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Subtle Protective Roles

of Clusterin in Gastric
Metaplasia After Acute
Oxyntic Atrophy
Gastric cancer is preceded by mucosal
remodeling like spasmolyticpolypeptide-
expressing metaplasia (SPEM) and
intestinal metaplasia. The cytopro-
tective protein clusterin (CLU) is highly
expressed in oxyntic mucosa during
the emergence of metaplasia, but it is
unknown whether CLU promotes or
counteracts the process.1–4 Here, we
use clusterin knockout (CLU-KO) mice
to examine the role of CLU in the
emergence, recovery, and repair of
gastric metaplasia after tamoxifen-
induced acute oxyntic atrophy.5

Detailed methodology is described in
Supplementary Materials and Methods.

The stomachs of CLU-KO mice had
normal gastric gland morphology and
normal number of mature cell types,
although with a tendency toward
pit cell/foveolar and enterochromaffin-
like (ECL) cell hyperplasia (Figure 1A
and B). Interestingly, this could be
owing to the hypergastrinemia in
CLU-KO mice (Figure 1C).6 We per-
formed RNA sequencing to examine
whether the absence of CLU affected
the gene expression signature of
the oxyntic mucosa, showing 62
differentially expressed genes (DEGs)
compared with wild-type mice
(Supplementary Table 1). Among
them were the ECL cell marker histi-
dine decarboxylase and the putative
intestinal metaplasia marker deleted
in malignant brain tumors 1. How-
ever, although several of the genes
were involved in CLU-relevant pro-
cesses,1 we could not define a gene
expression profile characterizing
untreated CLU-KO mice compared
with wild-type mice. Overall, our
results indicate that CLU partly affects
gastric epithelial homeostasis because
the absence of CLU leads to hyper-
gastrinemia and slightly increased
numbers of pit and ECL cells.
In tamoxifen-treated wild-type
mice, CLU was increased and highly
expressed in proliferative and meta-
plastic glands with a temporal profile
that correlated with emergence and
repair (Figure 1D), suggesting that CLU
participates in the metaplastic process.
Unexpectedly, although they lacked
CLU, tamoxifen induced metaplasia
with a similar degree of parietal cell
atrophy (CLU-KO, 83%; vs wild-type,
87%) (Figure 1E and F), number of
apoptotic cells (Figure 1F), trans-
differentiating chief cells,
and proliferating SPEM-cells
(Figure 1G and H) as in wild-type
mice. Also, CLU-KO mice were not
more susceptible to a lower dose of
tamoxifen (Supplementary Figure 1).
Hence, CLU is not a necessary pro-
moting factor in the emergence of
gastric metaplasia.

Gene expression analysis was
performed to further address the role
of clusterin on a molecular level
(Supplementary Tables 1–11). There
was an increased and prominent
transcriptional difference (1026 vs
62 DEGs in untreated mice) between
the emerging metaplasia (day 3)
of CLU-KO and wild-type mice
(Supplementary Tables 2 and 3),
indicating distinct underlying molec-
ular events. Apparently, the meta-
plastic mucosa of CLU-KO mice
showed more mitochondrial
dysfunction, which fits with the
known functions of CLU as both a
sensor and protector against oxida-
tive stress.7 Intriguingly, oxidative
stress resulting from chronic inflam-
mation might play a central role in
gastric tumorigenesis,8 suggesting
that CLU deficiency will be a disad-
vantage. Indeed, the metaplastic
mucosa of CLU-KO mice expressed a
higher number of genes associated
with gastric metaplasia and (cancer)
stem cells,3,8,9 and lower levels
of mucosal protective factors and
tumor suppressors (Figure 2A
and Supplementary Tables 4–6).10

Thus, although it is not clearly
evident histologically, transcriptional
profiling indicates that the emer-
gence of metaplasia is more advanced
in CLU-KO than wild-type mice.

During early recovery (day 7 þ 10),
the metaplastic mucosa of both
CLU-KO and wild-type mice were still
substantially changed from normal.
However, when directly comparing
CLU-KO with wild-type mice at this
stage, there were only subtle histo-
logic and transcriptional differences
(Figure 2A, Supplementary Figure 2, and
Supplementary Tables 6–8), possibly
suggesting more similar mechanisms
operating during early recovery.

In contrast, after repair (day 21),
histologic analysis showed normal
gland morphology and a restored
number of mature cell lineages in
tamoxifen-treated wild-type mice. How-
ever, the oxynticmucosa of CLU-KOmice
tended to be more hyperplastic, with
slightly more parietal and neck cell-to-
chief cell-transition cells per gland
(Figure 2B–D). In addition, the gene
expression profile of tamoxifen-treated
CLU-KO mice was altered markedly
from vehicle-treated controls (409
DEGs) (SupplementaryTables 9 and10),
which was not found in wild-type
mice (44 DEGs). CLU-KO mice had
continuously down-regulated mature
cell lineage marker genes, including
the chief cell marker Mist1 and the pit
cell gene Muc5ac, up-regulation of the
tuft cell marker Dclk1, and still several
dysregulated gastric metaplasia–
associated and mucosal protective
genes, such as Mmp12, Sox9, and Gkn2
(Figure 2A, E, and F).

Thus, in the absence of CLU,
restoration of normal mucosa, with
re-expression of all cell lineage
marker genes and disappearance of
metaplastic gene signatures, seemed
to be delayed, again suggesting that
CLU-KO mice showed a more
advanced form of metaplasia and a
hampered repair compared with
wild-type mice. Hence, instead of
being a necessary promoting factor,
CLU might protect against emergence
and premalignant progression of
gastric metaplasia.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcmgh.2018.09.013&domain=pdf
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Figure 1. Clusterin is not a necessary factor for gastric epithelial homeostasis or tamoxifen-induced gastric
metaplasia. (A) Representative H&E images showing normal gland morphology of oxyntic and antral mucosa in
an untreated CLU-KO mouse. (B) Quantification of different mature gastric cell lineages per gland in wild-type (WT)
(n ¼ 3–4) and CLU-KO (n ¼ 6) mice. (C) Serum gastrin levels (pmol/L) in untreated WT (n ¼ 11) and CLU-KO (n ¼ 11) mice.
(D) In situ hybridization showing expression of clusterin messenger RNA (mRNA) (Clu; brown) and triple immunofluo-
rescence staining showing CLU (red) expression in proliferating (Ki67; light blue) metaplastic cells (lectin griffonia sim-
plicifolia II [GSII]; green) of oxyntic mucosa from vehicle- and tamoxifen-treated WT mice on days 3, 7, and 21. (E)
Representative H&E images of oxyntic mucosa and immunohistochemistry staining showing expression of Hþ/Kþ-
adenosine triphosphatase [ATPase] b-subunit (parietal cells; brown) in oxyntic mucosa from vehicle- and tamoxifen-
treated CLU-KO mice on day 3. (F) Quantification of parietal cells (Hþ/Kþ-ATPase b-subunit) and apoptotic cells
(cleaved caspase 3–positive [CASP3]) per gland in oxyntic mucosa from vehicle- (n ¼ 4 in each strain) and tamoxifen-
treated CLU-KO (n ¼ 6) and WT (n ¼ 7) mice on day 3. (G) Double immunofluorescence staining showing cells co-
expressing (yellow) pepsinogen II (PEPII) (red) and GSII (green) and cells co-expressing Ki67 (red) and GSII (green) in
oxyntic mucosa from vehicle- and tamoxifen-treated CLU-KO mice on day 3. (H) Quantification of cells co-expressing
PEPII and GSII (yellow) or cells co-expressing Ki67 and GSII per gland in oxyntic mucosa from vehicle- (n ¼ 4 in each
strain) and tamoxifen-treated CLU-KO (n ¼ 6) and WT (n ¼ 7) mice on day 3. Nuclei were counterstained with hematoxylin
(blue) or DAPI (blue). Black squares, WT; blue circles, CLU-KO. Each dot represents an individual animal and the black
lines mark the means. Scale bars: 100 mm. Statistical significance: *P < .05, ***P < .0001 by Student t test (B and C) or
1-way analysis of variance with the Sidak multiple comparison test (F and H). D, day; DAPI, 40,6-diamidino-2-
phenylindole; NE, neuroendocrine; TAM, tamoxifen; Veh, vehicle.
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Figure 1. (continued).

CLU-KO
Wild-type

-1 0 1 2 3 4 5
Log2 FC

-1 0 1 2 3 4 5
Log2 FC

-1 0 1 2 3 4 5

Tff1

Gkn3

Gkn2

Gkn1

Lgr5

Sox9

Troy

Lrig1

Bmi1

Mmp12

Ctss

Prom1

Glipr1

Ly6a

Lyz2

Ms4a6b

Tyrobp

Ceacam1

Gpa33

Il18r1

Pigr

IL33

Log2 FC

M
et

ap
la

si
a-

as
so

ci
at

ed
 g

en
es

S
te

m
 c

el
ls

P
ro

te
ct

io
n

#
#

#

#

#

Emergence (day 3) Recovery (day 7+10) Repair (day 21)A

Figure 2. Tamoxifen induces transcriptionally more advanced gastric metaplasia with delayed repair in CLU-KO mice
compared with wild-type (WT) mice. (A) Gene expression levels (log2 fold-change [FC]) of metaplasia-associated genes, (cancer)
stem cell-associated, and mucosal protective factors expressed at different levels (statistically significant for at least 1 time point) in
tamoxifen-treatedCLU-KO (n¼ 4–6) (blue) andWT (n¼ 3–7) (black)mice comparedwith vehicle-treated controls (n¼ 9 in each strain)
at emergence (day 3), recovery (day 7 þ 10), and repair (day 21) (Supplementary Table 6). #Metaplasia-associated genes that were
dysregulated only inCLU-KOmice onday 3. (B) RepresentativeH&E imagesof oxynticmucosa from tamoxifen-treatedWTandCLU-
KO mice on day 21. (C) Quantification of parietal cells Hþ/Kþ -ATPase b subunit and cells co-expressing Ki67 and lectin griffonia
simplicifolia II [GSII] per gland in oxyntic mucosa from tamoxifen-treated WT (n¼ 5) and CLU-KO (n ¼ 4) mice on day 21. (D) Quan-
tification of cells expressing pepsinogen II (PEPII; red), GSII (green), or co-expressing PEPII and GSII (yellow) per gland in oxyntic
mucosa from tamoxifen-treated WT (n ¼ 5) and CLU-KO (n ¼ 4) mice on day 21. Data are presented as means - SD. (E) Gene
expression levels (log2FC)ofmaturegastriccell lineagemarkergenes in tamoxifen-treatedCLU-KO (n¼4) (blue) andWT (n¼5) (black)
mice compared with vehicle-treated controls (n ¼ 9 in each strain) at repair (day 21) (Supplementary Tables 9 and 10). (F) Immuno-
histochemistry staining showing expression of DCLK1 (brown) and quantification of cells expressing DCLK1 per gland in oxyntic
mucosa from vehicle- and tamoxifen-treatedWT andCLU-KOmice (n¼ 4 in each group) on day 21. Nuclei were counterstainedwith
hematoxylin (blue). Black squares, WT; blue circles, CLU-KO. Each dot represents an individual animal and the black linesmark the
means. Statistical significance: *P< .05, ***P< .0001 by Student t test (C andD) or 1-way analysis of variancewith the Sidakmultiple
comparison test (F). Scale bars: 100 mm (B) and 50 mm (F). D, day; TAM, tamoxifen; Veh, vehicle.
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Figure 2. (continued).
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