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Abstract: G protein-coupled receptor 55 (GPR55) probably plays a role in innate immunity and tumor
immunosurveillance through its effect on immune cells, such as T cells and NK cells. In this study, the
prognostic value of GPR55 in colon cancer (CC) was investigated. mRNA expression levels of GPR55
were determined in 382 regional lymph nodes of 121 CC patients with 12 years observation time
after curative surgery. The same clinical material had previously been analyzed for expression levels
of CEA, CXCL16, CXCL17, GPR35 V2/3 and LGR5 mRNAs. Clinical cutoffs of 0.1365 copies /185
rRNA unit for GPR55 and 0.1481 for the GPR55/CEA ratio were applied to differentiate between
the high- and low-GPR55 expression groups. Kaplan—-Meier survival analysis and Cox regression
risk analysis were used to determine prognostic value. Improved discrimination between the two
groups was achieved by combining GPR55 with CEA, CXCL16 or CXCL17 compared with GPR55
alone. The best result was obtained using the GPR55/CEA ratio, with an increased mean survival
time of 14 and 33 months at 5 and 12 years observation time, respectively (p = 0.0003 and p = 0.003)
for the high-GPR55/CEA group. The explanation for the observed improvement is most likely that
GPR55 is a marker for T cells and B cells in lymph nodes, whereas CEA, CXCL16 and CXCL17, are
markers for tumor cells of epithelial origin.
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1. Introduction

G protein-coupled receptor 55 (GPR55) is a member of a large family of signaling
receptors in humans, of which several members are targets for approved drugs [1]. GPR55 is
structurally related to GPR35, GPR92 and GPR23 [2]. Recent single-cell sequencing studies
have revealed that in colon, GPR55 is expressed predominantly in T cells and, to some
extent, in goblet cells, distal enterocytes and enteroendocrine cells [3]. In lymph nodes, only
T cells and B cells express GPR55 [3], which is in agreement with earlier studies showing
that GPR55 is expressed in immune cells, including plasma cells and NK cells [3-5].

GPR55 acts as regulator in innate immunity and tumor immunosurveillance via
stimulatory effects in immune cells, such as T cells and NK cells [3-6]. In mice, GPR55 was
found to be abundantly expressed by all types of small intestine intraepithelial lymphocytes
(IELs), with the highest expression in CD8y6T-cells [6]. Here, GPR55 mediates migration
inhibition of IELs in response to the natural ligand lysophosphatidylinositol (LPI) and
negatively regulates TCRyd IEL accumulation in the small intestine [6]. Because human
8T cells also express GPR55, it is possible that GPR55 has similar functions in humans [3,5].
LPI was reported as the endogenous agonist of GPR55, being expressed in various cancers
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in an aggressiveness-related manner, suggesting a role of the LPI/GPR55 axis in cancer [7].
Whether the level of GPR55 mRNA in the primary tumor of colorectal cancer (CRC) patients is
associated with positive or negative prognosis has been investigated in three studies [3,8,9]. In
one study, the authors found a significant association between high GPR55 mRNA levels and
negative prognosis [8]; in the other two studies, the authors found no significant difference.

In this study we reinvestigated the relationship between colon cancer (CC) and GPR55,
focusing on analysis of patients’ lymph nodes obtained from curative surgery. We devel-
oped a new highly specific quantitative reverse transcriptase—polymerase chain reaction
(qRT-PCR) assay for GPR55 with an RNA copy standard to determine absolute expression
levels using the amounts of the housekeeping gene 185 rRNA for normalization. Low
levels of GPR55 mRNA were found to be associated with negative prognosis. Furthermore,
a combination of GPR55 mRNA analysis and analysis of mRNA for other biomarkers, such
as CXCL16, CXCL17 and CEA, significantly improved the prognostic value.

2. Results
2.1. GPR55 mRNA Expression Levels in Primary Colon Cancer Tumors and Colon Cancer Cell Lines

The median mRNA expression level of GPR55 was slightly higher in primary CC
tumors than in normal colon tissues, but the difference was not statistically significant
(0.03 and 0.01 mRNA copies/185 rRNA unit, respectively; p = 0.2) (Figure 1A). GPR55
mRNA was absent in 4/6 CC cell lines (LS174T, Caco2, DLD1 and HCTS8) and barely
detected in two CC cell lines (HT29 and T84). Similarly, a foreskin fibroblast cell line (FSU),
an endothelial cell line (HUVEC) and a monocyte cell line (U937) lacked GPR55 expression.
In contrast, GPR55 mRNA was expressed at high levels in both B cell lines (CNB6 and B6)
and in a T cell line (Jurkat). These results suggest that GPR55 mRNA expression in primary
CC tumors and normal colon tissue is, to a large extent, due to the presence of immune
cells in these tissues. Whether the low levels of GPR55 found in CC cell lines HT29 and T84
are derived from goblet-cell-like tumor cells is an open question.

2.2. GPR55 mRNA Expression Levels in Regional Lymph Nodes of Colon Cancer Patients

The mRNA expression level of GPR55 was determined in 382 regional lymph nodes
from 121 CC patients representing all four TNM stages and in 77 lymph nodes from
13 patients with non-cancerous intestinal disease. Median expression levels of GPR55
mRNA were 0.41, 0.35, 0.36 and 0.25 mRNA copies /185 rRNA unit in TNM stages I, II, I1I
and IV, respectively. Lymph nodes of control patients expressed 0.34 mRNA copies/185
rRNA unit. There was no significant difference in expression levels between any of the four
TNM stages and control lymph nodes (Figure 1B). The 382 lymph nodes were then stratified
by histopathology into H&E(+) lymph nodes, where cancer cells were observed (n = 22),
and H&E(—) lymph nodes, where no cancer cells were detected (n = 360). Figure 1C shows
that the median GPR55 mRNA expression level was ~twice as high in H&E(—) lymph
nodes compared to H&E(+) lymph nodes (0.37 and 0.21 mRNA copies/18S rRNA unit, re-
spectively, p = 0.0002). No significant difference was found between the expression levels of
GPR55 mRNA based on gender either in the lymph nodes or the primary tumors (p > 0.05).

To further investigate whether GPR55 mRNA expression was correlated to the presence
of tumor cells or immune cells in lymph nodes from CC patients, the nodes were divided
into three groups based on their previously determined CEA mRNA expression levels:
CEA(+), CEA(int) and CEA(—). CEA mRNA levels in the first group were above the clinical
cutoff (>3.67 CEA mRNA copies/185 rRNA unit) and between 0.013-3.67 and <0.013 mRNA
copies/185 rRNA unit in the second and third group, respectively [10,11]. GPR55 mRNA
levels were significantly decreased in both the CEA(+) group and the CEA(int) group
compared to the CEA(—) group (p < 0.0001). The median levels of GPR55 mRNA were 0.14,
0.35 and 0.37 mRNA copies/18S rRNA units, respectively (Figure 1D).
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Figure 1. (A) GPR55 mRNA expression levels in resected normal colon tissues (NC), primary
colon cancer tissues (CC) and in a panel of colon cancer cell lines: DLD1, LS174T, HT29, T84,
HCT8 and Caco2, primary foreskin fibroblast cells (FSU), an endothelial cell line (HUVEC), a T
cell line (Jurkat), two B cell lines (CNB6 and KR4) and a monocyte cell line (U937). (B) GPR55
mRNA expression levels in lymph nodes from non-cancerous disease patients (Control) and from
colon cancer patients of different TNM stages (Stage I-1V). (C) GPR55 mRNA expression levels in
metastatic (H&E(+)) lymph nodes and non-metastatic (H&E(—)) lymph nodes. (D) GPR55 mRNA
expression levels in lymph nodes from CC patients divided into three groups according to their CEA
mRNA levels: CEA(+) = CEA mRNA levels >3.67 copies/185 rRNA unit; CEA(int) = intermediate
CEA mRNA levels, that is, 0.013-3.67 copies/18S rRNA unit; and CEA(—) = CEA mRNA levels
<0.013 copies/18S rRNA unit. Red horizontal lines indicate median values. Dashed horizontal lines
indicate clinical cutoff values of 0.1365 mRNA copies/18S rRNA unit for GPR55. n = number of
lymph nodes. p-values were calculated by Kruskal-Wallis non-parametric ANOVA, followed by
post hoc Dunn’s test for multiple comparisons in (B,D) and by two-tailed Mann-Whitney test for
comparison between expression levels in (A,C).

Because GPR55 appears to be predominantly expressed in immune cells and not in CC
tumor cells, whereas CEA is expressed in CC tumor cells but not in immune cells [7,10,11],
we investigated whether calculating the GPR55 mRNA /CEA mRNA ratios would sharpen
the difference between TNM stages of CC patients. Figure 2A shows the result. Each
patient is represented by the lymph node with the highest expression level of CEA mRNA
(121 nodes from 121 patients). Lymph nodes of control patients were dealt with in the
same way. Stage IV patients had significantly lower ratios compared to patients in stage I
(p =0.001), stage II (p = 0.004) and stage III (p = 0.03). No significant difference was found
between patients in stage III, stage I and stage 11, although there was a trend toward lower
values in stage III. The median ratios were 24.88, 16.68, 7.39 and 0.001 mRNA copies/185
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rRNA unit in TNM stages I, II, III and 1V, respectively (Figure 2A). The median ratio of
GPR55/CEA mRNA was 3 x 10* times higher in the H&E(—) group compared to the
H&E(+) lymph nodes group (ratios 94.07 and 0.0032, respectively, p < 0.0001) (Figure 2B).
The results indicate that calculating a ratio of this nature can help to reveal heterogeneities
within TNM stages, which could be highly relevant for prognosis.
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Figure 2. (A) GPR55/CEA mRNA ratio in lymph nodes from non-cancerous disease patients (control)
and colon cancer patients in different TNM stages (Stage I-IV). (B) GPR55/CEA mRNA ratio in
metastatic (H&E(+)) and non-metastatic (H&E(—)) lymph nodes. Red horizontal lines indicate median
values. Dashed horizontal line shows clinical cutoff equal to 0.1481 GPR55 mRNA /CEA mRNA ratio
and (1) number of lymph nodes. p-Values were calculated by Kruskal-Wallis non-parametric ANOVA,
followed by post hoc Dunn’s test for multiple comparisons in (A) and by two-tailed Mann-Whitney
test for comparison between expression levels in (B).

2.3. Correlation between mRNA Expression Levels of GPR55 and Each of CEA, CXCL17, CXCL16,
GPR35 V2/3 and LGRS in Regional Lymph Nodes of Colon Cancer Patients

The mRNA expression levels of CEA, CXCL17, CXCL16, GPR35 V2/3 and LGR5 have
been previously determined in the same 382 lymph nodes studied in this work [10,12-14].
GPR55 mRNA showed a significant negative correlation with the other biomarker mRNAs,
except for LGR5 mRNA, in stage IV lymph nodes, a finding which is expected because
GPR55 is not expressed or expressed at very low levels in CC tumor cells (see above). Con-
versely, GPR55 was positively correlated with these biomarker mRNAs in lymph nodes of
stage I patients known to generally lack tumor cells (Table 1). Principal component analysis
(PCA) with varimax rotation was performed with the four variables, GPR55, CXCL16,
CXCL17 and CEA. The results extracted two principal components; the first showed 31%
of variance in data, and the second showed 25% variance. GPR55, CXCL16 and CXCL17
mRNA variables were related to the first component and showed that CXCL16 and CXCL17
were negatively related to GPR55 (—0.52). CEA mRNA was related to the second compo-
nent and showed a negative relation with GPR55 (—0.48) (Supplementary Figure S1).

Table 1. Correlations between GPR55 mRNA expression levels and expression levels of other biomark-

ers in the lymph nodes of CC patients.

CEA CXCL17 CXCL16 GPR35 V2/3 LGR5

r p-Value r p-Value r p-Value r p-Value r p-Value

GPR55

All CRC LNs
TNM Stage I LNs
TNM Stage II LNs
TNM Stage III LNs

TNM Stage IV LNs

—0.08 0.123 —0.04 0.421 0.33 <0.0001 0.28 <0.0001 0.33 <0.0001
0.21 0.075 0.43 0.0001 0.64 <0.0001 0.58 <0.0001 0.56 <0.0001
—0.10 0.155 0.004 0.958 0.47 <0.0001 0.42 <0.0001 0.48 <0.0001
—-0.18 0.098 —-0.24 0.027 0.17 0.120 0.15 0.150 0.21 0.047
—0.46 0.009 -0.38 0.036 —0.50 0.005 -0.39 0.028 -0.31 0.092

The correlation coefficients (r) and the p-values were calculated by two-tailed Spearman’s rank order correlation
test. Levels are given as mRNA copies/18S rRNA unit.
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2.4. Clinical Significance of GPR55 mRNA Expression Levels and of GPR55/CEA mRNA
Expression Ratios in Lymph Nodes for Colon Cancer Patients: Prediction of Recurrence

To determine whether GPR55 mRNA expression levels in regional lymph nodes of CC
patients could be used to predict disease recurrence and survival time after surgery, the
hazard risk ratio was calculated using Cox regression analysis. Additionally, the data were
subjected to analysis by the Kaplan-Meier survival model combined with the log-rank
test. Each patient was represented by the lymph node with the lowest expression level
of GPR55 mRNA, and a cutoff level discriminating between patients with high and low
risk for recurrence was empirically determined. Similarly, the GPR55 mRNA/CEA mRNA
ratio was calculated, and patients were allocated into GPR55(+) and GPR55(—) groups.
Summaries of these survival analyses are shown in Table 2 and Supplementary Table S1.

Table 2. Comparative analysis of average survival time after surgery and risk for recurrence of
disease in CC patients with GPR55(—) and GPR55(+) and those with GPR55(——) and GPR55(++)
lymph nodes.

Number of Patients in Each

5-Year Follow-Up after Surgery 12-Year Follow-Up after Surgery

Patient Group Stratified by TNM Stage Disease-Free Survival Risk for Recurrence © Disease-Free Survival 2 Risk for Recurrence ?
Catego: Total
Group oy Hazard Hazard
Stage Stage Stage Stage Average Difference . azar ~ Average Difference . azar g
1 i i vV (Months)  (Months) ~ P-Value (915‘.5}:‘81) p-Value  (Months)  (Months)  P-Value (915{.5}:‘&) p-Value
GPR55 mRNA level
G(I: I§§5 7 10 12 4 3 46 9%
All CC 0.6 05
: 7 012 012 14 0.04 0.05
atients 0.3-1.2, 0.3-1.0,
P 61(35)55 16 o 25 5 88 53 ¢ ) 107 ¢ )
GPR55 2 3 6 4 15 36 60
e 03 o 04
CXCL16 e 16 0.01 0.1-08) 0.02 40 0.04 0210 0.04
o 8 12 10 3 33 5 100
Gf f)55 2 2 7 2 13 40 64
03 03
f P
cXcL17 PRES 17 0.05 ©01-11) 0.07 a4 0.05 ©1-11) 0.07
o 3 5 6 2 16 57 108
Gf f>55 4 5 3 0 12 51 86
0.7 03
CEA® 4 0.56 056 ——— 2 0.05 0.06
02°2.6 0.1°1.1
Gl(’ 5)55 6 17 10 0 3 55 ¢ ) 112 ( )
GPR55 mRNA/CEA mRNA ratio
(Gf f)5§ 1 2 9 7 19 40 80
AllCC 03 04
patients " GpRes 14 0.0003 (0.1-06) 0.001 33 0.003 02:02) 0.004
P 2 50 28 2 102 54 113
G(f R_5)5 1 0 8 7 16 38 60
04 04
CXCLIE® — 13 0.02 (0.1-09) 0.02 40 0.04 02-1.0) 0.04
i 9 15 8 0 32 51 100
G(f 135)5 0 2 1 3 6 35 73
02 03
n -
cXcL17 CPRoS 19 0.001 (0.1-06) 0.004 40 0.04 ©0110) 0.05
N 18 43 b7) 2 85 54 113
c(f IES)5 1 2 9 7 19 40 80
03 03
CEA - 13 0.002 0107 0004 — 2 0.005 0198 0.008
GPR55 12 28 15 2 57 53 ( ) 106 ( )

(++)

2 Mean survival time after surgery calculated by cumulative survival analysis according to the Kaplan-Meier
model; ? hazard ratio with 95% confidence interval (CI) calculated according to univariate Cox regression analysis;
¢ CC patients divided into two groups, GPR55(—) and GPR55(+), using a cutoff of 0.1365 mRNA copies /185 rRNA
unit; ¢ CC patients divided into two groups, GPR55(——) and GPR55(++), using a cutoff GPR55 mRNA /CEA
mRNA ratio of 0.1481; ¢ CC patient group with CXCL16 mRNA levels above 7.2 mRNA copies/18S rRNA unit;
f CC patient group with CXCL17 mRNA levels above 0.0014 mRNA copies/18S rRNA unit; 8 CC patient group
with CEA mRNA levels below 0.013 mRNA copies/18S rRNA unit; h CC patient group with CXCL17 levels below
0.0014 mRNA copies/18S rRNA unit.; ' CC patient group with CEA mRNA levels above 0.013 mRNA copies/185
rRNA unit.

Figure 3A shows Kaplan-Meier analysis of all 121 CC patients divided into a GPR55(—)
and a GPR55(+) group using the 28th percentile of the values for division (=0.1365 GPR55
mRNA copies/18S rRNA unit). Patients in the high-expression group (GPR55(+) group,
n = 88) showed a 0.6-fold decreased recurrence rate compared to the low-expression group
(GPR55(—) group, n = 33) when followed for five years and 0.5-fold at a follow-up time of
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12 years (p = 0.1 and p = 0.05, respectively). Only at 12 years was the mean survival time
difference between the two groups significant (i.e., 14 months; p = 0.04) (Figure 3A).

However, if the analysis was confined to the group of CC patients that expressed high
levels of CXCL16 mRNA (i.e., CXCL16 mRNA values >7.2 copies/18S rRNA unit; [14]) it
was found that the patients in the GPR55(+) group (n = 33) had 0.3- and 0.4-fold decreased
recurrence rates compared to the low-expression group (GPR55(—) group, n = 15) when
followed for 5 and 12 years after surgery, respectively (p = 0.02 and p = 0.04). Kaplan-Meier
analysis revealed that mean survival times differed, with 16 and 40 months between the
two groups (p = 0.01 and p = 0.04, respectively) (Figure 3B). It is interesting to note that
combined analysis for these two markers actually identifies almost all patients that died
from CC within the first 3 years in the CXCL16(+)/GPR55(—) group.

A similar result was obtained when analysis was performed on the subgroup of CC
patients expressing high levels of CXCL17 mRNA (CXCL17 mRNA values higher than
0.0014 mRNA copies/18S5 rRNA unit; 75th percentile; [14]), again dividing the lymph node
values into a GPR55(+) and a GPR55(—) group using the same division as above (Figure 3C).
The recurrence rate was 0.3-fold lower in the GPR55(+) group (1 = 16) when followed for
5 years and 12 years (p = 0.07 and p = 0.07, respectively), with increased mean survival time
of 17 months after 5 years and 44 months after 12 years (p = 0.05) when compared to the
GPR55(—) group (n = 16) (Figure 3C).

Other restrictions of the patient group, such as analyzing a CEA(—) subgroup (Table 2),
a CEA(+) subgroup, a CXCL16(—) subgroup, a CXCL17(—) subgroup, a GPR35 V2/3(—)
subgroup or an LGR5(—) subgroup (Supplementary Table S1), did not yield significant
discrimination between GPR55(+) and GPR55(—) groups.

An alternative way of utilizing biomarker mRNA data for prognosis is to calculate a
ratio between two markers and then divide the values into a positive and a negative group.
Figure 4A shows an example in which the GPR55 value has been divided by the CEA value
for the particular lymph node using the lymph node with the lowest GPR55 value for each
patient. The ratios are then divided into a high-GPR55 group and a low-GPR55 group,
using a value of 0.1481 GPR55 mRNA copies/18S rRNA unit for division. Patients in the
GPR55(++) group (n = 102) showed a 0.3-fold decreased recurrence rate compared to the
low-expression group (GPR55(——) group, n = 19) when followed for five years and 0.4-fold
at a follow-up time of 12 years (p = 0.001 and p = 0.004, respectively). A difference in mean
survival times amounting to 14 months in 5 years and 33 months in 12 years after surgery
(p = 0.0003 and p = 0.003, respectively) was observed based on Kaplan—-Meier survival
analysis (Figure 4A).

Figure 4B shows the result of a ratio calculation applied to the CXCL16(+) group,
resulting in a 0.4-fold lower recurrence rate in the GPR55(++) group (1 = 32) when followed
for 5 and 12 years, respectively (p = 0.02 and p = 0.04). This was associated with 13- and
40-month increased survival times in 5 and 12 years, respectively (p = 0.02, p = 0.04) when
compared to the GPR55(——) group (n = 16).

Finally, ratio analysis was applied to a group of CC patients expressing low CXCL17
mRNA levels (Figure 4C). The difference in recurrence rate decreased to 0.2-fold in the
high-expression group (GPR55(++) group, n = 85) compared to the low-expression group
(GPR55(——) group, n = 6) when patients were followed for five years, versus 0.3-fold when
followed for 12 years (p = 0.004 and p = 0.05, respectively). The GPR55(++) group had
increased mean survival times of 19 and 41 months (p = 0.001 and p = 0.04, respectively).
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Figure 3. (A) Kaplan-Meier cumulative survival curves for all 121 CC patients. Each patient is
represented by the lymph node with the lowest GPR55 mRNA value. The cutoff level between
the two groups was 0.1365 GPR55 mRNA copies/18S rRNA unit. (B) Kaplan-Meier cumulative
survival curves for GPR55(—) and GPR55(+) patients. Analysis is restricted to patients with CXCL16
mRNA levels in their highest lymph node > 7.2 mRNA copies/18S rRNA unit. The cutoff level
between the two groups was 0.1365 GPR55 mRNA copies/18S rRNA unit. The number of patients
was 48. (C) Kaplan-Meier cumulative survival curves for GPR55(—) and GPR55(+) patients. Analysis
is restricted to patients with CXCL17 mRNA levels in their highest lymph node > 0.0014 mRNA
copies/ 185 rRNA unit. The cutoff level between the two groups was 0.1365 GPR55 mRNA copies/185
rRNA unit. The number of patients was 29. Patients were followed for 12 years. Differences in
disease-free survival time after surgery between the two groups are given as a A-value in months
and statistical significance as p-values; n = number of patients in the respective group.
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Figure 4. (A) Kaplan-Meier cumulative survival curves for GPR55(——) and GPR55(++) patients. All
121 CC patients are included. Each patient is represented by the lymph node with the lowest GPR55
mRNA value. A GPR55 mRNA /CEA mRNA ratio of 0.1481 was used to divide the patients into two
groups. (B) Kaplan-Meier cumulative survival curves for GPR55(——) and GPR55(++) patients. The
analysis is restricted to patients with CXCL16 mRNA levels in the highest lymph node > 7.2 mRNA
copies/18S rRNA unit. The number of patients was 48. A GPR55 mRNA/CEA mRNA ratio of
0.1481 was used to divide the patients into two groups. (C) Kaplan-Meier cumulative survival curves
for GPR55(——) and GPR55(++) patients. The analysis is restricted to the CXCL17 mRNA levels in
the highest lymph node < 0.0014 mRNA copies/18S rRNA unit. The number of patients was 91.
A GPR55 mRNA /CEA mRNA ratio of 0.1481 was used to divide the patients into two groups. The
patients were followed for 12 years. Differences in disease-free survival time after surgery between
the two groups are given as a A-value in months and statistical significance as p-values; n = number
of patients in the respective group.
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2.5. Absence of Association between Risk of Recurrence or Survival Time after Surgery and Levels
GPR55 mRNA Expression in Primary Colon Cancer Tumors

No difference in recurrence risk or survival time was observed in CC patients divided
into GPR55(+) and GPR55(—) patients using the median mRNA of primary CC tumors as
cutoff (0.03 mRNA copies/185 rRNA unit) (data not shown).

3. Discussion

The result of this study is unexpected. We found that low levels of GPR55 mRNA
was associated with poor prognosis. The finding contrasts with the results for all other
biomarker mRNAs that we have studied so far, i.e., CEA, CXL17, CXCL16, LGR5, LGR4,
GPR35V2/3 and EpCAM [10,12-17], for which high levels were associated with poor
prognosis. Notably, this reverse correlation was only found in lymph nodes. In primary
tumors, there was no significant difference between the high- and low-GPR55 groups,
confirming the results reported by other investigators [3,18]. The explanation for the result
in lymph nodes is probably quite simple. GPR55 is highly expressed in T cells and B cells,
cell types that dominate in a healthy lymph node, whereas lymph nodes heavily infested
with tumor cells contain relatively fewer lymphocytes. CC tumor cells contribute only
marginally or not at all to GPR55 mRNA, depending on which subtype of tumor cells
constitute the disseminated tumor cells in the node. Thus, more tumor cells in the node
means fewer lymphocytes and therefore lower GPR55 levels and vice versa.

The finding that GPR55 is essentially a lymphocyte marker in lymph nodes can be
used to complement biomarkers that identify CC tumor cells either by performing com-
bined marker analysis or by calculating a marker ratio and using this ratio to allocate the
patients into a positive or negative group. Figures 3 and 4 show examples demonstrating
that improved discrimination between patients can be achieved by using two biomark-
ers instead of one (compare Figures 3A and 4A). The most promising result so far was
achieved using the GPR55 mRNA /CEA mRNA ratio. Analyses of the entire CC population
demonstrated that an increased ratio was associated with an increased survival of 14 and
33 months in the high-expression group (GPR55++) compared to the low expression group
(GPR55(——)) when followed for 5 and 12 years, respectively (Figure 4B). The significance
of these differences was very strong. The prognostic value of GPR55 mRNA was also
significantly increased when combined with measurement of CXCL17 and CXCL16 mRNA
levels, particularly at the 5-year follow-up, with 13-19-month mean survival difference.
These results provide information about patients who can be spared unnecessary adjuvant
chemotherapy and its side effects and other patients who would benefit from adjuvant
chemotherapy to avoid relapse.

Whether GPR55 has a physiological role in promoting positive prognosis or whether
the positive effect is due to the fact that the biomarker reflects the absence of tumor cells
is unclear. If GPR55 has a physiological effect, it is probably through its role in innate
immunity and tumor immunosurveillance [5,6,19]. This study did not allow us to determine
the mechanism(s) of GPR55 for positive prognosis. However, it is noteworthy that GPR55
was observed to have antiproliferative and proapoptotic effects on cholangiocarcinoma
cells [20]. Further studies are needed to elucidate its role in CC cancer progression.

In conclusion, this study demonstrates that GPR55 may serve as a marker for positive
prognosis, either alone or combined with CEA, CXCL16 and CXCL17.

4. Materials and Methods
4.1. Patients and Tissue Specimens for mRNA Analysis

Primary tumor specimens were collected from 70 CC patients (31 men and 39 women;
median age, 74 years; range, 42-88 years) after surgery. None of the patients received
chemotherapy or radiotherapy before surgery. Fourteen patients were in stage I (T1-2NOMO),
31 in stage II (T3-4NOMO), 19 in stage III (anyTN1-2MO0) and 6 in stage IV (anyTanyNM1).
The tumor samples, approximately 0.5 x 0.5 x 0.5 cm in size, were gathered instantly after
resection, snap-frozen and kept at —70 °C until RNA extraction. Normal colon samples
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were from the proximal or distal resection margin of CC tumors of 30 patients (17 men and
13 women; median age, 72 years; range, 57-85 years) and treated the same way.

Lymph nodes were collected from the 121 CC patients (55 men and 66 women; median
age, 73 years; range, 42-89 years). A total of 73 lymph nodes were from 23 patients in stage
I, 190 nodes were from 52 patients in stage 11, 88 nodes were from 37 patients in stage III,
and 31 nodes were from 9 patients in stage IV. A total of 22 lymph nodes were judged
positive for disseminated tumor cells by routine histopathology H&E(+), and 360 lymph
nodes were judged as H&E(—). Control lymph nodes (n = 77) were from 13 patients
(10 men and 3 women; median age, 23 years; range, 9-32 years). Eleven of the controls had
ulcerative colitis, one had Crohn’s disease and one patient had lipoma.

4.2. Cell Lines

Five human CC cell lines (HCTS8, HT29, LS174T, DLD1, Caco2 and T84); a T cell line,
Jurkat; two B cell lines, CNB6 and KR4; a monocyte cell line, U937; primary foreskin fibrob-
lasts (FSU); and an endothelial cell line, HUVEC, were cultured and analyzed for mRNA
expression. Different culture conditions and sources are as described earlier [11,21,22].

4.3. Real-Time qRT-PCR

For absolute quantification of GPR55 mRNA in lymph nodes, we established real-
time qRT-PCR assay using specific primers placed in different exons and a reporter dye-
labeled probe hybridizing over the exon boundary in the amplicon and specific RNA copy
standards for the quantification. The primers and probe sequences for GPR55 mRNA
(NM_005683.3) were forward primer 5-GCACCGGACCACCAACA-3/, reverse primer
5'-ACCTCCCCAGCATCACACA-3" and probe 5'-TTCAATGGGCATGAATT-3'. The re-
porter dye was FAM, and the quencher dye was MGB. The size of the amplicon was 68 bp.
The qRT-PCR profile was 60 °C for 5 min and 95 °C for 1 min, followed by 45 cycles of
95 °C for 15 s and 60 °C for 1 min. RNA oligonucleotides with sequences identical to those
in the areas amplified in the qRT-PCR assays were custom-synthesized at Dharmacon
(Lafayette, CO, USA). Serial dilutions of the RNA copy standards at concentrations from
102 to 107 copies per puL were included in each gqRT-PCR run. Concentrations in unknown
samples were set from the standard curve and expressed as copies of mRNA per puL. The
concentration of 185 rRNA was expressed as arbitrary units from a standard curve of serial
dilutions of a preparation of total RNA from human peripheral blood mononuclear cells.
One unit was defined as the amount of 185 rRNA in 10 pg RNA [15]. GPR55 mRNA was
expressed as copies per unit of 18S rRNA. Real-time qRT-PCR assays for CEA, CXCL16,
CXCL17, GPR35 V2/3 and LGR5 mRNAs were described previously [7,12,13,15,16].

4.4. Ethical Considerations

All procedures performed in studies involving human participants were in accor-
dance with the ethical standards of the institutional research committee and with the 1964
Helsinki Declaration and its later amendments or comparable ethical standards. Tumor
samples and lymph nodes were collected after receiving patients” written, informed con-
sent. The study was approved by the Local Ethics Research Committee of the Medical
Faculty, Umed University, Umea, Sweden (Registration number: 03-503, date of approval:
3 December 2003).

4.5. Statistical Analysis

The statistical significance of differences in mRNA levels between control lymph nodes
and lymph nodes from various patient groups were analyzed using a Kruskal-Wallis one-
way analysis of variance (ANOVA) test, followed by Dunn’s multiple comparison post hoc
test. Statistical significance of differences in mRNA levels in primary CC tumors compared
to normal colon tissues, in H&E(+) compared to H&E(—) lymph nodes and between sets of
lymph nodes with different CEA levels were calculated using the two-tailed Mann-Whitney
rank sum test. Correlations between different mRNA levels were analyzed using the non-
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parametric Spearman correlation coefficient and principal component analysis (PCA) with
varimax rotation. The software utilized for statistical calculations was GraphPad Prism 8
(Graphpad Software, San Diego, CA, USA).

SPSS software (IBM Corporation, Armonk, NY, USA) was used for statistical analyses
of differences between patient groups in disease-free survival time and analyses of risk for
recurrent disease after surgery according to the Kaplan—-Meier survival model in combina-
tion with the log-rank test and univariate Cox regression analysis. A p-value < 0.05 was
considered to be statistically significant.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/1jms23094556 /s1.

Author Contributions: Conceptualization, B.S.,, HTH.IL, M.A., G.L.,, M.-L.H. and S.H.; data curation,
H.THI,M.A, G.L. and B.S;; software, HT.H.I., M.A. and B.S.; writing—original draft preparation,
B.S., M.-L.H. and S.H.; writing—review and editing, B.S., HT.H.I, M.A., M.-L.H. and S.H.; visualiza-
tion, B.S.,, HTH.I, M.A., M.-L.H. and S.H.; supervision, B.S.; funding acquisition, B.S. and M.-L.H.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was financially supported by grants from the Swedish Research Council—
Medicine and Health (B.S.), the Swedish Research Council—Natural and Engineering Sciences
(M.-L.H.), the Medical Faculty of Umed University (B.S. and M.-L.H.), the County Council of Véster-
botten (B.S.), Lions Cancer Research Fund (B.S.) and the Stig and Ragna Gorthon Foundation (G.L.).

Informed Consent Statement: Samples were collected after receiving patients’ written, informed consent.

Data Availability Statement: Data used in this study provided upon request, only with permission
of the authors of the original studies.

Acknowledgments: We thank technologist Anne Israelsson for her skillful technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sriram, K.; Insel, P.A. G Protein-coupled receptors as targets for approved drugs: How many targets and how many drugs?
Mol. Pharmacol. 2018, 93, 251-258. [CrossRef]

2. Fredriksson, R.; Lagerstrom, M.C.; Lundin, L.G.; Schiéth, H.B. The G-protein-coupled receptors in the human genome form
five main families. Phylogenetic analysis, paralogon groups, and fingerprints. Mol. Pharmacol. 2003, 63, 1256-1272. [CrossRef]
[PubMed]

3. Uhlén, M.; Fagerberg, L.; Hallstrom, B.M.; Lindskog, C.; Oksvold, P.; Mardinoglu, A.; Sivertsson, A; Kampf, C.; Sjostedt, E.;
Asplund, A ; et al. Tissue-based map of the human proteome. Science 2015, 347, 1260419. [CrossRef]

4. Insel, P.A.; Zhang, L.; Murray, F; Yokouchi, H.; Zambon, A.C. Cyclic AMP is both a pro-apoptotic and anti-apoptotic second
messenger. Acta Physiol. 2012, 204, 277-287. [CrossRef]

5. Chiurchiu, V,; Lanuti, M.; De Bardi, M.; Battistini, L.; Maccarrone, M. The differential characterization of GPR55 receptor in
human peripheral blood reveals a distinctive expression in monocytes and NK cells and a proinflammatory role in these innate
cells. Int. Immunol. 2015, 27, 153-160. [CrossRef] [PubMed]

6. Sumida, H,; Lu, E.; Chen, H.; Yang, Q.; Mackie, K.; Cyster, ].G. GPR55 regulates intraepithelial lymphocyte migration dynamics
and susceptibility to intestinal damage. Sci. Immunol. 2017, 2, eaao1135. [CrossRef] [PubMed]

7.  Falasca, M.; Ferro, R. Role of the lysophosphatidylinositol/ GPR55 axis in cancer. Adv. Biol. Regul. 2016, 60, 88-93. [CrossRef]

8. Hasenoehrl, C.; Feuersinger, D.; Sturm, E.M.; Barnthaler, T.; Heitzer, E.; Graf, R.; Grill, M.; Pichler, M.; Beck, S.; Butcher, L.; et al.
G protein-coupled receptor GPR55 promotes colorectal cancer and has opposing effects to cannabinoid receptor 1. Int. J. Cancer
2018, 142, 121-132. [CrossRef]

9. Kitamura, C.; Sonoda, H.; Anzai, H.; Nagai, Y.; Abe, S.; Yokoyama, Y.; Ishii, H.; Kishikawa, J.; Emoto, S.; Murono, K; et al.
Expression of Lysophosphatidylinositol Signaling-relevant Molecules in Colorectal Cancer. Anticancer Res. 2021, 41, 2349-2355.
[CrossRef]

10. Ohlsson, L.; Israelsson, A.; Oberg, A Palmqvist, R.; Stenlund, H.; Hammarstréom, M.L.; Hammarstrom, S.; Lindmark, G. Lymph
node CEA and MUC2 mRNA as useful predictors of outcome in colorectal cancer. Int. J. Cancer 2012, 130, 1833-1843. [CrossRef]

11.  Ohlsson, L.; Hammarstrom, M.-L.; Israelsson, A.; Naslund, L.; Oberg, A.; Lindmark, G.; Hammarstrom, S. Biomarker selection for

detection of occult tumour cells in lymph nodes of colorectal cancer patients using real-time quantitative RT-PCR. Br. J. Cancer
2006, 95, 218-225. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/ijms23094556/s1
https://www.mdpi.com/article/10.3390/ijms23094556/s1
http://doi.org/10.1124/mol.117.111062
http://doi.org/10.1124/mol.63.6.1256
http://www.ncbi.nlm.nih.gov/pubmed/12761335
http://doi.org/10.1126/science.1260419
http://doi.org/10.1111/j.1748-1716.2011.02273.x
http://doi.org/10.1093/intimm/dxu097
http://www.ncbi.nlm.nih.gov/pubmed/25344934
http://doi.org/10.1126/sciimmunol.aao1135
http://www.ncbi.nlm.nih.gov/pubmed/29222090
http://doi.org/10.1016/j.jbior.2015.10.003
http://doi.org/10.1002/ijc.31030
http://doi.org/10.21873/anticanres.15009
http://doi.org/10.1002/ijc.26182
http://doi.org/10.1038/sj.bjc.6603206
http://www.ncbi.nlm.nih.gov/pubmed/16755296

Int. . Mol. Sci. 2022, 23, 4556 12 0of 12

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

Ali, H.; AbdelMageed, M.; Olsson, L.; Israelsson, A.; Lindmark, G.; Hammarstrom, M.L.; Hammarstrom, S.; Sitohy, B. Utility
of G protein-coupled receptor 35 expression for predicting outcome in colon cancer. Tumour Biol. 2019, 41, 1010428319858885.
[CrossRef] [PubMed]

AbdelMageed, M.; Ali, H.; Olsson, L.; Lindmark, G.; Hammarstréom, M.L.; Hammarstrom, S.; Sitohy, B. The chemokine CXCL16
is a new biomarker for lymph node analysis of colon cancer outcome. Int. J. Mol. Sci. 2019, 20, 5793. [CrossRef] [PubMed]
Rashad, Y.; Olsson, L.; Israelsson, A.; Oberg, A.; Lindmark, G.; Hammarstrom, M.L.; Hammarstrom, S.; Sitohy, B. Lymph node
CXCL17 messenger RNA: A new prognostic biomarker for colon cancer. Tumour Biol. 2018, 40, 1010428318799251. [CrossRef]
Ohlsson, L.; Hammarstrom, M.L.; Lindmark, G.; Hammarstrom, S.; Sitohy, B. Ectopic expression of the chemokine CXCL17 in
colon cancer cells. Br. J. Cancer 2016, 114, 697-703. [CrossRef]

AbdelMageed, M.; Ismail, H.T.H.; Olsson, L.; Lindmark, G.; Hammarstrém, M.L.; Hammarstrom, S.; Sitohy, B. Clinical Significance
of Stem Cell Biomarkers EpCAM, LGR5 and LGR4 mRNA Levels in Lymph Nodes of Colon Cancer Patients. Int. ]. Mol. Sci. 2021,
23,403. [CrossRef]

Olsson, L.; Lindmark, G.; Hammarstrom, M.L.; Hammarstrom, S.; Sitohy, B. Evaluating macrophage migration inhibitory factor 1
expression as a prognostic biomarker in colon cancer. Tumour Biol. 2020, 42, 1010428320924524. [CrossRef]

Oberg, A.; Lindmark, G.; Israelsson, A.; Hammarstrdm, S.; Hammarstrém, M.-L. Detection of occult tumor cells in lymph nodes
of colorectal cancer patients using real-time quantitative RT-PCR for CEA and CK20 mRNAs. Int. J. Cancer 2004, 111, 101-110.
[CrossRef]

Waldhauer, I; Steinle, A. NK cells and cancer immunosurveillance. Oncogene 2008, 27, 5932-5943. [CrossRef]

Huang, L.; Ramirez, ].C.; Frampton, G.A.; Golden, L.E.; Quinn, M.A.; Pae, H.Y.; Horvat, D.; Liang, L.].; DeMorrow, S. Anandamide
exerts its antiproliferative actions on cholangiocarcinoma by activation of the GPR55 receptor. Lab. Investig. 2011, 91, 1007-1017.
[CrossRef]

Fahlgren, A.; Hammarstrom, S.; Danielsson, A. ; Hammarstrom, M.L. Increased expression of antimicrobial peptides and lysozyme
in colonic epithelial cells of patients with ulcerative colitis. Clin. Exp. Immunol. 2003, 131, 90-101. [CrossRef] [PubMed]

Ali, H,; Ohlsson, L.; Lindmark, G.; Hammarstrom, S.; Hammarstrom, M.-L.; Sitohy, B. The myeloid cell biomarker EMR1 is
ectopically expressed in colon cancer. Tumor Biol. 2021, 43, 197-211. [CrossRef] [PubMed]


http://doi.org/10.1177/1010428319858885
http://www.ncbi.nlm.nih.gov/pubmed/31250711
http://doi.org/10.3390/ijms20225793
http://www.ncbi.nlm.nih.gov/pubmed/31752131
http://doi.org/10.1177/1010428318799251
http://doi.org/10.1038/bjc.2016.4
http://doi.org/10.3390/ijms23010403
http://doi.org/10.1177/1010428320924524
http://doi.org/10.1002/ijc.20231
http://doi.org/10.1038/onc.2008.267
http://doi.org/10.1038/labinvest.2011.62
http://doi.org/10.1046/j.1365-2249.2003.02035.x
http://www.ncbi.nlm.nih.gov/pubmed/12519391
http://doi.org/10.3233/TUB-200082
http://www.ncbi.nlm.nih.gov/pubmed/34486997

	Introduction 
	Results 
	GPR55 mRNA Expression Levels in Primary Colon Cancer Tumors and Colon Cancer Cell Lines 
	GPR55 mRNA Expression Levels in Regional Lymph Nodes of Colon Cancer Patients 
	Correlation between mRNA Expression Levels of GPR55 and Each of CEA, CXCL17, CXCL16, GPR35 V2/3 and LGR5 in Regional Lymph Nodes of Colon Cancer Patients 
	Clinical Significance of GPR55 mRNA Expression Levels and of GPR55/CEA mRNA Expression Ratios in Lymph Nodes for Colon Cancer Patients: Prediction of Recurrence 
	Absence of Association between Risk of Recurrence or Survival Time after Surgery and Levels GPR55 mRNA Expression in Primary Colon Cancer Tumors 

	Discussion 
	Materials and Methods 
	Patients and Tissue Specimens for mRNA Analysis 
	Cell Lines 
	Real-Time qRT-PCR 
	Ethical Considerations 
	Statistical Analysis 

	References

