
www.elsevier.com/locate/humpath

Human Pathology (2019) 83, 22–28
Original contribution
Expressions of ATF6, XBP1, and GRP78 in normal

tissue, atypical adenomatous hyperplasia, and
adenocarcinoma of the lung☆,☆☆
Sho Ogata MDa,⁎, Koji Kameda MDa,b, Takako Kono MDc, Yuichi Ozeki MDb,
Hiroshi Hashimoto MDb, Susumu Tominaga MTa, Kuniaki Nakanishi MDa

aDepartment of Pathology and Laboratory Medicine, National Defense Medical College, Tokorozawa, Saitama 359-8513, Japan
bDepartment of Surgery, National Defense Medical College, Tokorozawa, Saitama 359-8513, Japan
cDepartment of Pathology, National Defense Medical College, Tokorozawa, Saitama 359-8513, Japan

Received 1 June 2018; revised 9 August 2018; accepted 12 August 2018
☆

o

ic
J

h
0

Keywords:
Atypical adenomatous
hyperplasia;
Pulmonary adenocarcinoma
in situ;
ER stress;
ATF-6;
XBP1;
GRP78
Summary Little is known about the association between the atypical adenomatous hyperplasia (AAH)–
adenocarcinoma in situ sequence of the lung and endoplasmic reticulum–stress responders such as ATF6,
XBP1, and GRP78. Using stored tissues, we examined (i) the percentage of a splicing form (active form)
ofXBP1messenger RNA in normal lung tissue (NLT) and adenocarcinoma (ACA; using reverse-transcription
polymerase chain reaction); (ii) ATF6 and GRP78 protein expressions in NLT and ACA (using Western
blotting analysis); (iii) ATF6, XBP1, andGRP78 protein expressions inNLT,AAH, andACA, including some
adenocarcinoma in situ (using immunohistochemistry); and (iv) the incidence of nuclear translocation of the
3 proteins in these lesions. The percentage of the splicing form ofXBP1messenger RNA showed a borderline
difference between NLT and ACA (P = .068). In the Western blotting analysis, the nuclear fractions of
ATF6 (including the active form) and GRP78 proteins were higher in ACA than in NLT. In the immunohis-
tochemistry, the values obtained for the incidence of the nuclear translocation of ATF6, XBP1, and GRP78
proteins were as follows, respectively: 13.3%, 2.2%, and 0.5% in low-grade AAH; 37.9%, 2.3%, and 2.2%
in high-grade AAH; and 47.2%, 10.6%, and 4.4% in ACA. A significant difference was detected between
low-grade AAH and ACA for ATF6. In terms of nuclear translocation, high-grade AAH seemed intermedi-
ate between low-grade AAH and ACA. These results support endoplasmic reticulum–stress responses, such
as nuclear translocation of these 3 proteins (including their active forms), being in parallel with the progres-
sion of the adenoma-carcinoma sequence in the lung.
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1. Introduction

Atypical adenomatous hyperplasia (AAH) of the lung is a
proliferation of type II alveolar pneumocytes and/or Clara
cells. Although adenocarcinoma in situ (AIS) of the lung is de-
fined as an adenocarcinoma (ACA) with a pure lepidic growth
pattern and no evidence of stromal, vascular, or pleural
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invasion, neither its histogenesis nor the relationship between
AAH and AIS is well understood [1-3].

The endoplasmic reticulum (ER) is an important cell organ-
elle that is responsible for the correct folding and sorting of pro-
teins [4]. The functions of the ER are disturbed when unfolded
or misfolded proteins accumulate within it (termed “ER
stress”) [4,5]. ER stress is linked to neurodegenerative diseases
such as Parkinson and Alzheimer diseases [6-10] and triggers
the unfolded protein response (UPR), which improves cell sur-
vival by limiting ER stress [11,12]. UPR is initiated through
signaling by ER-localized transmembrane proteins, such as
ER stress response factor, a heterogeneous protein complex
[13,14]. Activating transcription factor-6 (ATF6) and X-box
binding protein 1 (XBP1) are inducible components of ER
stress response factor [15,16]. ATF6, a 670-amino-acid glyco-
protein with the electrophoretic mobility of a 90-kDa protein
(p90ATF6), is an ER membrane-bound transcription factor.
ER stress induces proteolysis of membrane-bound p90ATF6,
releasing the N-terminal half of the active form, p50ATF6,
which is then translocated into the nucleus. Concerning
XBP1, transcription of XBP1 messenger RNA (mRNA) is in-
duced by ATF6, and it is spliced by an ER-resident protein ki-
nase and endonuclease, inositol-requiring enzyme 1 (IRE1),
resulting in the production of an active transcription factor
(pXBP1[S]), and this is then translocated into the nucleus
[16]. Both p50ATF6 and pXBP1(S) can bind to ER stress re-
sponse elements and induce transcription of ER chaperon genes
[17,18]. Furthermore, activations of ATF6 and XBP1 are con-
trolled by the chaperone 78-kDa glucose-regulating protein
(GRP78), which is localized to the ER [16,17]. GRP78 acts as
a central regulator of ER homeostasis, and its up-regulation is
widely used as a sentinel marker for ER stress under pathologic
conditions [19]. In addition to its ER localization, GRP78 pro-
tein has recently been found to be localized on the cell surface,
as well as in the mitochondrion and nucleus, and beyond the
ER, the mitochondrial and nuclear forms of GRP78 have been
suggested to be linked to cellular homeostasis [19].

The importance of ER stress and UPR in carcinogenesis
and for the prognosis of several cancers, including lung cancer,
has been widely studied [4,5,19-24], and in the future, impor-
tant roles may be found for therapies targeting this pathway. In
the lung, GRP78 expression has been shown to be signifi-
cantly higher in invasive ACAs than in AAH [24], but little
is known about the role of ER stress responses in the
adenoma-carcinoma sequence [20-22,24]. We therefore inves-
tigated (i) whether a splicing form (active form) of XBP1
mRNA might be expressed in normal lung tissues (NLTs)
and/or in the present ACAs; (ii) whether ATF6 and GRP78
proteins might be distributed in the cytosol and/or nucleus of
cells in NLTs and/or the present ACAs; (iii) whether different
distributions of ATF6, XBP1, and GRP78 proteins would be
revealed among the 3 lesions (low- and high-grade AAH and
ACA); and (iv) whether the incidence with which expressions
of the active forms of ATF6 and XBP1 proteins and GRP pro-
tein are translocated to the nucleus might differ among the
above 3 lesions.
2. Materials and methods

From 1980 to 2002, the surgical pathology services of the
National Defense Medical College Hospital, Tokorozawa, re-
ceived fresh-frozen tissues from 23 NLTs (resected from 23 pa-
tients with lung cancer) and 30 ACAs (resected from 30 patients
and comprising 29 nonmucinous ACAs at least focally with le-
pidic growth and 1 AIS, each of which measured ≤30 mm in
greatest diameter), and also formalin-fixed, paraffin-embedded
specimens of 35 AAH lesions of the lung (resected from 18 pa-
tients) and 34 ACAs (resected from 34 patients and comprising
25 nonmucinous ACAs at least focally with lepidic growth and
9 AIS, each measuring ≤20 mm in greatest diameter). For 7 of
the 18 patients with AAH, the specimens were stock materials
of unknown origin. Of the 35 AAH lesions, 15 were interpreted
as high grade on the basis of the finding of increased cellularity
and cytologic pleomorphism [25-27].

2.1. Reverse-transcription polymerase chain reaction

Total mRNAs were obtained from the fresh-frozen speci-
mens of the 23 NLTs and 30 ACAs that were available to
us. Total RNA was isolated using acid guanidinium isothiocy-
anate–phenol–chloroform extraction and ethanol precipita-
tion. Reverse-transcription polymerase chain reaction (RT-
PCR) was performed using a reverse transcription reagent kit
(high-capacity cDNA kit; Applied Biosystems, Alameda,
CA) and an amplification reagent kit (TaqMan EZRT-PCR
kit; Applied Biosystems) as previously reported [25]. The
sense and antisense sequences of the XBP1 primers were 5′-
CCA GTG GCC GGG TCT G-3′ and 5′-CAG AAT GCC
CAA CAG GAT ATC A-3′, respectively. PCR products were
separated by electrophoresis in a 3% to 4% agarose gel or 10%
SDS-PAGE gel and then stained with ethidium bromide. The
ratio of relative scan units for XBP1 mRNA on the membrane
was calculated as follows: spliced form over unspliced form
plus spliced form.

2.2. Western blotting analysis

The nuclear and cytosolic fractions from 2 paired tissues
(NLT and ACA from the same patient) were isolated using a
nuclear/cytosol fractionation kit (Biovision Research Prod-
ucts, Mountain View, CA). Protein concentration was quanti-
fied using a DCProtein Assay kit (Bio-Rad). Equal amounts of
nuclear and cytosolic protein extracts were separated by 7.5%
SDS-PAGE and transferred to polyvinylidene difluoride
membranes (Hybond-N+; Amersham Pharmacia Biotech,
Buckinghamshire, England). The membranes were blocked
with 5% nonfat dry milk for 60 minutes at room temperature
and then incubated overnight at 4°C with primary antibodies
against ATF6 (5 μg/mL; clone No. 70B1413; Imgenex, San
Diego, CA) and GRP78 (1:10; Thermo Scientific Pierce Anti-
bodies, Fremont, CA). Then, blots were incubated for 1 hour
with horseradish peroxidase–conjugated secondary antibodies



Fig. 1 Semiquantitative RT-PCR forXBP1mRNA inNLTs (N) and ACAs (T). PCR products were detected at 155 bp (unspliced form) and 129
bp (spliced form) in NLTs and ACA tissues in these 4 patients (case numbers: 1-4).
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and visualized by enhanced chemiluminescence (Amersham
Life Science, Arlington Heights, IL).

2.3. Immunohistochemistry

The polymer-peroxidase method (EnVision+/HRP; Dako
Cytomation, Glostrup, Denmark) was applied to deparaffi-
nized sections of 35 AAHs and 34 ACAs using mouse mono-
clonal antibodies against ATF6 (1:100; clone No. 70B1413;
Imgenex) and rabbit polyclonal antibodies against XBP1
(1:40; Santa Cruz Biotechnology, Santa Cruz, CA) and
GRP78 (ready-to-use; Thermo Scientific Pierce Antibodies).
For XBP1, the sections were boiled in 0.01 M Tris–0.001 M
EDTA buffer (pH 9.0) for 60 minutes before immunohisto-
chemistry (IHC) against the antibody. For the negative control,
the incubation step with the primary antibody was omitted.

For the analysis of cytoplasmic staining, the intensity and
extent of staining were scored from 0 to 3 and from 0 to 4,
Fig. 2 Western blotting analyses of ATF6 and GRP78 proteins in cy-
toplasmic (C) and nuclear (N) fractions in NLTs and ACAs. Both ATF6
and GRP78 proteins were detected in both fractions in normal lung and
tumor (ACA) tissues from these 2 patients (case numbers: 5 and 6). In
contrast to the findings in normal tissue, in tumor tissue, the active form
(50 kDa) of ATF6 protein was exhibited by the cytoplasmic and nuclear
fractions (predominantly by the nuclear fraction) and expression of
GRP78 protein was detected predominantly in the nuclear fraction.
respectively, with 0 representing no staining. The intensity
was scored as 1 indicating weak, 2 indicating moderate, and
3 indicating strong staining. The extent of staining was scored
as follows: 0, indicating negative reaction of tumor cells; 1,
10% or less of tumor area stained; 2, 11% to 25% stained; 3,
26% to 50% stained; or 4, at least 51% stained. For the analysis
of nuclear staining of ATF6, XBP1, and GRP78, the percent-
age of nuclei exhibiting a positive immunoreaction was deter-
mined on the basis of the immunoreaction in at least 500 cells
of AAH and in at least 1000 cells of ACA, in each case within
the area of greatest immunoreaction.

2.4. Ethics and data analysis

The present study was approved by the institutional review
board in the National Defense Medical College (No. 2812;
January 9, 2018). Differences between 2 groups in the ratio
of relative scan units (spliced form over unspliced form plus
spliced form) for XBP1 mRNA were analyzed statistically
using an unpaired Student t test. For the percentage of nuclear
expressions of ATF6, XBP1, and GRP78 proteins (by IHC),
Scheffe test was applied to the data when significant F ratios
were obtained in an analysis of variance. For the cytoplasmic
expressions of the above 3 proteins, the Kruskal-Wallis test
was performed. A P value less than .05 was considered
significant.
3. Results

3.1. Clinicopathological findings in AAH

There were 18 patients with a total of 35 AAH lesions. For
4 of these 18 patients, age and sex were uncertain. Ten of the
remaining 14 patients were male. Age at diagnosis was within
the range 51 to 71 years, with a median age of 62 years.
Among the 18 cases with 35 AAH lesions, 13 cases had only
1 AAH lesion. Five of these 18 cases were without lung can-
cer. Among the 13 cases that did have lung cancer, there were
12 cases of ACA and 1 of large cell carcinoma. The median di-
ameter of the AAH lesions was 2 mm (range, 1-13 mm). In
terms of diameter, there was no significant difference between

Image of Fig. 1
Image of Fig. 2


Fig. 3 Immunohistochemical expressions of ATF6, XBP1, and GRP78 proteins in AAH and ACA. ATF-6 (A-C), XBP1 (D-F), and GRP78 (G-
I) were expressed in the cytoplasm and nuclei (arrows) of AAH (low-grade [A, D, and G), high-grade [B, E, and H]) and ACA (C, F, and I). Scale
bars, 100 μm.
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low-grade AAH lesions (mean ± SD, 2.3 ± 2.4 mm) and high-
grade AAH lesions (4.1 ± 3.2 mm). Of the 35 AAH lesions, 15
were interpreted as high grade on the basis of the finding of in-
creased cellularity and cytologic pleomorphism [25,26].

3.2. RT-PCR for XBP1 mRNA in NLTs and ACAs

PCR products for XBP1 mRNA were detected at 155 bp
(unspliced form) and 129 bp (spliced form) in NLTs and
ACAs (Fig. 1). The mean ± SD for the ratio of relative scan
units for XBP1mRNA (spliced form over unspliced form plus
spliced form) was 3.8% ± 5.0% in the 23 NLTs and 6.8% ±
7.2% in the 30 ACAs (borderline difference, P = .068).

3.3. Western blotting analyses of ATF6 and GRP78
proteins in NLTs and ACAs

ATF6 and GRP78 proteins were detected in the cytoplas-
mic and nuclear fractions both in NLTs and in ACAs
(Fig. 2). The active form (50 kDa) of ATF6 protein was

Image of Fig. 3


Table Immunohistochemical expressions of ATF6, XBP1, and
GRP78 proteins in AAH and nonmucinous ACA of the lung

No. of
lesions

Nuclear labeling
index (%) a

Cytoplasmic
IHC score b

ATF6
AAH
Total 35 23.8 ± 19.4 c 0.2 ± 1.0
Low-grade 20 13.3 ± 10.7⁎,⁎⁎ 0.1 ± 0.4⁎⁎⁎

High-grade 15 37.9 ± 19.6⁎ 0.4 ± 1.5⁎⁎⁎

ACA 34 47.2 ± 23.9⁎⁎ 2.2 ± 2.3⁎⁎⁎

XBP1
AAH
Total 35 2.3 ± 2.7 3.0 ± 2.6
Low-grade 20 2.2 ± 2.7 2.6 ± 2.5⁎⁎⁎⁎

High-grade 15 2.3 ± 2.9 3.5 ± 2.7⁎⁎⁎⁎

ACA 34 10.6 ± 17.9 4.8 ± 2.1⁎⁎⁎⁎

GRP78
AAH
Total 34 1.2 ± 2.1 5.3 ± 0.3
Low-grade 19 0.5 ± 0.5 5.1 ± 2.3
High-grade 15 2.2 ± 2.9 5.2 ± 1.7

ACA 33 4.4 ± 8.3 4.6 ± 1.8
a For the analysis of nuclear staining of ATF6, XBP1, and GRP78, the

percentage of nuclei exhibiting a positive immunoreaction was deter-
mined on the basis of the immunoreaction in at least 500 cells of AAH
and in at least 1000 cells of ACA, in each case within the area of greatest
immunoreaction. For statistical analysis, Scheffe test was applied to the
data when significant F ratios were obtained in an analysis of variance.

b For the analysis of cytoplasmic IHC staining, the intensity and extent
of staining were scored from 0 to 3 and from 0 to 4, respectively, with 0
representing no staining. The intensity was scored as 1 indicating weak,
2 indicating moderate, and 3 indicating strong staining. The extent of
staining was scored as follows: 0, indicating negative reaction of tumor
cells; 1, 10% or less of tumor area stained; 2, 11% to 25% stained; 3,
26% to 50% stained; or 4, at least 51% stained. For statistical analysis,
the Kruskal-Wallis test was performed.

c Mean ± SD.
⁎ P = .0027.
⁎⁎ P b .0001.
⁎⁎⁎ P = .0033.
⁎⁎⁎⁎ P = .0033.
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detected in the cytoplasmic and nuclear fractions in ACAs,
predominantly in the nuclear fraction, but it was not detected
at all in NLTs. GRP78 protein in NLT was higher in the cyto-
plasmic fraction than in the nuclear fraction, whereas it was de-
tected predominantly in the nuclear fraction in ACA.

3.4. Distributions of ATF6, XBP1, and GRP78 proteins
in NLTs by IHC

By IHC, ATF6 protein was found to be either not stained at
all or only very weakly stained in the cytoplasm of a variety of
lung components, with sometimes weak staining in the nu-
cleus of bronchial surface epithelial cells (data not shown).
The expressions of XBP1 and GRP78 proteins seemed weak
and diffuse in the cytoplasm of cells within NLT, such as bron-
chial surface epithelial cells, chondrocytes of the bronchial
cartilage, serous cells of the bronchial glands, and alveolar
macrophages. XBP1 and GRP78 proteins were almost never
detected in the nucleus (data not shown).

3.5. IHC expressions of ATF6, XBP1, and GRP78
proteins in AAHs and ACAs

Expressions of ATF6, XBP1, and GRP78 proteins were
confined to the cytoplasm and nuclei of hyperplastic and neo-
plastic cells (Fig. 3). For a given protein, the intensity of stain-
ing sometimes varied within a given case.

Concerning the cytoplasmic expression, the mean IHC
score for ATF6 protein and that for XBP1 protein increased
significantly along the progression from low-grade AAH
through high-grade AAH to ACA (P b .05). However, the
mean IHC score for GRP78 protein did not differ among the
3 lesions (Table).

Concerning nuclear expression, the mean positive percent-
age for ATF6, XBP1, and GRP78 proteins increased progres-
sively from low-grade AAH through high-grade AAH to
ACA. Statistically, a significant difference for ATF6 protein
was demonstrated between low-grade AAH and high-grade
AAH, and between low-grade AAH and ACA. However, the
mean positive percentages for XBP1 and GRP78 proteins
did not differ among the 3 lesions (Table).
4. Discussion

The purpose of our investigation was to seek a better under-
standing of the relation between the ER stress response and the
pathogenesis of peripherally located AIS. We observed that
the splicing form of XBP1 mRNA did not differ statistically
between ACAs and NLTs, although there seemed to be bor-
derline significance. In our Western blotting analysis, ATF6
and GRP78 proteins were detected in both cytoplasm and nu-
cleus in NLT and in ACA, and the active form of ATF6 pro-
tein, and also GRP78 protein, had evidently translocated
from the cytoplasm to the nucleus in ACAs. Furthermore,
we found that for AFT6, XBP1, and GRP78 proteins, the per-
centage of cells with nuclear staining was higher in ACAs than
in low-grade AAH or total AAH. In the case of ATF6 and
GRP78 proteins, the percentage increased from low-grade
AAH to high-grade AAH to ACA (with the positive percent-
age in high-grade AAH apparently being intermediate be-
tween those in low-grade AAH and ACA, and in the case of
ATF6 protein tending to be closer to the latter than to the for-
mer). Moreover, the cytoplasmic IHC staining score for ATF6
protein and that for XBP1 protein increased significantly from
low-grade AAH to high-grade AAH to ACA (Kruskal-Wallis
test). Hence, our results are consistent with an up-regulation of
the response to ER stress being related to the development of
AIS. In the future, application of targeted therapies to this path-
way may provide a valuable addition to the currently available
strategies.
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In the present study, ATF6 was not stained, or stained very
weakly, in a variety of lung components. OurWestern blotting
analysis results revealed ATF6 protein to be represented only
by the 90-kDa protein in the cytosolic and nuclear fragments
of NLTs. In contrast, by IHCATF6 protein was sometimes de-
tected in the nucleus in AAH and ACA, whereas the active
form ofATF6 (50 kDa)was detected byWestern blotting anal-
ysis in the nuclear fragment of ACA. However, little or none
of the active form was detected in the cytosol fragment of
ACA. In our IHC, the number of cells with nuclear expression
of ATF6 protein was higher in ACA than in low-grade AAH.
It is well known that in several culture cells, ATF6 protein is
transformed to its active form under ER stress, and that this ac-
tive form is then translocated into the nucleus [15,16]. Thus,
our results are consistent with a hypothesis in which activation
of ATF6 protein occurs during the development of ACA and is
in parallel with the progression of the adenoma-carcinoma se-
quence in the lung. Furthermore, nuclear expression of ATF6
protein may be a useful tool for differential diagnosis of AAH
from reactive proliferation. Likewise, in our RT-PCR for
XBP1mRNA, we found the splicing form in NLTs and ACAs,
and the ratio obtained for the splicing form tended to be higher
in ACAs than in NLTs. In our IHC for XBP1 protein, the per-
centage of nuclear-positive tumor cells was higher for ACAs
than for either low-grade AAH or total AAH. These findings
support a hypothesis for XBP1 protein that is similar to that
outlined above for ATF6 protein. Interestingly, in recent re-
ports on breast and lung cancers, an increase in the spliced
form of XBP1 mRNA was found to be associated with poor
survival [23,24]. In future, additional studies will be required
to examine whether biologic aggressiveness (poor survival, re-
lapse, metastasis) is associated with changed expressions of
these proteins.

For GRP78, too, we demonstrated that its protein exhibited
translocation to the nucleus in ACA (byWestern blotting anal-
ysis) and that the percentage of nucleus-positive cells was
higher in ACA than in AAH (by IHC). Interestingly, a recent
report revealed translocation of GRP78 protein into the nu-
cleus under ER stress and suggested that this might defend
against DNA damage–induced apoptosis through a distinct
regulatory mechanism within the nucleus [19]. Kim et al
[21], who used IHC to examine GRP78 protein in 9 AAHs,
21 bronchioloalveolar carcinomas (ie, AISs), and 56 invasive
ACAs, observed significantly lower positivity in AAH than
in invasive ACAs and suggested that GRP78 expression is
up-regulated during tumor development from the benign or
preinvasive stage to the malignant or invasive stage. However,
they did not mention nuclear expression of GRP78.We are un-
sure of the reason for this apparent discrepancy concerning
GRP78 cytoplasmic expression between our results and those
of Kim et al. One possibility is the use of different materials,
and another is the use of different antibodies.

In conclusion, the results of our study of the nuclear trans-
location of ER stress proteins support a possible involvement
of such translocation in the progression of the adenoma-
carcinoma sequence in the lung.
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