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Abstract

Objective—Currently, accurately identifying endometrial cancer patients at high risk for
recurrence remains poor. To ascertain if changes in the endoplasmic reticulum (ER) stress marker,
glucose-regulated-protein-78 (GRP78) can serve as a prognosticator in endometrial cancer, we
examined GRP78 expression in patient samples to determine its association with clinical outcome.

Methods—A retrospective cohort study was conducted in endometrial cancer patients. Archived
specimens of visceral adipocytes and paired endometrial tumors were analyzed by
immunohistochemistry for GRP78 and another ER stress marker, C/EBP homologous protein
(CHOP). Expression of these markers was correlated with clinico-pathological information and
outcomes.

Results—GRP78 expression in visceral adipocytes was detected in 95% of the 179 endometrial
cancer patients with analyzable visceral adipocytes. Within individual samples, 24% of adipocytes
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(range, 0-90%, interquartile range 18%-38%) exhibited GRP78 expression. High visceral
adipocyte GRP78 expression positively correlated with advanced-stage disease (p=0.007) and
deep myometrial invasion (p=0.004). High visceral adipocyte GRP78 expression was significantly
associated with decreased disease-free survival (DFS) in multivariate analyses (hazard ratio 2.88,
95% CI 1.37-6.04, p=0.005). CHOP expression paralleled the GRP78 expression in adipocytes
(r=0.55, p<0.001) and in the tumor (p=0.018).

Conclusions—Our study demonstrates that the ER stress markers, GRP78 and CHOP, are
elevated in endometrial cancer patients. Furthermore, GRP78 expression levels in visceral
adipocytes from these patients were significantly correlated to disease stage and patient survival.
Our results demonstrate, for the first time, that the GRP78 levels in endometrial cancer patients
may be a prognosticator and aid with clinical risk stratification and focused surveillance.
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endometrial cancer; endoplasmic reticulum (ER) stress; adipocyte

Introduction

In 2012, approximately 47,130 women in the United States will be diagnosed with
endometrial cancer (EC) with approximately 8,010 succumbing to the disease, mostly due to
relapse and metastasis [1]. Currently, histological characteristics of endometrial tumors
provide marginal insight into patients' recurrence risk. This highlights the need for indicators
that reflect unique molecular processes in EC to allow for focused surveillance, early
intervention, and improved patient survival.

Obesity is a well-recognized EC risk factor [2,3]. However, the prognostic utility of obesity
for EC development remains poor [4,5]. Some have proposed an incremental increase in EC
risk for every 5 kg/m? increase in body mass index (BMI); however, whether traditional
anthropometric measurements appropriately reflect the putative mechanisms of obesity is
still unknown [6,7]. With nearly two-thirds of all US female adults considered to be obese or
overweight, the impending escalation of obesity-associated health problems poses a major
health issue [8,9]. Therefore, understanding mechanisms linking obesity to EC development
is critical [10]. Although unopposed estrogen due to the peripheral conversion of
androstenedione to estrone has been a classical paradigm for EC development in obese
women, increasing data now highlight the critical and putative role of the endoplasmic
reticulum (ER) and ER stress in obesity [11-13]. The ER is an organelle with important roles
in the folding and processing of membrane-bound and secretory proteins.

During cellular perturbations, such as those encountered by adipocytes in obesity [14], the
protein load in the ER exceeds its folding capacity, resulting in the retention of misfolded
proteins within the ER, and consequently, ER stress. Activation of the unfolded protein
response (UPR) alleviates ER stress by decreasing general protein translation and increasing
the protein folding capacity of the ER [11]. One of the most critical UPR regulators is the
78-kDa glucose-regulated protein (GRP78), a molecular chaperone protein and member of
the heat shock protein (HSP)-70 family, also referred to as BiP/HSPAS [11,15]. In addition
to its association with obesity, ER stress and GRP78 overexpression also occur in many
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human cancers, including breast, lung, gastric, prostate, hematologic, and head and neck
[11,16-32]. GRP78 expression has been shown to be critical for tumor progression and
chemoresistance, and is negatively associated with survival [11,15,33]. How GRP78
contributes to cancer progression is under investigation, but its overexpression is associated
with UPR activation, including upregulation of associated proteins: protein kinase RNA-like
ER kinase (PERK), activating transcription factor-6 (ATF6), and CCAAT/enhancer-binding
protein homologous protein (CHOP). These factors can regulate key signaling pathways,
including JNK and NF-kB, and can enhance production of secreted factors thereby
increasing cell survival and proliferation [11].

Despite the strong association between obesity and EC, it is unclear if ER stress occurs in
EC cells and/or adipocytes in these patients. While the role of ER stress and activation of the
UPR in enhancing the oncogenic potential of tumor cells is well established, it is uncertain if
adipocytes in close proximity to tumor cells mediate similar changes in response to ER
stress and UPR activation. This would be of particular interest particularly since emerging
reports now demonstrate close cross-talk between tumor cells and cancer-associated
adipocytes that may promote a more aggressive and invasive phenotype in these tumor cells
[34]. To further elucidate the relationship between visceral adipocytes and EC, we
hypothesize that increased ER stress in visceral adipocytes is an important determinant of
disease progression in patients with EC. Here, we demonstrate for the first time that ER
stress markers in adipocytes are elevated in EC patients, and that GRP78 levels in visceral
adipocytes correlate with disease state and survival. Our findings suggest that the level of
the ER stress marker, GRP78, in visceral adipocytes may represent molecular
prognosticators for EC patients that may help inform clinical management.

Patients and Methods

Clinical samples and data

After Institutional Review Board (IRB) approval, archived formalin-fixed, paraffin-
embedded (FFPE) specimens of both the uterus and visceral adipose tissue (omentum or
peri-nodal adipose tissue) from patients who underwent primary surgical treatment for
endometrial adenocarcinoma of the endometrium from January 2000 to July 2010 were
retrieved. A section of normal endometrium from the same patient served as an internal
control. Data about patient demographics, surgery, pathological diagnoses, treatment, and
clinical outcomes were culled from patient records. All visceral adipose samples were
evaluated by study pathologists to assure no tumor within the tissue block prior to analyses.
Endometrial samples from 15 hysterectomies performed for benign non-uterine indications
were evaluated as controls; patients with no cancer served as negative controls for
comparative analyses.

Immunohistochemistry staining

Immunohistochemical analyses for GRP78 (H-129, Santa Cruz Biotechnology, Santa Cruz,
CA) and the additional ER stress marker, CHOP/GADD153 (F-168, Santa Cruz
Biotechnology) were performed on FFPE samples. Briefly, freshly cut 5-um samples were
deparaffinized and rehydrated in declining grades of ethanol. Antigen retrieval was
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performed using the Retrievagen A kit (BD Pharmingen, Carpenteria, CA) with pressure
cooker. Endogenous peroxidases were blocked with 3% H,0,-PBS (Thermo-Fisher
Scientific, Pittsburg, PA) for 12-min at room temperature (RT). Non-specific epitopes were
blocked with 5% normal horse serum for 20-min at RT. Sections were incubated with
primary antibodies (GRP78, 1:100; CHOP, 1:50) at 4°C overnight with appropriate negative
controls. Vectastain Elite® avidin-biotin complex (ABC) kit (Vector Laboratories,
Burlingame, CA) was used with the species-specific secondary antibodies (45-min, RT) per
manufacturer instructions followed by 3,3’-diaminobenzidine (DAB, Phoenix
Biotechnologies, Huntsville, AL) and counterstaining with Gill's No. 3 hematoxylin (Sigma-
Aldrich, St. Louis, MO).

Evaluation of GRP78 overexpression

Immunostaining intensity within the endometrial tumor, normal endometrium, and visceral
adipocytes was defined as follows: 0=absent, 1=weak, 2=moderate, and 3=strong. The
percent distribution of GRP78 expression throughout the tumor and normal endometrium
was scored: 0=0%; 1=1 to <10%, 2=10-50%, and 3=>50%. Figure 1 illustrates
representative staining patterns for both the endometrium and adipocytes. As before,
overexpression was defined when both intensity and distribution scores are =2 [34]. Because
the adipocyte cytoplasm is generally displaced peripherally by a lipid droplet, adipocytes
expressing GRP78 of any intensity (1, 2, or 3) were defined as positive. The extent of
GRP78 distribution within visceral adipocytes was determined by the ratio of GRP78-
expressing adipocytes divided by the total number of adipocytes quantified over 5 separate
high-power-fields (HPF, 40x). Quantification of nuclear staining for CHOP in adipocytes
and tumor cells was performed similarly to GRP78.

GRP78 and CHOP expression were independently determined by two surgical pathologists
(SAS, LD) blinded to clinical information. A k-statistic of 0.801 + 0.064 (p<0.0001)
confirmed excellent agreement between pathologists. GRP78 expression in adipocytes
digitally calculated using the product of density- and pixel-measurements (Adobe Photoshop
CS2, San Jose, CA\) also correlated well with immunohistochemistry scores by the study
pathologists (Spearman's correlation r=0.55, p<0.001). All microscopy was performed using
the Olympus-BX51 microscope with the Olympus-DP25 camera (Olympus America, Inc.,
Center Valley, PA).

Statistical analysis

Disease-free survival (DFS), defined as the time from the date of hysterectomy to the date of
tumor recurrence or death, or the date of last contact if the patient was alive and disease-
free, was the primary endpoint. Overall survival (OS), as defined by the date of
hysterectomy to the date of death from any cause or date of last contact, was also evaluated.
Associations between GRP78 expression and clinic-pathological parameters were examined
using Chi-square, Fisher's exact, Wilcoxon, or Kruskal- Wallis tests, as appropriate.
Associations between GRP78 and survival were evaluated using Kaplan-Meir curves and
log-rank tests in the univariate analysis, and multivariable Cox proportional hazards
regression models to account for other potential prognostic factors. All statistical tests were
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2-sided at a significance level of 0.05 and conducted using the Statistical Analysis System
statistical package (SAS Institute Inc. version 9.2, Cary, NC).

Results

Patient characteristics and GRP78 expression

Among 246 EC patients with available tissue, 227 cases had sections of endometrial tumor,
120 had sections of normal endometrium, and 179 had visceral adipose tissue available for
immunohistochemical analysis. Demographic characteristics of the study population are
listed in Table 1. Most patients were Hispanic (72%), had stage | disease (65%), and had
endometrioid histology (85%). The majority of the study patients were obese (median BMI
34.6 kg/m?, range 20.0-74.1kg/m?). Thirty-five patients developed disease recurrence during
this follow-up period (median 2.3 years, range 0.01-10.6 years). The 5-year DFS was 78%
( 0.04%) for this study population. On univariate analysis, stage, grade, histology, presence
of lymphovascular space invasion (LVSI), deep myometrial invasion, and elevated CA-125
were associated with decreased DFS and OS (Table 1).

To determine whether or not EC itself might be associated with differential GRP78
overexpression in normal endometrium elsewhere in the uterine cavity, the extent of
endometrial GRP78 expression was examined in sections of endometrium from patients with
and without cancer. The percentage of GRP78 overexpression in histologically normal
endometrium from EC patients (n=120) was significantly higher than that seen in normal
endometrium from patients without cancer (n=15) (88% vs. 60%, p=0.011, Figure 2A),
suggesting that, compared to patients without cancer, EC patients may have higher baseline
levels of ER stress within their endometrium. When GRP78 expression was evaluated in
tumor sections from patients with EC, we found that approximately two-thirds of tumors
overexpressed GRP78 (66%). Non-endometrioid histology was associated with higher
GRP78 overexpression in visceral adipocytes when compared to endometrioid histology
(non-endometrioid vs. endometrioid, 28% vs. 22%, p=0.031, Figure 2B). Obesity (BMI =30
kg/m?2) was observed in significantly more patients with tumoral GRP78 overexpression
compared to those who did not (BMI <30 vs. 230, 74% vs. 62%, p=0.042, Figure 2C). In
contrast, obesity was not related to GRP78 overexpression in visceral adipocytes (BMI <30
vs. 230, 23% vs. 23%, p=0.56, Figure 2D).

Assessment of visceral adipocyte GRP78 levels in EC

Among the 179 patients who had available visceral adipocytes for analysis, GRP78
expression was detectable in 171 (95%); 8 (5%) patients had no GRP78 expression within
their adipocytes. The median percentage of GRP78-positive-adipocytes per sample was 24%
(range, 0-90%; interquartile range 18%-38%). Univariate analysis of GRP78 expression in
visceral adipocytes with clinico-pathologic variables showed that increasing percentages of
GRP78-expressing-adipocytes significantly correlated with advanced-stage disease (stage
-1V vs. I-11, 28% vs. 21%, p=0.005, Figure 2E). There was a trend of increasing GRP78-
expressing adipocytes with grade 3 tumors, but this did not achieve statistical significance
(Grade 1, 2, and 3, 21%, 23%, and 26%, p=0.071, Figure 2F).
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We then examined GRP78 expression in visceral adipocytes in relation to histological
characteristics of the uterus, such as depth of invasion and LVSI, which traditionally
represent the aggressiveness of endometrial tumors, and guide clinical management. We
found that increasing percentages of GRP78-expressing adipocytes significantly
corresponded with deeply invasive tumors (=50% vs. <50% myometrial invasion, 27% vs.
22%, p=0.005, Figure 2G); however, GRP78 expression in visceral adipocytes did not
appear to be as closely associated with LVSI (presence vs. absence, 26% vs. 23%, p=0.19,
Figure 2H).

We next examined the impact of GRP78 expression in visceral adipocytes on patient
survival. Patients with the highest quartile of GRP78-expressing-adipocytes (quartile 4) had
the shortest 5-year disease-free survival (27.9%) compared to those in the 1st, 2nd and 3rd
quartiles (84.3%, 77.0%, and 61.3%, respectively, p<0.001, Figure 3A).

As the primary factor involved in conditions of ER stress, GRP78 was used as the
representative marker of ER stress in multivariate analyses. Multivariate analysis with Cox
proportional hazard regression models showed that, in addition to stage and grade, the level
of visceral adipocyte GRP78 expression was also a significant independent prognostic factor
for DFS (hazard ratio 2.877, 95% CI 1.370-6.044, p=0.005, Table 2).

Assessment of tumor GRP78 and CHOP in EC

Since histologically normal endometrium away from malignant cells had some degree of
GRP78 expression, we examined whether or not malignant endometrium was associated
with higher levels of GRP78 expression than observed in contiguous histologically normal
endometrium. In 6.48% of patients, there was more GRP78 expression in the primary tumor
than that observed in normal endometrium from the same patient. On the other hand,
69.45% of patients had comparable GRP78 expression levels both in the tumor and in the
histologically normal endometrium, and 24.07% of patients had decreased tumoral GRP78
expression compared to histologically normal endometrial expression in the same patient.
Patients with advanced stage disease in whom tumoral GRP78 expression was relatively
higher than that in histologically normal endometrium demonstrated somewhat shorter time
to progression compared to those with the same or decreased tumoral GRP78 expression
relative to histologically normal endometrium, although this was of borderline statistical
significance (p=0.057, Figure 3B). The relatively sparse number of patients with early stage
disease who progressed precluded this same evaluation of time to progression. While higher
tumoral expression of GRP78 suggests a trend towards worse DFS without reaching
statistical significance, GRP78 levels in visceral adipocytes did retain significant prognostic
ability in predicting DFS and may represent a more pertinent EC marker than GRP78 levels
in the endometrium itself.

To obtain further evidence supporting the presence of ER stress within endometrial tumors
and adipocytes, expression of another ER stress marker, CHOP, was examined in
endometrial tumors and adipocyte. CHOP expression correlated well to GRP78
overexpression within adipocytes (Spearman's r=0.55, p<0.001, Figure 4A) and in
endometrial tumors (GRP78 overexpression in CHOP overexpression vs. non-
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overexpression, 75% vs. 33%, p=0.018, Figure 4B), suggesting that ER stress occurs in EC
and may be a factor in its progression.

Discussion

Visceral adipocytes as prognostic markers of EC progression are unexplored. Our results
suggest that GRP78 expression in visceral adipocytes of EC patients is predictive of clinical
outcome. Higher GRP78 levels in visceral adipocytes appear to closely reflect advanced
stage and deep myometrial invasion. More specifically, we showed that patients with the
highest quartile of GRP78-expressing adipocytes experienced worse overall survival. While
interpretation of the full impact of visceral GRP78 expression on overall survival is limited
due to the infrequent deaths observed during the study period, the association of visceral
GRP78 expression with disease recurrence remains robust. GRP78 levels in visceral
adipocytes retained important prognostic utility as a significant predictor of DFS. In short,
patients with lower levels of visceral adipocyte GRP78 fared better than those with higher
levels.

Precisely how obesity contributes to EC development and progression remains unclear. The
causal mechanism for this association has rested on observational studies showing that a
hyperestrogenic state in obesity leads to increased conversion of androgens to estrone and
estradiol within adipose tissues and mitogenic effects on the endometrium [5,35]. However,
increasing evidence suggests that obesity-related estrogen is unlikely to be the single driver
for EC development [5]. This suggests other factors including estrogen independent ones
may contribute to EC progression, such as those triggered by UPR activation in response to
ER stress in EC patients.

To further investigate the effects of obesity on the endometrial tumor, and specifically the
relationship of the UPR marker GRP78 in the endometrial tumor itself, particularly among
obese women. In doing so, we identified that high tumoral GRP78 expression was more
frequently observed among obese patients. Furthermore, we also demonstrated that
histologically normal endometrium can variably express GRP78, a finding that is consistent
with previously reports [36]. To determine whether or not estrogen plays a direct effect on
ER stress in human EC cells, Guzel and colleagues directly applied estradiol to Ishikawa
cells, and showed no GRP78 induction [37]. In fact, pre-treatment of both Ishikawa cells and
primary endometrial stromal cells appeared to abrogate chemically-induced ER stress,
further supporting that estrogen exposure may not directly increase endometrial ER stress
[37]. These findings seem to contradict an earlier study by Ray and colleagues that showed
that GRP78 levels in murine uteri are up-regulated by exogenously delivered estrogen and
estrogen-like compounds. However, these effects seen in mice appear to be independent of
canonical estrogen-receptor mediated pathways [38,39]. Recently, Bifulco and colleagues
reported increased GRP78 protein levels in Stage | endometrial tumors from 12 patients;
however, limited data regarding the inherent variability of GRP78 expression in adjacent
normal endometrium, as well as the endometrial histology of control samples make full
understanding of these results difficult [40].
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While changes in subcutaneous adipocyte GRP78 levels have been noted in obesity studies,
our work is the first to record elevated levels of GRP78 in the visceral adipocytes in EC
patients [14]. Obesity, also referred to as nutritional excess, is a well-characterized inducer
of ER stress [13]. Studies examining the biochemical effects of nutritional excess have
shown UPR induction and GRP78 activation in the liver and subcutaneous adipocytes in
oncogenic and non-oncogenic murine and human models [14]. While GRP78 is a key
component of the UPR, other components of the UPR are likely to also play a role in
conditions associated with obesity and metabolic stress. These factors may include CHOP,
whose expression in visceral adipocytes, as demonstrated, closely reflected that observed
with GRP78 in our patient population. While CHOP activity is typically associated with
promoting ER stress induced apoptosis, its function in chronic diseases like cancer remains
unclear, especially when occurring in conjunction with GRP78 overexpression.

Recently, the role and function of visceral adipocytes in various cancers has come under
increased scrutiny, and evidence suggests that they are not simply benign bystanders
[5,41-44]. Nieman and colleagues recently used in vitro and in vivo models to show that
adipocytes may directly alter the metastatic phenotype of ovarian cancer cells by metabolic
and lipolytic alterations [44]. These findings provide further mechanistic support for new
antitumor therapeutic studies focusing upon adipocyte-targeting, and obesity reduction,
including a novel, ongoing therapeutic clinical trial [43,45].

Our results demonstrate a link between EC and GRP78 levels in visceral adipocytes. While
the conclusions and findings from our study are subject to the limitations of single-
institution, retrospective studies (e.g., applicability in other patient populations), we believe
the biological process of ER stress seen in visceral adipocytes and their role in endometrial
cancer growth merit additional investigation in other patient cohorts. Some of the
statistically significant differences we observe in adipocyte GRP78 expression and disease
stage or depth of invasion may appear modest in magnitude. However, we believe that
exploring these relationships still provides an important framework upon which to better
understand the clinical implications of this process. Until now, the contribution of omental
adipocytes to cancer development and progression may have been underestimated. We show
that the levels of ER stress markers analyzed in visceral adipocytes may potentially play a
more predictive role than their levels within the endometrium itself. Indeed, while we did
observe more GRP78 overexpression in normal endometrium from patients with cancer than
from patients without cancer, we also acknowledge that intrinsic differences between these
two populations, including BMI or menopausal status, may also contribute to this difference,
further highlighting the dynamic role of ER stress in the endometrium.

Precisely how GRP78 expression in visceral adipocytes undergoing ER stress contributes to
EC progression remains unclear. Although tumor aggressiveness and even ER stress may be,
in part, due to increased angiogenesis, tumor microvessel density (MVD) in our patient
cohort did not appear to correlate with GRP78 expression in the tumor (Wilcoxon test,
p=0.53) or in the adipocytes (Spearman's coefficient=0.099, p=0.5; data not shown). While
the production of cytokines and adipokines by adipocytes is well-reported in the literature
[44,46] the specific inciting factor or molecular event triggering this production and release
is not understood. Given the critical role GRP78 plays in the tumor development and
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progression, one may speculate that ER stress and GRP78 in adipocytes may elicit increased
adipokine production that acts on adjacent tumor cells and/or the local microenvironment
and enhances progression. Conversely, EC cells experiencing ER stress may be undergoing
changes in expression of factors that impacts their local environment, giving rise to ER
stress in neighboring cells including visceral adipocytes.

Currently, the precise relationship between UPR activation in the endometrium in EC
development and progression are not clearly understood. We demonstrate that GRP78 levels
in visceral adipocytes correlate with disease stage and patient survival, and may have
clinical utility as a prognosticator for EC. Lastly, our findings may represent a unique
opportunity to assay for ER stress and GRP78 induction in easily accessible tissues, which
may guide clinical management for EC patients.
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Fig. 1.

GRP78 immunohistochemistry in endometrial tumor and visceral adipocytes.

Intensity is determined as negative (0), weak (1+), moderate (2+), and strong (3+) in tumor
and adipose tissue. Individual cell: adipocyte from 100x image is magnified. Abbreviation:
GRP78, glucose-regulated-protein-78.
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Fig. 2.
GI%P?S expression in visceral adipocytes in endometrial cancer.

P-values were based on Fisher's exact test, Chi-square test, Wilcoxon two-sample test, or
Kruskal-Wallis test whenever appropriate. (A) Proportion of GRP78 overexpression in
normal endometrium is shown for patient with EC and for patient without cancer. (B)
Proportion of GRP78 (+) expression in visceral adipocytes by histology. (C) Proportion of
tumoral GRP78 overexpression by obesity. Proportion of GRP78 (+) expression in visceral
adipocytes based on obesity (D), FIGO stage (E), FIGO grade (F), deep myometrium
invasion (G), and LVSI (+) (H). Abbreviations: GRP78, glucose-regulated protein 78; BMI,
body mass index (kg/m?); FIGO, the International Federation of Gynecology and Obstetrics;
and LVSI, lymphovascular space invasion.
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GRP78 expression and endometrial cancer free survival.
Log-rank test. Disease-free survival curves were constructed by visceral adipocyte GRP78
expression using Kaplan-Meier method (A) based on quartiles (B) Survival significance was
evaluated for tumoral GRP78 overexpression based on the relative expression to normal

endometrium as internal control.
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GRP78 and other ER stress markers in endometrial cancer.

(A) Spearman's correlation between percent expression of CHOP and GRP78 in visceral
adipocytes. (B) Proportion of GRP78 overexpression in tumor based on CHOP
overexpression.
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Table 2
Multivariate analysis for disease-free survival outcome in endometrial cancer

HR (95% CI) P-value
FIGO stage 9.192 (3.540, 23.869) <.0001
FIGO grade 1.847 (0.873,3.907)  0.11

Visceral adipocyte GRP78  1.491 (1.017,2.185)  0.041

Multivariate Cox proportional hazards regression model. Hazard ratio represents stage (111-1V vs. I-11), grade (3 vs. 1-2), and visceral adipocyte
GRP78 (quartiles from 1 to 4), respectively. Abbreviations: HR, hazard ratio; 95% CI, 95% confidence interval; FIGO, the International Federation
of Gynecology and Obstetrics stage; and GRP78, glucose-regulated protein 78.
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