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ABSTRACT:

Background

Aquilegia nivalis Flax Jackson, also called Aquilegia vulgaris sub sp. nivalis (Bak.) Briihl
or columbine, locally known as “Zoe-neel”, is a wild edible plant traditionally used as an
anti-inflammatory medicine by the local nomadic tribes inhabiting the Himalayas of
Jammu and Kashmir. The plant has been used as herbal medicine since middle ages in
treating ailments that include chronic rhinitis and various infectious diseases. The extracts
from the plant possess antioxidant properties and have been reported to be
hepatoprotective in rats. Our preliminary studies, however pointed to hitherto unexplored
anti-apoptotic potential of the plant which lead us to carry the in-depth study using breast
cancer cell lines to validate its anti-cancerous properties and explore the affected
pathways.

Methods

MTT assay was used to draw the dose response curve and evaluate the effect of
increasing concentrations of the extract on cell lines to determine the appropriate dosage
to be used for further experimentation. DNA fragmentation analysis was followed
through gel electrophoresis and DAPI staining was pursued by phase contrast microscopy
to study apoptosis. Quantitative PCR was used to study the expression of UPR signaling
and RIDD markers at the level of mRNA. Western blot analysis was used in studying the
expression of the various markers of the signaling pathways. The cell cycle analysis was
carried out using flow cytometry.

Results

MTT assay revealed that the methanolic extract of the plant (ANME) was selectively
cytotoxic to various cancer cell lines as revealed by lower IC50 values relative to normal
cell lines. The results of cell cycle analysis were similar as ANME caused Sub G1 arrest

of the cell cycle. DNA fragmentation analysis, DAPI staining and western blot analysis
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for PARP and caspases revealed that the extract selectively induced apoptosis in
cancerous cell lines. UPR markers p-Irela and Xbpl splicing were consistently alleviated
in a dose dependent manner, the rate of phosphorylation of elF2a and ATF4 also
decreased with increasing concentration of ANME. The RT PCR results of the RIDD
marker, Blos1S1 revealed a similar dose dependent association. The methanolic extract
was especially chosen for it could be easily internalized by the cells and any resultant
potential bioactive compounds could gain access to the cells because of their hydrophobic
nature.

Conclusion

Our results suggest that ANME causes deactivation of UPR signaling pathway
facilitating apoptosis selectively in cancerous cells, paving the way forward for a novel
approach in cancer therapeutics.

Keywords: Aquilegia nivalis, UPR, IREla, XBP1, elF2a, ATF4, Apoptosis

Abbreviations:

UPR , Unfolded protein response: ATF4, Activating transcription factor 4: ATF6, Activating
transcription factor 6: GADD34, Growth arrest and DNA damage 3: XBP1, X-box binding

protein 1: ANME, Aquilegia nivalis methanolic extract : RIDD, Regulated IRE1-dependent

decay of mRNA

Introduction

The exploration of natural products offers great opportunity to researchers in medical
sciences to identify and explore nature friendly therapeutic agents relevant to different
diseases. Aquilegia nivalis is a traditional indigenous herb found in higher altitudes of
Himalayas'. The plant has been traditionally used in treatment of Asthma and as an anti-
inflammatory agent. It is also used as a remedy for many ailments including chronic
rhinitis and various infections®?. The extracts of the plant [plant extract] have shown

hepatoprotective effects in mice.? Several studies have shown the anti-oxidant role of the
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plant.*>. Despite of its well-known anti-inflammatory and anti-oxidative properties, and
the fact that the plant has been used for a long time as a traditional therapeutic agent in
treating several disorders like bronchitis and bowel disorders, the plant has not been
explored to its full potential. No study has been carried out to find its molecular targets
and the mode of action. The plant is being extensively used by the nomadic tribes
inhabiting the Himalayan ranges in Jammu and Kashmir. Some studies have suggested
the antiproliferative and pro-apoptotic activities of the plant®. Our preliminary data
indicated that the plant extracts were selectively toxic to cancerous cells, so the current
study was carried out to validate the antiproliferative potential of the plant and explore its
molecular targets in the cell. The study revealed that the methanolic extract of the plant
affected UPR signaling and RIDD pathways.

The unfolded protein response is a defensive mechanism that gets activated under
stressful conditions to restore homeostasis, during prolonged stress however, when
restoration becomes difficult, it promotes apoptosis’. The synthesis and trafficking of
nearly one-third of the total protein in eukaryotic cells is synchronized by Endoplasmic
Reticulum®®1°. The ER is responsible for tuning up protein homeostasis!' and ensures the
release and bartering of properly folded proteins after post-transcriptional and post-
translational modifications through various mechanisms existing within the organelle.
Despite this, a colossal amount of proteins transiting via ER are not properly folded and
may be degraded by ER-associated degradation (ERAD) system'!. The perturbations in
influx to efflux ratios of proteins within the ER compartment coupled with accumulation
of misfolded proteins causes ER stress that is combated through a defensive mechanism
known as Unfolded Protein Response!>!3. UPR determines the cellular fate either
towards survival or death depending upon the severity of stress and primarily operates via

three axis namely; Irel-0/Xbp-1, PERK/eIF2a and ATF6 71415
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Tumor cells experience increase metabolic activities and high proliferation rates, which
in turn demands boisterous ER and secretory mechanisms. This boosted demand for
secretory functions is likely to trigger a mid-course correction of ER homeostasis and
consequently ends up in basal or constitutive UPR induction. Irelo mutations have been
implicated in many human cancers on the basis of genome wide screening with roles in
tumor growth, metastasis and chemo-resistance!%!7:!8- A compromising tumor growth and
survival is observed when Xbpl expression is thwarted, inhibiting Irel/Xbpl axis

impinge the coherence of the secretory tissues !°-23

. PERK pathway in tumor cells either
facilitates their survival or suppresses their progression. PERK branch confers oncogenic
transformation by promoting myc induced autophagic pathways’*2>. CHOP (an apoptosis
mediator) suppresses the tumor progression thus chop deletion has tumor progression
phenotype in lung cancer.?627

Many pathological complications are associated with the disturbance in the protein
folding machinery, aggregation and concurrent ER stress”?%, Various therapeutic drugs
induce ER stress and destine the cells to apoptosis®. It is possible that an optimum level
of ER stress and UPR signaling is induced under tumor microenvironment is necessary
for cancer survival and progression, but exacerbating the stress levels beyond the
handling capacity can drive cancer cells toward death. UPR signaling can be targeted in
cancer treatment in both ways, that is, either by inducing a high level of stress in the pre-
existing stress microenvironment of tumor or by preventing activation of UPR that is
beneficial for cancer progression and drug resistance, making them sensitive to other
chemotherapeutic drugs.

In the above context, our study becomes important as it reflects the potential effects of

the plant extract to selectively induce apoptosis in cancerous cells coupled with

deactivation of UPR and RIDD signaling pathways.
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MATERIALS AND METHODS:

Chemicals

Tunicamycin was purchased from EMD Millipore (Darmstadt, Germany).Dulbecco's
modified Eagles medium (DMEM) and Fetal bovine Serum (FBS) were purchased from
GIBCO (St. Louis, Mo, USA). Bicinchoninic acid (BCA) protein assay kit was purchased
from pierce (Rockford, USA). and 3-(4,5-dimethylthiazole-2-yl)-2,5, diphenyltetrazolium
bromide (MTT) were purchased from Sigma-Aldrich (St. Louis, Mo, USA).

Preparation of methanolic fraction of Aquilegia nivalis

Aquilegia nivalis was collected between July and August 2016, from several regions of
Kashmiri Himalayas. The plant was identified and deposited in the KASH Herbarium
under voucher specimen No.2716-(KASH). Whole Plant parts were washed with distilled
water to remove residues and shade dried. The dead parts were removed, and healthy
ones were grounded to powder, preserved for extraction. ANME (Methanolic fraction of
Aquilegia nivalis) was prepared from dried and coarse powder using methanol as a
solvent. Hot extraction was carried out in a Soxhlet apparatus taking Plant powder and
solvent in ratio of 1:6. The extract was filtered and evaporated to dryness and the residues
were weighed. The extract solutions obtained were combined and evaporated to dryness
by a rotary evaporator under vacuum at 65 °C. The yield was calculated by dividing the
mass of recovered dry extract (mr) by the initial mass of powder (mi).

Yield(%)= mr/mi x 100%

This residue was then dissolved in 50% DMSO to make the concentration of 100 mg/mL
working stock and stored at 4°C. The working concentration of DMSO used was 2% for

experiments.
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Cell lines

Breast cancer cell lines, MDAMB-231 and MCF7 and neuronal cell line US87MG
glioblastoma, and the normal human embryonic kidney cells, Hek293T were purchased
from National Centre for Cell Science (NCCS, Pune).

Antibodies and Western blot analysis

SDS-Polyacrylamide gel electrophoresis and Western blotting were performed by usual
procedures . All the four cells were seeded at 1 x 106 cells/well in a 100 mm culture dish
and incubated for 24 h. The incubated cells were treated with varying concentrations of
ANME with or without 6uM of tunicamycin for 24 h. The cells were harvested in
phosphate buffered saline (PBS) containing 0.1% protease inhibitor cocktail. The primary
and secondary antibodies used were as follows. Rabbit polyclonal antibodies against
Phosphorylated version of Inositol requiring enzyme (Irela), X-box binding protein
spliced (sXbpl), Activating transcription factor 4 (ATF4), Phosphorylated version of
alpha subunit of eukaryotic initiation factor (p-elF2a) and GAPDH were obtained from
Cell Signaling Technology (Danvers, MA). Alkaline Phosphatase linked secondary anti-
Rabbit antibody was purchased from Sigma-Aldrich (St. Louis, Mo, USA). BCIP (5-
Bromo-4-chloro-3-indolylphosphate) and NBT (Nitro blue tetrazolium) were purchased
from Sigma-Aldrich (St. Louis, Mo, USA).

Real-time quantitative PCR for analysis

The cells were seeded at 1 x 106 cells/well in a 100 mm culture dish and incubated for 24
h. The incubated cells were treated with varying concentrations of ANME with or
without 6uM of tunicamycin for 24 h. RNA was extracted from the harvested cells using
an RNeasy kit (Qiagen, Hilden, Germany). RNA was reverse-transcribed to synthesize
cDNA using a Revert Aid First strand cDNA synthesis kit (Thermo scientific) as per
manufacturer’s protocol., and used in duplicate for quantitative real-time PCR analysis

using the SYBR Green reagent system Applied Biosystems 7500 Fast Real-Time PCR
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System (Applied Biosystems, Foster City, CA). Relative quantities of amplified cDNAs
were then determined using SDS software (Applied Biosystems) and normalized to (-
actin mRNA.

The following primers were used:

ATF4

5'-TTC CTG AGC AGC GAG GTG TTG -3/(sense)
5'-TCCAATCTGTCCCGGAGAAGG-3 (antisense)

CHOP

5/-CTTGGCTGACTGAGGAGGAG-3/(sense)
5/-TCACCATTCGGTCAATCAGA-3/(antisense)

Spliced XBP1

5 /-CTGAGTCCGAATCAGGTGCAG-3/(sense)
5/-ATCCATGGGGAGATGTTCTGG-3/(antisense)

B-actin,

5/-TCATCACCATTGGCAATGAG-3/ (sense)

5/-CACTGTGTTGGCGTACAGGT-3/ (antisense)

Quantification of western blot

The intensity (area x optical density) of the individual bands on Western blots was
measured by using Image]J and normalized either to GAPDH or, in the case of a
phosphoprotein, to its total protein as mentioned.

Cell viability assays

Cell viability measurements for ANME were done using MTT assay. Cell were seeded in
96-well plate at 10* cells per well. Different concentrations of extract (1-2000pug/mL)
were added to each well incubated for 24 h. Next day 10 puL of 5 mg/mL MTT were
added to each well and incubated for 4 h. The formazan crystals were dissolved by

adding 100 uL of DMSO to each well. Absorbance was measured at 560 nm with
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Universal Microplate Reader (Bio-Tek Instruments, USA). The reference wavelength
was set at 650 nm. The cell viability of untreated cells was considered 100%.

Cell cycle analysis by flow cytometry

The cells were seeded at 1 x 10 cells/well in a 100-mm culture dish and incubated for 24
h. The incubated cells were treated with ANME (50 pg/mL for MDAMB231 100 pg/mL
for MCF7 and 25 pg/mL for U§7MG), with or without 6uM of Tm for 24 h.. Media was
collected in 15ml tubes and cells were washed with PBS containing 0.1% EDTA.
Washing solution was also collected. PBS-EDTA was added to the plates followed by
incubation at 37 °C for 5-10 minutes. Cells were collected, pipetted up and down and
collected in same tubes. Tubes were centrifuged at 1000 g for 5 minutes followed by
washing in PBS-Serum (1% serum) and centrifuged again at 1000g. Afterwards, cells
were resuspended in 0.5 ml PBS. For fixing, 5 ml ethanol was added drop wise while
vertexing the cells. Cells were then stored in deep freezer for FACS analysis. For FACS
analysis, fixed samples were centrifuged at 1000g for 5 minutes and washed with PBS-
serum followed by resuspension in Propidium Iodide-RNAse solution (50 pg/ml
propidium iodide, 10mM Tris pH 7.5, 5 mM MgCl2 and 20 pg/ml RNase A). Finally,
samples were acquired and analyzed by using BD FACS machine and BD FACS Suite
software. The experiments were done in triplicates. For analysis outliers were discarded.
Statistical analysis

The GraphPad Prism®6 software (GraphPad software Inc.) was used for statistical
analysis. All experiments were repeated independently three times. IC50 values were also
calculated using non-linear regression analysis with GraphPad Prism®6 software.
Results

ANME display cytotoxicity against cancer cell lines in vitro

MTT viability assay on HEK293T human embryonic kidney cells, MDAMD-231 breast

cancer, MCF7 breast cancer and U87 glioblastoma cells were done separately with a
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range of concentrations of ANME between 1 to 2000 pg/ml. ANME alleviated cell
viability in a dose dependent manner. All the experiments were performed in triplicate.
IC50 values were calculated by non-linear regression analysis using Graph Pad Prism
software as a mean of three reactions that inhibited 50% of the positive control. The IC50
values of ANME in HEK293T human embryonic kidney cells, MDAMD-231 breast
cancer, MCF7 breast cancer and U87 glioblastoma were 532.1ug/mL, 100.2pg/mL,
205.6pg/mL and 42.23pg/mL, respectively (Fig.1A-D). Higher concentrations of the
extract presented with vivid morphological changes under phase contrast microscope.
The most marked changes were cell shrinkage and extensive cell detachment from cell
culture substratum.

ANME displayed different cell cycle responses

The propidium iodide based cell cycle analysis by flow cytometry revealed that the cell
lines responded differently to the treatment with some cells undergoing significant cell
death, as indicated by an increase in SubGl peak, whereas others not showing any
appreciable change in the cell cycle profile. HEK 293T (human embryonic kidney) cell
line which is a normal cell line didn’t show an appreciable increase in SubG1 peak (Fig.
2 A). U7/MG (human glioblastoma) cell line showed moderate response to ANME
treatment (Fig. 2 B). MDAMB231 and MCF7 (Breast cancer) cell lines, however,
showed a remarkable increase in SubG1 (Fig. 2 C-D). This indicated that the breast
cancer cell lines were highly sensitive to ANME treatment. These results show that
different cell types respond differently to ANME, whereas different cancer cell lines are
sensitive to a varying degree, the response ranging from low to high cell death, the
normal cell lines did not show any significant effect.

ANME inhibits tumor cell growth in vitro by induction of apoptosis

The antiproliferative potential of ANME was evaluated in HEK293T human embryonic

kidney cells, MDAMD-231 breast cancer, MCF7 breast cancer and U87 glioblastoma. As

10



260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

shown in Fig 1A IC50 values of HEK293T human embryonic kidney cells, MDAMD-
231 breast cancer, MCF7 breast cancer and U87 glioblastoma for ANME treatment
were 532.1ug/mL, 100.2ug/mL, 205.6ug/mL and 42.23pg/mL, respectively revealing a
relatively higher sensitivity of cancer cell lines. Also there was a general SubGl1 arrest in
the cells. The Ladder assay revealed a time-dependent increase in DNA fragmentation on
treatment with ANME as observed on DNA-gel electrophoresis. DNA extracted from
cells treated with ANME showed an increased generation of apoptotic DNA fragments as
compared with solvent-treated control cells, it also displays a higher sensitivity of the
cancer cell lines relative to normal cell lines.(Fig. 3A)

DAPI assay revealed apoptosis-specific features of ANME-treated cells from 0 Hours to
48 Hours. U887 MG, MDAMB231 and MCF7 on treatment with ANME showed various
nuclear changes such as chromatin condensation, nuclei condensation, and nuclear
degradation, however Hek293T cells did not show any signs of significant apoptotic
activity. (Fig. 3B)

UPR mediated onset of Apoptosis

Since the cancerous cells are in a state of constant stress because of their high metabolic
profile, controlled UPR is known to be active in these cells. So next we decided to look at
the UPR signaling pathway. Figures 4-7 show the results of Western blots of various
UPR signaling markers using specific antibodies. In order for us to check the pathway
involved through which ANME caused the apoptosis, we checked for the global impact
on proteostasis markers. The perturbation of cellular proteostasis networks by inhibition
of the proteasome results in induction of an unfolded protein response’®3!. Our results
suggested that ANME averted UPR response in both Cancer and 293T cells, as judged
by inhibition of p-Irela. Figure 4 shows the effect of tunicamycin and increasing
concentrations of ANME on the expression of phosphorylated Irela. The

phosphorylation of Irela causes activation of UPR and serves as one of the first markers
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of UPR activation. As is shown in figure, ANME exposure is associated with decreasing
concentration of P-Irela in all the four cell types (Fig. 4 A-D) reflecting deactivation of
the kinase associated IRE1 signaling of UPR. Xbpls is another downstream marker of
the same pathway. Figure 5 shows the effect of tunicamycin and increasing
concentrations of ANME on Xbpl splicing. ANME inhibits the splicing reaction in all
the cell types as indicated by reduced expression of XBpl-s.(Fig.5 A-D), the total
phosphorylation level of Irela protein decreased, with kinetics matching the inhibition of
Xbpls, consistent with a previous report?.

Next, we evaluated the effect on the PERK arm of UPR. Figure 6 shows the effect of
tunicamycin and increasing concentrations of ANME on the expression levels of p-elF2a
and ATF4, the downstream effector molecules of the PERK arm of UPR The expression
levels of both the effector molecules decreased in a concentration dependent manner on
treatment with ANME (Figure 6 A-D)

Further we tested the effect of ANME treatment on mRNA expression levels of Xbpl and
ATF4 in different cell lines. ANME significantly repressed the expression of Xbpl, a
downstream target of Irel arm, and ATF4, a downstream target of PERK arm of UPR in
a concentration dependent manner (Figure 7 A-C)

Next we checked effect of the treatment on RIDD activity. Figure 8 shows the qRT PCR
based mRNA expression of BLOC1S1 (BLOS1) which is used as a marker for RIDD
activity. Treatment with increasing concentrations of the extract shows a 2-3-fold
increase in the expression levels in all the cell lines tested (Figure 8 A-C) indicating that
the RIDD arm of UPR is also decreased. To check whether ANME directly inhibits Irela
activity, we tested ANME inhibition on RIDD marker BLOCIS1 (BLOS1) which are
considered as standard markers for testing RIDD activity.**3* We found that ANME
inhibit Irela activity in vitro for RIDD (Fig 8 A-C), indicating the role of ANME on in

apoptosis is through the RNAse activity of Irela in a dose-dependent manner.

12
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ANME-induced apoptosis of tumor cells is associated with dual inhibition of
Irel/xbpl and PERK/ATF4 and activation of Caspases

Following DNA ladder assay and cell cycle analysis, we probed the effect of ANME on
caspase and PARP. Western blots with PARP and caspase antibodies were used to probe
the effect of the treatment with different cell lines. The results are shown in Figure 9.
HEK293T cell lines did not show any apoptotic signals as revealed by the absence of
caspase3 and PARP (Fig.9A), however, other cell lines U§7MG, MDAMB231 and
MCEFT7 clearly show the onset of apoptosis in a concentration dependent manner (Figure 9
B,C). This was consistent with the results obtained in DNA fragmentation assay and cell
cycle analysis. This can be attributed to the fact that in HEK293T cells the Unfolded
Protein Response is rescued due to ANME treatment resulting in restoration of the in
milieu proteostasis. However, the apoptotic death in other cell lines that are cancerous in
nature is ascribed to uncompromised ER stress associated with activation of the RIDD
pathway. These results suggested the pro-apoptotic potential of ANME is attributed to the
dual inhibition of Irel/xbpl and PERK/ATF4 axis that renders the cancer cells vulnerable
to apoptotic death via activation of caspases.

Discussion

Aquilegia nivalis traditionally used in treatment of asthma and ailments like chronic
rhinitis and infections with documented hepatoprotective properties offers great promise
in disease therapeutics. The plant though has not been explored to its full potential. The
extracts of the Aquilegia species have been shown to display hepatoprotective effects in
mice.> 3336 Several studies have shown the anti-oxidant activities of the plant. The plant
has been used as a herbal medicine since ages with proven efficacy in diseases like
chronic rhinitis, and as anti-inflammatory in infections.*>*¢ However detailed studies
validating the therapeutic potential of the plant and about the mode of its action are

lacking. This study was conducted to validate its antiproliferative effects and evaluate its
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target signaling pathways as anti-inflammatory activities in certain plants are reported to
be coupled with anti-proliferative pro-apoptotic activities® Our preliminary investigations
on the extracts of the plant showed that the methanolic extract of the plant selectively
acted on cancer cells. Based on this we carried in-depth study on several cancer cell lines
with promising results. This study established that the extract from the plant selectively
induced the apoptotic pathways leading to cell death in cancerous cells. The methanolic
extract from the plant was particularly chosen for it displayed higher activity and for the
fact that it could easily be internalized by the cells. Any potential bioactive compounds
could also be easily accessible to the cells because of their hydrophobic nature. In the
ladder assay, DNA fragmentation followed by gel electrophoresis revealed generation of
apoptotic fragments selectively in cancerous cells and also an alleviation of apoptosis is
observed on treatment with the methanolic extract of Aquilegia nivalis in a concentration
dependent manner. Cell cycle analysis with flow cytometry displayed a differential
response of the cells, whereas subG1 arrest was observed in all the cancerous cells but
with variations in the subGl1 peak, the normal cells behaved differently with no subGl1
peak observed. DNA fragmentation and cell cycle arrest have been considered a hall
mark of apoptosis 3. Other pro-apoptotic markers that were tested include Caspase-3 and
PARP which showed comparable results with different cancerous cell lines experiencing
apoptosis to variable degrees, though no significant amount of apoptosis is seen in
normal cell lines. Several recent studies have demonstrated the proapoptotic and anti-
apoptotic potential of plant derived extracts’*373, The methanolic extracts
of Andrographis nallamalayana Ellis have been shown to induce apoptosis in various
melanoma cell lines ®. Similarly extracts derived from Menyanthes trifoliata L. are
reported to induce apoptosis in human cancer cells affecting Caspase 3, PARP and other
pro apoptotic markers in a similar fashion®. Next we tried to understand the affected

pathways. Cancer cells are under constant stress due to their high metabolic load, and the
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link between the cellular stress response and apoptosis is relatively well established.
Many studies have linked modulation of unfolded protein response to apoptosis*®4!,
Under hypoxia, cells have been found to show upregulation of hypoxia induced proteins
and UPR signaling cascade that differ in normal and cancerous cell lines, however, the
exact mechanism deciding about the cell fate is not clearly understood*’. Next we
checked the expression of downstream molecules of the Irel and PERK arms of the UPR
signaling pathway as well as BLOS1, a marker for RIDD activity.

It was found that treatment of cells with the methanolic extract of the plant
downregulated the phosphorylation of Irel alpha and Xbpl splicing in a concentration
dependent manner. It also resulted in reduced protein expression levels of
phosphorylation levels of p-elF2a and protein levels of ATF4 in all four cell lines viz
HEK-T293, U87-MG , MCF7 and MDAMB 231. The complexity of Irel biology was
demonstrated through a recent study suggesting that modulation of Irel RNase activity
was possible through an allosteric mechanism using ATP-competitive kinase inhibitors
APY?29 and sunitinib®. Furthermore, a peptide derived from the Irel kinase domain was
shown to stimulate Irel oligomerization while inhibiting the JNK activation and RIDD
activity of Ire1**. Irel modulators specific for either Xbpl splicing or RIDD activity may
be clinically useful depending on the therapeutic intent. Protein kinase R (PKR)-like
endoplasmic reticulum kinase (PERK) mediates the translational control arm of the UPR
by enhancing phosphorylation of alpha subunit of eukaryotic Initiation Factor 2 (elF2a)
that kickbacks to a variety of endoplasmic reticulum stresses associated with numerous
diseased states. Evidences relating PERK with tumorigenesis and cancer cell survival
commoved our search for small molecule inhibitors.

The expression of Xbpls and ATF4 was also found to be inhibited in a similar manner at

mRNA level. The mRNA expression of BLOC1S1, a marker for RIDD activity was

found to be increased on treatment with the extracts, owing to the fact that the extract was
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downregulating RIDD activities as well. This in in line with the studies carried by These
results were consistent with the protein markers of UPR signaling and RIDD activity and
reflected a dual modification of the signaling by ANME treatment™®.

The unfolded protein response (UPR) serves as an adaptive mechanism to restore
homeostasis. When the stress prolongs and resolution becomes difficult, the UPR
commits the cell to apoptotic death. Here we show that in cancerous cells MDAMB-231 ,
Breast cancer cell lines, MCF7, neuronal cell line and U§7MG glioblastoma, apoptotic
pathways are activated via modulation of Unfolded protein response that includes
inhibition of the Ire and PERK signaling as well as activation of RIDD signaling. These
results point towards the cross-regulation between the apoptotic cascade and the adaptive
UPR signaling in cancerous cells. Similar observations have recently been recorded with
studies on Irel mutants 4,

An important finding of the study is that in Hek293T cells the cell death via apoptosis
was not evident. This may be attributed to the fact that in these cells the UPR has being
rescued due to ANME and the in mileu proteostasis was restored as depicted from
restoration of UPR markers to the basal level, and that no Caspase 3 or PARP cleavage
is seen in these cells. The apoptotic death in other cell lines cancerous in nature can be
ascribed to the chronic stress conditions developing as a result of inhibition of the arms
after drug treatment that in turn increases ER stress intensity to its threshold level
initiating apoptosis through repression of antiapoptotic pre-miRNAs 4748 or alternatively
through upregulation of Casp2*. In Hek293T cells the UPR has been rescued due to
ANME and the in mileu proteostasis was restored as depicted from restoration of UPR
markers to the basal level and also no Caspase 3 or PARP cleavage was seen in these
cells. A close association of Irela activity and cell fate determination has been proposed
that provide evidences of Irela being molecular switch that facilitates apoptosis during

prolonged ER stress. The caspase activation due to inhibition of PERK arm is in line with
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earlier studies wherein deletion of PERK in MEF cells subjected to prolonged hypoxia
has been reported to produce partial restoration of protein synthesis and enhanced
activation of caspases, leading to elevated levels of cell death®®. Taken together our
results suggest that apoptosis is selectively induced in cancer cells MDAMB-231, MCF7
and neuronal cell line US7MG glioblastoma during treatment with Aquilegia nivalis
extract (ANME) coupled with modulation of the Unfolded Protein Response signaling
pathways with inhibition of Irel and PERK signaling cascades. Interestingly however the
treatment also resulted in deactivation of the regulated IRE1-dependent decay of mRNA
(RIDD). Further studies are required to understand the mechanistic basis of these effects
and explore the therapeutic potential of the constituent bioactive molecules.

Conclusion

The methanolic extracts of Aquilegia nivalis selectively target cross-regulation between
apoptosis and adaptive UPR signaling in cancerous cells may contain potential
therapeutic molecules selectively targeting cancerous cells.
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Figure.1: Effect of ANME on (A)HekT293 (B) MDAMB-231(C) MCF7 and (D)
U87MG 2 cells in various concentrations (1-2000pg/mL) after 24 hours; determined
using MTT cell viability assay: Dose-response curves of ANME was determined using
MTT cell viability assay. ICso values were calculated as mean values from three
independent experiments by nonlinear regression using Graph pad Prism®6 software.

Percentage inhibition of untreated cells was assumed to be zero.
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502
503 Figure.2: Cell cycle analysis: (A-D) Hek293T, U87, MDAMB-231 and MCF 7 cell

504  lines were treated with different concentrations of ANME for 24 hrs and cells were
505 fixed and stained with propidium iodide and analyzed by flow cytometry. The mean
506  values + SD were calculated from three different experiments. p<0.05 with respect to

507  control.
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509  Figure.3: (A) Time dependent DNA fragmentation: DNA Laddering in (a) U87- MG
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529

Tunicamycin(4hr) for induction of Unfolded Protein cells. The cells were treated with
different concentrations (ug/ml) of extract for every cell type for 0, 24 and 48 h. Cells
from each sample were harvested for DNA gel electrophoresis as described;

(B) Formation of apoptotic bodies in time dependent manner, DAPI staining:
Morphological and nuclear changes induced by ANME. HEK- T293, MDAMB, MCF7
and U87-MG cells after treatment with different concentration for each cell type induced
various nuclear changes such as chromatin condensation, nuclei condensation, and
nuclear degradation, as demonstrated by DAPI staining at 400x in time dependent
manner. However Hek293 showed only inhibition in cell growth with no signs of

apoptosis; ANME=Aquilegia nivalis methanolic extract.
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Figure.4: Immunoblot analysis for p-Irela in (A) Hek293T (B) MDAMB 231(C)
MCF 7 (D) U887 MG: Protein extracts of Hek T 293, MDAMB 231, MCF 7 and
U87MG stimulated with or without 6uM Tunicamycin (4hr) for induction of Unfolded
Protein Response followed by treatment with different concentrations in pg/ml of ANME
was isolated and run out for Western blotting. Blots were probed with p-Irel a. GAPDH
was used as loading control. Experiments were repeated three times and a representative

blot is shown.
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530
531  Figure.5: Immunoblot analysis for Xbpl-s in (A) Hek293T (B) MDAMB 231(C)

532 MCF 7 (D) U87 MG: Protein extracts of Hek T 293, MDAMB 231, MCF 7 and
533  U87MG stimulated with or without 6uM Tunicamycin (4hr) for induction of Unfolded
534  Protein Response followed by treatment with different concentrations in pg/ml of ANME
535  was isolated and run out for Western blotting. Blots were probed with Xbpls. GAPDH
536  was used as loading control. Experiments were repeated three times and a representative

537  Dblot is shown.
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539  Figure.6: Immunoblot analysis for p-elF2a and ATF4 (A) Hek293T (B) MDAMB

540 231(C) MCF 7 (D) U87 MG: Protein extracts of Hek T 293, MDAMB 231, MCF 7 and
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U87MG stimulated with or without 6uM Tunicamycin (4hr) for induction of Unfolded
Protein Response followed by treatment with different concentrations in pg/ml of ANME
was isolated and run out for Western blotting. Blots were probed with Xbpls. GAPDH
was used as loading control. Experiments were repeated three times and a representative

blot is shown.
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Figure.7: Quantitative real time PCR for relative expression of UPR markers, Xbp1

Relative expression
Relative expression

Relatve expression

and ATF4: (A-C) MDAMB-231, MCF 7 and U87-MG . Cells were treated with Tm (6
ug/ml) for 4h followed by treatment with different concentrations in pg/ml of ANME.
Xbpl and ATF4 mRNA levels were measured by RT-quantitative PCR (qPCR).

Measurements were normalized to ACTB mRNA (n=3). (* - p <0.05, ~-p <0.1).
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Figure.8: Quantitative real time PCR for relative expression of RIDD marker,
Blos1S1 (A-C) MDAMB-231, MCF 7 and U87-MG . Cells were treated with Tm (6

ng/ml) for 4h followed by treatment with different concentrations in pg/ml of ANME.
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Blos1SImRNA levels were measured by RT-quantitative PCR (qPCR). Measurements

were normalized to ACTB mRNA (n = 3). (* - p< 0.05).
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Figure.9: Activation of caspases by ANME: Protein expression of anti- Caspase 3 and
anti- PARP using ANME in (A) HEK- 293T (B) U87 MG (C) MDAMB231 and MCF7
cells, resp. Protein extracts of HEK T 293, U87 MG, MDAMB 231 and MCF7 stimulated
with or without 6uM Tunicamycin for induction of Unfolded Protein Response followed
by treatment with different concentrations of ANME were isolated and run out for
Western blotting. Blots were probed with anti- Caspase 3 and anti- PARP. GAPDH was
used as loading control. Experiments were repeated three times and a representative blot
is shown.
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Figure 1

Effect of ANME on (A)HekT293 (B) MDAMB-231(C) MCF7 and (D) U87MG 2 cells in various
concentrations (1-2000ug/mL) after 24 hours; determined using MTT cell viability assay: Dose—response
curves of ANME was determined using MTT cell viability assay. IC50 values were calculated as mean
values from three independent experiments by nonlinear regression using Graph pad Prism®6 software.

Percentage inhibition of untreated cells was assumed to be zero.
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Figure 2

Cell cycle analysis: (A-D) Hek293T, U87, MDAMB-231 and MCF 7 cell lines were treated with different
concentrations of ANME for 24 hrs and cells were fixed and stained with propidium iodide and analyzed

by flow cytometry. The mean values + SD were calculated from three different experiments. p<0.05 with
respect to control.
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(A) Time dependent DNA fragmentation: DNA Laddering in (a) U87- MG and HEK-T293 cells (b)
MDAMB231 and MCF7 cells resp. ANME extract induces DNA fragmentation in all the cell line panels
stimulated with or without 6uM Tunicamycin(4hr) for induction of Unfolded Protein cells. The cells were
treated with different concentrations (ug/ml) of extract for every cell type for 0, 24 and 48 h. Cells from
each sample were harvested for DNA gel electrophoresis as described; (B)Formation of apoptotic bodies
in time dependent manner, DAPI staining:Morphological and nuclear changes induced by ANME. HEK-
T293, MDAMB, MCF7 and U87-MG cells after treatment with different concentration for each cell type
induced various nuclear changes such as chromatin condensation, nuclei condensation, and nuclear
degradation, as demonstrated by DAPI staining at 400x in time dependent manner. However Hek293
showed only inhibition in cell growth with no signs of apoptosis; ANME=Aquilegia nivalis methanolic

extract.
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Figure 4

Immunoblot analysis for p-Ire1a in (A) Hek293T (B) MDAMB 231(C) MCF 7 (D) U87 MG: Protein extracts
of Hek T 293, MDAMB 231, MCF 7 and U87MG stimulated with or without 6uM Tunicamycin (4hr) for
induction of Unfolded Protein Response followed by treatment with different concentrations in pg/ml of
ANME was isolated and run out for Western blotting. Blots were probed with p-Ire1 a. GAPDH was used as
loading control. Experiments were repeated three times and a representative blot is shown.
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Figure 5

Immunoblot analysis for Xbp1-s in (A) Hek293T (B) MDAMB 231(C) MCF 7 (D) U87 MG: Protein extracts
of Hek T 293, MDAMB 231, MCF 7 and U87MG stimulated with or without 6uM Tunicamycin (4hr) for
induction of Unfolded Protein Response followed by treatment with different concentrations in pg/ml of
ANME was isolated and run out for Western blotting. Blots were probed with Xbp1s. GAPDH was used as
loading control. Experiments were repeated three times and a representative blot is shown.

A B C'{ icamycin (uM) + 4+ + o+ o+
Tunicamycin (uM) I + + + Tunicamycin (uM) -+ 4 + + 4+ umcam,cm.(p.- )
Eatract (ug/ml) - - 2% 75 100 125 Extract (ug/ml) y - 10 20 30 50 Extract (ug/ml) - -— -2_-5 50 75 100
‘-- ‘-| ATF4 wl-—-—- ‘ ATF4 40 |
ATF4 40 L. _ — P-elF2a 38 IS |
- PlF2o s [ B W B WS S
P-elF2a 38 hand ———  GAPDH 37 [——————]
GAPDR 37 [ v e e GAPDH 37 [ s o o | KDa
KDa KDa
D i p ; i
Tunicamycin (M) - + o+ k:  Fu &
Extract (ug/'ml) - - 5 10 20 25

ATF4 4p [V S

P-eIF20 38 . .

GAPDH 37
o -

Figure 6

Immunoblot analysis for p-elF2a and ATF4 (A) Hek293T (B) MDAMB 231(C) MCF 7 (D) U87 MG: Protein
extracts of Hek T 293, MDAMB 231, MCF 7 and U87MG stimulated with or without 6uM Tunicamycin
(4hr) for induction of Unfolded Protein Response followed by treatment with different concentrations in



pug/ml of ANME was isolated and run out for Western blotting. Blots were probed with Xbp1s. GAPDH was
used as loading control. Experiments were repeated three times and a representative blot is shown.
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Quantitative real time PCR for relative expression of UPR markers, Xbp1 and ATF4: (A-C) MDAMB-231,
MCF 7 and U87-MG . Cells were treated with Tm (6 pg/ml) for 4h followed by treatment with different
concentrations in pg/ml of ANME. Xbp1 and ATF4 mRNA levels were measured by RT-quantitative PCR
(gPCR). Measurements were normalized to ACTB mRNA (n =3). (*-p < 0.05,~-p<0.1).
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Figure 8

Quantitative real time PCR for relative expression of RIDD marker, Blos1S1 (A-C) MDAMB-231, MCF 7 and
U87-MG . Cells were treated with Tm (6 pg/ml) for 4h followed by treatment with different concentrations
in ug/ml of ANME. Blos1STmRNA levels were measured by RT-quantitative PCR (qPCR). Measurements

were normalized to ACTB mRNA (n = 3). (* - p< 0.05).
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Figure 9

Activation of caspases by ANME: Protein expression of anti- Caspase 3 and anti- PARP using ANME in (A)
HEK-293T (B) U87 MG (C) MDAMB231 and MCF7 cells, resp. Protein extracts of HEK T 293, U87 MG,
MDAMB 231 and MCF7 stimulated with or without 6uM Tunicamycin for induction of Unfolded Protein
Response followed by treatment with different concentrations of ANME were isolated and run out for
Western blotting. Blots were probed with anti- Caspase 3 and anti- PARP. GAPDH was used as loading
control. Experiments were repeated three times and a representative blot is shown.



