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Abstract

CARF (Collaborator of ARF) was discovered as an ARF-interacting protein that activated ARF-p53-p21™AF! signaling
involved in cellular response to a variety of stresses, including oxidative, genotoxic, oncogenic, or telomere deprotection
stresses, leading to senescence, growth arrest, or apoptosis. Of note, whereas suppression of CARF was lethal, its
enrichment was associated with increased proliferation and malignant transformation of cells. These reports have pre-
dicted that CARF could serve as a multi-stress marker with a predictive value for cell fates. Here, we recruited various
in vitro stress models and examined their effect on CARF expression using human normal fibroblasts. We demonstrate
that CARF levels in stress and post-stress conditions could predict the fate of cells towards either death or enhanced
proliferation and malignant transformation. We provide extensive molecular evidence that (i) CARF expression changes
in response to stress, (ii) it modulates cell death or survival signaling and determines the fate of cells, and (iii) it may
serve as a predictive measure of cellular response to stress and an important marker for biosafety.
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Abbreviations Introduction
CARF Collaborator of ARF
DDR  DNA damage response
UPR  Unfolded protein response
ROS  Reactive oxygen species
CTA  Cell transformation assay
IC Inhibitory concentration

ER Endoplasmic reticulum

CARF (Collaborator of Alternative Reading Frame)/CDKN2AIP
is a serine-rich protein, originally identified to be a novel
interactor of ARF in the nucleus by yeast two-hybrid screening
(Hasan et al. 2002). With its ubiquitous nuclear presence, CARF
was found to colocalize with ARF at the periphery of nucleoli
and cooperate with the p53 tumor suppressor protein (Hasan
et al. 2002, 2004). We had earlier shown that it activates p53 in
ARF-dependent and ARF-independent manners (Hasan et al.
2007, 2008). Such activities of CARF-induced activation of
p21™AF! function lead to growth arrest and premature senes-
cence in cancer and normal human cells, respectively (Hasan
et al. 2009; Cheung et al. 2009, 2010). Suppression of CARF,
on the other hand, was lethal and was marked by genomic insta-
bility, inhibition of ATR-Chk1 signaling, and cell death (Cheung
et al. 2011), implying that it is an essential cell survival protein
(Cheung et al. 2011).

Recent studies have shown other functions of CARF, notably
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in stress response. In cell culture models, a variety of stresses
including oxidative, genomic, oncogenic, and telomere erosion
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stresses that result in premature senescence are characterized by
an increase in CARF along with activation of the p53-p21™AF!
axis (Singh et al. 2014). Sato et al. (2015) reported the binding of
CARF to XRN2, also known as 5'-3' exoribonuclease 2 that
promoted its translocation from the nucleolus to the nucleoplasm,
as a consequence of heat stress. This was supported by the report
of Miki et al. (2014) demonstrating that XRN2 binds to PAXT-1,
a CAREF paralog in Caenorhabditis elegans implying that CARF
has a major function in stress response and is evolutionary
conserved across species. Further, Tsalikis et al. (2016) have
shown stress responsiveness of CARF in a model of endoplasmic
stress (ER), and Boudreault et al. (2016) found that upregulation
of CARF and its isoforms are associated with stress induced by
viral infection.

Although the above reports demonstrated an association of
CAREF with a variety of stresses, the molecular mechanism of
its action and outcomes such as growth arrest/apoptosis/sur-
vival/transformation have not yet been elucidated. We had
earlier reported that CARF levels regulate cell proliferation
fates in a dose-dependent manner; whereas overexpression
of CARF caused growth arrest, its excessive/super-
expression caused malignant transformation (Cheung et al.
2014; Kalra et al. 2015). Further, cells lacking wild-type p53
were malignantly transformed by overexpression of CARF
implying that CARF requires p53 to induce growth arrest
and its function as a tumor suppressor (Kalra et al. 2015).
On the other hand, CARF was found enriched in clinical sam-
ples from a variety of cancers suggesting its role in carcino-
genesis (Kalra et al. 2018). Of note, its level of expression
correlated with poor patient survival in metastatic disease
and hence predicted to possess prognostic value (Huang
et al. 2015). Concordantly, we demonstrated that the enriched
levels of CARF in cancer cells induced EMT by the Wnt/[3-
catenin axis, and inhibition of CARF decreased both tumor
progression and metastasis indicating that CARF may play a
major role in carcinogenesis and metastasis via its control of
cell fate and lincage (Kalra et al. 2018). Yang et al. (2014)
reported that CARF plays a “barrier role” in cellular
reprogramming, whereby it functions to suppress cell lincage
changes suggesting an essential link between CARF levels
and cell fate. In light of these reports, we hypothesized that
(i) CARF could be a sensitive and pan-marker of cellular
stress and (ii) stress-induced changes in CARF expression
could predict cell fate towards apoptosis, senescence, or a
cancerous state.

In the present report, we recruited diverse stress conditions
to test the utility of CARF as a stress response protein and
predictive marker. A variety of chemical stresses were found
to alter CARF expression level in human normal cells.
Markedly, during the stress conditions, stressors that caused
decrease in CARF levels were found to be lethal, while
stressors that caused increase in CARF expression triggered
growth arrest phenotype. Readouts of CARF levels in stress
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and post-stress states were further found to be predictive of
long-term survival and proliferation state of the cell. Of note,
stresses that caused a substantial increase in CARF expression
yielded pro-proliferation and cellular transformation pheno-
types. Molecular analyses demonstrated that CARF is a new
ubiquitous stress marker, regulates stress response and prolif-
erative fate of cells, and hence may serve as an accurate mea-
sure of stress and biosafety.

Material and methods
Cell culture

TIG-3 (human diploid embryonic lung fibroblasts) and
NIH3T3 (mouse embryonic fibroblasts) cells were obtained
from the Japanese Collection of Research Bioresources Cell
Bank (JCRB, Tokyo, Japan) and cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM; Wako, Tokyo, Japan)—sup-
plemented with 10% fetal bovine serum (FBS) and 1% anti-
biotics in a humidified incubator containing 5% CO, at 37 °C,
as described earlier (Kalra et al. 2015).

Cell viability and proliferation assay

A total of 5000 cells were seeded in a 96-well plate and treated
the following day with various stressors at different concen-
trations (as shown in Table 1) for different time points (24, 48,
72, and 96 h) as indicated. To examine the cell proliferation in
the recovery set (in 48- and 96-well plates), cells were washed
thrice with 1x PBS to remove traces of residual toxins before
replacing with fresh media. Tetrazolium dye [3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (MTT,
Invitrogen, Life Technologies, Carlsbad, CA) was used to
determine viability of control and treated cells.

Cell morphology observations

Cell morphology of control and treated cells was captured by a
phase-contrast microscope (Nikon, Tokyo, Japan), as previ-
ously described. Microscopic observation was carried out at
x 10 magnification to observe the cell phenotypes induced by
the diverse stressors.

Crystal violet staining

Cells from control and treated sets in 6-well and 48-well plates
were washed twice with 1x phosphate-buffered saline (PBS)
and fixed with ice-cold acetone:methanol (1:1). Subsequently,
cells in the plates were stained with 0.1% crystal violet solu-
tion, washed thrice, and left open for drying before capturing
the images.
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Table 1

Table listing details of stresses, concentration (range, IC,s_35), and biochemical activities caused by their key candidate stressors

Stress types/stressor Drug Candidate stress/chemicals  Diluent/stock Exp. range 1C55 35 Stress response/biochemical activi-
agents no. diluent ties
Heavy metal (soil, water) S-01 Sodium(meta)arsenite (NaAsO, DW 0.5-100 uM 1.5 uM  Protein misfolding/aggregation/hsp
induction

Smoke (air)/addictive S-02 Nicotine (C;oH 4N>) NS (0.9% NaCl) 0.2-2 mM 200 pM*  Potent parasympathomimetic stimulant

S-03 Benzo[a]pyrene (CyoH;2) DMSO 20-200 pM 40 uM Mutagenic stressor metabolite/
Air (diesel fuel) S-04 2-Nitro-9-fluorenone(C;3H;NO3;)  DMSO 0.1-1 pM 0.1 uM  Mutagenic diesel-exhaust photoproduct
Physiological (anger, emotions) S-05  Epinephrine (CoH;3NO3) 0.5 M HCI 5-100 uM 20 uM  Hormonic neurotransmitter peptide/steroid
Environmental (plastics) S-06 Vanadium(v) oxide (V,05) DW (0.48 M NaOH) 0.4-10 uM 1.2 uM  Amphoteric oxide oxidizing agent

S-07 Titanium(IV) oxide (TiO,) NS (0.9% NaCl) 0.5-5 mM 0.8 mM  Inflammatory/lysosomal activity defects
Environmental (plastics) S-08 Bisphenol A bis(chloroformate) DMSO 0.02-200 uM 10 uM Synthetic xenoestrogen/endocrine disruptor

(CICO,CHa),C(CH5),
Polycyclic aromatic HCs S-09 1-Hydroxypyrene (Cy6H;00) DMSO 10-100 pM 20 uM Potent excretory metabolite/PAH exposure
Environmental (soil, water) S-10 Cadmium nitrate tetrahydrate DwW 0.5-5 uM 1.2 uM  Inorganic carcinogen/cytotoxicity
(Cd(NO5)»4H,0)
Drug/chemical (chemotherapy) S-11 Doxorubicin (C7H2oNOy ) DW 0.125-125 uM 025 uM  DNA intercalation/DNA damage response
Hypoxia, oxygen deficiency S-12 Cobalt(II) chloride (CoCly) Dw 100-1000 uM 500 uM  Inorganic hypoxic substance/erythropoiesis
Radiation, UV S-13 Ultraviolet (UV) (WL-nm) - 2.5-25 ml/em? 5 ml/em? Tonizing radiation/DNA damage
Oxidative damage S-14 Hydrogen peroxide (H,O,) D-MEM 100-1000 uM 200 uM  Oxidizes proteins, membrane lipids, and
DNA

Addiction (alcohol) S-15 Ethanol (C,HsO) D-MEM 1-10%(v/v) 2.5% Dehydration/hepatic damage
Air, environmental S-16  Formaldehyde (CH,0) 1x PBS 150 pM-1.5 mM 200 uM  Organic aldehydes/potent carcinogen

The *denotes Nicotine’s 200 M concentration as an exception in the IC25-35 list. As shown in Fig. S1, nicotine did not cause the inhibitory effect on
cell viability; thus * Nicotine’s 200 M concentration does not reflect the Inhibitory Concentration (IC) that was taken in the report. Instead, 200 uM
nicotine was chosen as a sub-optimal concentration that has been earlier frequently reported to sufficiently incite the diverse stress signaling pathways in

vitro
Cell cycle profiling

Control and stressed cells were harvested by trypsinization,
washed with 1x PBS, and fixed in 70% chilled ethanol at 4 °C
for 15-30 min. Cells were subsequently incubated with 50 pl
ribonuclease A (5 mg/ml; Qiagen, Hilden, Germany) followed
by washing at 37 °C for 30 min. Cells were then stained with
250 pul Guava Cell Cycle Reagent (50 mg/ml) in the dark for
I h and acquired using the Guava Cell Cycle Analyzer
(Millipore, Billerica, MA). The data was analyzed by the
ModFit LT software to check the distribution of cells in
different phases of the cell cycle.

Immunoblotting

Cultured cells (80-90% confluency) were harvested with
trypsin-EDTA (Gibco, Invitrogen). Harvested cell pellets were
lysed in adequate volume of RIPA buffer (Sigma-Aldrich, St.
Louis, MO), and proteins were extracted and quantified. Ten
micrograms of protein was resolved in SDS-polyacrylamide gel
and then electroblotted onto activated PVDF membrane
(Millipore) using a semidry transfer unit (ATTO, Tokyo,
Japan). Immunoblotting was performed with specific antibodies
to Cyclin D1, PARP1, Bcl-x1, Bcl-2, Bax, caspase-3, caspase-9,
ATF6«, GST, vimentin, and fibronectin (Santa Cruz, CA);
phospho-p44, p21VAF! pATM, HPlvy, Ki-67, XBPI,
pINK/SAPK, PERK, ATF4, Calnexin, and N-cadherin (Cell
Signaling Technologies, Danvers, MA); Hsp27, Hsp70, Hsp90,
Hsp90«x, and Bip/GRP78 (StressMarq Biosciences, Victoria,
Canada); and 3-actin (Abcam, Cambridge, UK). Antibodies

for CARF and Mortalin were raised in our laboratory. PVDF
membranes were probed for primary and secondary (HRP-
tagged; Santa Cruz) antibodies. Chemiluminescence detection
was performed using ECL prime substrate (GE Healthcare,
Chicago, IL). Densitometric analysis was performed with
ImageJ (NIH, Bethesda, MD), and quantitation of each protein
in control and stressed cells was normalized with their respective
[3-actin level.

Reverse-transcriptase PCR (RT-PCR)

Total RNA from control and stressed cells was extracted using
the QIAGEN RNeasy kit. Two micrograms of RNA was used to
synthesize cDNA using the ThermoScript® Reverse
Transcriptase (QIAGEN) following the manufacturer’s instruc-
tions. cDNA was then subjected to PCR amplification using
transcript-specific set of primers (Table S1) and TaKaRa Ex
Taq® DNA polymerase (Takara, Tokyo, Japan). The PCR am-
plification reactions consisted of an initial 10-min denaturation
step at 95 °C, followed by 34 cycles at 95 °C for 45 s, 60 °C for
1 min, and 72 °C for 45 s, and a final 10-min annealing step at
72 °C. Amplified products were resolved on a 1.2% agarose gel
containing ethidium bromide (0.5 pg/ml) for visualization.

Immunofluorescence

Cells were harvested and seeded (4 x 10%/well) on glass cover-
slips in a 12-well plate for 24 h. Treatments with various drugs, at
indicated concentrations, were given for 48 h followed by fixa-
tion with pre-chilled absolute methanol at room temperature (RT)
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for 10 min. Cells were next permeabilized with PBS-Triton-X-
100 (0.1%) for 10 min followed by blocking with 2% bovine
serum albumin (BSA) for 10~20 min, and incubation (RT for 1 h
or at 4 °C overnight) with primary antibodies to CARF, Cyclin
D1, Ki-67, and PARP1. Coverslips were subsequently incubated
with Alexa Fluor—conjugated secondary antibodies (Molecular
Probes, Eugene, OR) and counterstained with Hoechst 33258
(Roche, Basel, Switzerland). Immunofluorescence images were
observed using a Carl Zeiss Axioplan-2 microscope and acquired
with a Zeiss AxioCam HRc camera. Fluorescence intensities of
the acquired images were analyzed semiquantitatively using the
Imagel software, normalized to the respective controls, and rep-
resented as percentage change over control values.

ROS assay

Cells (40 x 10*) were seeded on coverslips placed in 12-well
plates for 24 h after which they were treated with the indicated
stressors (at IC,5 35) for 48 h. Subsequently, the treated cells
were gently washed with warm 1x PBS and incubated with
carboxy-H2DCFDA provided in the Image-iTTM LIVE
green reactive oxygen species (ROS) detection kit
(Molecular Probes). Cells were then washed thrice with warm
1x PBS and quickly imaged using a Carl Zeiss (Axiovert 200
M) microscope.

SA B-galactosidase senescence assay

Senescence-associated (SA) [3-galactosidase senescence as-
say was performed with the Histochemical Staining Kit
(Sigma-Aldrich), as described ecarlier (Kalra et al. 2015).
Staining was observed with a Zeiss Axioplan-2 microscope,
equipped with a Zeiss AxioCam HRc camera.

CARF enzyme-linked immunosorbent assay

Fifty microliters of extracted lysates (concentration 20 pg/ml)
from stressed and post-stressed recovery cells was prepared
with coating and diluent buffers (BioLegend, San Diego,
CA), and transferred into clear flat-bottom polystyrene
Costar  96-well plates (Corning, New York, NY) and incubat-
ed at RT overnight. Wells were then washed thrice with wash-
ing buffer (0.05% PBS-T) and incubated with anti-CARF an-
tibody (100 ng/ml) prepared in diluent buffer. The plate was
incubated at RT overnight, followed by 3x washing and subse-
quent incubation with secondary HRP antibody (100 ng/ml,
Thermo Fisher Scientific, USA) at RT for 3 h. The plate was
then washed thrice and incubated with 3,3',5,5'-
tetramethylbenzidine (TMB) substrate (BioLegend) for
15 min for color development. Colorimetric readings were tak-
en at 450 nm using the Infinite M200® Pro microplate reader
(Tecan, Méannedorf, Switzerland). Recombinant CARF protein
was used to prepare the standard curve, and CARF protein

@ Springer

concentration in the extracted lysates was calculated as percent-
age change over the control using the slope equation obtained
from the standard.

Cell transformation assay

For cell transformation assay (CTA), two well-established
models, namely (i) an NIH3T3-based cell transformation
assay and (ii) doxorubicin-induced senescence, in normal
human cells were used. In the first model, as described ear-
lier (Hayashi et al. 2008), 2000 cells were seeded in 6-well
plates in triplicate and after 24 h, treatments with the select-
ed CARF-inducing stressors (Fig. S8b, taken as tumor-
initiation reagent) were given for 48 h in DMEM/F12 me-
dium with 10% FBS. After 48 h (3rd day), the cells were fed
with fresh DMEM/F12 medium with 10% FBS and kept for
another 4 days (7th day). Then, from days 7 to 17, the cells
were fed with medium containing 2 uM insulin in
DMEM/F12 + 2% FBS, and the medium was changed every
4 days. From days 17 to 31, the medium containing insulin
was changed once a week. On day 31, crystal violet staining
was performed, as described in an earlier section, to observe
the growth and size of the transformed colonies. In the TIG-
3-based cell senescence model, 1.5 x 10> cells were seeded
for 24 h after which they were treated with 1 uM doxoru-
bicin for 1 h (day —5). Subsequently, after treatment, cells
were fed with fresh DMEM/F12 medium with 5% FBS and
maintained for 5 days to induce premature cell senescence.
The pre-senescent cells were then treated with the selected
stressors on day 1 and maintained in a similar manner as
described for the NIH3T3-based CTA. On day 31, images of
the transformed colonies were taken and subsequently SA
[3-galactosidase staining was performed, as described in an
earlier section.

Statistical analysis

All the experiments were performed in triplicates. Obtained
data values were expressed as mean + SEM of three individual
experimental sets. Statistical analyses were executed using
Student’s ¢ test or the nonparametric Mann-Whitney U test,
whichever was applicable. Statistical significance was defined
as p value <0.05. The p values were represented as follows:
*p <0.05, ¥*p <0.01, ***%p < 0.001.

Results

Correlation between CARF levels and stress
phenotypes induced by diverse stressors

In order to explore the stress-sensing ability of CARF, we
examined a variety of stress conditions, using 16 different
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chemical agents that we are frequently exposed to in daily life
and are known to induce cellular stress (Table 1). We analyzed
the cytotoxic potency of these agents by the cell viability assay
(Fig. S1), and determined the exposure range to find inhibitory
concentrations (IC) at 48 h using normal human fibroblasts,
TIG-3 cells (Table 1). As shown in Fig. la, sub-cytotoxic
concentrations (IC,5 35) of the diverse stressors had varying
effects on CARF expression; a significant decrease in CARF
levels was demonstrated in cells treated with S-01, S-09, and
S-10, while S-02, S-03, S-04, S-05, S-06, S-12, S-13, and S-
16 induced an increase in CARF expression levels. Stress-
induced changes in CARF levels were also validated at the
transcript levels (Fig. 1a). Stressors S-07, S-08, S-11, S-14,
and S-15 at IC,5_35 concentrations caused no significant alter-
ation in CARF levels and cell phenotype (Fig. S2a-b) and
were therefore excluded from subsequent analyses.
Semiquantitative analysis of CARF expression by fluorescent
immunostaining reaffirmed its varying expression levels
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Fig. 1 Correlation between CARF levels and cell stress. a Protein and
mRNA expression of CARF following treatment with the selected
stressors; its level was decreased (S-01, S-09, and S-10) and increased
(S-02, S-03, S-04, S-05, S-06, S-12, S-13, and S-16). Quantitation of its
protein (green) and mRNA (orange) levels is shown below. b
Immunostaining showing CARF expression in the normal cells treated
with the selected stressors; nuclei are stained blue with Hoechst
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induced by the above stressors; no change in localization
was noted (Fig. 1b). At sub-toxic levels, these reagents caused
distinct stressed morphology in TIG-3 cells as reflected by the
changes in cell morphology (Fig. 1c). S-01, S-09, and S-10
induced a contracted/elongated cell shape and reduced cell-to-
cell attachments, while cells treated with S-02, S-03, S-04,
S-05, S-06, S-12, S-13, and S-16 acquired a flattened and
clustered phenotype (Fig. 1c). Of note, stressors, mainly the
heavy metals such as sodium (meta)arsenite (S-01) and cad-
mium nitrate (S-10) and air pollutant such as 1-hydroxypyrene
(S-09), i.e., a polycyclic aromatic hydrocarbon (PAH), pro-
duced a potent stress phenotype as observed by the presence
of shrunken and detached (rounded/translucent) cells (Fig.
Lc). Interestingly, all these stressors induced a significant de-
crease in CARF levels (Fig. la, b). On the other hand,
stressors such as S-02, S-04, S-05, S-06, S-12, S-13, and S-
16 that induced an expanded and flattened morphology result-
ed in an increase in CARF expression levels (Fig. 1¢). Thus,
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counterstain; its semiquantitative levels are shown below. ¢ Phase-
contrast images showing stress phenotype and morphology of cells treat-
ed with the selected stressors. Stressors (S-01, S-09, and S-10) were found
to cause a shrunken and apoptotic phenotype (marked by round translu-
cent cells), while stressors (S-01-06, S-12, S-13, and S-16) produced a
flat and impeded cell phenotype. *p < 0.05, **p <0.01, ***p < 0.001
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there was an apparent association between stress phenotype
and CARF expression; cells with a flattened cell shape had
higher CARF levels, whereas cells with a shrunken shape
were marked by reduced CARF levels.

Stress-induced alterations in CARF levels reflect cell
survival and proliferative fate

To evaluate the effect of these stressors on cell growth, we first
examined the cell cycle profiles of the cells following the
stress treatments with sub-cytotoxic concentrations (IC;5_35)
for 48 h (Table 1). As shown in Fig. 2a, stress-induced decline
in CARF levels (S-01, S-09, and S-10) was found to be asso-
ciated with reduced cell survival, as demonstrated by in-
creased apoptosis in these treated cells (Fig. 2a). On the other
hand, cells treated with stressors S-02, S-03, S-04, S-05, S-06,
S-12, S-13, and S-16 showed growth arrest at the GO/G1 and
G2 phases of the cell cycle that suggested a positive correla-
tion between stressed-induced increase in CARF levels and
induction of growth arrest. To verify these alterations at the
molecular level, we analyzed the expression of markers
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associated with cell cycle progression, cell survival, and pro-
liferation (Fig. 2b, c¢). As shown in Fig. 2b, most, but not all, of
the stressors that induced upregulation of CARF (S-03, S-04,
S-05, S-06, S-12, and S-16) also caused an increase in
p21™YAFL and growth arrest, consistent with previous results
that demonstrated CARF-mediated activation of p53/p21 VA
axis leading to growth arrest (Hasan et al. 2009) (Figs. 1b and
2b). p21™AF! Jevels in S-01, in contrast to S-09 and S-10,
caused an increase in p21™*F! though apoptosis was seen in
all of these three stress-induced cells. On the other hand, S-13
did not cause an increase in p21 “AF! level, in spite of an
evident growth arrest in these cells. Nevertheless, stressors
that caused a decrease in CARF (S-01, S-09, and S-10) con-
sistently yielded a decrease in Cyclin D1 (Fig. 2b, ¢), a major
regulator of cell cycle progression. Of note, in S-13-treated
cells, increase in CARF was accompanied by an increase in
pATM suggesting an activation of UV-induced DNA damage
response (DDR) and GO/G1 cell cycle arrest (Fig. 2d). This
was further endorsed by an increase in heterochromatin pro-
tein 1 (HP1vy), clearly observed in S-02-, S-04-, S-05-, S-06-,
S-13-, and S-16-treated cells (Fig. 2d).
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Fig. 2 Stress-induced modulation in CARF levels reflects cell
proliferation fates. a Cell cycle profiles of cells treated with S-01, S-09,
and S-10, and S-02, S-03, S-04, S-05, S-06, S-12, S-13, and S-16
stressors showing apoptosis and growth arrest, respectively.
Quantitation of cells in different cell cycle phases is shown on the right.
b Immunoblots showing p21™*"" and Cyclin D1 expression levels in
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cells treated with the different stressors. Quantitation is shown below. ¢
Immunostaining showing CARF and Cyclin D1 expression in the control
and treated cells; their semiquantitative levels are shown below. d
Immunoblots showing pATMS"'*®! and HP1y expression levels in cells
treated with the above stressors. Quantitation is shown below. *p < 0.05,
*#p <0.01, ***p <0.001
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As shown in Fig. 2a, stressors that caused a decrease in
CARF (S-01, S-09, and S-10) promoted apoptosis.
Consistent with these results, immunofluorescence staining
revealed an increase in the expression of nuclear PARP1, a
key apoptotic marker, only in cells treated with S-01, S-09,
and S-10. Other stressors yielding growth arrest did not show
an increase in nuclear PARP1 (Fig. 3a). Furthermore, Ki-67 (a
proliferative cell marker) showed a remarkable decrease in
these cells (Fig. 3a). The data was further supported by upreg-
ulated levels of Bax, a pro-apoptotic protein, as well as down-
regulation in the levels of Bcl-2 and Bel-x1, pro-survival mark-
er proteins (Fig. 3b). Also, a decrease in pro-caspase-9 and
cytochrome C (CYCS) at the protein and transcript levels,
respectively, affirmed induction of cell death in cells treated
with S-01, S-09, and S-10 (Fig. 3b). These results established
that the stress-induced decrease in CARF resulted in cell death
by apoptosis, supported by earlier reports using CARF over-
expressing and knockdown models (Cheung et al. 2014,
Cheung et al. 2011). Taken together, we predicted that the
stress-induced changes in CARF expression may hold a pre-
dictive value to determine cell fate and hence may be impor-
tant for biosafety evaluation.

CARF is an ubiquitous stress marker

To further elucidate the function of CARF in stressed cells, we
analyzed its correlation with markers from established stress
signaling pathways. Stressors used in the present study have
been shown to induce oxidative/endoplasmic reticulum (ER)
stress and/or protein misfolding. Expression analysis of
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XBP1, INK/SAPK, and ATF6«, as well as ATF4 and
CHOP, downstream effectors of the 3 major axes of ER stress,
i.e., Irel, ATF6, and PERK, respectively, revealed that almost
all stressors induced ER stress, as shown by upregulation of
XBP1 and ATF6 in almost all groups, independent of the
changes in CARF expression (Fig. S3a-b). Of note, expres-
sion of ATF6o was the most upregulated in cells treated with
stressors S-01, S-09, and S-10 (Fig. S3a). On the other hand,
PERK signaling appeared to be inconsistently perturbed, as
PERK and CHOP expressions were variably altered by differ-
ent stressors (Figs. 4a and S3b). Cells treated with stressors
S-01, S-09, and S-10 that induced CARF reduction showed an
increase in PERK and a decrease in ATF4. On the other hand,
stressors that showed CARF upregulation largely had in-
creased ATF4 (Fig. 4a). These results suggested that CARF
and ATF4 may be coregulated, independent of PERK/CHOP.
On the other hand, BiP or GRP78, a molecular chaperone and
downstream target of ATF4, XBP1, and ATF6 transducers,
exhibited an increase in response to most of the stressors and
was not related to the changes in CARF (Fig. S3a). These data
suggested that the stress-induced changes in CARF expres-
sion are not directly related to ER stress pathway.

ER stress is tightly linked to protein folding anomalies;
thus, we analyzed the proteins involved in the unfolded pro-
tein response (UPR) pathway. HSF1, a major regulator of
UPR response that acts as a transcription factor and
transactivates genes involved in chaperone activity, was found
to be transcriptionally upregulated with most of the investigat-
ed stressors (Fig. S3b). Furthermore, we found that the heat
shock proteins, Mortalin (Mot/GRP75), Calnexin, Hsp90, and
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shown below. b Immunoblots and RT-PCR showing Bax, Bcl-2, Bel-xl,
and pro-Cas-9 protein and CYCS mRNA levels in cells treated with the
above stressors. Quantitation is shown below. *p <0.05, **p <0.01,
##¥p <0.001
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Fig.4 CAREF is an ubiquitous cell stress marker. a Immunoblots showing
PERK, ATF4, and Hsp70 protein levels in cells treated with S-01, S-09,
and S-10 and S-02, S-03, S-04, S-05, S-06, S-12, S-13, and S-16
stressors. Quantitation is shown below. b Images showing live

Hsp27 were ubiquitously activated by all the stressors (Fig.
S3c) independently of CARF expression. Interestingly, Hsp70
levels appeared to be inversely associated with CARF levels
in some cases; cells treated with stressors S-01 and S-10
showed downregulation of CARF and increase in Hsp70,
while the majority of other stressors largely lacked a distinct
change in hsp70 levels (Fig. 4a). To examine whether the
decrease in hsp70 level was a result of its transcription inhibi-
tion, we examined its transcript level (Fig. S3d) and found no
significant change in treated Vs control groups. Taken togeth-
er, these data suggested that the stress-induced changes in
CAREF expression may not be directly related to ER stress
and protein misfolding.

We next examined the association of CARF with markers
of oxidative stress. As shown in Fig. 4b, vital staining of
cultured control and treated cells showed elevated reactive
oxygen species (ROS) levels in most treated cells that was
corroborated by an increase in NRF2 and NFkB expression
and a decrease in KEAP1 levels (Fig. S4), indicating activa-
tion of anti-oxidant response. On the other hand, changes in
glutathione S-transferase (GST) protein levels appeared to be
closely associated with CARF expression (Fig. 4c). All the
stressors that induced CARF upregulation demonstrated a sig-
nificant increase in GST level too, while cells treated with
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fluorescence ROS levels in the treated cells; their semiquantitative fluo-
rescent intensities are shown on the right. ¢ Immunoblot showing GST
protein levels in control and treated cells. Quantitation is shown below.
#p<0.05, *#p <0.01, ***p <0.001

stressors that caused a decrease in CARF showed either un-
changed or lower levels of GST (Fig. 4c). Taken together, it
was suggestive that the stress-induced changes in CARF
levels did not completely follow the patterns observed for
typical ER, UPR, and oxidative stress proteins. However, a
close relationship was observed for CARF with ATF4,
HSP70, and GST stress marker proteins.

CARF is a predictive measure of post-stress recovery
and cell fate in vitro

In order to further investigate the role of CARF in stress re-
sponse, we examined the association of CARF expression
with cell fate in post-stress and recovery states. Cells were
treated with sub-lethal concentrations of all 16 different
stressors for 48 h and then allowed to recover for 48 h in
normal cell culture medium (post-stress recovery period). As
shown in Fig. 5a, crystal violet staining of the cells at 48 h of
stress treatment and 48 h recovery revealed that cells treated
with S-01, S-07, S-09, and S-11 did not recover (Fig. 5a). On
the other hand, cells treated with other stressors recovered and
sustained growth in the post-stress recovery period. Inspection
of cell morphology affirmed stress phenotype in cells treated
with stressors S-01, S-07, S-09, and S-11, as marked by



Stress-induced changes in CARF expression determine cell fate to death, survival, or malignant...

489

a Con S-01 S-02 S-03 S-04 S-05 S-06 S-07 S-08 S-09 S-10 S-11 S-12 S-13 S-14 S-15 S-16 DMSO

o0 OQOOOOQOOQ 00 J

Stress

) @

(48 h)

Viability (%)
48 h Stress
threshold

§5983885882592IW

Fig.5 CAREF is a predictive measure of post-stress recovery and cell fate.
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(48 h) and post-stress (48 h after stress removal, below) recovery follow-
ing treatment with the 16 stressors. b Phase-contrast images showing cell
phenotypes 48 h after removal of stress treatments. ¢ Cell viability assay

shrunken/irregular shapes, and thereby suggested a lack of
recovery (Fig. 5b). These results were corroborated by cell
viability readouts (Fig. 5c) at 48-h post-treatment/recovery
period as compared with viability at 48 h of stress (considered
to be 100%). We next examined the level of CARF by immu-
noblotting in cells at 48 h of stress and 48 h post-stress, and
found that cells treated with stressors S-01, S-07, S-09, and S-
11 that had no recovery in terms of cell viability following
treatment removal expressed the lowest CARF level (Fig. 5d).
These results suggested that cells that were unable to recover
the threshold of CARF (required for survival) during recovery
period eventually died endorsing that CARF is essential for
cell survival. In other words, CARF expression level during
post-stress served as a predictive measure of cell fate.
Furthermore, expression levels of p44™A™ a cell survival
marker, were found to partly corroborate with post-stress re-
stored viability (Fig. 5e). We further assayed the cell senes-
cence in these cells to analyze whether it is associated with
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showing recovery at 48 h after removal of all stressors, wherein viability
of respective sets at 48 h during stress treatment was taken as 100% for
analysis. d Immunoblots showing CARF protein levels during stress and
post-stress recovery. e Immunoblots showing p-p44 MAPK protein levels
during the post-stress recovery period. Quantitation is shown below

restored CARF levels and/or the lack of viability. Increase in
CAREF levels primarily under stress has been a signature of
growth arrest that can lead to senescence if further extended
(Hasan et al. 2009; Cheung et al. 2009, 2010). As shown in
Fig. 6a, SA (3-galactosidase staining demonstrated a relatively
higher number of senescent cells in cultures treated with S-13,
S-14, and S-16 stresses. Of note, post-stress CARF levels in
these cells were comparable with S-6, S-8, and S-10 (Fig. 5d)
suggesting that post-stress restoration of CARF level is essen-
tially predictive of cell recovery. However, CARF level be-
yond a survival threshold may contribute to senescence.

Stress-induced CARF levels potentiate cell
transformation and proliferation in the long term

Excessively high CARF levels in cells have earlier been

shown to promote pro-proliferation and malignant transforma-
tion (Cheung et al. 2014), validated in clinical tumors and
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Fig. 6 Restored CARF levels post-stress reflect cell survival and senes-
cence status. a Images from senescence-associated (3-galactosidase (SA-
[3-gal) assay showing cell senescence at 48 h after removal of all stressors.
Quantitation of (3-gal-positive cell counts in fold change is shown below.
b CARF-based ELISA showing CARF protein levels with all recruited
stressors during stress (represented as red) and post-stress (represented as
blue) time points. Inset shows selected candidate stressors contributing to
CAREF levels significantly both during stress (red) and at post-stress (blue)
time points

in vitro cell models in multiple reports (Cheung et al. 2014;
Kalra et al. 2015, 2018; Huang et al. 2015). In light of these
reports, we examined the fate of cells treated with stressors
that induced CARF enrichment under stressed and post-
stressed conditions. By enrolling a sensitive CARF-based en-
zyme-linked immunosorbent assay (ELISA) system (Fig. 6b),
we found that the stressors S-02, S-04, and S-05 induced im-
mediate and significant enrichment of CARF protein during
the stress treatment (represented in red), while S-06, S-08,
S-10, S-12, S-13, and S-16 increased CARF during the post-
stress recovery period (represented in blue), and therefore
were chosen as CARF-inducing stresses (inset plot, showing
stress-treated (red) and post-treated/recovered (blue) sets). To
investigate the long-term cell growth consequences of such
CARF dysregulation induced by stress exposure, we adopted
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(1) NIH3T3-based cell transformation assay (CTA) and (ii) a
cell senescence model of normal human cells (Figs. 7a and
S6a), in which the selected stressors that caused enrichment of
CAREF expression during immediate stress (S-02, S-04, and
S-05) and post-stress recovery periods (S-06, S-08, S-10,
S-12, S-13, and S-16) (Fig. 6b, inset) were used. As shown
in Fig. 7b, exposure to the above stressors produced trans-
formed colonies stained with crystal violet in NIH3T3 cells
within 31 days. Cells treated with stressors S-02, S-04, S-06,
S-08, S-12, S-13, and S-16 formed large colonies, whereas S-
05 and S-10 produced colonies of relatively smaller size. In
the untreated control, NIH3T3 cells achieved confluency in
the first 7-8 days followed by a decrease in cell number and
viability as a result of contact inhibition (Fig. S5a—d), whereas
the control group that was given with insulin maintained sur-
vival until the endpoint. We then derived sub-lines from the
transformed colonies isolated from NIH3T3 CTA for the dif-
ferent stressors, and examined CARF levels by immunoblot-
ting. As shown in Fig. 7¢, we observed substantially increased
CARF protein in these sub-lines, as compared with the cul-
tured insulin control. However, the sub-line derived from S-10
did not show any difference in CARF expression as compared
with the control and other sub-lines, consistent with the re-
duced size and growth of colonies. Furthermore, we found
significantly higher levels of phosphorylated p44 MAPK, a
cell proliferative marker that corroborated the observed in-
crease in cell growth of these sub-lines (Fig. 7¢). Moreover,
these sub-lines were marked with enriched levels of vimentin,
N-cadherin, and fibronectin (Fig. 7c), key mesenchymal
markers acquired by transformed cells towards attaining ma-
lignant invasive and metastatic properties. These results dem-
onstrated that elevated CARF level during or following stress
is predictive of transformation ability and metastatic potential
in normal cells in the long term.

Consistent with the reports showing that the levels of
CARF are upregulated in aged/senescent cells (Hasan
et al. 2007, 2009), and as also shown in Fig. 6a, we spec-
ulated that exposure to stressors that induced CARF levels
may also potentiate transformation in senescent cells. To
investigate it further, we used normal TIG-3 cells and mod-
ified the CTA scheme by including a 5-day step at the
beginning to induce artificial senescence in these cells, as
shown in Fig. S6a—c. We found that in these artificially
induced senescent cells, exposure to most of the selected
stressors acquired cell transformation (Fig. 7d, and data
not shown). However, pre-senescent cells treated with
stressors S-5 and S-10 showed no cell transformation and
therefore suggested a lesser transforming potency of these
stresses. To distinguish the transformed colonies from pre-
senescent cells, we performed SA (3-galactosidase staining.
As shown in Fig. 7d, transformed growth could be observed
in the pre-senescent cells. Further, analysis of CARF ex-
pression in the lysates extracted from transformed TIG-3
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Fig. 7 Stress that upregulates CARF level potentiates cell transformation.
a Schematic pictorial showing time course of NIH3T3 cell-based cell
transformation assay (CTA). D days, I insulin, and S stressors. b
Images showing crystal violet—stained cells and transformed colonies in
con, con(+[), and S-02-, S-04-, S-05-, S-06-, S-08-, S-10-, S-12-, S-13-,
and S-16-treated wells, respectively. ¢ Immunoblots showing CARF, p-
p44MAPK, vimentin, N-cadherin, and fibronectin protein levels in cells
derived from NIH3T3 control and transformed clones. Quantitation of

colonies reaffirmed the substantial increase in its levels (Fig.
7e). These results confirmed that the exposure to the certain
stresses increases CARF levels that can potentiate cell trans-
formation and aggressive proliferation in normal cells in the
long term.

Discussion

CAREF, by itself or through interaction with ARF, was shown
to modulate the p53-HDM2-p21VA"! signaling axis.
Activation of the canonical ARF-p53-HDM2-p21VAF! path-
way has been a hallmark of genomic stress marked by activa-
tion of the DNA damage response (DDR) (Hasan et al. 2002,
2004, 2007, 2008). Upstream induction of CARF in p53-
p21™WAF! signaling in a replicative stress model previously
demonstrated a key role of CARF in cellular stress response
leading to growth arrest and senescence (Singh et al. 2014;
Hasan et al. 2009). Enhanced CARF levels by oxidative,
genotoxic, oncogenic, and telomere deprotection—induced
stresses (Singh et al. 2014) have also been pointed to the
crucial involvement of CARF in regulating cellular stress
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their levels is shown below. d Phase-contrast and (3-gal staining showing
cell phenotype and senescence respectively in the representative control,
and S-06-, S-08-, and S-16-treated transformed cells; white straight line/
dotted line and arrow (white and yellow) mark boundary and position of
transformed colonies in phase and (3-galactosidase images, respectively. e
Immunoblot showing CARF protein level in TIG-3 cells derived from
control and transformed clones. Quantitation of its level is shown below

responses and its proliferative fate. In contrast, downregula-
tion of CARF protein demonstrated an inevitable lethality
(Cheung et al. 2011). On the other hand, substantial enrich-
ment of CARF expression in clinical malignancies has docu-
mented its pro-survival and pro-proliferative function in can-
cer cells (Cheung et al. 2014), validated in in vitro and in vivo
models (Kalra et al. 2018). In light of these reports, showing a
direct link between CARF levels and cell fate, we speculated
that it may play an important role in stress response and serve
as a predictive marker for proliferative fate of cells exposed to
stress. By enrolling 16 diverse stressors, we found that the
stressors causing a decrease in CARF levels caused apoptosis,
while those upregulating its levels acquired growth arrest in
normal cells (Figs. 1, 2, and 3). Stressors reducing CARF
levels such as heavy metals, viz. sodium arsenite (S-01) and
cadmium nitrate (S-10), were shown to be the key inducers of
ROS, DNA damage, and protein aggregation (Bhagat et al.
2008; Zhang and Reynolds 2019), while 1-hydroxypyrene
(S-09) has been shown to cause cytotoxicity by producing
DNA lesions (Fullove and Yu 2013). Reduced CARF levels
with elevated oxidative and genomic stress conditions caused
potent cytotoxicity. These results substantially endorsed the
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earlier reports demonstrating that CARF suppression is lethal
(Cheung et al. 2014), while its upregulation contributes to
growth arrest (Cheung et al. 2009). Of note, S-13-treated cells
showed a remarkable decrease in p21™*F" suggestive of its
DNA damage-induced degradation to facilitate DNA repair,
as reported earlier (Bendjennat et al. 2003; Mansilla et al.
2013). Consistently, distinct activation of ATM (Fig. 2d) was
observed that may have mediated growth arrest in these cells. On
the other hand, increased p21™A™" levels with sodium arsenite
(S-1) suggested arsenite-induced apoptotic function of p21VAF!
(Nuntharatanapong et al. 2005). These results demonstrated that
CARF expression level may serve as a sensitive pan stress re-
sponse marker with a predictive cell fate value.

We further explored the association of CARF with various
stress response pathways including ER, UPR, and oxidative
stresses, since the investigated stressors are known to induce
these pathways. Analyses of the 3 major axes of ER stress, i.e.,
Irel, ATF6c, and PERK (Figs. S3 and S4), revealed that all
the investigated stressors induced ER stress, indicating that
ER stress response largely functioned independently of
CAREF levels (Figs. 4, S3). However, an evident coregulated
expression of ATF4 with that of CARF was observed (Fig. 4),
suggesting possibility of an alternative regulation of ATF4,
independent of the PERK/CHOP pathway. This result is par-
ticularly interesting because ATF4 is also known as a univer-
sal stress response marker that is induced by diverse stresses
such as heme deficiency, double-stranded RNA, UPR, hypox-
ia, and nutrient deprivation through elF2, independent of the
PERK pathway (Shan et al. 2012; Armstrong et al. 2010).
Further, recent studies have indicated that ATF4 plays an es-
sential role in regulating cell death/apoptosis (Wortel et al.
2017), Thus, the correlation between CARF and ATF4 may
further underline ubiquity of CARF to be a stress response
marker with a cell fate predictive value. Besides ER stress,
analyses of UPR (BiP, Hsp27, Hsp70, Mortalin, Hsp90, and
Calnexin) and oxidative stress (Nrf2, Keapl, GST, Gadd45,
NF«kb, and NOS2) signaling markers revealed that the inves-
tigated stressors also induced these stress response pathways;
however, changes in their expression were inconsistent with
CAREF level, and therefore, these markers lacked a predictive
value for cell fate and survival. On the other hand, we ob-
served a close association of Hsp70 and GST with CARF
levels. Hsp70 is a highly conserved and ubiquitously
expressed heat shock protein that has a vital function in pro-
tein folding, cell survival, and protection under stress
(Nylandsted et al. 2004; Mosser et al. 1997; Evans et al.
2010). GST is a family of proteins that are known to modulate
oxidative stress response and play a key role in extrahepatic
drug detoxification (Tew and Townsend 2012; Sau et al.
2010). Therefore, it is suggested that CARF levels may be
linked to drug detoxification, and inadequate elimination of
the toxins may lead to apoptosis. Taken together, CARF levels
along with Hsp70 and GST expression were found to be most
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closely associated with oxidative stress, suggesting that they
could be used as a gene signature for cell fate prediction. In the
short-term post-stress period, CARF levels were found to be
predictive of post-stress recovery and restored cell viability as
well (Fig. 5), and thereby may have a prognostic value as well.
Of note, the predictive value of CARF in the post-stress re-
covery period is independent of the CARF level during stress
(Fig. 5d); S-10 had extremely reduced CARF during stress,
but in the post-stress recovery period, its expression increased
dramatically which was reflected by increased cell viability
(Fig. 5a). However, these data largely suggested that post-
stress restored CARF levels are essentially predictive of cell
recovery/viability (Fig. 5d), and restored CARF levels beyond
the survival threshold may trigger cell senescence (Fig. 6a) as
shown in earlier studies (Hasan et al. 2009; Cheung et al.
2009, 2010). Interestingly, association of ATF4 and CARF
levels in the post-stress period reaffirmed the possibility of
an alternative regulation of ATF4 function by CARF.
Gradual increase in CARF expression has earlier been
demonstrated for replicative- and stress-induced premature
senescence of human fibroblasts (Singh et al. 2014;
Cheung et al. 2009, 2010). Meanwhile, excessive enrich-
ment caused malignant transformation of cells that was well
marked by activation of Chk2, MAPKs, and mitotic signal-
ing (Cheung et al. 2014; Kalra et al. 2015), which was
supported by its enrichment in clinical tumor tissue samples
(Kalra et al. 2015). Continuous and long-term stress condi-
tions have been shown to trigger transformation of normal/
senescent cells (Kondo et al. 1999; Benhar et al. 2002;
Balducci and Ershler 2005; Benz and Yau 2008; Takabe
et al. 2001; Krtolica et al. 2001; Adams et al. 2015).
Consistent with the reports showing that stress elevated
CARF levels (Singh et al. 2014; Tsalikis et al. 2016;
Boudreault et al. 2016), we demonstrate that a substantial
enrichment of CARF level in stressed cells potentiated their
malignant transformation both in mouse and in human fibro-
blast models (Figs. 6 and 7). These data suggested that
stress-induced alterations in CARF level regulate cell fate
(induction of senescence/apoptosis/malignant transforma-
tion). By cell cycle studies and use of protein synthesis
inhibitor (cycloheximide), CARF has been earlier shown to
be a short-lived (half-life < 1 h) nuclear protein and is tightly
regulated by proteasomal degradation in a cell cycle—
dependent manner (Singh et al. 2014). In light of this infor-
mation, it may be predicted that stress-induced change in
proteasomal degradation pathway may contribute to the ob-
served change in CARF expression and warrant further mo-
lecular analyses. However, as shown in Fig. la, stress-
induced change (increase/decrease) in CARF protein was
consistent with its mRNA level suggesting that the stress-
induced alterations were regulated predominantly at the tran-
script level. Taken together, in the present study, we report
that CARF may serve as a pan-marker for stress and
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predictive measure for proliferative states (cell death, senes-
cence, or malignant transformation) of stressed cells.
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