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Abstract

Lung cancer is the leading cause of cancer mortality worldwide and KRAS is the most commonly
mutated gene in lung adenocarcinoma (LUAD). The 78-kDa glucose-regulated protein GRP78/BiP
is a key endoplasmic reticulum (ER) chaperone protein and a major pro-survival effector of the
unfolded protein response (UPR). Analysis of the Cancer Genome Altas (TCGA) database and
immunostain of patient tissues revealed that compared to normal lung, GRP78 expression is
generally elevated in human lung cancers, including tumors bearing the KRASG220 mutation. To
test the requirement of GRP78 in human lung oncogenesis, we generated mouse models
containing floxed Gro78and Kras Lox-Stop-Lox G12D (Kras-SL-G12D) glleles. Simultaneous
activation of the Kras©Z2P allele and knockout of the Grp78alleles were achieved in the whole
lung or selectively in lung alveolar epithelial type 2 cells known to be precursors for adenomas
which progress to LUAD. Here we report that GRP78 haploinsufficiency is sufficient to suppress
KrasC12D-mediated lung tumor progression and prolong survival. Furthermore, GRP78
knockdown in human lung cancer cell line A427 (KrasG120/%) leads to activation of UPR and
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apoptotic markers and loss of cell viability. Our studies provide evidence that targeting GRP78
represents a novel therapeutic approach to suppress mutant KRAS-mediated lung tumorigenesis.

Introduction

Lung cancer is the leading cause of cancer mortality worldwide with limited therapeutic
options (1). Non-small cell lung cancer (NSCLC) accounts for the majority (~85%) of all
lung cancers and lung adenocarcinoma (LUAD) is the most common type of lung cancer in
the United States. Activating mutations of the KRAS oncogene are found in one-quarter to
one-half of human LUAD cases, resulting in constitutive activation of KRAS signaling (2,
3). KRAS4B is the predominant splice variant of KRAS, and hereafter will be referred to as
KRAS (4). KRAS is a membrane-associated GTPase signaling protein that promotes
proliferation and cell survival. Newly synthesized KRAS is cytosolic and inactive, and it
undergoes a series of post-translational modifications at the cytosolic surface of the ER
mediated by enzymes that are transmembrane ER proteins (5, 6). Thus, the ER is a major
site for the maturation of KRAS and perturbation of ER homeostasis and dysregulated
protein quality control could be detrimental to KRAS-driven LUAD.

The 78-kDa glucose regulated protein (GRP78), also referred to as BiP and encoded by the
HSPAS5 gene, is an essential ER chaperone and a master regulator of ER functions (7, 8, 9).
GRP78 exerts critical quality control of proteins processed in the ER impacting a wide range
of human diseases including cancer (7, 10, 11). While GRP78 is primarily a luminal ER
protein, upon stress, subfractions of GRP78 can be localized on the cell surface and other
cellular compartments (12, 13). Through direct or indirect complex formation at the ER/
cytosol interface, GRP78 regulates the activation of key proteins localized to the outer
surface of the ER, such as caspase-7 and BCL interacting killer (BIK) (14, 15). Cancer cells,
in response to intrinsic and extrinsic stress, often mount the adaptive unfolded protein
response (UPR) (7, 10, 16). GRP78 is a key regulator of the UPR through complex
formation with the transmembrane ER stress sensors and is a key pro-survival component of
the UPR. GRP78 exhibits potent anti-apoptotic and pro-tumorigenic properties and is
commonly over-expressed in human cancers (10, 17), In contrast to an earlier report (18),
multiple recent studies have shown that lung cancer patients with LUAD expressing higher
GRP78 levels had considerably shorter survival rates and worse prognosis compared to those
with low levels (19-21). These findings suggest a potential role of GRP78 in promoting lung
tumorigenesis, although the requirement of GRP78 in KRAS-driven lung cancer is not
known.

Conditional expression of oncogenic KRAS in genetically modified mouse models utilizing
the floxed mouse line Kras lox-stop-lox G12D (Kras®Z2P) mimics human LUAD and has
been used successfully to analyze lung tumor initiation and progression (2). To examine the
role of GRP78 in mutant Kras-driven LUAD, we crossed the K7as%222 mice with floxed
Grn78 (Grp787) mice (22). Simultaneous activation of the KrasGZ2P allele and knockout of
the Grp78alleles were achieved in the whole lung through intratracheal injection of
adenovirus-Cre (adeno-Cre), or selectively in lung alveolar epithelial type 2 (AT2) cells
known to be precursors for lung adenomas which progress to LUAD (23), by breeding with
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an inducible human surfactant protein C (SPC)-Cre mouse model (24). Here we establish
that GRP78 haploinsufficiency in these mouse models is sufficient to suppress KrasG120-
driven LUAD and that knockdown of GRP78 in a human lung cancer cell line A427
(KrasG12D/*) leads to activation of UPR and apoptotic markers and loss of cell viability.

Suppression of Mutant Kras-driven Pulmonary Tumorigenesis by GRP78 Insufficiency.

Analysis of the Cancer Genome Altas (TCGA) database showed that GRP78 mMRNA
expression in human LUAD is significantly higher than in normal lungs (Fig. S1A). Further
analysis of the LUAD tissues by mutation status of both KRAS and another commonly
altered in LUAD, epidermal growth factor receptor (EGFR), revealed increased GRP78
MRNA expression in LUAD tissues regardless of mutant or wild type status of KRAS or
EGFR, in line with general upregulation of GRP78 in human tumors (Fig. S1B). Activating
mutations in KRAS codon 12 are common in human LUAD (3) and all KRAS mutations in
the TCGA analysis including the G12 type had increased GRP78 mRNA expression over
normal lung tissues (Fig. S1B). Furthermore, immunhistochemical (IHC) staining of patient
tissues showed that compared to normal pulmonary alveoli and admixed non-neoplastic
stromal cells, brown cytosolic staining of GRP78 is much more abundant in lung carcinomas
bearing the KRASS220 mutation, as well as KRASWT tumors (Fig. S1C).

In mice, the Kras®220 mutation induces spontaneous LUAD (2). To investigate the
requirement of GRP78 in LUAD development, we conditionally depleted GRP78 in the
lungs of KrasG12P/* mice containing either two floxed alleles of Grv78 (Grp787) for
homozygous deletion, or one floxed and one wild type allele (Grp78 7#) for heterozygous
deletion, with KrasGZ20/* mice containing two wild type alleles (Grp78%%) serving as
control. These mice, referred to as K787 (KrasC12P:Grn78", K787* (KrasC12P:Grp78™%),
K78"* (KrasC12D -Grp78**) respectively, were generated as described in the breeding
scheme (Fig. S2A). For the first mouse model, referred to as the adeno-Cre mice, the mice
were subjected to intratracheal adeno-Cre administration to simultaneously activate the
mutant Kras allele and delete the Grp78floxed allele (Fig. 1A). Polymerase chain reaction
(PCR) of mouse tail and lung DNA confirmed the genotypes of the mice cohorts (Fig. 1B).
Based on previous reports, three time points (12, 16, and 22 wk post-Cre-activation) were
chosen for analysis and the lung tissues were subjected to immunohistochemistry (IHC).

Consistent with upregulation of GRP78 in human LUAD, strong immunostaining for GRP78
was detected in the tumor tissues of these mouse cohorts, as compared to the surrounding
lung tissues (Fig. S3). As expected with Cre-mediated excision of the floxed Grp78allele, at
all three time points, the staining intensity for GRP78 decreased by about 50% in the lungs
of K78"* as compared to the K78* mice, and was further decreased in K787 mice (Fig.
1C and D and Fig. S4A and B). Correspondingly, the proliferation marker Ki67 showed a
45% and 80% decrease respectively in lung tissues of K787* and in K787 mice compared to
K78"* mice (Fig. 1E and F).

Histological examination of tissue sections stained with hematoxylin and eosin (H&E)
showed decreased lung tumor burden in the K787 and even more so in K787 mice
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compared to K78"* mice for all three time points analyzed (Fig. 2A and B). We next
compared the frequency of pulmonary lesions [atypical adenomatous hyperplasia (AAH),
adenoma, and LUAD] in each genotype by histological examination. Examples of each of
these lesions as well as of adjacent normal tissues are shown in Fig. 2C. Consistent with the
tumor burden measurements, pulmonary lesions appeared earlier in the K78 mice
compared to the K787* and K78”  mice. Lung lesions in K78*/* mice showed LUAD as
early as 16 wk post-Cre-activation compared to 22 wk in K787* mice while LUAD was not
observed in any of the K78”" mice analyzed. Lungs of K787 mice were either histologically
normal or showed AAH 12 wk post-intubation. In contrast, 50% of the K78%* mice and
20% of the K787* mice showed adenomas at 12 wk post-intubation. Only adenomas were
seen in the lungs of K787 mice at the 22 wk time point (Fig. 2D). Weight loss was detected
in K78"* mice starting at 18 wk, which was not observed in the K787* or K78 mice (Fig.
S2B).

These histological observations were further confirmed through imaging of the mouse lungs
at 12, 16, and 22 wk. Contrast-enhanced, computerized tomography (CT) segmentation was
aided by 18F-fluorodeoxyglucose (FDG) positron emission tomography (PET)/CT signal to
determine the progression of lung tumors in the three genoytypes. K78*/* and K787, but
not K787 mouse, showed FDG uptake in the lung regions (Fig. 3A). Consistent with
detection of LUAD in the K78"* mouse, PET scans revealed earlier and higher FDG uptake
in the K78** mouse compared to the K787* mouse. Three-dimensional visualization of
FDG corroborated contrast-enhanced CT and confirmed that the tumor burden was highest
in the K78"* mouse, which was reduced in the K78”* mouse and hardly detectable in the

K 78" mouse at all three time points (Fig. 3B).

GRP78 Haploinsufficiency in Lung Alveolar Epithelial Type 2 Cells is Sufficient to Halt
Lung Tumor Progression and Prolong Survival.

The presence of oncogenic Kras®Z2P in lung AT2 cells leads to multifocal clonal adenomas
progressing to LUAD (23). Thus, in our second approach, referred to below as the SPC-Cre
model, we tested the effect of an inducible conditional knockout of Grp78targeted to AT2
cells carrying a Kras©Z2P mutation to induce lung tumorigenesis. This approach utilized a
previously described SPC-CreERT?2 construct that includes the SPC promoter enabling Cre
expression in AT2 cells and the estrogen receptor portion allowing inducibility by tamoxifen
(tam) (24). The breeding scheme to generate mouse cohorts carrying a single copy of SPC-
CreERT2, a single copy of the KrasG22P knock-in allele, and either wild type (CK787%), 1
or 2 copies of the floxed Grp78allele (CK78"* and CK78™ respectively) is summarized in
Fig. S5A. At 10 wk of age, mice were injected with tam and lungs were genotyped and
examined at various time points (Fig. 4A and B). We noted that the mortality of the CK78"*
mice started at around 3 wk post-tam injection and that none of these mice survived more
than 8 wk post-injection, whereas CK787* and CK 787" mice survived over 30 wk post
injection (Fig. 4C). Necropsy examination of the CK78* mice revealed that the
abnormalities were confined to the lungs which showed multiple tumor nodules; in
comparison, lungs and other organs of tam-injected C78* mice carrying only the SPC-Cre-
allele appeared to be normal, consistent with the notion that tumorigenesis observed in the
CK78"* mice was dependent on mutant K7as (Fig. S5B).
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Representative GRP78 immunostains and histological images of the lung sections of the
three genotypes are shown in Fig. 4D. For example, CK78/* mice exhibited robust GRP78
staining of adenomas and LUAD at 8 wk following tam injection (Fig. 4D-F). CK787* mice
showed reduction of GRP78 expression, which was further decreased in CK787 mice (Fig.
4E). Tumor prevalence and grade were much reduced in both genotypes, with CK78"* mice
showing predominantly adenoma while CK787 lesions were primarily AAH even at 12 wk
after tam injection (Fig. 4D and F). In comparison, the lung cells of the 78" mice carrying
only the SPC-Creand Grp78floxed alleles appeared normal at 12 wk after tam injection
(Fig. S5C). Similar to the adeno-Cre model, weight loss was observed in CK78*/* mice but
not in the CK78"”* and CK78"f mice (Fig. S5D), and the staining intensity of GRP78 was
higher in the tumor compared to surrounding lung tissues (Fig. S6). Collectively, these
results indicate that GRP78 haploinsufficiency in AT2 cells is sufficient to suppress mutant
Kras-driven lung tumorigenesis and prolong survival.

Towards understanding potential mechanisms whereby GRP78 deficiency impedes lung
tumorigenesis, we utilized the human lung cancer cell line A427, which harbors the same
KRASCS12D mutation as our mouse models and offers an experimental system for
biochemical analysis. Consistent with GRP78 being a key regulator of the UPR, knockdown
of GRP78 by siRNA led to UPR activation (Fig. 4G), as exemplified by upregulation of
phosphorylated elF2a (p-elF2a), which is a downstream effector of the ER stress sensor
protein kinase R-like ER kinase (PERK), as well as the splicing of X-box binding protein 1
(XBP-1) mRNA, a downstream effector of the ER stress sensor inositol-requiring enzyme 1
a (IREla). The activation of apoptotic markers, including C/EBP homologous protein
(CHOP), which is downstream of PERK activation, cleaved caspase-7 (c-C7), and cleaved
poly (ADP-ribose) polymerase (PARP) (c-PARP), were also detected, corresponding with
decrease in cell viability (Fig. 4G).

Discussion

Curbing mutant KRAS-driven tumorigenesis remains elusive as clinical responses to most
inhibitors can be relatively short-lived due to compensatory mechanisms leading to acquired
resistance. Here, we discovered a new approach to suppress KRAS oncogenesis by targeting
a critical ER chaperone, GRP78. Upregulation of GRP78 is generally observed in human
tumors due to intrinsic and extrinsic stress (10). This study further reveals that GRP78
MRNA and protein levels are upregulated in human LUAD bearing KRAS mutations,
including the G12D mutation used in our mouse models. This, coupled with our finding that
knockdown of GRP78 in the human lung cancer A427 cells bearing the KRASC12D
mutation reduced their viability, in agreement with similar observations in A549 cells
bearing KRASG125 mutation (17), suggests GRP78 could be a novel therapeutic target for
LUAD, including those harboring KRAS mutations. Tissue-specific ablation of GRP78
using genetically engineered mouse models established the requirement of GRP78 in Pten-
null driven cancers and PI3K/AKT signaling (10, 22, 25). GRP78 haploinsufficiency
suppresses acinar-to-ductal metaplasia, proliferative signaling and mutant Kras-driven
pancreatic tumorigenesis in mice (26). Based on the established utility of the KrasGZ2P
mouse model for monitoring lung cancer initiation and progression (2), here, we created new
mouse models where heterozygous activation of mutant Kras@222 is coupled with mono- or
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bi-allelic deletion of Grp78either in whole lung or in AT2 cells. Our studies uncover several
exciting findings. In the first mouse model where adeno-Cre was injected into the whole
lung of K78*"*, K78"* and K78 mice, lung tumor burden and progression, as well as
cancer cell proliferation, correlates with GRP78 levels. Importantly, in K787* mice with loss
of only one Grp78allele, the partial reduction of GRP78 expression was sufficient to impede
tumorigenesis as confirmed by histological grade evaluations and further confirmed using
18F_FDG PET/CT and contrast-enhanced CT. The suppression of tumorigenesis via
heterozygous knockout of Grp78is even more pronounced in our second mouse model,
where the tam-inducible SPC promoter driven Cre-recombinase was used to activate Kras
and delete Grp78in AT2 cells. Both the heterozygous CK787* and the homozygous
knockout CK787 showed prolonged survival compared to CK78%/*. Our Grp78 mouse
model results directly support a recent study showing that /n vivo deletion of the
deubiquitylase OTUD3 slowed down Kras®Z20-driven LUAD initiation and progression and
markedly increased survival in mice via destabilization of GRP78 (27). Our observation that
rare tumors formed in the K787 and CK78"f mice showed positive GRP78 staining suggests
that there could be minute percentage of cells in which Krasis activated but Grp78is not
deleted and get selected such that tumors are ultimately GRP78 positive. Alternatively, these
tumors in the #fmice could arise non-autonomously due to inflammatory or other unknown
signals stimulating transformation and tumor growth in cells in which the Cre-recombinase
was never expressed.

With regard to the effect of GRP78 deficiency on normal lung cells, it should be noted that
in mice bearing the Grp78floxed allele, the extent of Grp78allele excision will depend on
the efficiency of Cre-vector delivery in the adeno-Cre model, and activation of Cre-
recombinase in the SPC-Cre model. We observed that the gross appearance of the lungs and
the morphology of the lung cells of €787 mice 12 wk following tam injection appeared
normal. It is possible that GRP78 deficiency triggered compensatory mechanisms such as
upregulation of other ER chaperones (28), or that a low residual amount of GRP78 in the
lung cells is sufficient to allow for maintenance of basal functions while cancer progression
is thwarted. Furthermore, since prolonged GRP78 haploinsufficiency in mouse models of
various genetic backgrounds showed no major deleterious effects (29), therapeutic agents
that are able to partially suppress GRP78 expression or activity can potentially block LUAD
development without harming normal organs. Here we showed that knockdown of GRP78
induces the UPR and apoptotic markers, associating with loss of cell viability in a human
lung cancer cell line bearing the same KRAS mutation. Various GRP78 inhibitors have
shown efficacy in suppressing tumor growth in mouse cancer models and human cancer cell
lines (10, 11, 30). Of note, HA15, a small molecule that overcomes BRAF inhibitor
resistance, targets GRP78 and kills many types of cancer cells with no observable toxicity in
normal cells (31). IT-139, a ruthenium-based small molecule with anticancer activities
lowers GRP78 levels in multiple cancer models but not in adjacent normal cells, and shown
efficacy and manageable toxicity in a completed Phase I clinical trial (32—-35). Since KRAS-
mutants have been reported to harbor proteotoxic or ER stress (36, 37), these and other anti-
GRP78 agents warrant vigorous investigations to develop drug combinations to combat
mutant KRAS-driven lung cancer.
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Materials and Methods

Mouse models, Cre activation and tissue processing, 8F-FDG PET/CT imaging, tissue
staining, quantitation of tumor burden, grading of pulmonary tumors, cell culture, Western
blot analysis, cell viability assay, gene expression data, human specimens and immunostains
as well as statistical analysis can be found in Supplemental Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Characterization of the adenovirus-Cre mouse model.
a Timeline of mice analysis. 10 wk old adult mice were intubated with adenovirus-Cre

(adeno-Cre) and the lungs were harvested and processed for analysis at 12, 16 and 22 wk
post adeno-Cre treatment. b Representative genotyping results of the adeno-Cre mice using

DNA extracted from tail (top panel) and from lung (bottom two panels) after Cre treatment.

¢ Immunohistochemistry (IHC) of GRP78 in lungs of the indicated genotypes 12 wk post
adeno-Cre treatment by intratracheal intubation (Scale bar: 100 pm). Enlarged views of the
boxed area are shown on the right (Scale bar: 100 pm). d Quantitation of GRP78 staining
from (c). The values represent the average staining of the sampled area + s.e., *p<0.05.
Number of images that were randomly chosen to be quantified are the following K78*
(n=20), K787 (n=20) and K78"f (n=20). At least three to four mice were analyzed per
genotype. e Representative immunostains for Ki67 in lungs of mice of the indicated
genotypes 22 wk post adeno-Cre treatment. Magnifications same as (c). f Quantitation of
Ki67 positive cells using 5 random high-power fields of lung tissues 22 wk after adeno-Cre
treatment from (e). Data are presented as mean + s.e., *p<0.05 and **p<0.01.
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Fig. 2. Comparative analysis of the lungs of K78"*, K78/* and K78/f mice following adenovirus-
Cretreatment.

a Panels showing cross sections of whole lungs from mice of the indicated genotypes at 12,
16, or 22 wk post adenovirus-Cre injection. b Quantitation of tumor burden for the K78%%,
K78"*, K78" mice at 12 wk (n=9, 8 and 9, respectively), 16 wk (n=8, 9 and 11,
respectively), and 22 wk (n=9, 8 and 8, respectively). The p-values compare the two
genotypes under each bracket. Data are presented as mean % s.e., *p<0.05 and **p<0.01. c
Panels show representative examples of hematoxylin and eosin (H&E) staining of lung
tissues exhibiting normal morphology, atypical adenomatous hyperplasia (AAH), adenoma,
or adenocarcinoma (LUAD) (Scale bar: 200 um). d Quantitation of the histological grades of
lungs of the mice of the indicated genotypes at the indicated time points. The number of
mice analyzed was the same as in (b).
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Fig. 3. Imaging of K78*/*, K78+, k78 mouse lungs.
aFDG PETI/CT scan of K78, K78"*, K78 mice for the respective genotype at 12, 16,

and 22 wk post adenovirus-Cre intubation. Scans denote the heart (H) and tumorigenic areas
(green arrow). On right is the color gradient representing injected dose per gram (% ID/g). b
Three dimensional contrast-enhanced CT images of lungs of K78*%, K787* and K78 mice
from (a). Tumorigenic progression (green arrow) from corroborated 18F-FDG PET/CT
signal was segmented as pink, red, and yellow to indicate respectively increasing 18F-FDG
avidity in the same mouse.
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Fig. 4. Analysisand characterization of CK78*/*, cK78/* and cK78/f mice following SPC-Cre
activation and effect of GRP78 knockdown in a human lung cancer cell line.

a Harvesting schedule for the SPC-Cre, floxed Grp78 mouse cohorts. To induce the SPC-
Cre-recombinase, 10 wk old mice were subjected to intraperitoneal (i.p.) tamoxifen injection
and the mouse lungs were harvested at the indicated time points. b Representative
genotyping results of the SPC-Cre mice using DNA extracted from tail (top three panels)
and from lung (bottom two panels) after Cre activation. ¢ Kaplan-Meier survival curves of
CK78"* (n=11), CK787* (n=11) and CK787 (n=13) mice. Male and female mice were
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combined as there were no differences between the two groups. CK787* and CK787f mice
exhibited prolonged survival compared to CK78* mice (**: p=0.003) and (***: p<0.0001),
one-sided log-rank test, respectively. d Immunohistochemistry (IHC) staining of GRP78 in
lungs of CK78** mice at 8 wk post-tamoxifen i.p. injection. (Scale bar: 100 pm). Enlarged
view of the boxed area is shown to the right. (Scale bar: 100 um). Below is a cross section of
the whole lungs with magnified boxed area showing H&E staining of lung adenocarcinoma
(LUAD) lesions. (Scale bar: 200 um). Lungs of CK78"7* and CK 78" mice at 12 wk post-
tamoxifen injection are also represented. Representative H&E staining images are shown
below with examples of adenoma and atypical adenomatous hyperplasia (AAH) lesions in
the CK787* and CK78"flungs respectively. e Quantitation of GRP78 staining from (d). The
values represent the average staining of the sampled area + s.e., *p<0.05 and **p<0.01.
Number of images that were randomly chosen to be quantified are the following CK78*/*
(n=10), CK78"* (n=10) and CK78"f (n=10). At least three to four mice were analyzed per
genotype. f Quantitation of the histological grades exhibiting normal morphology (N), AAH,
adenoma, or LEI AD of lungs of CK78*/* mice at 8 wk and CK78"”* and CK 78" mice at 12
wk post-tamoxifen i.p. injection. The number of mice analyzed is as follows: CK78**
(n=7), CK78"* (n=4) and CK78"f (n=8). g A427 cells were transfected with control SIRNA
(siCtrl) or siRNA specifically targeting GRP78 (si78) for 48 hr and analyzed for levels of
phospho (p) and total (t) elF2a, unspliced (u) and spliced (s) form of XBP-I mRNA, in
parallel with GRP78and B-actin mRNA, CHOP and cleaved form of Caspase-7 (c-C7) and
PARP (c-PARP) as well as cell viability measured by WST-1 assay.
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