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Abstract

HPAF-II, AsPC-1, and Mia PaCa-2 cell lines.

Background: Despite its relatively low incidence, pancreatic ductal adenocarcinoma (PDACQ) is a leading cause of
cancer deaths because of the aggressive growth/metastasis of the tumor, the lack of early symptoms, and the poor
treatment options. Basic research to identify potential therapeutic targets for PDAC is greatly needed.

Methods: We used a negative-selection genome-wide CRISPR screen to identify essential genes in the PANC-1
human pancreatic carcinoma cell line. We validated the top hits with follow-up siRNA screens, using the HPNE,

Results: The PSMA6 gene was an identified candidate hit after the CRISPR screen, siRNA validation screen, and
siRNA deconvolution screen. Spheroid formation assays and flow cytometry analysis showed that PSMAG6 is critical
for survival in many pancreatic ductal carcinoma cell models. Lastly, as PSMA6 protein is a proteosomal subunit of
the 20S core complex, we showed that bortezomib, a proteasome inhibitor, was especially toxic in PANC-1 cells.

Conclusions: Further study of PSMA6 and the proteasome subunit that it encodes, along with other hits identified
in our CRISPR screens, may provide valuable insights into potential therapeutic targets for PDAC.
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Background

As of 2018, pancreatic cancer is the fourth leading cause
of cancer-related deaths in the USA, with 55,000 new
cases and 44,000 deaths reported annually. The mean
5-year survival of patients with pancreatic cancer is less
than 8% [1]. Pancreatic ductal adenocarcinomas
(PDACs) account for the vast majority of pancreatic can-
cer cases and are characterized by highly invasive
mucin-producing neoplasms that commonly originate
from noninvasive epithelial neoplasia of pancreatic ducts
[2]. Through intensive research efforts, driver mutations
have been identified in four genes: the oncogene KRAS
and the tumor suppressors CDKN2A, TP53, and SMAD4
[3]. Early mutations in KRAS and CDKN2A (which en-
codes the tumor suppressor protein P16) are present in

* Correspondence: Bakke2JL@cmich.edu; Taosheng.Chen@stjude.org
'Department of Chemical Biology and Therapeutics, St. Jude Children's
Research Hospital, Memphis, TN, USA

Full list of author information is available at the end of the article

K BMC

more than 90% of all PDAC cases, whereas late muta-
tions in SMAD4 and TP53 are present in approximately
half of PDAC cases [4, 5]. Along with these driver muta-
tions, recent large-scale sequencing and bioinformatic
endeavors have implicated other biological processes,
such as axon guidance, in the development of PDAC [6].
Despite the identification of driver mutations and the
abundance of genomic data, it has proved difficult to
identify novel therapeutically relevant targets, and this is
reflected in the extremely poor prognosis of PDAC.
More functional research efforts are required to identify
therapeutic targets that may lead to new agents to im-
prove the treatment and outcomes of PDAC.

To identify novel therapeutic targets of PDAC, we lev-
eraged a genome-wide CRISPR screening approach that
allowed us to quantify gene-specific phenotypic variation
in PANC-1 cells in response to gemcitabine, the most
commonly used PDAC chemotherapeutic. Genome-wide
CRISPR screens are pool-based screening strategies that
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leverage the unique gRNA  sequences and
next-generation sequencing (NGS) to identify shifts in
gRNA frequency after a phenotypic selection event [7,
8]. These screens are extremely robust [9] and have been
used to identify genes that are essential for cell survival
[10], that are involved in oxidative phosphorylation [11],
and that confer drug resistance [12], among other im-
portant biological pathways. Gemcitabine is one of the
most widely used chemotherapeutics for all stages of
PDAC, despite its suboptimal efficacy and the rapid de-
velopment of chemotherapy resistance. By using the
genome-wide CRISPR screening approach, we aimed to
identify genes that were essential to the survival of
PANC-1 cells (our PDAC model of choice) and/or genes
that sensitized PANC-1 cells to low-dose gemcitabine
treatment. We then compared the regulatory effects of
the identified genes on the survival of PANC-1 cells to
their effects in a noncancerous pancreatic cell model,
hTert-HPNE cells, and in other PDAC cell lines
(AsPC-1, Mia PaCa-2, and HPAF-II) in an effort to iden-
tify PDAC pan-essential genes that were not required in
normal pancreatic cells.

We validated this screening pipeline for identifying
genes essential to several cellular models of PDAC. To
that end, we interrogated a top candidate gene, prote-
asome subunit alpha type-6 (PSMA6), and confirmed
that it is uniquely essential in the PDAC cells tested, but
not in the noncancerous HPNE pancreatic cells. We
were unable to identify a gene that had a synergistic re-
lation with gemcitabine in all PDAC models, likely be-
cause of the multitude of drug transporters involved and
the pathways disturbed by gemcitabine [13, 14].

Methods

Materials

Fetal bovine serum was purchased from HyClone (Lo-
gan, UT). Cell culture reagents, fluorescent secondary
antibodies, and RNAIMAX transfection reagent were
purchased from Invitrogen (Carlsbad, CA). All siRNAs
(custom cherry-picked libraries) were purchased from
Dharmacon (Lafayette, CO). PSMA6 and 18S TaqMan
probes were purchased from Thermo Fisher Scientific
(Waltham, MA).

Cell culture

All cell lines were maintained in a humidified incubator
at 37°C in 5% CO,. PANC-1, hTert HPNE, Mia PaCa-2,
HPAF-II, and AsPC-1 cells were purchased from ATCC
and used experimentally within five passages. All cell
lines were maintained according to ATCC recommenda-
tions, and ATCC authenticated the cell lines by short
tandem repeat (STR) DNA profiling. The cells were veri-
fied to be mycoplasma-free by using the MycoProbe
Mycoplasma Detection kit (R&D Systems, Minneapolis,
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MN). Cas9 stable cell lines were made by virally transdu-
cing cells with LentiCAS9-Blast (Addgene, Cambridge,
MA; cat. # 52962) [15] and selecting with 8 pg/mL of
blasticidin for 5 days. Expression was verified by West-
ern blot analysis (Additional file 1b).

CRISPR screen

Stable Cas9-expressing PANC-1 cells were transduced
with the CRISPR lentiviral library at an experimentally
established MOI of 0.3 in the presence of 4 pug/mL of
polybrene overnight. The cells were selected with 2 pg/
mL of puromycin for 9 days, at which point 1 x 10® cells
were collected and frozen for genomic DNA isolation. A
further 1 x 10® cells were grown in the presence of 100
nM gemcitabine for 6 days, after which the cells were
frozen for genomic DNA isolation. Sequencing was per-
formed on the Illumina HiSeq 2500 platform (100 bp
SE), and raw FASTQ files were deconvoluted by barcode
and trimmed of excess nucleotides by using custom
scripts on the St. Jude Children’s Research Hospital
high-performance computing facility. The resulting
amplicons were then analyzed with MAGeCK-VISPR
[16].

Genomic DNA isolation and PCR amplification

Genomic DNA was extracted with QIAamp Blood Maxi
kit (Qiagen, cat. # 51192) in accordance with the manu-
facturer’s protocol. Using a nested PCR program, we
generated barcoded amplicons containing the integrated
gRNA sequences. Briefly, 10 separate 100-pL redundant
reactions were performed, each containing 5 pg of DNA,
Premix Ex Taq HS (TaKaRa, cat. # RR0O30A), and 6 pL of
a 10 M solution of each primer (F1 and R1) (Add-
itional file 2). The first round of the PCR amplification
program was as follows: step 1, 95°C for 1 min; step 2,
95°C for 30s; step 3, 55°C for 30's; and step 4, 72 °C for
30s; with steps 2—4 being repeated 15 times. Then, 5 pL
of the PCR product was used to seed the second round
of PCR, along with Premix Ex Taq HS, 6 pL of the R2
primer, and 6 puL of a 10 uM solution of the F2 primer in
a staggered mixture that contained the Illumina adapters
and a barcode to identify the sample after sequencing
analysis (Additional file 2). The second-round PCR pro-
gram was as follows: step 1, 95°C for 1 min; step 2, 95°
C for 30s; step 3, 63 °C for 30s; and step 4, 72 °C for 30
s; with steps 2—4 being repeated 17 times.

siRNA confirmation screens

Top CRISPR screen hits were validated and deconvo-
luted with siRNA (on-target) from Dharmacon. Briefly,
siRNA (25 nM) was mixed with 0.09 uL. of RNAIMAX
and Opti-MEM (Thermo Fischer Scientific). To generate
heat maps and movies, 2000 cells were added to each
well and the plates were analyzed with an IncuCyte Live
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Cell Analysis System (Essen BioScience, Inc., Ann Arbor,
MI) for 3-5days (as indicated in the figures), with the
confluence of the cells being tracked every 4 h. We used
1 uM staurosporine as a positive control for cytotoxicity,
and lipid only and a non-targeting siRNA were used as
negative controls, with the data being normalized to
these controls. Heat maps were generated after data
normalization by using GraphPad Prism (GraphPad Soft-
ware, La Jolla, CA). siRNAs targeting PSMA6 (sequences
AGACUAAACAUUGUCGUUA, CCUCUUGGU
UGUUGUAUGA, CUACAGAGGGCACGCUAUCG,
and GGUUACUACUGUGGGUUUA) were purchased
from Dharmacon (cat. #s]J-011360-05, J-011360-06,
J-011360-07, and J-011360-08).

RNA extraction and quantitative reverse transcription PCR
RNA was extracted with a Maxwell RSC simplyRNA
Tissue Kit and a Maxwell RSC Instrument (Promega,
Madison, WI). The RNA concentration was measured
with a NanoDrop 8000 UV-Vis Spectrophotometer
(Thermo Fisher Scientific). A SuperScript VILO c¢cDNA
Synthesis Kit (Life Technologies, Carlsbad, CA) was used
to synthesize ¢cDNA according to the manufacturer’s
protocol. To determine mRNA expression, Applied Bio-
systems TagMan assays (20x), Fast Advanced Master
Mix (Life Technologies), and an Applied Biosystems
7900HT Fast Real-Time PCR System (Life Technologies)
were used in accordance with the TagMan Fast protocol.
Gene expression was normalized to the 18S rRNA
housekeeping gene, which did not vary in its expression
during the growth of the cell lines. Each experiment was
performed at least three times, and all samples were ana-
lyzed in triplicate.

Lentivirus generation and viral transduction

Lentivirus was generated in HEK293T cells (ATCC, Ma-
nassas, VA) in 225-cm” flasks. Briefly, 22.2pug of a
CRISPR pooled gRNA library (human sgRNA library
Brunello in lentiGuide-Puro) transfer vector (Addgene,
cat. #73178) [17], 16.7 ug of psPAX2 plasmid (Addgene,
cat. # 12260), and 11 pg of pMD2.G plasmid (Addgene,
cat. # 12259) were combined with Lipofectamine 3000
(Thermo Fisher Scientific) in accordance with the manu-
facturer’s protocol, and the mixture was used to trans-
fect the cells. The virus-containing medium was
collected 48h after transfection and centrifuged at
500xg for 5 min to remove cells and debris. The super-
natant containing the virus was then filtered with a
0.45-uM PES filter and frozen at — 80 °C. Viral transduc-
tion was accomplished by adding 150uL of
virus-containing medium per 1 x 10° cells (titer deter-
mined experimentally, MOI =0.3) to 225-cm” flasks of
PANC-1 cells at 75% cellular confluence, along with
4 pg/mL  polybrene (Sigma-Aldrich), for 16h. The
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virus-containing medium was then replaced with fresh
growth medium.

Determination of titer

A series of ten-fold serial dilutions of the
lentivirus-containing supernatant was used to determine
the MOL. Briefly, in six-well plates, serially diluted lenti-
viral supernatant (in replicates of six, one plate per con-
centration) was added, along with 4 pg/mL of polybrene,
to 200,000 PANC-1 cells, and the plates were incubated
overnight. Twenty-four hours after the transduction,
2 pg/mL of puromycin was added to half of the samples
at a given lentiviral concentration. After 3 days, the cells
were counted and the counts compared to those for
non-puromycin controls. Infection rates were deter-
mined as the ratio of cells under puromycin selection to
cells not under puromycin selection. Values were plot-
ted, and the volume that corresponded to an infection
rate of 30% was used (MOI = 0.3).

Flow cytometry

To determine the stage of apoptotic cell death in control
and treated PANC-1 and Mia PaCa-2 cells, we per-
formed flow cytometric analysis on PANC-1 and Mia
PaCa-2 cells grown in vitro, using the PE Annexin V
Apoptosis Detection Kit I (BD Biosciences, San Jose,
CA) in accordance with the manufacturer’s protocol.
Briefly, cells were washed twice with cold PBS and resus-
pended in 1x Binding Buffer at a concentration of
2 x 10° cells/mL. Aliquots of 200 uL of the solution
(containing 4 x 10° cells) were transferred to 5-mL
round-bottom tubes, then 5pL of PE Annexin V and
5 pL of 7-AAD cell viability dye were added to the tubes.
The cells were gently vortexed and incubated for 15 min.
at room temperature while protected from light. Next,
400 pL of 1x Binding Buffer was added to each tube and
the samples were immediately analyzed on a
custom-configured BD Fortessa cytometry analyzer
using FACSDiva software (Becton-Dickinson, San Jose,
CA). Data were analyzed using FlowJo software (TreeS-
tar, Ashland, OR). All experiments were performed with
at least three biological replicates, and at least 200,000
events were collected per sample.

Stable cell line generation

Three individual pools of Tet-on shRNA stable PANC-1
cells were generated after lentiviral transduction of early
passage PANC-1 cells with SMARTvector (hEFla) indu-
cible  PSMA6  shRNA  plasmids  (Dharmacon
1255-01EG5687shRNA sequences: TAGAGTCCT
AACCACTTCG, GATCTGGAAACTAACGAC, ACAG
GTAAGTGGCATCACG). PANC-1 cells were selected
with puromycin (2 pg/ml) for 3 days then analyzed for
knockdown efficiency and stored with Bambanker
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Serum Free Freezing Media (Wako Chemicals #302—
14,681) in liquid nitrogen vapor phase for future studies.
Knockdown efficiency was tested 3 days post doxycycline
treatment and mRNA of PSMA6 was compared to the
same stable cell line not treated with doxycycline,
ACAGGTAAGTGGCATCACG sequence had a>80%
knockdown of PSMAG6 (Fig. 4f) and was used for subse-
quent studies. All inducible stable cell lines were main-
tained in tetracycline screened fetal bovine serum
(Hyclone, Logan UT).

Western blot

Alpha tubulin and PSMA6 antibodies were purchased
from Cell Signaling Technologies (Boston, MA). Briefly,
PANC-1 cells were treated with 25 nM siControl (non--
targeting) or siPSMAG6 for 72 h, lysed with RIPA buffer,
and supernatant was collected for gel electrophoresis.
PVDF membrane was probed with alpha tubulin and
PSMAG6 antibodies and imaged on a Li-Cor FC and
bands were analyzed with Li-Cor Odyssey software.

3D-spheroid formation assay

PANC-1 cells stably expressing shRNA targeting PSMA6
were seeded into a round-bottom 96-well plate at a
density of 300 cells/well. The medium was changed
every 3—4days, and spheroid images were captured
using an IN Cell Analyzer 6000 (GE). Viability was also
measured on day 10 by using the CellTiter-Glo 3D Cell
Viability Assay (Promega) in accordance with the manu-
facturer’s protocol, with the results being recorded in lu-
minescence units.

Reactome, gene ontology (GO) analysis, and Kaplan-meier
survival plots

All genes that correlated to depleted sgRNAs from the
negative-selection (drop-out) CRISPR screen were fil-
tered at a maximum P-value of 0.05. The scores of the
remaining 1073 genes were transformed such that the
highest value was represented as 1 in order to assign
weight. All statistically significant genes were verified to
have a weight greater than 0, and the list and corre-
sponding weights were loaded into Enrichr [18] for
downstream analysis. Enrichment analysis of pathways
were obtained by selecting the Reactome Pathways 2016
and EMBL GO Biological Process databases. For tran-
scription factor enrichment analysis, the eXpression2Ki-
nases tool [19] was used with all default settings. The
cBioPortal tool [20, 21] was used to measure expression
of PSMA6 across available patient samples from the
TCGA Research Network: http://cancergenome.nih.gov/.
Kaplan-Meier survival plot was generated using
Kaplan-Meier plotter using Pan-cancer RNAseq data-
set [22].
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Statistical analysis

MAGeCK-VISPR [16] was used to rank and sort gRNAs
by P-value and/or FDR (Additional file 3). Data from at
least three independent replicated experiments were
quantitatively analyzed by two-way ANOVA with the
Sidak multiple comparisons test or by Student’s 2-tailed
t-test, using GraphPad Prism 7.0 software, as indicated.
All data are represented as the mean + SD.

Results

Genome-wide CRISPR screen and hit validation

We  conducted a  negative-selection  (drop-out)
genome-wide CRISPR screen to uncover novel essential
genes and/or genes that might sensitize pancreatic cancer
cells to the current frontline chemotherapeutic agent, gem-
citabine. We transduced the Brunello CRISPR library (on
day 0) and allowed cell outgrowth for a further 9 days
under puromycin selection. The stable cells were then
treated with 100nM (the approximate IC,q) [23-25] of
gemcitabine (on day 9) for an additional 6 days (to day 15)
(Fig. la; Additional file la). Next-generation sequencing
(NGS) was performed on 100-bp amplicons with upwards
of 8 x 107 reads, of which approximately 90% were mapped
to the gRNA library (Fig. 1b). Our sequencing also revealed
an obvious change in the representation of gRNAs as mea-
sured by the GINI index [26], which is a measurement of
inequality (Fig. 1c), and demonstrated a selection event.
After performing NGS, we identified drop-out hits by using
MAGeCK-VISPR software; a complete list of hits can be
found in Additional file 3. The hits were prioritized by elim-
inating previously identified essential genes that had been
shown to be critical in most cell lines by Hart et al. [10].
We hypothesized that those previously identified essential
genes would not be of interest because of their lack of spe-
cificity for PDAC cell lines. The resulting top 100 (approxi-
mately) hits were then screened with four pooled siRNAs
per gene in PANC-1 and hTert HPNE cells. HPNE cells are
an intermediary cell line formed during acinar-to-ductal
metaplasia that we used as our noncancerous pancreas cell
line control. The siRNAs that showed preferential essential-
ity were deconvoluted and further tested in the AsPC-1,
Mia PaCa-2, and HPAF-II cell lines (Fig. 1d).

Interestingly, a Gene Ontology (GO) analysis and a
pathway analysis from the Reactome database revealed
cell-cycle genes to be significantly enriched among the
top depleted sgRNAs in our screen (Additional file 4a—
d). Additionally, a transcription factor enrichment ana-
lysis revealed that MYC is an upstream transcription fac-
tor for the genes identified in the negative-selection
screen (Additional file 4e).

Screening for pancreatic cancer specific hits
We conducted a siRNA screen with a pool of four indi-
vidual siRNAs in an effort to validate the top 100
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siRNA deconvolution

most unequal) of the starting cell population and the three replicates of

(approximately) hits from the genome wide CRISPR
screen and to identify hits that selectively affected
PANC-1 cells as compared to HPNE cells, which are a
model of noncancerous pancreatic tissue. In both pooled
siRNA screens, we monitored the cells for a short period
(66 h post transfection) to look for the most potent es-
sential genes. Longer, 5-day siRNA screens for these
same gene hits revealed that almost all the siRNAs tar-
geting these genes elicit some degree of growth defect
(Additional file 5a). The pooled siRNA screen in
PANC-1 cells revealed several siRNAs, including those
targeting ARHGEFI2, CCDC136, CRNN, FOXDI,
NUDT19, PSMA6, STOML2, TSNAREI, and USP22, that
significantly impede growth (Fig. 2a). Similarly, the
pooled siRNA screen in HPNE cells revealed several po-
tent siRNAs, some of which are unique to HPNE, in-
cluding those targeting MENI and CRNN (Fig. 2b).
Interestingly, HPNE cells appear to be sensitive to the
non-targeting siRNA alone, most likely because one or
more of the individual non-targeting siRNAs within the
pool has off-target toxic effects within these cells. How-
ever, we were most interested in the targets that have

little or no phenotypic effect in HPNE cells but are
highly potent in PANC-1 cells. Given this criterion, we
identified CCDC136 and PSMA6 as potential selective
targets (Fig. 2b).

siRNA deconvolution and cell line specificity

To confirm our observations with siRNA-mediated
knockdown, we deconvoluted all pooled siRNAs that
showed any potent effect in PANC-1 cells by testing the
four individual siRNAs independently. The pool of four
individual siRNAs was deconvoluted to validate the
phenotype and to limit the probability of the phenotype’s
being caused by an off-target effect. For additional valid-
ation, we tested whether our observations were cell-line
specific. To this end, we measured the resulting growth
characteristics with live-cell imaging and quantification
of four individual siRNAs per target in three different
PDAC cell lines: HPAF-II (Fig. 3a), Mia PaCa-2 (Fig. 3b),
and AsPC-1 (Fig. 3c). We clearly showed that there are
cell line specific on-target effects; for example, the
siRNA targeting CCDCI136 is very potent in PANC-1
cells but has limited or no effect in other tested
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pancreatic cancer cell lines, which includes HPAF-II,
Mia PaCa-2, and AsPC-1 cells. Thus, CCDC136 knock-
down may exploit a unique molecular mechanism in
PANC-1 cells that is not present in all models. It is also
noteworthy that the effects of siRNA knockdown of
SCAP, ARHGEFI12, and ORIOGY9 on cell growth vary
among these cell lines, whereas the siRNA targeting
MENI was toxic in all the tested cell lines, including
HPNE (Figs. 2a and b, 3a—c). The siRNA targeting
PSMAG6 (siPSMA6) showed similar toxicity siRNA tar-
geting MENI, but noncancerous HPNE cells were mod-
erately resistant to it (Figs. 2b, 3a—c, Additional file 5b).
Movies illustrating the phenotype observed in HPNE
and PANC-1 cells can be found in Additional file 6.

PSMAG6 inhibition results in apoptosis and reduced
spheroid formation

We hypothesized that PSMA6 inhibition resulted in cel-
lular apoptosis because the PSMAG6 protein was a critical
member of the proteasome. To test this, we ran flow cy-
tometry on PANC-1 cells after 72h of treatment with

25nM siPSMAG6 (Fig. 4a). We identified a clear shift in
late apoptosis, with a subpopulation of siPSMA6-treated
PANC-1 and Mia PaCa-2 cells exhibiting a significant
upward shift in late apoptotic events when compared to
cells treated with siControl (non-targeting siRNA)
(Fig. 4b and ¢; Additional file 7). We confirmed PSMA6
protein knockdown with a western blot (Fig. 4d and e).
To perform long-term spheroid assays, we made
PANC-1 cells that stably expressed shRNA against
PSMA6 (shPSMAG6), using the tet-on system inducible
by doxycycline (Dox) to circumvent the limitation of
transient siRNA. We validated the shPSMAG6-stable cells
and were able to achieve knockdown of PSMA6 with
greater than 80% efficiency (Fig. 4f). Using the tet-on
shPSMAG6 cells, we conducted 10-day spheroid assays in
ultra-low—attachment round-bottom plates and moni-
tored the spheroids with imaging followed by a terminal
viability assay (CellTiter-Glo). We found that the cells
with silenced PSMA6 were significantly smaller and
visually less dense (Fig. 4g); furthermore, total cell viabil-
ity, as measured by the CellTiter-Glo luminescence, was
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decreased by approximately 60% in cells where PSMA6
expression was blocked (Fig. 4h). As expected, the Can-
cer Genome Atlas shows PSMAG6 is expressed in human
PDAC samples and has a relatively low mutation rate
(Additional file 8a). And in support of our spheroid as-
says, we generated a Kaplan-Meier survival curve using
KM plotter [22] which shows PDAC patients with high

expression of PSMAG6 having a significantly shorter over-
all survival rate (P = 0.0009) (Additional file 8b).

Bortezomib is extremely potent in PANC-1 cells and
results in rapid apoptosis

After verifying the necessity of PSMA6 for PANC-1 and
Mia PaCa-2 cell survival, we next set out to interrogate
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the susceptibility of PANC-1 and Mia PaCa-2 cells to
disruption of the broader biological pathways that in-
volve PSMAG6 expression. Because PSMAG6 is a critical
member of the proteasome, we hypothesized that
PANC-1 and Mia PaCa-2 cells would be sensitive to
therapeutic inhibition of the proteasome. To that end,
we treated both cell lines with bortezomib, a current
FDA-approved proteasome inhibitor that binds the cata-
Iytic site of the 26S proteasome and has also been shown
to interact with the [ subunits of the 20S proteasome
[27]. Bortezomib was chosen in an effort to phenocopy
PSMAG6 knockdown, with the caveat that PSMAG is just
a member of the much larger proteasome complex that
is inhibited by bortezomib. After treatment with borte-
zomib we found that it significantly increased cellular
death. In fact, sub—1nM concentrations decreased
PANC-1 cell viability by approximately 90% after a 5-day
treatment (Fig. 5a). We also treated PANC-1 and Mia

PaCa-2 cells with 1nM bortezomib for 48h, then
stained the cells with 7-AAD and annexin V and per-
formed flow cytometry, revealing that bortezomib treat-
ment significantly and rapidly induced late apoptosis
(Fig. 5b and c; Additional file 9).

Discussion

PDAC is an aggressive cancer that has a poor prognosis
because of various factors, including the poor treatment
options available [28]. Although various chemotherapeu-
tic treatment combinations are being tested [29], most
advances in PDAC treatment have been in the areas of
early detection and surgical resection of tumors, and
there has been little progress in developing effective
treatment options for advanced cases [30]. Therefore, it
is vitally important to develop novel treatments for this
cancer.
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In the present study, we aimed to uncover genes re-
quired for PDAC cell growth to potentially reveal novel
targets for developing effective anticancer agents. To
achieve this, we conducted a genome-wide CRISPR
screen in PANC-1 cells, together with validation siRNA
screens in several PDAC cell lines. We were unable to
achieve both of our original goals- to identify essential
genes and genes that would sensitize PDAC cells to
gemcitabine. One potential hypothesis is the redundancy
of gemcitabine transporters in PDAC cells [13]. With
that said, we were still able to identify a variety of candi-
date essential genes in several PDAC cell lines.

Gene Ontology (GO) analysis and a pathway analysis re-
vealed that cell-cycle genes were disproportionally
enriched among the gene hits and that MYC is a probable
upstream transcription factor for many of the identified
gene hits. MYC deregulation and activation are involved
in many PDAC models, and MYC has been hypothesized
to be a potential novel therapeutic [31]. Additionally,
MYC has been implicated in chemosensitization to cis-
platin and paclitaxel (Taxol), probably through cell-cycle
regulation [32, 33].

We focused on PSMAG6 because it was the top hit that
was not a cycle-regulator or a target of MYC and is an
important component of a potentially targetable

pathway. PSMA6, which encodes a subunit of the prote-
asome, is ubiquitously expressed; although normal pan-
creas has low (compared to other normal tissues)
mRNA expression [34]. And PSMAG6 is expressed within
human PDAC samples and is largely unaltered without
mutations (Additional file 8a). Furthermore, we identi-
fied PSMAG6 as an essential gene in all the tested PDAC
cell lines: PANC-1, Mia PaCa-2, AsPC-1, and HPAF-IL
Interestingly, when tested in the noncancerous HPNE
cells, siPSMA6 appeared to have little effect, and cells
treated with this siRNA grew similarly to controls
treated with a non-targeting siRNA (Fig. 2b; Add-
itional file 5b; Additional file 6). All this data taken to-
gether indicates that the knockdown of PSMA6 and
subsequent very low levels of PSMAG6 expression results
in cellular death in PDAC cell models. Additionally and
in support of PSMAG6’s affect in PDAC cells, PSMA6 also
has a similar phenotype in lung cancer and is also dis-
pensable in normal lung tissue [35].

One major caveat is the fact that all this work is done
in vitro. In an attempt to model in ax in vivo environ-
ment we decided to use a spheroid assay [36]. By using
spheroid assays and shRNA against PSMA6, we further
validated this gene as being essential for PDAC growth
in a 3D environment, further indicating that PSMA6
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may be a viable therapeutic target that warrants further
in vivo study. Of significant note, a Kaplan-Meier sur-
vival of curve shows high expression of PSMAG6 is asso-
ciated with a shorter overall survival in PDAC patients
(P = 0.0009) (Additional file 8b).

PSMAG6 has also been shown to have an oncogenic
role in several cancer types [35, 37, 38]. And more
broadly, the ubiquitin-proteasome degradation pathway
has been shown to be critical for cell survival and prolif-
eration. Many cancers have been shown to have an in-
creased sensitivity to perturbations within the
proteasome pathway through a variety of mechanisms
including dysregulation of short-lived cell cycle proteins
and the accumulation of misfolded proteins [39, 40].
Bortezomib was developed to inhibit the proteasome
and is approved for treating multiple myeloma and
mantle cell non-Hodgkin lymphoma [41]. Bortezomib
induces apoptosis in pancreatic cancer cells, probably
through a host of pathways, including ceramide forma-
tion and ER stress [42—44]. Consistent with these studies
and with our data on inhibition of PSMA6, we have
shown that PDAC cells are sensitive to bortezomib treat-
ment. Furthermore, bortezomib treatment results in the
rapid onset of apoptosis, with a large population of cells
entering late apoptosis within 48 h. It is important to
note that bortezomib also binds to the B subunits of the
20S proteasome. Variants of the [ subunits, specifically
B5 [27], have been associated with resistance in vitro
[45], however these variants are not seen in vivo [46].
Thus the effects of bortezomib may not be due solely to
the inhibition of PSMA6. Additionally, the effects of
bortezomib on pancreatic cancer have been shown to be
limited to in vitro assays and observable only in combin-
ation treatment with other agents, such as gemcitabine
[47-49] (Clinical Trial # NCT00052689).

Conclusion

We have identified several potential new essential genes
for PDAC through a screening pipeline. This pipeline in-
cluded a genome-wide CRISPR screen followed by mul-
tiple siRNA screens in several PDAC cell models
(PANC-1, Mia PaCa-2, HPAF-II, and AsPC-1) and in a
noncancerous cell model (HPNE). Lastly, we validated
our top identified hit, PSMA6, by using siRNA and indu-
cible shRNA to show that inhibition of this gene induces
apoptosis and results in significantly reduced cell viabil-
ity. Our in vitro work and the Kaplan-Meier plot (shows
a negative correlation between PSMA6 mRNA expres-
sion and overall survival) both provide compelling evi-
dence that PSMA6 plays a significant oncogenic role.
Future work needs to be done to fully assess PSMA6s in
vivo oncogenic role. Lastly, we propose future work into
the development of a specific PSMA6 inhibitor that
could be used in combination with bortezomib or other
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chemotherapeutic drugs to treat PDAC. We will also
pursue the other gene hits identified in our screening
pipeline.

Additional files

Additional file 1: a) Detailed overview of the CRISPR screen
methodology, illustrating the timeline and replicates of samples. b)
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amplification and Next-Gen Sequencing of amplicons. (XLSX 12 kb)
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Additional file 4: a) Gene Ontology (GO) analysis and b) corresponding
bar chart highlighting significantly enriched terms. ¢) Pathway analysis
from Reactome (2018) and d) corresponding bar charts highlighting the
significantly enriched pathways. e) Transcription Factor Enrichment
Analysis of the top gene hits identified from the negative (dropout)
CRISPR screen. (PDF 2361 kb)

Additional file 5: a) siRNA secondary screen measuring cell viability with
CellTiter-Glo. Data were normalized to controls (PLKT set at 100% growth
inhibition and lipid transfection reagent set to 0%) are presented as the
percentage growth inhibition. PSMAG6 is shown in red on the x-axis. b)
Quantification of non-targeting siRNA (siNT), siPSMA6, and staurosporine
(staur) treated AsPC-1, HPAF-II, Mia PaCa, and HPNE cells at end-point
confluence as shown in the heat maps found in Figs. 2b and 3a-c.
(*P=002; **P=001, ****P=00001, ns = not significant) (PDF 1394 kb)

Additional file 6: (Movies). Non-targeting siRNA (movie 1) and siPSMA6
(movie 2) were transfected at 25 nM into PANC-1 cells and images were
acquired every 4 h with an IncuCyte Live Cell Analysis System. Non-
targeting siRNA (movie 3) and siPSMA6 (movie 4) were transfected at 25
nM into HPNE cells and images were acquired every 4 h with an IncuCyte
Live Cell Analysis System. (ZIP 34546 kb)

Additional file 7: Complete flow cytometry panel for 7-AAD and
Annexin V staining in Mia PaCa-2 and PANC-1 cells 72 h post transfection
with siControl (non-targeting siRNA) or siPSMA6 (see Fig. 4b and ). (PDF
704 kb)

Additional file 8: a) PSMAG expression query with cBioPortal tool from
the TCGA Research Network. b) Kaplan-Meier plot of high and low PSMA6
expression in PDAC patient samples and overall survival. (PDF 29422 kb)

Additional file 9: Complete flow cytometry panel for 7-AAD and
Annexin V staining in Mia PaCa-2 and PANC-1 cells after 48 h of
treatment with 0.001 uM bortezomib or DMSO control (controls 1-3) (see
Fig. 5b-d). (PDF 743 kb)
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