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Inhibition of p21 activates Akt kinase to trigger ROS-induced
autophagy and impacts on tumor growth rate
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Owing to its ability to induce cellular senescence, inhibit PCNA, and arrest cell division cycle by negatively regulating CDKs as well
as being a primary target of p53, p21 is traditionally considered a tumor suppressor. Nonetheless, several reports in recent years
demonstrated its pro-oncogenic activities such as apoptosis inhibition by cytosolic p21, stimulation of cell motility, and promoting
assembly of cyclin D-CDK4/6 complex. These opposing effects of p21 on cell proliferation, supported by the observations of its
inconsistent expression in human cancers, led to the emergence of the concept of “antagonistic duality” of p21 in cancer
progression. Here we demonstrate that p21 negatively regulates basal autophagy at physiological concentration. Akt activation,
upon p21 attenuation, driven ROS accumulation appears to be the major underlying mechanism in p21-mediated modulation of
autophagy. We also find p21, as a physiological inhibitor of autophagy, to have oncogenic activity during early events of tumor
development while its inhibition favors survival and growth of cancer cells in the established tumor. Our data, thereby, reveal the
potential role of autophagy in antagonistic functional duality of p21 in cancer.
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INTRODUCTION

Rather than merely being considered as a cell cycle regulator, the
influence of p21 in several other key cellular programs is cropping
up steadily. Over a period of time, a wide range of p21 interacting
networks have been explored. Historically, p21 was discovered as
a binding partner of CDK2-cyclin E/A complex, later accepted as a
universal CDK inhibitor, and in recent years, in addition to cell
cycle regulation, it has emerged as a crucial player in diverse
cellular processes namely, DNA repair, apoptosis, senescence,
transcription, cell migration etc. Being a predominant executor in
p53-mediated growth inhibition, p21 is traditionally considered a
tumor suppressor. The tumor suppressive effect of p21 is primarily
attributed to its inhibitory role for DNA polymerase & cofactor
PCNA [1] and cyclin/CDK complexes [2], slowing cell growth to
restore genomic integrity upon genotoxic insults [3] and
promoting senescence [4] in response to upstream events.
Intriguingly, contrary to its anti-proliferative activity, p21 has also
been shown to promote cell survival by a variety of mechanisms
including protection from apoptotic cell death, stimulation of cell
motility, and supporting assembly of cyclin D-CDK4/6 complex [5].
Thus, the role of p21 in the maintenance of cellular homeostasis is
more complex than that was projected initially and it exhibits
functional “antagonistic duality”, particularly in regulating cell
death mechanisms. Nonetheless, extensive research interests in
p21 and other endogenous CDK inhibitors in cancer inspired the
idea of synthesizing pharmacological inhibitors for CDKs and this
eventually led to the success of palbociclib, a CDK4/6 inhibitor,

against breast cancer [6]. Because of its heterogeneous cellular
functionality, the concept of targeting p21 for cancer therapy
bears the risk of potential side effects. It is, therefore, critical to
understand its context-dependent role in tumor progression
before exploring further prospects on p21 manipulation in cancer
therapy. Being a highly dynamic molecule that plays a key role in
multiple cell signaling pathways, it is quite obvious that p21 may
also have a direct association with the autophagy pathway.

Autophagy is a cellular housekeeping pathway for the removal
of misfolded/aggregated proteins and damaged organelles in
order to safeguard replacement with healthy and new ones. This
self-degradative process is an important source of energy during
development and in nutrient scarcity. Macro-autophagy (hereafter
denoted as “autophagy” in this manuscript) is the most
comprehensively studied and explored event than two other
forms of autophagy i.e. micro-autophagy and chaperon-mediated
autophagy. Aberrant regulation of autophagy can lead to several
pathological conditions including cancer [7].

Similar to p21, autophagy has contradictory roles in cancer. It
can either support cancer cell survival or function as a tumor
suppressor depending on the cancer stage, tissue, and context.
The tumor suppressive functions of autophagy can be explained
by multiple observations namely monoallelic deletion of Beclin-1,
a key autophagy regulatory molecule, in sporadic cases of human
cancers [8]. It was hypothesized that autophagy depletion causes
the accumulation of damaged mitochondria and p62 protein
which in turn triggers reactive oxygen species (ROS) [9]. Enhanced
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free radicals promote DNA damage and chromosomal instability,
finally leading to cancer. Additionally, impairment of autophagy in
apoptosis-resistant cells induces necrosis in vitro and in vivo [10]
leading to the attraction of inflammatory cells and promotes
tumor. Further, autophagy has been demonstrated to cause
oncogene-induced senescence [11] and thus serving as an early
barrier to cancer progression. On the contrary, the catabolic
activity of autophagy to recycle energy under nutrient-limiting
conditions made them indispensable for cancer cell survival.
Because cancer cells have a high demand for nutrients owing to
their uncontrolled proliferation and thus they encounter meta-
bolic stress. Direct role of p21 in regulation of autophagy and its
underlying mechanism has not been explored yet. Nonetheless,
many of the p21-regulated signaling molecules (Ask1, Gadd45,
galectin-3, prosaposin etc.) are involved in modulation of
autophagy [12-14]. Therefore, it is quite likely that autophagy
might be an important factor in addressing “antagonistic duality
of p21” in oncogenesis.

In the present study, we investigated the influence of p21 on
cellular autophagy and its implication in tumorigenesis. Here, we
provide evidence that p21 has a pivotal role in the regulation of
autophagy in Akt and ROS-dependent manner. By using genetic
and pharmacological perturbation, we found that suppression of
p21 is associated with induction of the autophagic process which
influences the dynamics of tumor growth in vivo.

MATERIALS AND METHODS

Cell culture and treatment conditions

HCT116 p21~/~ (JHU cell line# 4) and parental p21™/* (JHU cell line# 36)
cells were kind gift from professor Bert Vogelstein (Johns Hopkins
University, USA) and were authenticated by STR (short-tandem repeat)
profiling. A549, DU145, U20S, MDA-MB-231, and Detroit 562 cell lines were
obtained from American Type Culture Collection. HCT116 and U20S cells
were grown in McCoy’s 5A medium and Detroit 562 cells were maintained
DMEM/F-12 medium. Remaining cell lines were cultured in RPMI-1640
medium. Cells were maintained at 37 °C and 5% CO, in respective culture
media containing 10% fetal bovine serum (FBS) and 1% antibiotic-
antimycotic solution. For p21 suppression, cells were incubated with 10 uM
UC2288 (Merck Millipore and Abcam) for 12-24 h.

Plasmids, cloning, and molecular biology

The plasmid constructs pBABEpuro GFP-LC3 (Ref. No. 22405; created by
Dr. Jayanta Debnath), [15] pMRX-IP-GFP-LC3-RFP-LC3AG (Ref. No. 84572;
created by Dr. Noboru Mizushima) [16] and 1036 pcDNA3-Myr-HA-Akt1
(Ref. No. 9008; created by Dr. William R. Sellers) [17] were obtained from
Addgene. Short hairpin RNA sequences specific for non-targeting
control, Atg7 [18] and p21 [19] were chemically synthesized from
Integrated DNA Technologies, and introduced into pLKO.1 vector via
annealed duplex.

For viral packaging, respective recombinant plasmids were transfected
into either phoenix ampho (for retroviral vector) or 293 T (along with
pSPAX2 and pMD2G packaging plasmids for lentiviral vector) cells by
calcium phosphate co-precipitation method. Packaged viral particles were
collected by harvesting the supernatant at 48 h and 72 h post-transfection
and subsequently used for transient or stable transduction of cells. Stable
cell pools were generated by culturing infected cells in presence of
respective selection antibiotics at the appropriate concentration.

Western blotting

At the end of the experimental procedures, cells were lysed in lysis buffer
composed of 25 mM HEPES (pH 7.2), 0.4 M NadCl, 1.5mM MgCl,, 0.2 mM
EDTA, 1% NP-40 and containing protease and phosphatase inhibitor
cocktail (Roche). After determining the protein concentration by BCA
protein assay kit (Thermo), 10-30 ug of protein lysates from each sample
was resolved in SDS-PAGE and thereafter transferred onto polyvinylidene
difluoride membrane. Blots were subjected to blocking for 1 h at RT and
probed overnight at 4°C with specific primary antibodies followed by
appropriate HRP-linked secondary antibodies (Sigma-Aldrich). After brief
incubation of membranes with enhanced chemiluminescence (ECL)
solution, protein bands were visualized by Bio-Rad XRS + ChemiDoc
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Imaging System. Following primary antibodies were used in this study:
anti-B actin (A2228, Sigma-Aldrich), anti-GAPDH (ABM22C5, Abgenex), anti-
LC3B (L7543, Sigma-Aldrich), anti-Atg7 (8558S, CST), anti-p53 (sc-126, Santa
Cruz Biotechnology), anti-p21 (2947S, CST), anti-Akt (4685S, CST), anti-
pS473 Akt (4051S, CST), anti-pT308 Akt (2965S, CST), anti-mTOR (29838,
CST), anti-pS2481 mTOR (2974S, CST), anti-pS2448 mTOR (55365, CST), anti-
4E-BP1 (9644S, CST), anti-pT37/46 4E-BP1 (2855S, CST), anti-sestrin (11431-
2-AP, Proteintech), anti-catalase (12980S, CST), anti-MnSOD (13141S, CST),
anti-FoxO3a (2497S, CST), anti-pS253 FoxO3a (9466S; CST), anti-FoxO1
(2880S, CST), anti-pS256 FoxO1 (9461S, CST), anti-GSK-3p (9315S, CST), anti-
pS9 GSK-3B (5558S, CST).

Confocal microscopy

Cells were plated onto poly-L-lysine coated round coverslips in a 6-well
plate, grown overnight and subjected to experimental conditions as
indicated. Stable cell lines expressing recombinant fluorescence proteins
were imaged immediately after mounting on glass slides with ProLong™
Gold Antifade Mountant with DAPI (Thermo). For immunofluorescence,
cells were fixed with 4% paraformaldehyde, briefly washed with PBS, and
subsequently permeabilized with 0.5% Triton X-100 in PBS for 10 min
followed by 1 h blocking in 2% BSA at RT. Coverslips were then incubated
with anti-LC3A/B antibody (4108S, CST; 1:250) for overnight at 4°C,
washed three times with PBS, and incubated again with DAPI and
Alexafluor™ 594 conjugated anti-rabbit secondary antibody (A11012,
Thermo; 1:250) for 1h at RT. After 3 washes with PBS, coverslips were
mounted on glass slides with ProLong™ Gold antifade reagent and
examined under LSM510 META (Carl Zeiss) and BX61WI (Olympus)
confocal microscopes. LC3-specific puncta were counted manually by
ImageJ in minimum 25 cells per experimental group.

Electron microscopy

The study was performed according to the protocol described earlier
[18, 20]. Briefly, cells were fixed overnight with 2.5% glutaraldehyde (in
0.1 M phosphate buffer; pH 7.4) at 4°C and subsequently post-fixed with
1% Os0O, followed by encapsulation in agarose. Cells were then embedded
in Spurr resin after dehydration with ascending grades of ethanol. After
polymerization, ultrathin sections (60-70 nm) were obtained using Leica
EM UC7 microtome and subsequently collected onto 200 mesh copper
grids. Sections were double-stained with uranyl acetate and lead citrate
and examined under JEOL JEM 1400 transmission electron microscope
equipped with Gatan Orius 830 CCD camera at 80kV. Images were
analyzed by Gatan DigitalMicrograph software.

Flow cytometry

For measuring endogenous ROS, cells were stained with CM-H,DCFDA
(Thermo) fluorescent probe following manufacturer protocol. Briefly,
6% 10° cells were grown overnight in six-well plate at 80-90% confluency
and subsequently incubated with 5 uM CM-H,DCFDA at 37 °C for 30 min in
dark. After a brief wash with PBS, cells were harvested by trypsinization
and resuspended in PBS before being analyzed by flow cytometry (FACS
Calibur, Becton Dickinson).

For LC3 degradation assay, overnight grown HCT116 p21*/* cells with
stable expression of GFP-LC3 were incubated as indicated. Cells were then
trypsinized, washed with PBS, and resuspended in HBSS containing 2%
FBS. Analysis of 3x 10° cells from each sample was carried out by flow
cytometer.

Colony formation assay

In vitro colony formation assay was performed in six-well plate as
previously described [21]. Approximately 500 numbers of HCT116 p21wt
and null cells were seeded onto each well and allowed to grow in
recommended culture media containing 10% FBS with periodic replen-
ishment on every 4th day. After 14 days of incubation, when colonies were
visible, cells were fixed after brief wash with PBS. Fixed colonies were
subsequently stained with 0.5% crystal violet (in methanol) for 30 min at RT
and thereafter rinsed with tap water to remove residual dye and left to dry
in normal air at RT before imaging.

For the experiment with UC2288, HCT116 p21wt cells were plated at a
density of 1000 cells/well in six-well tissue culture plate. After overnight
growth, cells were exposed to 10uM UC2288 for six days with
replenishment of media every 2 days. Colonies were then stained with
crystal violet and imaged as described above. Images were analyzed with
ImageJ for the area of cell coverage.
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Mice and generation of xenograft tumors

Animal experiment was performed with prior approval of study protocol
from the Animal Ethics Committee of the CSIR-Central Drug Research
Institute. Five to six weeks old nude or NOD/SCID mice were inoculated
subcutaneously with 5x 10° HCT116 p21wt and null cells (suspended in
100 pl PBS) at right and left flank region respectively of same mouse. The
animals were given ad libitum access to feed and water and observed
regularly to monitor tumor induction. At ~7-10 days post-injection, when
tumors were palpable, their size (length and width) was measured using
calipers at every 3rd day till 22nd to 25th days post implantation. The
tumors were allowed to grow to its maximum size without any sign of
morbidity of the experimental animals. Overall health and weight of each
experimental mouse was monitored precisely throughout the study.
Tumor volume (TV) was calculated by the following equation: V (mm3) =
YBhxDxd? (D= large diameter, d =small diameter). At the end of the
study (3 weeks post inoculation), animals were sacrificed by CO, asphyxia
and tumors were excised surgically for further processing.

Statistics

Statistical analyses of values between two groups were performed by two-
tailed Student's t test using GraphPad Prism software or Microsoft excel.
Results of three independent experiments were expressed as mean + SEM.
Results with P values < 0.05 were considered significantly different.

RESULTS

p21 regulates basal level of autophagy at physiological
concentration

In the present study, we first explored whether p21 has any role
on basal level of autophagy. To this end, HCT116 p21*/* (wt) and
p21~'~ (null) cells were used to compare lipidation of LC3 which is
the signature marker for autophagy induction. Here, HCT116
p21null cells showed a robust increase in (lipidated) LC3-Il as
compared to the parental p21 wild-type cells (Fig. 1A). Consistent
with this observation, visualization of autophagy in GFP-LC3
expressing stable cell lines by confocal microscopy study revealed
distinctive punctate fluorescence, indicative of autophagosome
accumulation, in p21null cells. In contrast, HCT116 p21wt cells
showed diffuse pattern of GFP-LC3 distribution (Fig. 1B). To further
confirm involvement of p21 in autophagic process, we used a
pharmacological inhibitor of p21 called UC2288 that attenuates
p21 activity transcriptionally as well as at post-transcriptional level
[22]. Incubation of HCT116 p21wt cells with UC2288 at 10 uM
concentration for 24 h caused reduction in p21 expression. This
was associated with increased turnover of LC3-Il (Fig. 1C). Likewise,
treatment of UC2288 to GFP-LC3 stable cell line with p21wt
background led to the formation of LC-3 specific puncta (Fig. 1D).
The results were further validated by immunostaining of LC3 in
HCT116 p21wt cells before and after incubation with UC2288
(Supplementary figure 1A, B). The observations were additionally
authenticated by knocking down p21 expression by shRNA-
mediated gene silencing in p21wt cells which were associated
with marked increase in the conversion of LC3-I to LC3-lI (Fig. 1E).
In agreement with above results, restoration of p21 expression in
HCT116 p21null cells resulted in reduction of LC3-Il level
(Supplementary figure 1C) and thereby confirming an inhibitory
role of p21 in cellular autophagy. Next, we investigated
ultrastructural changes associated with p21 inhibition. TEM study
of UC2288 treated HCT116 p21wt cells showed accumulation of
typical autophagic vacuoles with engulfed cargo while vehicle-
treated healthy cells exhibited normal sub-cellular morphological
features (Fig. 1F) and thus validating autophagy induction upon
p21 suppression. To further examine generality of above results,
we suppressed p21 activity by RNAi in different human cancer cell
lines including head and neck cancer (Detroit 562), breast cancer
(MDA-MB-231), osteosarcoma (U20S), and lung cancer (A549).
Analysis of whole-cell protein lysates by immunoblotting revealed
that irrespective of cell type, attenuation of p21 conferred
induction of autophagic vacuolization and was evident as
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increased turnover of LC3-Il in p21-depleted cells (Fig. 1G). All of
these findings suggested that p21 is a physiological regulator of
autophagy.

Mechanism of autophagic vacuole induction during

P21 suppression

To determine the mechanism underlying enhanced autophagic
vacuolization after p21 suppression, HCT116 p21wt and null cells
were stably transduced with lentiviral particles encoding shRNA
specific for an essential autophagy regulatory protein, Atg7.
Knockdown efficacy of the candidate shRNA was examined by
western blot assay showing substantial reduction of Atg7
expression in comparison to the control cells with stable
expression of scrambled target sequence (Fig. 2A-C). Our results
revealed that enhanced LC3-ll level, in absence of p21, was
suppressed by Atg7 depletion (Fig. 2A). Similar results were
obtained when the HCT116 wild-type parental cells were
transduced with p21-specific shRNA (Fig. 2B) or treated with
UC2288 (Fig. 2C) and subjected to autophagy suppression by
Atg7 silencing. To further validate the effect, we next used DU145
prostate cancer cells, which lacks functional autophagy due to the
absence of Atg5 [23]. Suppression of p21 by gene silencing failed
to activate LC3 lipidation in autophagy-compromised DU145 cells
(Fig. 2D). These data suggested that induction of autophagic
vacuoles after p21 inhibition follows the canonical pathway of
autophagy.

Guided by above results, we investigated autophagic flux by
different methods to distinguish higher autophagic sequestration,
indicative of activation of conventional autophagy pathway, from
decreased degradation of autophagic cargo in p21 inhibited cells.
Toward this end, we first used lysosomal inhibitor chloroquine
(CQ) and examined LC3-Il turnover before and after p21 inhibition.
Western blot experiment with whole cell lysates revealed
additional induction of LC3-ll in CQ-treated HCT116 p21null cells
than vehicle-treated control (Fig. 3A). Likewise, pre-incubation of
HCT116 p21wt cells with CQ caused marked enhancement of LC3-
Il upon neutralization of p21 activity either by UC2288 (Fig. 3B) or
target specific shRNA (Fig. 3C). In agreement with the immuno-
blotting data, confocal microscopic analysis of GFP-LC3 expressing
HCT116 p21wt cells showed much higher accumulation of GFP-
LC3 puncta in CQ and UC2288 co-treatment group than the cells
that were treated with UC2288 (Fig. 3D). These results suggested
that enhancement of autophagy markers in p21 attenuated cells is
indeed due to induction of autophagy rather than inhibition of
autophagosome-lysosome fusion. To further validate p21 attenua-
tion driven delivery of autophagosomal membranes into lyso-
somes, we used GFP-LC3-RFP-LC3AG fluorescence probe encoding
both conjugation proficient and deficient LC3 that are tagged with
GFP and RFP, respectively. The quenching of GFP fluorescence in
autophagolysosomes and unchanged intensity of lipidation
compromised RFP-LC3AG results in an increased RFP/GFP ratio
during autophagic process [16]. Here, analysis of GFP-LC3-RFP-
LC3AG expressing HCT116 p21wt cells by confocal microscopy
revealed diffuse pattern of green and red fluorescence in vehicle-
treated control cells. The GFP intensity was apparently decreased
upon UC2288 treatment and was associated with appearance of
distinct GFP and RFP puncta. The effect was reversed when the
fusion of autophagosome with lysosome was blocked by
incubating cells with CQ (Fig. 3E). Lysosomal degradation of LC3,
indicative of fusion of autophagosome with lysosome, due to p21
depletion was also evident in flow cytometric analysis of GFP-LC3
expressing HCT116 cells. Here, incubation of cells with UC2288 or
rapamycin (standard autophagy inducer) for 24 h resulted in
substantial decrease in GFP fluorescence intensity in comparison
to the untreated control group (Fig. 3F) and thereby indicated
activation of functional autophagy. Altogether, these data confirm
that p21 inhibits autophagy at physiological concentration.
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P21 modulates autophagy via p53 independent mechanisms
In spite of being a bona fide downstream target, p21 has also been
shown as a negative regulator of p53 [24] which in turn is known to
modulate autophagy [25, 26]. Therefore, it is necessary to determine
whether or not the autophagy modulatory effect of p21 is p53
dependent. To explore this, we used HCT116 p53 wild-type (p5
and its isogenic null (p53~/7) cell lines in our study. The activity
of p21 was suppressed, in these cell lines, either by treatment with
UC2288 or by transducing with lentiviral particles encoding p21-
specific shRNA. Absence of functional p53 in null cells was validated
by western blot assay (Fig. 4A, B). Likewise, reduction in p21 level,

)

upon pharmacological inhibition or

confirmed by immunoblotting (Fig. 4A, B). In agreement with the
previous report [26], enhancement of biochemical signs of
autophagy (i.e, LC3-Il level) was evident in p53 deficient cells as
compared to the parental control cell line (Fig. 4A, B). Similarly,
depletion of p21 resulted in increased LC3-Il expression (Fig. 4A, B)
which is in accordance with our earlier observation. However, a
combination of p53 knockout and p21 attenuation, either by gene
silencing (Fig. 4A) or by a pharmacological inhibitor (Fig. 4B), caused
substantial induction of LC3-ll turnover than the p53 deficient cells
with a physiological level of p21 expression and thereby indicating
that autophagy induction, upon p21 suppression, is mediated

through p53 independent manner.
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agreement with the o
striking increase in Akt

(Fig. 5B). However, RNAi
phosphorylation of mTO

us to postulate that over

Akt activation correlates with ROS-induced autophagy in p21

chanistic understanding on augmented

autophagy in p21 deficient cells, we investigated Akt/mTOR
pathway which is conside

red as major modulator of autophagy by
status and negatively regulates it [27].

Contrary to the common notion, marked increase in Akt
phosphorylation (Ser 473 and Thr 308), indicative of intrinsic

served in p21 deficient cells (Fig. 5A).
epletion was associated with enhanced

phosphorylation of mTOR at Ser 2448 and Ser 2481 (Fig. 5A).
Interestingly, in contrast to increased Akt and mTOR kinase
activity, phosphorylation of 4E-BP1 (Thr 37/38), a downstream
target of mTOR, was decreased in p21null cells (Fig. 5A). In

bservations in p21 wild-type and null

isogenic cells, silencing of p21 in HCT116 p21™* cells resulted in

phosphorylation at Ser 473 and Thr 308
mediated p21 knockdown led to reduced
R and its direct substrate 4E-BP1 (Fig. 5B).

The steady upregulation of phosphorylated Akt among incon-
sistent observations in p21 knocked down and knock out cells, led

active Akt might be an essential player in

triggering autophagy [28] in p21 attenuated cells which might act
by inducing ROS [29, 30]
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To explore this possibility, we compared intracellular ROS level Hydroperoxide (tBHP) induced oxidative stress (mean fl intensity
between p21wt and null cells. Flow cytometric analysis of CM- 186.14 vs 127.11) (Fig. 5C). Next, we investigated whether minimal
H2DCFDA stained cells revealed marginally enhanced ROS in p21 increase in intracellular ROS has any role on enhanced autophagy
deficient cells as compared to p21 proficient group at basal level level in p21 depleted cells. To this end, cells were exposed to ROS
(mean fl intensity 6.73 vs 6.17) as well as in response to tert-Butyl scavenger NAC and cell lysates were analyzed by immunoblotting
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Fig. 3 p21 inhibition induces autophagy flux. A HCT116 p21wt and null cells were incubated with 5 M CQ for 24 h. Cell lysates were
processed for western blot analysis with indicated antibodies. Relative LC3-Il expression level among experimental groups were quantified
from cell lysates of three independent experiments and graphically represented as mean + SE. B Analysis of LC3 by immunoblotting in
HCT116 p217/* cells treated with vehicle or UC2288 in the presence or absence of 5uM CQ (2 h pre-incubation). Relative LC3-Il expression
level among experimental groups were quantified from cell lysates of three independent experiments and graphically represented as
mean + SE. C HCT116 p21*T cells were transiently transduced for 24 h with control or p21-specific shRNAs and incubated with or without
5uM CQ for an additional 24 h before being analyzed for LC3 conversion by western blot assay. Relative LC3-Il expression level among
experimental groups was quantified from cell lysates of three independent experiments and graphically represented as mean + SE.
D Representative confocal micrographs of GFP-LC3 expressing HCT116 p217/+ cells treated with vehicle or UC2288 in the presence or absence
of 5uM CQ (2 h pre-incubation). Rapamycin (2 uM for 24 h incubation) was used as the standard autophagy inducer in this study. E HCT116
P21/ cells, with stable expression of GFP-LC3-RFP-LC3AG, were treated with UC2288 after 2 h pre-incubation with 5 pM CQ and examined
under confocal microscope. F GFP-LC3 expressing HCT116 p21wt cells were incubated with UC2288 alone or in combination with rapamycin.
Cells were then analyzed by flow cytometry to measure GFP fluorescence intensity. Data presented as the mean of three (n = 3) independent
sxperiments +SE. **P < 0.01, ***P < 0.001.
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Fig. 4 p53 independent autophagy modulation by p21. HCT116 p53wt and null cells were subjected to p21 attenuation either by sh-p21
lentivirus transduction (A) or by treating with UC2288 (B). Cells were then harvested and immunoblotting was carried out to determine
relative expression of p53, p21, and LC3. Actin was probed as a normalization control. Densitometric analysis for LC3-Il expression of three
independent experiments was performed by ImageJ and represented graphically as mean + SE. *P < 0.05. **P < 0.01.

for LC3-Il turnover. As shown in Fig. 5D, treatment of cells with
NAC resulted in marked decrease in LC3-Il level in p21 deficient
cells. The effect was further validated by silencing p21 in wild-type
cells and determining LC3 turnover in the presence and absence
of NAC. As can be seen in Fig. 5E, NAC pretreatment caused
marked reduction in p21 suppression-dependent enhanced LC3-II
level. Our data also validated ROS-dependent induction of
autophagy in HCT116 cells by demonstrating tBHP driven

Cell Death and Disease (2022)13:1045

additionally enhanced LC3-Il level in both p21wt and null cells
which was further decreased upon NAC treatment (Supplemen-
tary figure 2). Thus, it is likely that constitutively active Akt caused
a persistent slight increase in intracellular ROS which was enough
to trigger autophagy in p21 deficient cells.

In the following experiments, we sought to determine how Akt
activity elevates intracellular ROS. Inhibitory phosphorylation of
FoxO family transcription factors, downstream effectors of Akt, has
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been demonstrated to be a potential mechanism by which Akt
directly regulates ROS level [31]. Here, we first examined the
expression and post-translational modification of FoxO1 and
FoxO3a in p21wt and null cells. Western blot analysis of cell lysates
revealed an increase in total as well as phosphorylated FoxO3a
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pCONA myr-AKT

(Ser 253) in p21~/~ cells (Fig. 5F). Similarly, we also observed
upregulation of total and p-FoxO1 (Ser 256) in p21 deficient cells
in comparison to the p21 proficient control groups (Fig. 5F).
Nuclear exclusion of FoxO, due to Akt catalyzed phosphorylation,
results in transcriptional repression of cellular anti-oxidant
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Fig. 5 p21 inhibition induces autophagy by triggering intracellular ROS through activation of Akt kinase. A Lysates from HCT116 p21wt
and null cells were resolved and immunoblotted with indicated Akt-mTOR signaling antibodies. B HCT116 p217" cells were transiently
transduced with lentiviral particles encoding control and p21-specific shRNA. Cell lysates were analyzed by western blotting using same sets
antibodies as mentioned in panel A. C HCT116 p21wt and null cells were incubated with or without 250 uM tBHP for 24 h in the presence or
absence of NAC (2.5 mM NAG; 4 h pre-incubation). Cells were then stained with 5 uM CM-H,DCFDA at 37 °C for 30 min in dark and analyzed by
flow cytometry. Data presented as mean of three (n = 3) independent experiments + SE. D HCT116 p21wt and null cells were incubated with
or without 2.5 mM NAC for 4 h followed by immunoblot detection after probing with indicated antibodies. Relative LC3-Il expression level
among experimental groups was quantified from cell lysates of three independent experiments and graphically represented as mean + SE.
E HCT116 p21™+" cells were subjected to p21 suppression by sh-p21 lentivirus transduction and co-incubated (for 4 h) with or without 2.5 mM
NAC. The cells were then lysed and immunoblotting was carried out to determine relative conversion of LC3 as well as to confirm the silencing
of p21 by gene-specific shRNA. Relative LC3-ll expression level among experimental groups was quantified from cell lysates of three
independent experiments and graphically represented as mean + SE. F Representative immunoblots of HCT116 p21wt and null cell lysates
showing increased phosphorylation of Akt substrates and reduced expression of ROS scavengers in p21 deficient cells. G HCT116 p21null cells
were transiently transfected with plasmids encoding or not constitutively activated (myr) Akt for 48 h. Cell lysates were then immunoblotted
with indicated antibodies to determine Akt activation and its effect on cellular autophagy. H Quantification of LC3-Il turnover by ImageJ in
pPCDNA and Myr-Akt transfected cells of three independent experiments (mean + SE; ***P < 0.001). | HCT116 p21null cells, with or without

transient expression of myr-Akt, were analyzed by flow cytometry after 30 min staining with 5 yM CM-H,DCFDA.

enzymes and eventual upregulation of ROS [29]. In accordance
with the inhibitory phosphorylation of FoxO transcription factors,
expression of their target ROS scavengers, catalase, and MnSoD,
was suppressed in p21~/~ cells than isogenic p21*/* cells (Fig. 5F).
Thus, it appears that impaired radical scavenging might have led
to augmentation of ROS in p21 deficient cells. To further
determine putative involvement of Akt in the augmentation of
intracellular ROS upon p21 deficiency, HCT116 p21 '~ cells were
transiently transfected with empty vector or a constitutively active
myr-Akt construct. Hyperactivation of Akt was confirmed by
enhanced phosphorylation at Thr 308 residue as well as increased
phosphorylation of downstream substrates such as GSK-3 and
FoxO3a (Fig. 5G). Here, we found that hyperactivation of Akt
triggered intracellular ROS in p21null cells (Fig. 51) and thereby
instigated significant induction of autophagy (Fig. 5H). Taken
together, above results suggest that p21 suppression activates Akt
kinase which in turn elevates intracellular ROS through inhibitory
phosphorylation of FoxO transcription factors to trigger
autophagy.

Significance of autophagy on physiological role of p21 in cell
proliferation

Although mutation of p21 is extremely rare in human malig-
nancies, its influence has been recorded on wide variety of
cancers including renal cancer, breast cancer, pancreatic cancer,
testicular cancer, ovarian cancer, cervical cancer, squamous cell
carcinomas and prostate cancer [32]. Therefore, it is pertinent to
investigate the effect of p21 modulation on cancer cell prolifera-
tion and monitor differential (if any) progression of in vivo tumors
derived from cancer cells with altered p21 level. In the present
study, we first performed colony formation assay to examine the
influence of p21 on growth and survival of eukaryotic cells. In
contrast to the common perception of p21 as critical factor in
halting cellular proliferation, results of our clonogenic assay
revealed lesser number of viable colonies with reduced size in
p21null cells in comparison to the p21wt cells (Fig. 6A, B). Similarly,
incubation of HCT116 p21wt cells with UC2288 resulted in
significant decrease in viable cell colonies as compared to the
(vehicle) control groups (Supplementary figure 3A, B). To further
validate predictive value of clonogenic assay on in vivo tumor
growth potential, HCT116 xenografts were established in immu-
nodeficient (NOD/SCID) mice by implanting p21wt and null cells
into right and left flank, respectively and growth kinetics of
corresponding tumors were monitored for 3 weeks until the
animals become moribund. As shown in Fig. 6C, D, no obvious
differences in average size and weight of harvested tumors
between p21wt and null xenografts was observed at the end of
the study. Similarly, mean volumes of both p21 proficient and
deficient tumors were nearly equal, with marginally higher
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average volume of null xenografts, at the end of the study (Fig.
6E). All experimental animals appeared healthy at the time of
euthanasia (Supplementary figure 3C). However, there were
noticeable variances in growth kinetics during initial period
progression. In agreement with in vitro clonogenic assay data,
tumors with p21null background grew little slowly, than their
wild-type counterparts, during earlier stage of development. But
they (p21null tumors) progressed at much faster rate at
approximately 2 weeks post inoculation and resembled those of
wild-type xenografts in size and weight at the time of harvesting
(Fig. 6E). Differential p21 expression in isogenic xenografts and
higher level of basal autophagy in p21null tumors was confirmed
by analyzing tumor tissue lysates by western blot assay (Fig. 6F).
To further obtain a conclusive notion on differential growth
kinetics of tumor xenografts with altered p21 genetic background,
HCT116 p21~/~ (left) and parental p21™/* (right) cells were
implanted subcutaneously to both flanks of each nude mouse
which allows better tumor monitoring because of their lack of fur
coat and the tumors were allowed to grow for a more extended
period. Moreover, sample size of the study was also increased to
minimize the impact of variability, if any, of experimental data.
Here, faster growth rate of p21 deficient xenografts, after an initial
sluggishness for around 2 weeks, was more evident than wild-type
counterparts. Likewise, size and weight of the harvested tumors
were apparently higher in p21null xenografts than p21wt tumors
(Supplementary figure 4). Altogether, above observations are in
accordance with the theory that autophagy suppresses tumor-
igenesis during initial stages of development while it supports
tumor cell growth and survival, by coping with intracellular and
extracellular stresses, in established cancer [33, 34].

DISCUSSION

In tumor context, p21 has “antagonistic duality” towards cancer
progression. Early studies have shown it to have anti-oncogenic
potential owing to its ability to inhibit CDKs and inducing cellular
senescence which is assumed to be mediated by nuclear-localized
p21. Paradoxically, later studies have demonstrated it to exhibit
oncogenic activities which are supported by findings that p21 is
over-expressed in variety of human cancers including prostate,
cervical, renal, breast, head and neck etc. [32]. The pro-oncogenic
functions are believed to be mediated by cytoplasmic p21
through inhibitory binding with cytosolic pro-apoptotic proteins
including caspases, Ask1, JNK etc. [12, 35] as well as by promoting
assembly of cyclindD-CDK4/6 complex [36-38] and ability to repair
DNA in tumor cells [39]. Moreover, there are emerging evidences
pointing towards a fundamental role of p21 on modulation of
autophagy albeit with contradictory functions [40-43]. In this
context, it is quite likely that the ability of p21 to modulate
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Fig. 6 p21 modulated autophagy affects in vivo tumor growth kinetics. A Approximately 500 numbers of HCT116 p21*/* and p21~/~ cells
per well were grown in a six-well plate for 2 weeks, thereafter fixed and stained with crystal violet. B Quantitative analyses of colony area by
Image)J. (mean = SE; ***P <0.001) C, D NOD/SCID mice were subcutaneously injected individually with equal numbers (5 x 10%) of HCT116
p21wt and null cells at the right and left flank, respectively. Tumors were allowed to grow till 3 weeks after which the mice were sacrificed to
dissect the tumors (D) for weighing (C); symbols represent individual mouse; data presented as mean + SE. E Tumor size were recorded at
regular intervals during the study and their volumes were calculated as described in Methods section. (n = 7 per group; mean + SE are shown).
F Tumor tissue lysates were analyzed by immunoblotting to confirm p21 expression in respective xenografts and determine relative

conversion of LC3.

autophagy may also contribute to its “antagonistic duality” in
cancer progression. However, most of these studies projected p21
as an associated factor in modulation of autophagy by various
pharmacological agents. Hence, direct evidence on influence of
P21 on cellular autophagic process needs to be explored. Here, we
demonstrate direct association of p21 in the regulation of
autophagy and its underlying molecular mechanisms.

In the present study we provide evidence that p21 negatively
regulates autophagy pathway. Multiple approaches were taken to
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establish an inverse relationship between autophagy and p21
protein level. Likewise, modulation of autophagy was demon-
strated both biochemically and morphologically by several assays.
The expression of p21 was inhibited in HCT116 colon cancer cell
line by deletion, depletion, and pharmacological inhibition. In all
instances, downregulation (or absence) of p21 resulted in
substantial induction of autophagy. However, previous studies
suggested an impairment of autophagy upon decrease in p21
expression [42, 43] in mouse heart tissues and cardio myocytes.
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Therefore, we sought to understand whether enhanced level of
autophagy due to p21 inhibition is HCT116 cell line specific or this
effect is a global phenomenon in cancer. To this end, p21 was
depleted in a panel of cell lines of different human cancer origin.
In agreement with the results observed in HCT116, downregula-
tion of p21 was associated with induction of autophagy in all the
other test cell lines. The outcome was further supported with the
findings that restoration of p21 expression in null cells was
associated with partial reduction of the upregulated LC3-Il level.

We subsequently asked whether activation of autophagy due to
p21 inhibition follow “classical” autophagy pathway. To address
this, autophagy pathway was inhibited both at initiation stage as
well as at later stage of autophagosome-lysosome fusion and
monitored deviation, if any, from autophagy upregulation upon
p21 depletion. Obstruction of autophagy initiation by depleting
Atg7, one of the key elements in LC3 lipidation machinery,
markedly neutralized augmentation of LC3-Il turnover upon p21
inhibition. On the contrary, blockade of later events of autopha-
gosome and lysosome fusion in canonical autophagy pathway
caused more pronounced LC3-Il turnover upon p21 attenuation
suggesting enhanced autophagic sequestration. Alternatively,
lysosomal degradation of autophagic cargo, in absence of any
inhibitor, in p21 depleted cells was confirmed by using a probe
containing both conjugation proficient and deficient LC3 that are
tagged with two different fluorescent markers. This event was
further quantitatively validated by carrying out GFP-LC3 degrada-
tion assay by flow cytometry. Most importantly, suppression of
p21 failed to induce autophagy in DU145 cells which lacks
functional Atg5 [23] and thereby autophagy incompetent.
Altogether, these findings emphasize potential role of p21 in
regulation of autophagy.

p21 serves as a major player in mediating tumor suppressive
function of p53. Induction of p21 is considered to be a universal
consequence in cells undergoing apoptosis in response to p53
activation. Moreover, there are emerging reports linking autophagy
modulation to the tumor suppressive activity of p53. Restoration of
p53 activity in p53 deficient cells has been shown to induce
autophagy which may either promote cell death [44] or can protect
cancer cells from apoptosis activators [45] in context-dependent
manner. Conversely, attenuation of p53 has also been reported to
activate autophagy [26]. Although the association of p21 and p53
in apoptosis signaling is well characterized, the influence of p53 on
autophagy modulatory activity of p21 remain elusive. The possible
association of p21 and p53 in the context of autophagy becomes
more puzzling with our finding of upregulated p53 in p21
attenuated cells which is in agreement with previous reports
demonstrating enhanced p53 stability upon p21 suppression
[24, 46]. However, the observation that a combination of p53
knockout and p21 knockdown resulted in more pronounced
conversion of LC3-l to LC3-ll than any of these conditions,
emphasizes p53 independent modulation of autophagy pathway
by p21. It is quite likely that the apparent no/less impact of p53 on
p21-dependent modulation of autophagy might be due to the loss
of transcriptional activity of stabilized p53 to transactivate target
genes in autophagy pathway in p21-depleted cells [46].

By virtue of its ability to critically coordinating numerous cellular
metabolic, growth, and differentiation pathways, all of which are
tightly linked with the cellular autophagic process, Akt/mTOR
signaling cascade has emerged as master modulator of autophagy
[47]. Akt-mTOR pathway negatively regulates autophagy and can
be classically exemplified by amino acid deprivation mediated
inhibition of Akt-mTOR signaling which in turn triggers autophagy
to reutilize cellular constituents for fulfilling energy demand [48].
In agreement with this concept, our data showed downregulation
of mTOR kinase activity, as evidenced with decreased phosphor-
ylation at Ser 2448 and Ser 2481, upon p21 knockdown which
might contribute in autophagy augmentation in p21 depleted
cells. However, p21null cells showed higher post-translational
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modifications of mTOR than wild-type parental cells. Unexpect-
edly, we observed an increase in Akt phosphorylation (at Ser 473
and Thr 308), indicative of enhanced Akt kinase activity, both in
p21 attenuated and deficient cells despite the fact that Akt
negatively regulates autophagy [49]. This discrepancy may reflect
potential mechanism of p21 deficient cells to overcome increased
apoptosis sensitivity [50, 51] through activation of Akt [52].
However, sustained Akt hyperactivation in turn led to increase in
intracellular ROS in p21-depleted cells. Our results demonstrated
inhibitory phosphorylation of FoxO transcription factors and
consequent downregulation of ROS scavengers [53, 54] as
potential mechanism of Akt-dependent escalation of ROS [29].
Finally, enhanced ROS production, in p21 attenuated cells, led to
induction of autophagy [55]. It is also reasonable to believe that
accumulation of ROS due to p21 suppression may contribute to
maintaining enhanced Akt activity [29].

The influence of p21 on tumorigenesis is not clear yet and is
associated with variable outcomes. Several mechanisms have been
proposed to explain contradictory roles of p21 in oncogenesis.
While tumor suppressive role of p21, a bona fide p53 target gene,
is primarily attributed to its canonical function in inducing cellular
senescence and cell cycle arrest as “universal inhibitor” of cyclin
kinases, many recent studies demonstrated oncogenic potential of
cytosolic p21 through inhibition of apoptosis and activation of
cyclin D-CDK4/6 complexes [39, 56-58]. To complicate things
further, no straightforward clinical correlation exists between
expression of p21 and human malignancies which eventually
turned out to be context-dependent contradictory association of
p21 in cancer [59]. Here, our finding that p21 depletion is
associated with decreased in vitro cell proliferation supports the
theory of pro-oncogenic activity of p21 at physiological concentra-
tion. The effect was further validated with our in vivo observation
on higher growth kinetics of p21 wild-type tumor during initial 2
wks post transplantation. Interestingly, after around 14 days of
tumor establishment, p21null xenografts grew at faster rate than
their wild-type counterparts and thus uncovering an unexpected
pattern of oncogenic impact of p21. It is quite likely that p21, as a
physiological inhibitor of autophagy, positively modulates early
events during tumor development [60]. However, augmented
autophagy might have favored proliferation of p21 deficient cells
at later stage in hypoxic and nutrient-deprived microenvironment
in established tumors [61]. The results of our study are also in
agreement with the notion that enhanced autophagy, upon p21
attenuation, suppresses cancer development during early stages
but fuels their growth once a tumor is established [62].

In summary, the findings of our study provide a novel insight
into the association between p21 and autophagy signaling which
could impact tumor progression. Constitutive activation of Akt and
ensuing ROS upregulation could be the major underlying
mechanism in triggering autophagy upon p21 suppression.
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