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Practice points

e Leucine-rich repeat-containing G-protein-coupled receptor 5 (LGR5) is a colorectal cancer (CRC) stem cell marker.

e LGR5 protein expression was noted to be higher in CRC samples than in noncancerous tissue.

e Our study noted a trend of an increase in the expression of LGR5 as we progress from normal through stage I,
with a subtle drop off noted as we progress to stage IV.

e Actuarial analysis using the Kaplan-Meier yielded LGR5 expression, as a potential prognostic variable.

e The LGRS5 (high) cohort had a median overall survival time of 9 years compared with 6.3 years for the LGR5 (low)
cohort (p = 0.01).

e CRC patients overexpressing LGR5 exhibited a better clinical overall survival (p = 0.028).

e LGR5's prognostic significance was more pronounced in stage Il CRC patients than in stage |, lll or IV CRC patients.

e LGR5 was noted to have potential prognostic values for prognostication in this cohort of patients, with LGR5
overexpression noted to be an independent prognostic variable for an improved overall survival outcome.

e LGR5 is an independent prognostic marker for better clinical outcomes in CRC patients and might be used as a
potential therapeutic target in CRGs.

Aim: Toanalyze the clinicopathologic and prognostic significance of Leucine-rich repeat-containing G-
protein-coupled receptor 5 (LGR5), a cancer stem cell marker expression in a cohort of colorectal cancer
patients (CRC). Patients & methods: A total of 76 formalin-fixed paraffin-embedded tissue blocks of pri-
mary or metastatic tumors from 49 CRC patients were collected for duration 2009-2015. LGR5 expression
was assessed through immunohistochemical staining of a tissue microarray. Results: LGR5 was significantly
over expressed in CRC tissue samples and found to be a statistically significant independent prognostic
marker for an improved overall survival. Conclusion: LGR5 expression was higher in colorectal cancer than
in normal tissue. LGR5 was an independent prognostic marker for better clinical outcomes and might be
used as a potential therapeutic target in CRCs.
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Colorectal cancer (CRC) ranks third among both males and females, in both incidence and cancer-related deaths,
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accounting for approximately 9% of all cancer-related deaths in the USA [1]. Approximately 4-19% of patients
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who are diagnosed with CRC will be found to have peritoneal metastasis (PM), following an index curative surgical
intervention. Likewise, approximately 44% of patients undergoing surgery for a diagnosis of recurrent CRC will be
found to have PM [2,3]. For CRC patients diagnosed with metastatic disease confined to the peritoneal cavity, a novel
therapeutic approach, cytoreductive surgery in combination with hyperthermic intraperitoneal chemotherapy offers
this cohort of patients a 5-year survival of up to 40% when a complete cytoreduction is achieved [4]. Unfortunately,
despite these advances in multimodal treatment including systemic therapy (5], peritoneal metastasis remains
a significant problem, due in part to a lack of effective diagnostics and therapeutics, underpinned by gaps in
our understanding of molecular drivers of cancer and its progression. Hence, novel and effective diagnostic and
therapeutic approaches are urgently required to achieve long-term favorable clinical prognosis for CRC patients
with PM.

A postulated theory behind CRC-PM recurrence following a presumed effective therapeutic intervention, is that
of the cancer stem cells (CSCs), which are thought to be resistant to chemotherapeutic agents used for treatment
and thus able to lead to tumor recurrence. These CSCs are therefore postulated to be the driving force behind cancer
progression and metastasis, making them ideal therapeutic and diagnostic targets that can be identified by several
specific markers including; Leucine-rich repeat-containing G-protein-coupled receptor 5 (LGRS5). Ricci-Vitiani
et al. documented that CRC originates from and is propagated by a small number of undifferentiated tumorigenic
CRC:s [6]. Barker ¢r al. discovered that LGRS is expressed in the crypt base of the small and large intestines and
qualifies as the stem cell marker for cells with intestinal differentiation (7-91.

Onset and progression of CRC usually involves a dysregulation of the Wnt/B-catenin signaling pathway, often
activated by an APC gene mutation, a known negative regulator of the Wnt pathway [10,11). LGRS5 is found on
Wnt/B-catenin-dependent adult stem cells of the colon and regulates Wnt signaling to R-spondin receptors [12].
Unfortunately, the underlying mechanisms for the involvement of LGRS5 in carcinogenesis are poorly understood.
LGR5 overexpression has been associated with recurrence, metastasis and poor prognosis in CRC. Conversely,
Ziskin et al. found no correlation with prognosis, concluding that LGRS expression is not associated with a poor
prognosis, as might be anticipated for a CSC marker [13]. It is obvious that the role of LGR5 in CRC progression,
metastasis and patient survival remains controversial. Our goal was to analyze the clinicopathologic and prognostic
significance of LGR5 expression in a cohort of CRC patients.

Methods & material

Patients & tissue specimens

Formalin-fixed paraffin-embedded (FFPE) tissue blocks of primary or metastatic tumors from 49 CRC patients
were collected from MedStar Georgetown University Hospital for surgical events in the period 2009-2015. LGR5
expression was assessed at the protein level through immunohistochemical (IHC) staining of a tissue microarray
(TMA) consisting of pairs of tumor tissue cores obtained from each of the FFPE blocks. Three CRC cohorts were
identified for TMA construction and IHC staining: Group one: a total of 7 patients with paired but independent
primary and distant metastasis surgical resection events; Group two: a total of 22 patients with distant metastatic
resection (Zlocal tumor resection); and Group three: 20 patients with primary tumor resection (nonmetastatic).
The metastatic lesions in the Group one cohort included tumor tissue from abdominal wall, liver, small intestine
and kidney/ureter, while the metastatic lesions in the Group two cohort included tissue from liver, omentum,
ovary, soft tissue and uterus. Across the TMA series, 60 total surgical events from the study cohort (n = 49) were
represented; 38 patients had single surgery and 11 patients had two surgical events.

The correlation between LGRS expression and clinicopathologic parameters (gender, age at diagnosis, American
Joint Committee on Cancer staging, lymph node status, histopathology retrieved from the patient’s medical records
and prognosis) was assessed by statistical analysis.

Research use of de-identified tissue specimen and data was approved under Institutional Review Board protocols
1992-048 and 2007-345 and through the Biospecimen Use Committee at Georgetown University Medical Center.
The Reporting Recommendations for Tumor Marker Prognostic Studies (REMARK) [14] was used to report this
study.

Tissue microarray

Archival FFPE tissue blocks of primary or metastatic CRC tumors and their respective normal tissues were identified
from participants enrolled in the Indivumed biobank of Georgetown University Medical Center. Sections were cut
for hematoxylin—eosin staining with regions assessed to be histopathologically representative of viable tumor, which
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were used for construction of a series of four TMA blocks. Paired tissue cores of 2.0 mm diameter were punched
from each donor block and transferred into a recipient paraffin block. Tissue controls on the TMA included
20 noncancerous colon samples, 10 cell lines and 4 benign tissues (kidney, liver, prostate and testis). Cell line
preparation included fixation followed by pelleting and subsequent re-suspension of the cells in HistoGel media in
order to punch plugs of dispersed cells for the TMA series. A minimum of two cores per tissue and cell block were
obtained, resulting in a total of 230 cores for analysis.

Immunohistochemistry analysis

IHC staining was performed on 45 pm sections obtained from each TMA receiver block [15,16); following this, these
sections were deparaffinized and rehydrated. Next, endogenous peroxidase was blocked for 20 min in 3% hydrogen
peroxide in water, following which the slides were treated for antigen retrieval in citrate buffer (pH 6) for 10 min at
95°C (DAKO PT Link, Glostrup, Denmark). The sections were then incubated for 1 h at room temperature with
primary antibodies, anti-LGR5 antibody (clone OTI2A2 Origene, MD, USA). The optimal dilution for staining
colon cancer tissue sections was optimized for the LGRS antibody. After 30 min of incubation with DAKO envision
containing horseradish peroxidase-conjugated goat anti-mouse secondary antibodies (K4001, Agilent, Glostrup,
Denmark), the sections were visualized using a diaminobenzidine solution (DAB+; Agilent kit). The sections were
counterstained with hematoxylin, dehydrated and mounted with Acrymount (Statlab, Mckinney, TX, USA). The
entire slides were scanned for further analysis.

Scoring

The TMA sections were semiquantitatively scored for LGRS staining by pathologist (Brent Harris) on an Olympus
BX53 brightfield microscopy, Olympus corporation, MA, USA. Scanned images were also scored (Deborah Berry).
The intensity and percentage of positive tumor cells within each core were scored independently and categorized.
The intensity score of epithelial staining was defined as zero when there was no staining; one for weak staining; two
for moderate staining; or three for strong staining. The TMA slide was scanned at 40 x using Vectra 3.0 Automated
Quantitative Pathology Imaging System, Akoya Biosciences, MA, USA. Ten fields were randomly selected from
each slide for quantification. Automated quantification was performed using inForm software version 2.4.1 (Perkin
Elmer, MA, USA). The percentage of cells stained was scored zero none, one low, two medium, three high. The
immunoreactive score was used for the final scoring. Immunoreactive score gives a range of 0—12 as a product of
multiplication between positive cells proportion score (0—4) and staining intensity score (0-3) [17].

Statistical analysis

Descriptive statistics was used to assess the frequency distributions among the groups. Categorical variables between
groups were compared with univariate analysis using chi-square statistics. Differences in group means were evaluated
using one-way analysis of variance (ANOVA F test). Equality of survivorship for outcome measure overall survival
as a function of the LGR5 groups was assessed using the log-rank test of Kaplan—Meier. The primary objective
of the analysis was to identify factors associated with overall survival (OS). OS was defined as the time interval
between the date of surgery and date of death or last follow-up. An actuarial analysis was performed initially, using
the Kaplan—Meier method with two-tailed log-rank p-values to evaluate potential prognostic variables. Based on
the univariate analyses, we constructed confounder models using the Cox proportional hazards model, to estimate
the degree to which patient demographics and clinicopathologic tumor characteristics affected survival and the
estimates from these models provided hazard ratios and 95% CI adjusted for all variables in the model. Life
tables were used to calculate 3- and 5-year OS rates. p-values were two-sided, with values of <0.05 considered as
statistically significant. Statistical analyses were performed using SPSS 24.

Results
Of the 49 patients in our study cohort, 30 (61%) were females versus 19 (39%) males. Age at initial diagnosis
ranged from 31.8 to 84.6 years, with a median age of 61.4 years. To assess the protein expression of LGR5 in
CRCs, IHC staining of a TMA was performed on a series of primary or metastatic tumors, as well as benign colonic
and noncolonic control tissues and, well-characterized cell lines. Upon analysis of individual cases, LGR5 protein
expression was noted to be higher in CRC samples than in noncancerous tissue (Figure 1A).

We observed a high Spearman correlation between our pathologist’s (Brent Harris) visual scores generated for
individual TMA spots and our digital image analysis (p = 0.00). We conducted a one-way ANOVA to evaluate
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Figure 1. LGR5 expression in colon cancer. (A) Immunohistochemistry staining normal colon and stages I-1V colon
cancer; representative images are shown. (B) Error bar graph, displaying the means and standard deviations for LGR5
staining intensity for each group; normal colon and stages |-V colon cancer.

the relationship between tumor stage and LGR5 expression. The independent variable, the tumor stage factor,
included normal tissue and stages I-IV colon cancer. The dependent variable was LGRS expression. The ANOVA
was significant, p = 0.05. A trend is observed with an increase in the expression of LGR5 noted as we progress from
normal through stage I1I, with a subtle drop off noted as we progress to stage IV. An error bar graph, displaying the
means and standard deviations for LGRS expression (staining intensity) for each group, normal colon and stages

I-IV colon cancer is shown in (Figure 1B).
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Table 1. Patient and tumor characteristics as a function of Leucine-rich repeat-containing G-protein-

coupled receptor 5.

Characteristics LGRS (high) LGRS5 (low) p-value
(n =35) (n =25)

Gender

- Female 18 (51.4%) 17 (68.0%) 0.289

- Male 17 (48.6%) 8 (32.0%)

Age at diagnosis (mean SD) 58.2 (12.4) 60.4 (13.6) 0.522

Optical density (mean SD) 92.9 (32.4) 54.8 (16.4) 0.000

Number of cells LGR5 positive (mean SD) 6384.09 (3881) 3790.16 (2967) 0.007

American Joint Committee on Cancer staging

- Stage 1 1(2.9%) 4(16.0%)

- Stage 2 11(31.4%) 5(20.0%)

- Stage 3 8 (22.9%) 3(12.0%) 0.177

- Stage 4 15 (42.9%) 13 (52.0%)

Lymph node status

— Negative 18 (51.4%) 13 (52.0%) 0.821

- Positive 17 (48.6%) 12 (48.0%)

Distant metastasis

- Primary 16 (47.1%) 11 (42.3%) 0.965

- Metastasis 19 (54.3%) 14 (56.0%)

Histopathology

- Poorly differentiated 7 (25.0%) 6 (28.6%)

- Moderately differentiated 20 (71.4%) 12 (57.1%) 0.346

- Well differentiated 1(3.6%) 3 (14.3%)

LGRS5: Leucine-rich repeat-containing G-protein-coupled receptor 5; SD: Standard deviation.

Table 2. Equality of survivorship for outcome measure overall survival as a function of Leucine-rich

repeat-containing G-protein-coupled receptor 5 was assessed using the log-rank test of the Kaplan-
Meier and life tables.

Characteristics LGRS (high) LGRS5 (low) p-value
(n =35) (n =25)

Median follow-up time 5.2 years (1.8-9.3) 5.0 years (0.8-9.3)

3 years overall survival 94% 72%

5 years overall survival 75% 53%

Median overall survival 9.0 years 6.3 years 0.01

LGR5: Leucine-rich repeat-containing G-protein-coupled receptor 5.

The clinicopathological characteristics of our study cohort as a function of LGR5 expression are presented in
Table 1. No significant differences were observed between the cohorts of LGR5 (high) versus LGR5 (low), with
regards to gender, age at diagnosis, American Joint Committee on Cancer staging, lymph node status, distant
metastasis and histopathology. The mean optical density for the cohort of patients classified as LGR5 (high) was
92.9 versus 54.8 for the LGR5 (low) cohort (p = 0.00).

Survival analyses
Duration of follow-up ranged from 0.8 to 9.3 years with a median of 5.2 years for the entire study cohort. Median
follow-up time for the cohort LGR5 (high) was 5.2 versus 5.0 years for the LGR5 (low) cohort (Table 2). The LGR5
(high) cohort had a median OS time of 9 years compared with 6.3 years for the LGR5 (low) cohort (p = 0.01).
The 3- and 5-year OS rates were: 94, 75, 72 and 53%, respectively, for the LGRS (high) and LGR5 (low) cohorts
(Table 2).

Actuarial analysis using the Kaplan—Meier yielded LGRS expression as a potential prognostic variable Figure 2A.
CRC patients overexpressing LGRS exhibited a better clinical OS (p = 0.028).

LGR5’s prognostic significance was more pronounced in stage II CRC patients than in stage I, III or IV
(Figure 2b).

Constructing a confounder model using Cox regression analysis and including all variables assessed in univariate
analysis, LGR5 remarkably emerged as the only statistically significant independent predictor of OS on multivariate
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Figure 2. Univariate survival analysis of the entire cohort of patients with colorectal cancer as a function of Leucine-rich
repeat-containing G-protein-coupled receptor 5.

analysis (Table 3). Patients underexpressing LGR5 (low) (hazard ratio: 3.3; 95% CI: 1.1-9.7; p = 0.029) were more
likely to have a shorter survival when compared with patients overexpressing LGR5 (high).

Discussion

Our objective in this study was to analyze the clinicopathologic and prognostic significance of LGR5 expression in a
cohort of CRC patients. Remarkably, our study shows LGRS to have potential prognostic values for prognostication
in this cohort of patients, with LGR5 overexpression noted to be an independent prognostic variable for an improved
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Table 3. Cox proportional hazards model for overall survival.
Characteristics HR (95% ClI) p-value

Histopathology
— Poorly differentiated’

— Moderately differentiated 1.0 (0.2-4.0) 0.943
- Well differentiated 4.0 (0.4-38.5) 0.230
LGR5 status

— High'

— Low 3.3(1.1-9.7) 0.029

Distant metastasis
- Distant metastasis

- vs no distant metastasis 0.7 (0.1-3.5) 0.678
Gender

- Femalef

—vs male 2.1(0.6-7.1) 0.226
Age at diagnosis 1.0 (0.9-1.0) 0.995
Lymph node status

- Negativef

— Vs positive 1.3(0.1-12.6) 0.777
American Joint Committee on Cancer staging

—Stage 17

—Stage 2 0.8 (0.1-7.2) 0.901
—Stage 3 1.9 (0.0-39.4) 0.678
—Stage 4 0.9 (0.0-15.2) 0.949

TReference group.
HR: Hazard ratio.

OS outcome. Our finding of the positive prognostic significance of LGRS overexpression in a cohort of CRC patients
confirms the findings of authors such as Jang ez al. (18], Wu et al. [19] and runs contrary to the popular belief of
CSC as the driving force behind cancer progression and metastasis. Our study using IHC staining of a TMA to
evaluate the protein expression of LGRS, defines LGR5 as being overexpressed in CRC patients when compared
with noncancerous colonic tissue and cancerous noncolonic tissue, hence making LGR5 a promising candidate for
targeted therapy and diagnostics in CRC patients.

Also observed in our study was a trend toward an increase in the expression of LGRS in the CRC tissues as we
progressed from normal through stage I11, with a subtle drop off noted as we progressed to stage IV. A similar trend
was reported by Zhou ez al. [20], who documented that, although there were overlaps in LGRS expression between
the different CRC stages, the average density of LGRS staining was higher in the earlier stages I and II tumors
when compared with normal crypts and were lower in the later stages III and IV tumors when compared with
stages I and II tumors. Zhou ez al. theorize that these results show that expression of LGR5 decreases in advanced
stages of colon cancer as compared with the early stage disease, indicating that there may be an active selection for
LGRS expression early in CRC progression, or that this phenomenon may simply reflect the origin of the tumors as
derived by clonal expansion of LGR5-positive stem cells, with suppression thereafter following tumor progression.

Jang et al. (18] studying the prognostic significance of LGRS using RNA 77 situ hybridization in a large cohort
of CRC samples also reported a similar finding, documenting that LGRS expression was significantly lower in the
metastatic cancer cells. Jang et a/. also documented that LGR5 expression was much higher in CRC tissues than in
noncancerous tissue and matched colon tissues (p < 0.01) findings, which support our own results. Additionally,
Jang ez al. notably found LGR5 overexpression to be an independent prognostic marker associated with better
survival. In an elegant study to explain this observed outcome, the authors document that overexpression of LGR5
impaired cancer progression by reducing ERK phosphorylation in addition to reducing the colony-forming and
migration potentials in DLD1 cells. Also, knockdown of LGR5 expression in their study led to a reduction of the
colony-forming and migration potentials in LoVo cells. Jang ez a/. conclude that their data suggest a suppressive
role of LGR5 in CRC progression. Other recent publications have also documented a tumor-suppressive role of
LGRS5 signaling in human CRCs.

Wu et al. 19] studied RSPO2-LGRS signaling and showed an inhibitory effect on cell growth mediated by a Wnt
signaling-negative feedback loop, which is activated by RSPO2 acting as a tumor suppressor, through a RSPO2-
induced, LGR5-dependent pathway. Zhou ez al. [20] states that their study uncovers a novel cross-talk between
LGR5 and TGEF signaling in colon cancer and identifies LGR5 as a new modulator of TGF signaling able to
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suppress colon cancer metastasis. Melo e a/. [21] demonstrated that high expression levels of Wnt-targeted genes,
which comprise ASCL2, LGR5, AXIN2 and APCDDJ1, are associated with a favorable prognosis in CRC patients.
Xiang-Shan et al. documented that upregulation of LGRS expression, especially in female patients, may play an
important role in colorectal carcinogenesis, probably through the WNT/B-catenin pathway, but no involvement
in the progression of the CRC [22]. Other studies have documented LGR5 as having a negative prognostic influence
in CRCs [23-25].

A review of the literature highlights the controversy swirling around the role of LGR5 in CRC progression,
metastasis and more importantly patient survival, further emphasizing the gaps in our understanding of molecular
drivers of CRC and its progression. Understanding and deciphering the true underlying mechanism associated with
LGRS inhibition or stimulation will be key to a successful translation of LGRS5 as a diagnostic and therapeutic
target. A Phase I, dose escalation study of an anti-LGR5 humanized monoclonal antibody in patients with
metastatic CRC was recently terminated following the sponsor’s decision (ClinicalTrials.gov identifier [NCT
number]: NCT02726334). The stated aim of this anti-LGR5 was to prevent CRC recurrence and improve
disease-free survival by targeting LRG5. The reasons for termination of this clinical trial have not been made
known publicly. Most recently Nagata ez a/. [26] found that a negative LGR5 expression was a significant predictor
of peritoneal recurrence in patients with pT4 colon cancer, while Sato er 2/ 271 documented that there was a
significant difference in OS between the LGR5-positive group and LGR5-negative group, with a Cox proportional
hazards models revealing the LGR5-positive group as having a better OS.

Other stem cell markers for CRC studied in the literature include CD44 and CD24, of which Sadeghi ez 4/. (28]
documented an inverse association with tumor aggressiveness for the epithelial isoform of CD44. Mirzaei ez al. [29]
elucidated the expression of doublecortin-like kinase 1 (DCLK1), another known stem cell marker in CRC and
LGRS expression, showing a higher mRNA expression level of both doublecortin-like kinase 1 and LGR5 in CRC
samples, with a documented positive correlation between these two stem cell markers noted in their cohort of

patients with CRC.

Conclusion & future perspective
Our study validates the overexpression of LGR5 in CRC and supports its potential prognostic value.

This study has some important limitations, including the small cohort study size, its retrospective nature, which
makes it difficult to control bias and confounders and, makes it difficult to establish cause and effect. Despite these
limitations, our study underscores that LGRS is a promising candidate for targeted therapy and diagnostics in CRC
patients with peritoneal metastasis.

In conclusion, LGRS expression was higher in CRC than in normal mucosa. LGRS5 is an independent prognostic
marker for better clinical outcomes in CRC patients and might be used as a potential therapeutic target in CRCs.

Itis our belief that as the era of personalized medicine continues to evolve, and with the ever-increasing knowledge
and use of targeted therapy for treatment of cancer, the need for ideal tumor protein targets is becoming ever more
paramount. LGRS5 appears to be an ideal tumor protein target for CRC, with its localization on the cell membrane,
its diffuse upregulation throughout CRC tissue and its upregulation in the majority of CRC patients making it an
ideal theranostic agent for CRC care.
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