expression) were stained with anti-FBXL20 rabbit IgG (Prosci # 4449) and anti-PR55 α mouse IgG (2G9). The intracellular localization of FBXL20 and 
PR55 α in the cells were analyzed using a Zeiss-810 confocal laser-scanning microscope, as described in Materials and Methods . Co-localization of FBXL20 
and PR55 α in the cells were shown as merged images ( FBXL20/PR55 α and MERGE ). Scale bars, 20 μm. (C-D) FBXL20 and PR55 α were analyzed for their 
cytoplasmic and nuclear levels using Fiji-ImageJ and SigmaPlot software with the method described previously [17] . The bar graphs show the average levels of 
PR55 α (C) and FBXL20 (D) in the cytoplasm and nuclei of ∼120 cells measured individually. (E) The degrees of co-localization of PR55 α with FBXL20 in 
the indicated cells were measured by Fiji-ImageJ software using Pearson’s overlap coefficients method and compared by Student’s t-test by SigmaPlot software 
as described in our study [17] . 
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Next, we analyzed FBXL20 mRNA expression in human normal and
malignant pancreatic tissues from the GENT2 database (GPL570 platform)
(data set: HG-U133 Plus 2) [55] . As shown in Fig. 7 B and Supplementary
Table S1, pancreatic cancer tissues expressed significantly lower levels of
FBXL20 mRNA relative to normal pancreatic tissues ( P = < 0.001). We then
analyzed the relationship of FBXL20 expression and the survival of pancreatic
cancer patients with the RNA-sequencing data available from the Human
Protein Atlas database [56] . The results showed that low FBXL20 mRNA
levels were associated with poor survival of pancreatic cancer patients, as
determined by Kaplan-Meier analysis ( Fig. 7 C,D and Supplementary Table
S2). 

In summary, the studies in this report delineate a novel mechanism by
which p53 and its gene target FBXL20 negatively regulates PR55 α protein
stability through ubiquitin-mediated proteasomal degradation. The data also
reveal a positive correlation of p53 mutations with the decrease in FBXL20
expression and induction of PR55 α and c-Myc protein levels. 

Discussion 

PR55 α/PP2A complex positively regulates several core oncogenic
pathways including the ERK, Wnt/ β-catenin, c-Myc, and YAP pathways
[ 12 , 15 , 17 , 50 , 57 ]. Our previous studies reveal that PR55 α protein level
rogressively increases during pancreatic cancer development and knockdown 
f PR55 α by shRNA abrogates both tumorigenicity and metastasis of
ancreatic cancer cells in mouse models [15] . Since oncogenic Kras activation
nd loss of p53 tumor suppressor due to mutations are the key drivers of
ancreatic cancer [58] , we examined their effects on PR55 α expression in
oth human and mouse cells. The results of these studies delineate a novel
ole of p53 and its gene target FBXL20 in the negative regulation of PR55 α
rotein stability. 

FBXL20 is a transcriptional target of p53 in DNA damage response
25] . The results of this report reveal that FBXL20 can act as an effector
or the p53 function in the suppression of PR55 α protein stability. Thus,
oss of FBXL20 expression phenocopies the loss of p53 function, reducing
R55 α-ubiquitination and stabilizes PR55 α protein, while the two together
o not produce additive effects (see Figs. 1–4 ). Consistently, biochemical
tudies reveal a physical interaction of PR55 α and FBXL20 in vitro and
n vivo (See Fig. 5 ), which provides further evidence supporting PR55 α as
 substrate of FBXL20, which is a recognizing component of the SCF-E3
biquitin ligase complexes that promote protein degradation [ 23 , 24 ]. Thus,
hese results suggest a novel mechanism of PR55 α inhibition that is based
n the p53-controlled ubiquitin-proteasome degradation machinery. Future 
tudies are needed to identify the ubiquitination sites and degrons targeted
y the p53/FBXL20 axis in the PR55 α protein for this regulation. 
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Fig. 6. Effect of p53 function and PR55 α expression on c-Myc protein stability. (A) c-Myc protein stability is regulated by phosphorylation [ 16 , 49 , 50 , 60 ]. 
While the phosphorylation of c-Myc-S62 by ERK kinase promotes c-Myc protein stability, the phosphorylation of c-Myc-T58 by GSK3 β kinase facilitates 
c-Myc proteasomal degradation. In contrast, dephosphorylation of c-Myc-T58 is catalyzed by the PR55 α/PP2A complex to promote c-Myc stabilization, 
whereas dephosphorylation of c-Myc-S62 is by the PR61 α/PP2A complex to facilitate c-Myc proteasomal degradation. (B) HPNE/Control, HPNE/p53 R175H , 
and HPNE/PR55 α (induction by 1μg/ml Dox for 3 days) cells were analyzed for the phosphorylation of c-Myc-T58 and c-Myc-S62, and total level of c- 
Myc by immunoblotting with antibodies against c-Myc-T58 (ab85380), c-Myc-S62 (33A12E10), and total c-Myc (D3N8F). α-Tubulin served as an internal 
control. (C) CD18/HPAF pancreatic cancer cells were stably transduced with Dox-inducible control-shRNA or PR55 α-shRNA and incubated with 2 μg/ml 
Dox for 3 days (for knocking down PR55 α levels). The cell lysates were analyzed by immunoblotting for the levels of PR55 α, phospho-Myc-T58, total c-Myc, 
and GAPDH. B4-2 and B4-4 are different PR55 α-shRNAs. (D) Effect of p53 R175H and PR55 α on c-Myc protein stability. Left panel: The indicated cells 
were incubated with 15 μg/ml CHX, to halt protein synthesis, for the indicated times and analyzed for c-Myc protein levels by immunoblotting. As a loading 
control, α-tubulin was assessed by Western blot analysis. HPNE/PR55 α cells were induced for ectopic PR55 α expression by incubation with Dox (1μg/ml) 
for 3 days before CHX treatment. Right panel: Line-graph: the levels of c-Myc and α-Tubulin on the blots were quantified using Fiji-ImageJ software, and 
relative c-Myc levels were determined by normalizing to α-Tubulin levels. Bottom table: c-Myc protein half-life was calculated by linear regression analysis of 
log (c-Myc level) against time using SigmaPlot software. The data represent the mean ±S.D. of three independent experiments. (E) Effect of p53 R175H mutant 
and PR55 α on anchorage-independent proliferation. HPNE/Control, HPNE/p53 R175H , and HPNE/PR55 α cells were plated in 0.35% soft-agar with growth 
medium at 50K cells/well in 6-well plates for 3 weeks. Dox (1 μg/ml) was added to the medium to maintain ectopic PR55 α expression in HPNE/PR55 α
cells. The 3D-spheroids formed in soft-agar were harvested and embedded with Histogel (Thermofisher) and analyzed for proliferation rate by quantifying 
the cells positive in Ki67 expression (ab16667, 1:200 dilution) by immunohistochemistry analysis (IHC), as instructed by the manufacturer. The Bar graph 
summarizes the Ki67 positive cells in the indicated samples and represents the mean ±S.D. (n = 4). Right panel: Representative images show Ki67 positive cells 
in dark brown color in the 3D-spheroids. 
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Although PR55 α and FBXL20 are present in both the cytoplasm and
nuclei, PR55 α expression is relatively higher in the nuclei (see Fig. 5 ). Ectopic
PR55 α expression significantly increases the nuclear portion of PR55 α
expression, which coincidentally associates with a reduced co-localization
of PR55 α with FBXL20 (see Fig. 5 C–E). Since several PR55 α-promoted
oncoproteins (e.g. β-catenin, c-Myc, YAP) are transcription factors in the
nuclei [ 12 , 15 , 17 , 50 , 57 ], inhibition of PR55 α by the p53/FBXL20 axis is
anticipated to suppress these oncoproteins. Indeed, our previous studies show
that PR55 α supports the activation of β-catenin and YAP [ 15 , 17 ], and
current studies demonstrate that PR55 α promotes c-Myc protein stability,
which is associated with concomitant dephosphorylation of c-Myc-T58, a
substrate of PR55 α (see Fig. 6 ). Thus, these results implicate the inhibition
of PR55 α as a new tumor suppressor function of p53. 

Loss of p53 tumor suppressor is the most frequent event in human cancers.
Deficiency in p53 function not only promotes malignant transformation,
but also facilitates metastatic diseases of many solid tumor types including
hose in the breast, lung, colorectal, and pancreas [59] . Inactivation of p53 is
ssential for pancreatic cancer to progress into invasive and metastatic diseases 
 19 , 21 , 22 ]. The studies in this report demonstrate a novel function of p53 in
he inhibition of PR55 α expression, which supports several core oncogenic 
athways, including YAP, β-catenin, ERK, and c-Myc that are critical for 
he oncogenesis and progression of pancreatic cancer [ 12 , 15 , 17 , 50 , 57 ].
ccordingly, our previous studies demonstrate that PR55 α is required for 
oth in vivo tumorigenicity and metastasis of pancreatic cancer cells [15] . 
onsistent with the observed correlation between high-PR55 α levels with 
oor survival of pancreatic cancer patients [15] , results in this report show that
ancreatic cancer tissues express significantly lower levels of FBXL20 than 
ormal tissues, and low-FBXL20 levels correlate with the poor survival of 
ancreatic cancer patients (See Fig. 7 ). Collectively, the studies in this report
eveal a novel tumor suppression mechanism based on the p53/FBXL20 axis 
n the negative regulation of PR55 α protein stability and subsequent PR55 α- 
romoted c-Myc oncogenic pathway. 
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Fig. 7. FBXL20 levels are significantly lower in pancreatic cancer cells/tissues compared to normal cells/tissues and negatively associate with the survival of 
pancreatic cancer patients. (A) The indicated pancreatic normal and cancer cell lines were analyzed for the levels of FBXL20, PR55 α, c-Myc, c-Myc-T58, and 
GAPDH by Western blot analyses. The mutational status of p53 in the cell lines is described in the table [45] . (B) Box plot shows FBXL20 mRNA expression 
data for pancreatic cancer (n = 262) and normal tissues (n = 92) from the GENT2 database GPL570 platform (data set: HG-U133 Plus 2) [55] . (C) High 
levels of FBXL20 mRNA correlate with better survival of pancreatic cancer patients, as determined by Kaplan-Meier survival analysis. mRNA sequencing data 
of the pancreatic cancer specimens retrieved from the Human Protein Atlas data set [61] was plotted at high (n = 101) and low (n = 61) FBXL20 expression 
in association with patient survival. The mRNA level (FPKM) ≥ 2.3 was considered a high level of FBXL20 expression. Red and blue lines denote the cases 
expressing high and low FBXL20, respectively. (D) Representative images show high (left panels) and low (right panels) expression of FBXL20 by IHC. Arrows 
point to pancreatic ducts (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 
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