
The unfolded protein response is activated in
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Mucous metaplasia (MM) is an aberrant secretory phenotype that arises during Helicobacter-induced gastric carcino-
genesis. HSPA5, a key modulator of the unfolded protein response (UPR) activated by endoplasmic reticulum (ER) stress is
overexpressed in gastric cancer (GC). We studied activation of the UPR in MM and GC in humans and mice. We assessed
RNA and protein levels of ER stress markers (HSPA5, XBP1, and CHOP) in human GC, and correlated with Helicobacter pylori
(H. pylori) status, then surveyed HSPA5 in normal gastric mucosa and gastric pre-neoplasia including gastritis and
intestinal metaplasia (IM). The role of H. pylori infection in the UPR was assessed by co-culture with AGS GC cells. ER stress
markers in metaplasia and dysplasia from transgenic K19-Wnt1/C2mE mice and C57Bl/6 mice with chronic Helicobacter
felis (H. felis) infection were compared. HSPA5 was overexpressed in 24/73 (33%) of human GC. Induction of HSPA5 and
XBP1 splicing was associated with H. pylori-associated GC (P¼ 0.007 for XBP1 splicing). HSPA5 was overexpressed in MM
but not gastritis in patients with H. pylori infection. Stimulation of AGS cells with CagA-positive H. pylori suppressed
HSPA5 expression and XBP1 splicing. In the normal gastric mucosa of human and mouse, HSPA5 was constitutively
expressed in MIST1-positive chief cells. Increased Hspa5 and Chop expression were found in dysplasia of C57Bl/6 mice
with chronic H. felis infection but was absent in spontaneous gastric dysplasia in K19-Wnt1/C2mE mice with concomitant
loss of Mist1 expression, similar to that observed in H. pylori-associated human GC. Induction of the UPR in the milieu of
Helicobacter-induced chronic inflammation and MM may promote neoplastic transformation of Helicobacter-infected
gastric mucosa.
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Helicobacter pylori (H. pylori) is a major risk factor for
human gastric cancer (GC).1 Sustained interaction between
H. pylori and the gastric epithelium induces chronic inflam-
mation and loss of parietal cells (oxyntic atrophy), leading to
development of mucous metaplasia (MM)—intestinal meta-
plasia (IM) and spasmolytic polypeptide expressing metaplasia
(SPEM).2 Studies in human and murine models indicate that
IM and SPEM are critical neoplastic precursors in the cascade
of gastric carcinogenesis.3–6

IM is characterized by the presence of intestinal goblet cells
with simultaneous expressions of TFF3 and MUC27 while
SPEM, named for its characteristic expression of spasmolytic

polypeptide (TFF2), expresses MUC6 and resembles deep
antral gland cells.5 Reported studies suggest that SPEM,
derived from transdifferentiation of chief cells,8 gives rise to
IM and ultimately dysplasia in the setting of oxyntic atrophy
and chronic inflammation.9 Despite characterization of the
sequence and origin of metaplastic mucous cell lineage,
the mechanisms responsible for neoplastic transformation of
the secretory cell lineage are not understood.

Cancer cells are under constant endoplasmic reticulum
(ER) stress as hypoxia and nutrient deprivation affects pro-
tein glycosylation and production of ATP, resulting in accu-
mulation of misfolded protein.10 Cancer cells adapt to this
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homeostatic imbalance by activating the unfolded protein
response (UPR) through ER-associated machineries.11 The UPR
initiates protective signaling pathways that reduce RNA transla-
tion and enhance the degradation of misfolded proteins
through upregulation of HSPA5, CHOP and XBP1 splicing.
Activation of the UPR has been shown to promote tumor
growth and reduce sensitivity to chemotherapeutic agents.10,12

In GC patients, activation of the UPR, as evidenced by the
upregulation of HSPA5 has been observed in up to 47% of
gastric carcinoma and is associated with increased metastasis
and poor prognosis.13,14 As IM and SPEM cause expansion of
secretory lineage cells and aberrant expression of trefoil
factors and acidic mucins, we hypothesized that this increase
in protein synthesis within this precancerous MM might also
induce ER stress and contribute to carcinogenesis. In this
study, we demonstrate that the UPR is activated non-cell
autonomously in Helicobacter-induced metaplasia and dysplasia
in both the human and mouse models of GC, highlighting a
significant role of the UPR in mediating the progression of
metaplasia to dysplasia under chronic Helicobacter infection.

MATERIALS AND METHODS
Human Gastric Tumors and Non-Neoplastic Gastric
Tissue
Two independent cohorts of fresh frozen human GC speci-
mens were obtained from The Canberra Hospital Tumor
Bank (n¼ 11) and Peter MacCallum Cancer Center (n¼ 18).
Additionally, 73 formalin-fixed, paraffin-embedded GC re-
section specimens were assembled onto a tissue microarray.
Tissue sections of 4 mm were used for immunohistochemical
analysis, with each resection specimen represented by four
array spots. Biopsy specimens of normal gastric mucosa
(n¼ 16) and gastritis (n¼ 8) were obtained from patients
referred for upper GI endoscopy, while fresh frozen gastric
tumor and adjacent non-neoplastic gastric tissue were
obtained from GC patients undergoing surgical resection.
Additionally, twelve gastritis or IM endoscopic biopsies from
subjects without the history of GC were obtained. Fresh
tissues were snap frozen in liquid nitrogen, then stored at
� 80 1C until use. Clinicopathological data for all primary
gastric tumors and biopsy specimens are provided in
Supplementary Material (Supplementary Table 1 and Table 2,
respectively). RNAwas extracted using the Qiagen RNeasy kit
(QIAGEN GmbH, Germany) while protein was isolated from
total cell lysate using the Novagen Phosphosafe lysis buffer
(EMD Biosciences, St Louis, MO, USA). Informed consent
was obtained from all patients and the project was approved
by the Australian Capital Territory Health Human Research
Ethics Committee.

Assessment of H. pylori Status in Patient Sera and
Gastric Biopsy
Frozen sera from GC patients and individuals under-
going endoscopy were collected before surgical proce-
dures and assessed for H. pylori IgG antibody using ELISA

(BioMerieux) according to the manufacturer’s instructions.
The corresponding formalin-fixed, paraffin-embedded sec-
tions of non-tumor tissue were assessed by immuno-
histochemistry for H. pylori (Dako, Denmark).

Gastric Tissues from Mouse Models of SPEM and
Dysplasia
Gastric tissues from 78-week Helicobacter felis (H. felis, ATCC
strain 49179)-infected and age-matched control C57Bl/6
mice were obtained as described.15 Adult germfree C57Bl/6
mice were obtained from the Bioservice Department of the
Walter Eliza Hall Institute (Victoria, Australia) and maintained
in germfree conditions until killed. Gastric tissues from
K19-/C2mE and K19-Wnt1/C2mE compound transgenic mice,
age 20 weeks, exhibiting SPEM and dysplasia, and age-matched
control C57Bl/6 mice, were obtained as described.16 RNA
extraction and fixation of tissue were performed as described
above.

Immunohistochemistry
Expression of HSPA5, TFF1, TFF2, TFF3, CDH1, GRB7,
HER2 and MIST1 was assessed immunohistochemically with
heat-induced antigen retrieval. Antibodies and details of labeling
are described further in Supplementary Material. Controls
for HSPA5 staining are shown in Supplementary Figure 3.

Quantitation of RNA and Protein Levels of ER Stress
Markers HSPA5, spliced XBP1 and CHOP in GC Cell Line,
Mouse and Human Tissues
Increased expression of HSPA5, XBP1 spliced variant and
CHOP are indicators of ER stress.10 RNA levels of HSPA5,
XBP1 spliced (XBP1-s) and unspliced (XBP1-u) transcripts,
and CHOP were assessed in human GC cell line, human and
mouse gastric tissues using quantitative real-time PCR (qPCR)
(BioRad) as described previously.11,17 RNA levels were cal-
culated using the comparative Ct method18 using b-actin as
the reference. XBP1 splicing was also assessed by reverse-
transcriptase PCR (RT-PCR) amplification of complemen-
tary DNA obtained from total RNA to allow detection of
XBP1-s and XBP1-u transcripts in the human GC.11 HSPA5
protein expression was assessed by immunoblotting (Cell
Signaling Technology).

Acute infection of H. pylori and treatment of thapsigargin
(TG) in GC cell lines, ELISA measurement of IL-8, micro-
array gene expression data mining and statistical analysis are
described in the Supplementary Material.

RESULTS
HSPA5 Expression is Increased in Human GC
The clinicopathological and molecular features of 73 primary
gastric tumors in relation to HSPA5 protein expression are
shown in Table 1. Strong expression of HSPA5 was observed
in 24/73 (33%) of cases. No significant association was
observed between the examined clinicopathological or
molecular parameters and HSPA5 expression (Table 1).
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Over-Expression of HSPA5 is Associated with Constitutive
Dysregulation of Other ER Stress Pathway Genes
Gene expression profile between normal gastric tissues and
GC from the NCBI Gene Expression Omnibus revealed GC

showed twofold or greater RNA expression of HSPA5 com-
pared with non-tumor tissue (Supplementary Figure 1).19

Almost all of the eighteen genes showing concurrent
dysregulation with HSPA5 in human cancers have putative
functions in the ER stress-signaling pathway (Supplementary
Table 3). The high enrichment of genes co-regulated with
HSPA5 that are involved in ER stress-signaling suggests
overexpression of HSPA5 in GC is a reflection of ER stress.

Human GC with H. pylori Infection Demonstrates
Increased HSPA5 Protein Expression and XBP1 Splicing
ER stress activates the transmembrane sensor IRE1, an
endoribonuclease (RNAse) that initiates a 26-nucleotide
splicing of XBP1 mRNA. This spliced form of XBP1 mRNA
acts as a transcription activator of ER chaperones, including
HSPA5.11 Forty-five percent (13/29) of GC exhibited XBP1
splicing (Figure 1a). Of these, 92% (12/13) were H. pylori-
positive (P¼ 0.007). In addition eleven fresh GC specimens
were assessed for HSPA5 protein expression. Elevated HSPA5
level was observed in 67% (4/6) of H. pylori-positive GC, in
contrast to increased HSPA5 expression in only one of five
(20%) H. pylori-negative GC (representative samples shown
in Figure 1b). Two closely-spaced bands were observed on the
immunoblot of HSPA5. The lower bands detected in the
immunoblot of HSPA5 protein probably represent the
alternative isoform of HSPA5va.20 Four of the five tumors
exhibiting simultaneous XBP1 splicing and overexpression of
HSPA5 were H. pylori-positive as verified by serological and
immunohistochemical analyses (Supplementary Figure 2),
while all six tumors (6/6) lacking both ER stress markers were
H. pylori-negative. Of note, two patients (39 and 113) showed
HSPA5 expression and splicing of XBP1, respectively, in the
non-neoplastic gastric mucosa (Figure 1a). We then assessed
HSPA5, CHOP and XBP1 RNA levels in the endoscopic
biopsy specimens of macroscopically and histologically nor-
mal gastric mucosa and gastritis. Despite considerable inter-
individual variation, there was no significant difference in
RNA expression of the UPR markers in gastritis compared
with normal gastric mucosa (Figure 1c).

IM in Human is Associated with Increased HSPA5
Protein Expression Co-Localizing with Alcianophilia
Taken together, the findings described raised the possibility
that ER stress might be a pre-malignant response to H. pylori.
We, therefore, assessed the presence of ER stress through
immunohistochemistry of HSPA5 and its co-localization
with acidic sialomucins in chronic gastritis and IM from GC
patients with H. pylori infection. In the normal human sto-
mach, low to scanty cytoplasmic expression of HSPA5 with
occasional strongly positive cells was identified at the bases of
gastric units (Figure 2a). In gastritis, where neutral mucins
predominated, no upregulation of HSPA5 was observed (data
not shown). In contrast, marked HSPA5 expression was
evident in areas of IM and co-localized with alcianophilia

Table 1 HSPA5 expression and clinicopathological and mole-
cular characteristics of 73 gastric tumors

Clinicopathological

features

All cases

(n¼ 73)

HSPA5 expression P-value

� to þ

(n¼ 49)

þ þ to

þ þ þ (n¼ 24)

Lauren’s classification

Intestinal 37 24 13

Diffuse 22 17 5

Mixed/not classifiable 14 8 6 0.24a

Lymph node metastasis

Absent 19 13 6

Present 52 34 18 0.81

Unclassified 2 2 0

Tumor site

Antrum 32 23 9

Body 16 10 6

Cardia/gastroesophageal

junction

24 15 9 0.70

Unclassified 1 1 0

CDH1

Positive (þ þ to þ þ þ ) 19 11 8

Negative (� to þ ) 46 31 15 0.47

Unclassified 8 7 1

TFF1

Positive (þ þ to þ þ þ ) 34 20 14

Negative (� to þ ) 31 22 9 0.31

Unclassified 8 7 1

TFF2

Positive (þ þ to þ þ þ ) 21 12 9

Negative (� to þ ) 45 31 14 0.35

Unclassified 7 6 1

TFF3

Positive (þ þ to þ þ þ ) 15 10 5

Negative (� to þ ) 50 31 19 0.23a

Unclassified 8 8 0

aFisher’s exact test was used when the sample size was r5 to determine
the statistical significance for comparison between each parameter and
HSPA5 expression.
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(Figure 2b). Increased expression of HSPA5 protein was also
observed in GC although its distribution was independent of
alcianophilia (top right corner of Figure 2c). These findings
suggest that the presence of an aberrant secretory phenotype
in MM might cause ER stress. However, as these samples also
harbored GCs, we examined endoscopic biopsies in twelve
individuals infected with H. pylori without GC to rule out a
possible confounding field effect. Similar to the metaplastic
lesion in GC patients, IM in patients without cancer also
showed increased HSPA5 expression co-localizing with
alcianophilia (Figure 2d). Upregulation of HSPA5 was also
seen in the inflammatory infiltrates in these patients although
no abnormality in HSPA5 expression in chronic gastritis was
observed, as also seen by qPCR (Figure 1c). As recent studies
have shown that transdifferentiation of chief cells contri-
butes to gastric metaplasia in the human21 and mouse,8 we
specifically examined HSPA5 expression in chief cells using
MIST1 as a chief cell marker. In the normal human gastric

mucosa, HSPA5 was expressed at a low level in the chief cell
compartment at the bases of glands, correlating with MIST1
expression (Figure 2e). However, only occasional cells in this
compartment were positive for both MIST1 and HSPA5
(Figure 2e, inset). This suggests that the chief cell is the site of
HSPA5 expression in the normal stomach. We then examined
HSPA5 and MIST1 expression in sections representing
H. pylori-associated IM and dysplasia. There was a categorical
increase in HSPA5 expression in IM and dysplasia, accom-
panied by complete loss of epithelial MIST1 expression
(Figure 2f). MIST1 was instead noted in occasional inflam-
matory cells of the lamina propria in metaplasia (Figure 2f,
inset).

Acute Infection of H. pylori in GC Cell Line Does Not
Induce ER Stress
As activation of ER stress markers in GCs appeared to be
related to H. pylori infection, we assessed whether acute

Figure 1 Endoplasmic reticulum stress is present in H. pylori-related human gastric cancer (GC). (a) XBP1 splicing in frozen gastric tumor and adjacent

normal tissues when available. Reverse-transcriptase PCR showing the XBP1 unspliced (XBP1-u) and spliced (XBP1-s) transcripts differing by 26 bp.

The H. pylori infection status of each GC patient is shown. Each amplicon was verified by sequencing. (b) Immunoblot of HSPA5 using b-actin as

sample loading control. Mean level of HSPA5 quantified by densitometry from triplicate experiments using three sample lysates from each patient is

indicated beneath the blot. (c) RNA levels of HSPA5, CHOP, XBP1-s and XBP1-u (expressed as XBP1-s:u ratio) relative to b-actin in normal gastric mucosa

and gastritis as determined by quantitative real-time PCR. Each data point was normalized to the mean ratio of all normal gastric mucosa corrected

to 1. Horizontal line represents the median.
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infection with H. pylori also induced ER stress. GC cell lines
displayed variable activation of the UPR under basal condi-
tions as evidenced by differential RNA levels of HSPA5,
CHOP and XBP1-s (Figure 3a). Upon stimulation with TG,
RNA expression of HSPA5, XBP1-s and CHOP was markedly
increased in all cell lines (Figure 3b) with decreased cell
survival (Figure 3c). Although GC cell lines were able to
mount the UPR under pharmacologically-induced ER stress,
AGS cells co-cultured with a CagA-positive H. pylori strain
suppressed HSPA5 protein expression (Figure 3d) and RNA
levels of HSPA5, XBP1-s with non-significant increase in
CHOP (Figure 3e). The level of HSPA5 expressed at 4 h post-
TG or -H. pylori treatment was similar to the level of
untreated cells at 24 h, likely reflecting the basal level of

HSPA5 constitutively synthesized in AGS cells under regular
culture condition, as noted previously for most in vitro cul-
tured cells.22 The discrepancy in protein (Figure 3d) and RNA
levels of HSPA5 (Figure 3e) is consistent with a previous report
of uncoupling of HSPA5 transcription and translation during
ER stress.23 To confirm that this model of H. pylori infection
was pathogenic, we confirmed an increase in IL-8 level in
culture supernatant 24 h after bacterial challenge (Figure 3f).

ER Stress Arises in MM and Dysplasia Elicited By
H. felis Infection in C57Bl/6 Mice but not in Transgenic
K19-Wnt1/C2mE and K19-C2mE Mice
As the previous data demonstrate that H. pylori-associated
IM and GC in human are associated with ER stress, we next

Figure 2 Increased HSPA5 in human gastric cancer (GC) and intestinal metaplasia (IM) is independent of MIST1 expression and colocalizes with

alcianophilia in IM. (a) Normal human stomach showing low to scanty level of HSPA5 at bases of gastric units lacking alcianophilia. (b) IM in H. pylori-

positive GC patient exhibits overexpression of HSPA5 co-localizing with alcianophilia. (c) The top right corner of the tissue exhibits areas of dysplasia

with IM to the bottom left. In dysplasia, increased HSPA5 did not co-localize with alcianophilia. (d) Co-localization of increased HSPA5 with alcianophilia

was evident in IM in H. pylori-positive non-GC patient. An area of AB-positive IM (bottom, inset) with upregulation of HSPA5 is bordered by areas of

PAS-positive normal gastric glands (top, inset). (e) HSPA5 expression (red) localizes to chief cell compartment at the bottom of normal gastric glands

with occasional cells staining positive for both MIST1 (brown) and HSPA5 (arrow). (f) In H. pylori-induced gastric metaplasia and dysplasia, increased

HSPA5 (brown) is accompanied by loss of MIST1 (blue). Occasional plasma cells positive for MIST1 expression are identified in the lamina propria of the

dysplastic region (arrow).
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evaluated whether ER stress is induced in two independent
mouse models of MM and dysplasia elicited by (i) H. felis
infection in C57Bl/6 mice and (ii) in transgenic K19-Wnt1/
C2mE and K19-C2mE C57Bl/6 mice. Chronic infection of
C57Bl/6 mice with H. felis causes atrophy, SPEM and dys-
plasia after 12–18 months, closely capturing the human GC
cascade.24 In this model, the metaplastic epithelium is
frequently derived from inflammatory cells of bone-marrow
origin,24 the development of gastric epithelial cancer is, there-
fore, non-cell autonomous. By comparison, the K19-Wnt1/
C2mE and K19-C2mE transgenic mice (also on a C57Bl/6
background) develop spontaneous MM and dysplastic gastric

tumors by 20 weeks of age due to cell-intrinsic constitutive
expression of the Wnt and prostaglandin E2 pathways.16

Wild-type C57Bl/6 mice infected for 78 weeks with H. felis
exhibited abundant Hspa5 expression in the alcianophilic
metaplastic region (Figure 4a, right), similar to that seen in
the human (Figure 2b). Increased Hspa5 expression was
observed on the apical surface of dysplastic cells but did not
co-localize with alcianophilia (Figure 4a, left). High Hspa5
expression was also found in the inflammatory cells of the
dysplastic region (Figure 4a, inset). In contrast, in the K19-
C2mE and K19-Wnt1/C2mE mice with dysplasia, minimal
Hspa5 was detectable in the epithelial cells and scattered

Figure 3 Differential activation of the unfolded protein response in gastric cancer (GC) cell lines and lack of endoplasmic reticulum stress during

transient infection of AGS cells with CagA-positive H. pylori. (a) Relative RNA levels of HSPA5, CHOP and XBP1 (expressed as XBP1-s:u ratio) in GC cell

lines under basal condition using AGS, chosen arbitrarily, as the calibrator. (b) Relative RNA levels of HSPA5, CHOP and XBP1 in GC cell lines treated

with 1.5 mmol/l TG for 24 h compared with the corresponding cell line under basal condition. (c) Cellular proliferation as measured by MTT assay in cells

treated with TG as described in (b). (d) HSPA5 protein expression in AGS cells co-cultured with 1.5mmol/l TG or CagA-positive H. pylori for 4–24 h.

Quantitation of HSPA5 expression by densitometry from triplicate experiments is indicated beneath the blot. (e) Relative RNA value of HSPA5, CHOP

and XBP1 in AGS cells subjected to the same treatment as described in (d), normalized to b-actin, using untreated AGS cells as the calibrator. (f) Mean

IL-8 induction in the AGS cells by CagA-positive H. pylori at 4 and 24 h post bacterial challenge. All data are represented as mean±s.d. from triplicate

experiments. *Pr0.02 compared with untreated cells.
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Figure 4 Hspa5 is absent in the dysplasia of the K19-wnt1/C2mE mice but is upregulated in the dysplasia of H. felis-infected mice and colocalizes with

alcianophilia in spasmolytic polypeptide expressing metaplasia (SPEM). (a) Increased Hspa5 expression (left) within SPEM (area enclosed in circle) and

dysplasia (area enclosed in square) induced by 78-week infection of C57Bl/6 mice with H. felis. Co-localization of Hspa5 with alcianophilia in SPEM is

depicted by PAS/AB staining of serial section. (a, inset) Increased Hspa5 expression (left panel) on the apical surface of epithelial cells in dysplasia and

in the inflammatory infiltrates (arrow). PAS/AB staining of serial section showing lack of Hspa5 co-localization with alcianophilia in the dysplastic region

(right). (b) Minimal Hspa5 is expressed in the mucus metaplasia and dysplasia of the K19-wnt1/C2ME mice. Similar results were obtained for the K19-

C2mE mice (data not shown). PAS/AB staining of the corresponding section shows lack of alcianophilia in the metaplastic and dysplastic region.

(b, inset) Higher magnification of the same section (area enclosed in square) depicting low level of Hspa5 in the dysplastic and metaplastic cells and

alcianophilic goblet cells. (c) Quantitative real-time PCR (qPCR) measurement of Xbp1-u, Xbp1-s, Hspa5 and Chop mRNAs in the H. felis-infected C57Bl/6

mice, uninfected K19-Wnt1/C2mE and K19/C2mE mice. RNA levels are expressed as fold expression normalized to b-actin, relative to uninfected wild-

type C57Bl/6 mice. *Hspa5 level was significantly increased in the H. felis-infected mice compared with the K19-wnt1/C2ME mice (P¼ 0.04). #Chop was

significantly higher in the H. felis-infected mice compared with the K19-Wnt1/C2ME mice (P¼ 0.02) or K19-C2ME mice (P¼ 0.01). (d) Average qPCR

measurement of Xbp1-u, Xbp1-s, Hspa5 and Chop mRNAs in NIH/3T3 cells treated with 1.5 mmol/l TG for 4 h relative to untreated cells. All data are

represented as mean±s.e. from triplicate experiments.

Figure 5 Increased Hspa5 in Mist1-positive chief cells colocalizes with alcianophilia at the base of gastric glands in specific pathogen-free (SPF) and

germfree (GF) C57Bl/6 mice and transgenic K19-Wnt1/C2ME mice. (a) Uninfected wild-type SPF C57Bl/6 mice showed marked Hspa5 expression at the

base of gastric glands. The base of each gastric gland stains weakly for acidic sialomucins with AB at pH 2.5 while mucous neck cells and mucous pit

cells stain for neutral mucins with PAS (upper). Non-neoplastic gastric mucosa of the K19-Wnt1/C2ME mice and GF C57Bl/6 mice also express Hspa5 at

the base of the gastric glands co-localizing with alcianophilia (middle and bottom). (b) Immunoblot of Hspa5 in SPF and GF C57Bl/6 mice using b-actin
as sample loading control. Mean Hspa5 level as measured by densitometry from triplicate experiments is indicated beneath the blot. (c) Relative RNA

expression of Xbp1, Hspa5 and Chop mRNA in GF C57Bl/6 mice normalized to b-actin, using wild-type SPF C57Bl/6 mice as the calibrator. All data are

represented as mean±s.e. from triplicate experiments. (d) Dual-staining of Hspa5 (brown) and Mist1 (blue) in the normal gastric mucosa of wild-type

C57Bl/6 and K19-Wnt1/C2mE mice showing expression of Hspa5 identified predominantly in Mist1-positive chief cells (upper and middle). Increased

expression of Hspa5 throughout the gastric glands in H. felis-induced dysplasia in wild-type C57Bl/6 mice was independent of loss of Mist1 expression

(lower). Occasional plasma cells showing positivity for Mist1 staining are found in the lamina propria (arrow).
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inflammatory cells (data from the K19-Wnt1/C2mE mice
are shown) (Figure 4b). Expression of Hspa5, where present,
did not co-localize with alcianophilia (Figure 4b). We then
compared Hspa5 RNA levels in dysplasia from the two
mouse models. Hspa5 RNA expression was significantly
higher in the H. felis-infected C57Bl/6 mice than the K19-
Wnt1/C2mE mice (P¼ 0.04) (Figure 4c). However, the
quantitative difference in Hspa5 expression between H. felis-
infected and K19-Wnt1/C2mE mice was relatively modest
(r2-fold), while the RNA levels of Xbp1-s and Xbp1-u were
not significantly different among the three groups
(Figure 4c). By comparison, NIH/3T3 mouse fibroblast cells
treated with 1.5 mmol/l TG for 4 h demonstrated a 700-fold
induction of spliced XBP1 and 150-fold induction of Hspa5
compared with untreated cells (Figure 4d). We speculated
that the relatively modest increase in RNA levels of
Hspa5 and Xbp1-s was due to the high basal level of
expression of Hspa5 (and Xbp1) in the normal mouse gastric
gland (Figure 5c). The transcription factor Chop is induced
by ER stress and is a marker of the pro-apoptotic arm of the
UPR.25 RNA expression of Chop was substantially and
significantly higher in gastric mucosa of chronic H. felis-
infected C57Bl/6 mice than in K19-Wnt1/C2mE mice
(P¼ 0.02) and K19/C2mE mice (P¼ 0.01) (Figure 4c). The
25-fold elevation of Chop RNAwas comparable to the 12-fold
induction of Chop in NIH/3T3 mouse fibroblast cells
treated with TG compared with untreated cells (Figure 4d).
Therefore, the H. felis model of GC but not the K19-Wnt1/
C2mE model was associated with sustained induction of
the UPR.

Hspa5 is Expressed Predominantly in Chief Cells at the
Base of Gastric Glands in Mice
We observed that considerable Hspa5 expression could
be detected at the base of the gastric glands in age-matched
wild-type and transgenic mice with or without H. felis
infection (Figure 5c). Qualitatively, gastric Hspa5 expression
appears higher in the normal mouse than human stomach.
This region of the gastric gland also stained positively
with AB at pH 2.5, consistent with previous reports in ro-
dents but not in humans.26 An intact UPR is required for
normal innate27,28 and adaptive immunity in metazoans and
activation of innate immunity induces the UPR.29 High
constitutive expression of Hspa5 in the normal gastric
mucosa might, therefore, be associated with the indigenous
gastric microflora of conventionally raised coprophagic mice.
We examined ER stress markers in age-matched, germfree
C57Bl/6 mice and found that germfree C57Bl/6 mice showed
lower expression of Hspa5 protein than the specific
pathogen-free (SPF) mice (Figure 5b), co-localizing with al-
cianophilia at the base of the gastric glands (Figure 5a).
Despite this, the RNA levels of Hspa5 and other ER stress
marker including Xbp1 and Chop did not show significant
differences between the SPF and germfree C57Bl/6 mice
(Figure 5c).

As expression of Hspa5 was confined to the bases of
murine fundic glands where chief cells normally reside,
we determined the identity of Hspa5-expressing cells by
double-labeling chief cells with Mist1. Hspa5 was expressed
predominantly in Mist1-positive chief cells at the bases of
fundic gastric units in histologically normal gastric mucosa
in both the wild-type and K19-Wnt1/C2mE or K19-C2mE
transgenic mouse models (Figure 5d, top & middle).
We observed that Mist1 expression was absent from the
epithelia of MM and dysplasia in both the mouse models
(Figure 5c, bottom), as seen in human IM and dysplasia
(Figure 2f). However, in H. felis-induced dysplasia in
wild-type C57BL/6 mice, marked epithelial Hspa5 expression
was observed (Figure 5c, bottom). Furthermore, occasional
plasma cells with intense MIST1 staining were identified
in the lamina propria of the dysplastic region in C57BL/6
wild-type mice with H. felis infection, as seen in human IM
and dysplasia (Figure 2f) and consistent with a previous
report.8

DISCUSSION
This study demonstrates for the first time that the UPR is
involved in the pathogenesis of Helicobacter-induced gastric
tumorigenesis. Elevated expression of HSPA5 is constitutive
with dysregulation of multiple UPR effectors and is asso-
ciated with non-cell autonomous induction of ER stress in
the Helicobacter-related cascade of neoplastic transformation
in both the human and mouse gastric mucosa.

We found that HSPA5 was overexpressed in 33% of GC,
consistent with previous reports.13,14 We observed that
activation of the UPR was significantly associated with
H. pylori-positive GC (12/13, 92%). Increased expression of
HSPA5 in the IM of H. pylori-positive subjects with and
without GC rules out field cancerization and suggests
induction of the UPR occurs early in the evolution of the
metaplasia to dysplasia. Expression of HSPA5 coincident with
the appearance of acidic mucins (alcianophilia) in the
secretory cells of IM suggests that it could be aberrant
expression of MUC2 protein that triggers the UPR. This
observation is supported by findings of Heazlewood et al17

demonstrating induction of the UPR by misfolded MUC2
protein. As UPR activation was not observed in gastritis or
transient infection of GC epithelial cell line as reported
previously by Namba et al,30 we conclude that inflammation
induced by H. pylori is necessary but insufficient to induce
ER stress in the stomach.

Marked expression of Hspa5 co-localizing with alciano-
philia was evident at the base of the gastric glands in the
normal gastric mucosa of all mouse models independent of
Helicobacter infection. Hspa5 is known to regulate differ-
entiation of several cell types,31 and further evaluation of
gastric cell type markers will be required to define the cell
lineage origin of Hspa5-expressing metaplastic cells in the
mouse. Focal expression of Hspa5 in mouse gastric mucosa is
partly attributable to the natural microflora found in SPF
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mice as lower level of Hspa5 protein was detected in germfree
mice. Accordingly, it is possible that under prolonged ER
stress, innate immune response to commensal bacteria may
promote proliferation of tumor cells through activation of
the UPR.

Similar to the observations in human IM and GC, in H.
felis-infected C57Bl/6 mice, increased Hspa5 was observed in
metaplasia (co-localizing with alcianophilia) and dysplasia,
in contrast to the lack of Hspa5 expression in SPEM
and dysplasia from the K19-Wnt1/C2mE and K19-C2mE
mice. The contrasting expression of Hspa5 in the two
independent mouse models of metaplasia and dysplasia
supports the concept that ER stress does not arise in the
absence of Helicobacter infection and chronic inflammation
and is thus non-cell autonomous. During transition of
metaplasia to Helicobacter-induced dysplasia, increased
expression of HSPA5 along the entire gastric glands in
both the human and mouse models was accompanied by
loss of MIST1, a marker for chief cells. This suggests that the
UPR may have a mechanistic role in the transdifferentiation
of mature chief cells into metaplasia as reported pre-
viously.8,21

Lack of ER stress response during acute Helicobacter in-
fection suggests activation of the UPR may be a reparative
response of gastric epithelium to chronic Helicobacter infec-
tion. We hypothesize that in the Helicobacter-infected gastric
mucosa, prolonged ER stress following chronic inflamma-
tion, compounded by aberrant mucin synthesis in the me-
taplastic cells triggers UPR activation. Cell death mediated by
CHOP could promote development of oxyntic atrophy while
proliferation driven by HSPA5 overexpression may trigger
neoplastic progression within metaplasia. Induction of the
UPR, therefore, creates a permissive state, wherein deleter-
ious molecular changes are tolerated to allow malignant
transformation of metaplastic cells. Once the cells have
undergone neoplastic changes, subversion of the UPR by
tumor cells to maintain ongoing tumourigenesis is in-
dependent of metaplasia-related ER stress as reflected by the
lack of co-localization of HSPA5 with alcianophilia in the
dysplastic cells. The UPR, as an adaptive response cells use
to survive ER stress during chronic inflammation, may,
therefore, drive metaplastic cells along the metaplasia-
dysplasia pathway.

Although we have provided evidence for the involvement
of ER stress in H. pylori-related gastric carcinogenesis, there
are several limitations in the current study. Owing to a lim-
ited quantity of GC tissue, we were unable to assess the RNA
levels of all UPR markers in H. pylori-infected gastric tumors.
Analysis of possible association between the overexpression
of HSPA5 and H. pylori infection status within the 73 GC was
precluded as this information was not available. Further
mechanistic studies in models of chronic ER stress are needed
to corroborate potential causal links between induction of the
UPR and Helicobacter-induced MM and gastric carcinogen-
esis. In conclusion, UPR activation in Helicobacter-associated

gastric lesions may represent a primary, oncogenic event
through which Helicobacter-bacteria induce GC in humans
and mice in a non-cell autonomous fashion.

Supplementary Information accompanies the paper on the Laboratory

Investigation website (http://www.laboratoryinvestigation.org)
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