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Abstract

CD97, a member of the adhesion family of G-protein-coupled receptors (GPCRS), complexes with
and potentiates lysophosphatidic acid (LPA) receptor signaling to the downstream effector RHOA.
We show here that CD97 was expressed in a majority of thyroid cancers but not normal thyroid
epithelium and that the level of CD97 expression was further elevated with progression to poorly
differentiated and undifferentiated carcinoma. Intratumoral progression also showed that CD97
expression correlates with invasiveness and dedifferentiation. To determine the functional role of
CD97, we produced a transgenic model of thyroglobulin promoter-driven CD97 expression.
Transgenic CD97 in combination with 7/, an established mouse model of thyroid follicular
cell carcinogenesis, significantly increased the occurrence of vascular invasion and lung
metastasis. Expression of transgenic CD97 in thyroid epithelium led to elevated ERK
phosphorylation and increased numbers of Ki67 + cells in developing tumors. In addition, tumor
cell cultures derived from CD97 transgenic as compared with non-transgenic mice demonstrated
enhanced, constitutive and LPA-stimulated ERK activation. In human thyroid cancer cell lines,
CD97 depletion reduced RHO-GTP and decreased LPA-stimulated invasion but not EGF-
stimulated invasion, further suggesting that CD97 influences an LPA-associated mechanism of
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progression. Consistent with the above, CD97 expression in human thyroid cancers correlated with
LPA receptor and markers of aggressiveness including Ki67 and pAKT. This study shows an
autonomous effect of CD97 on thyroid cancer progression and supports the investigation of this
GPCR as a therapeutic target for these cancers.
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INTRODUCTION

Thyroid cancer originating in follicular cells accounts for ~90% of all endocrine
malignancies.! Sporadic thyroid follicular cell tumorigenesis (TFCT) encompasses several
histopathological tumor types with different degrees of differentiation and aggressiveness.
There is compelling histopathogenetic evidence supporting a stepwise progression from
indolent, differentiated thyroid carcinomas (DTCs) of papillary (PTC) or follicular (FTC)
type to highly aggressive and poorly differentiated (PDC) and undifferentiated (UC) thyroid
carcinomas.~* It is estimated that, in up to 30% of DTC, dedifferentiation and progression
to PDC or UC may occur.? The unfavorable clinical outcome of PDCs is intermediate
between the dismal prognosis of UCs and the mild clinical course for PTCs and minimally
invasive FTCs.2* Although UC accounts for less than 2-5% of thyroid cancers, about one-

third of deaths due to thyroid cancer are attributed to UC as there are no effective treatments.
6,7

In the last 20 years, there has been significant improvement in the understanding of the
molecular genetics underlying the development of TFCT. However, there is a need to
understand the cellular biochemical mechanisms governing transformation of indolent,
morphologically indistinguishable PTCs or minimally invasive FTCs to aggressive PDCs or
UCs, recurrence, the acquisition of metastatic properties and/or the development of therapy
resistance.

CD97, a G-protein-coupled receptor (GPCR), is normally expressed on cells of
hematopoietic origin and smooth muscle but is expressed at very low levels, or is absent in
normal epithelial cells.8:9 Carcinomas derived from various epithelial tissues consistently
demonstrate increased CD97 expression compared with normal adjacent tissue.10-14 CD97
is a member of the adhesion-linked GPCRs, a family of membrane-bound proteins
characterized by a large extracellular subunit containing one to a few adhesion motifs
noncovalently associated with a conserved GPCR seven-transmembrane domain.1® To date,
a ligand acting through the adhesion domain to mediate CD97 GPCR-dependent signaling
has not been identified.?

Recently, we have shown that CD97 signals through Ga.15/13 to increase RHO-GTP levels
and that CD97 heterodimerizes with lysophosphatidic acid receptor (LPAR), itself a GPCR,
potentiating lysophosphatidic acid (LPA)-stimulated RHO activation and RHO-dependent
invasion.1* LPARs are high-affinity cognate receptors for LPA. LPA is produced from
complex phospholipids such as lysophosphatidyl choline upon hydrolysis by the enzyme
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autotaxin (ATX).16 LPA binds to LPARs to initiate signaling that mediates a variety of
cellular processes including proliferation, survival, cytoskeletal restructuring, and secretion
of cellular factors.16:17 Increased ATX and LPAR expression are correlated with
tumorigenesis and progression in various epithelial cancers.18

To evaluate whether there is a functional role for CD97 in thyroid cancer progression, we
introduced the human 5EGF splice variant of CD97 into the follicular epithelium of
ThrPV/PY mice. The ThrtXY knock-in mouse model possesses a targeted mutation (PV) to
the thyroid hormone receptor B-gene locus resulting in complete loss of thyroid hormone
(T3) binding,1° one consequence of which is non-suppressible, elevated levels of thyroid-
stimulating hormone.2® 7Ar”Y”PY mice spontaneously develop thyroid carcinomas of
follicular cells with pathological progression reminiscent of human TFCT.21-25

In the present study, we demonstrate that CD97 expression is induced in a majority of
clinical thyroid carcinoma samples and that the level of CD97 is further increased in PDCs
and UCs relative to co-occurring DTC components. In a mouse model of TFCC,
constitutive, transgenic expression of CD97-enhanced LPA and serum-stimulated ERK
activation in cultured tumor cells, increased the frequency of pERK- and Ki67-positive cells
in tumors, and accelerated the rate of developing lymphovascular invasion and metastasis,
supporting a signaling role for CD97 in thyroid cancer progression. Consistent with the
known mechanism for CD97 signaling, we show that CD97 heterodimerizes with LPAR in
thyroid cancer cell lines, leading to an amplification of LPA-dependent RHOA-mediated
invasion. Like CD97, LPAR expression levels were induced in thyroid carcinomas, relative
to normal thyroid epithelium.

CD97 is induced in thyroid cancer and its level of expression correlates to malignant grade

We conducted a comprehensive analysis of CD97 expression with respect to a variety of
pathological thyroid conditions including hyperplasia, goiter, adenoma, and various
categories of carcinoma of follicular cell derivation and metastasis (TMA#1).
Immunohistochemical analysis revealed no CD97 expression in normal thyroid epithelium.
For neoplastic conditions, membrane, cytoplasmic and occasional nuclear CD97
localizations (Figure 1a) were observed in 56% of adenomas, with increasing frequency of
positive cells in FTCs and PTCs (Table 1). There was fairly uniform staining intensity across
the tissue cores, although the number of CD97( + ) tumor cells varied between the
specimens (Table 1). A moderate (>25 to <60% positive cells) to high (=60% positive cells)
degree of CD97 staining was observed in 69% of FTCs and 100% of non-follicular variants
of PTC (non FV-PTCs). This level of CD97 staining (>25% positive cells) was found in only
45% of cases of FV-PTC, which is characterized by a lower rate of lymph node involvement
and better prognosis than other variants of PTC.21 CD97 was expressed in all cases (/7= 8)
of metastasis to the lymph nodes, whereas in a small sample size of distal metastases, CD97
expression was observed in cores from two of three patients.

We also examined a thyroid tissue microarray (TMA#2) containing PDCs and UCs (Table
2). Overall, 93% and 100% of the PDCs and UCs, respectively, disclosed a diffuse,
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cytoplasmic and membranous pattern of CD97 expression. More than half (62%) of the
positive PDCs (48/77) and 90% of the positive UCs (37/41) featured high-or-moderate
staining intensity in=60% of the cells present in the tissue cores (Table 2). In contrast to
TMA#1, TMA#2 exhibited a range of CD97 staining intensities that were dependent upon
the degree of intratumoral dedifferentiation and progression (Figures 1b, ¢ and 2). Twenty-
six per cent of the cases analyzed (33/124) displayed adjacent DTC components along with
areas of PDC and UC. In these cases, increased intensity of CD97 staining corresponded
with areas of intratumoral dedifferentiation and progression (Figures 1b and ¢, and Figure
2). The staining patterns in the tissue arrays indicate that CD97 is expressed in early stages
of thyroid cancer and its expression levels increase with dedifferentiation and progression of
disease.

CD97 is expressed in thyroid cancer cell lines and has a role in RHOA activation and LPA-
initiated invasion of these cells

To investigate CD97-related signaling in human thyroid cancer, we examined relative
expression levels of CD97 in various human thyroid cancer cell lines with known genetic
alterations. The panel of cells included those with BRAFVY690E mytations and RET/PTC
rearrangements commonly observed in PTCs and RAS mutations expressed in PTCs, FTCs,
PDCs and UCs.13:22 CD97 expression was detectable in most of these thyroid cancer cell
lines but not in immortalized lines from non-neoplastic thyroid. Cell lines such as SW1736,
BHT-101 and BCPAP with BRAFY600E mutations consistently expressed the highest levels
of CD97 protein (Figure 3a). Inhibition of BRAFY600E activity did not affect CD97
expression (data not shown), implying that BRAFVY600E and high levels of CD97 most likely
co-occur in these aggressive cancers but that BRAF Y600 does not directly regulate CD97
expression. Recently, we have shown in prostate cancer that one mechanism of CD97-
dependent signaling results from CD97 heterodimerization with LPA receptor (LPAR) to
enhance LPA-dependent signaling through RHOA and ERK.14 To determine whether this
mechanism is operational in thyroid cancer, CD97 was depleted and RHO-GTP levels were
measured in two high CD97-expressing (SW1736 and BCPAP) and two low/non-CD97-
expressing (CAL62 and NTHY) cell lines. Depletion of CD97 decreased RHOA-GTP levels
significantly in SW1736 and BCPAP and minimally in CAL62 following starvation and
stimulation with LPA, (Figure 3b). RHO-GTP levels in NTHY, immortalized normal thyroid
cells, were barely detectable. Consistent with this effect on RHO-GTP, depletion of CD97
reduced invasion stimulated by LPA or FCS, which contains substantial levels of LPA, to a
much greater extent in SW1736 and BCPAP cells than in CALG62 cells. There was little
effect on invasion of NTHY cells. By contrast, invasion and RHO-GTP levels stimulated by
EGF were unaffected by CD97 expression in all of the cell lines (Figure 3c and
Supplementary Figure 1).

RT-PCR was used to determine the composition of LPAR isoforms in the thyroid cell lines
shown in Figure 3b. LPARs1-3 were expressed at variable levels in all of the cell lines
whereas LPAR 4-6 were expressed in some of the cell lines (Supplementary Figure 2a). Co-
immunoprecipitation assays of CD97 with separately transfected LPAR isoforms 1-4
showed that CD97 co-precipitates with LPARs 1, 2 and 3 (data not shown). Because LPAR1
has been shown to promote invasion and proliferation in various cancer cells,23:24 we
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depleted LPARL in the four thyroid cell lines. LPAR1 depletion led to cell death in the
nontransformed NTHY line, but it was possible to select for LPAR1 depletion in the cancer
cell lines (Supplementary Figure 2b). LPAR1 depletion inhibited invasion to LPA and
inhibited LPA-stimulated DNA synthesis (Supplementary Figures 2c—f) and cell growth (not
shown). By contrast to the inhibitory effect of CD97 depletion on LPA-induced invasion,
CD97 depletion alone had a minor effect upon LPA-stimulated DNA synthesis
(Supplementary Figures 2d—f). This suggests that there are qualitative or quantitative
differences in signaling that mediate invasion in comparison to proliferation downstream of
LPARs in these thyroid cancer cell lines. Of interest, depletion of both LPAR1 and CD97 in
the cancer cells resulted in cell death, consistent with a synergistic effect of CD97 on LPAR
signaling.

Proximity ligation assays demonstrated significant heterodimerization between endogenous
CD97 and introduced HA-LPAR1 in BCPAP, SW1736 and to a much lesser extent Cal62
(Figure 3d). In addition, proximity ligation assays performed on cells, following starvation
and stimulation with LPA, suggested in Cal62 and SW1736 cells that LPA can potentiate or
stabilize the CD97-LPAR interaction, while constitutive heterodimerization occurred in
BCPAP (Supplementary Figure 3).

CD97 expression in murine thyroid cancer follows the same pattern as in human disease

Our findings that CD97 promotes LPA-stimulated invasion of thyroid cancer cell lines and
that CD97 expression correlates with thyroid tumor dedifferentiation and progression in
clinical samples suggested that CD97 may have a role in promoting an aggressive thyroid
cancer phenotype. We used a mouse model of TFCC to elucidate the function of CD97 in
thyroid cancer development. The 7Ar6”Y model is characterized by elevated levels of
circulating TSH and development of follicular thyroid adenoma with eventual progression to
carcinoma and metastasis, resulting from the accumulation of additional mutations.2>26 We
assayed CD97 expression in normal thyroid tissue and in tumors arising in 746°V/FV
animals. As shown in Figure 4, endogenous CD97 is absent in normal mouse follicular
epithelium and is clearly detectable in carcinoma. As expected, CD97 was strongly
expressed in stromal smooth muscle and endothelial cells observed within thyroid sections.
To test our hypothesis that constitutive CD97 expression would accelerate the development
of thyroid carcinoma, we engineered a CD97 transgenic mouse constitutively expressing
human CD97-5EGF from the bovine thyroglobulin promoter (Figure 5a). The expression of
transgenic CD97-5EGF protein, confined to the follicular epithelium, was confirmed by
western blot analysis of thyroid tissue lysates and by immunohistochemistry of thyroid
tissue sections using an antibody specific for human CD97 (Figures 5b and c).

Constitutive CD97 expression in the follicular epithelium of ThrbPY/PY mice increases the
rate of progression to vascular invasion and metastasis and leads to metastatic lesions
with a more aggressive histology

The CD97 transgenic line was crossed with the 7/r”Y”FV line and tumor progression along
with CD97 expression were assessed over time. Normal thyroid, thyroid carcinomas, and
invasive tumor cells within the vasculature expressed substantial amounts of transgenic
CD97 (Figures 5c—e). Two characteristics of cancer progression, vascular invasion and distal
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metastasis, were accelerated in CD97 transgenic mice. Figure 6a shows that constitutive
expression of CD97 in the follicular epithelium increased the incidence of vascular invasion
(from 33 to 67%) and metastasis (from 12 to 24%). The effect of CD97 on vascular invasion
is particularly dramatic in younger mice (24-44 weeks), where the incidence of vascular
invasion was increased from 19 to 60% by expression of CD97 (Figure 6b). The increase in
vascular invasion was statistically significant as determined by contingency table analysis.
Although vascular invasion is a risk factor for the development of metastasis, many of the
mice had to be euthanized because of morbidity from the primary tumor before metastatic
lesions could be detected in the lungs, resulting in low numbers of mice with metastases.
The total number of lung lesions among the eight 7/r6”Y7FY CD97( + ) mice with metastasis
was 39 whereas the four 7Ar6°Y/PY CD97(-) mice demonstrated a total of 18 lesions. As
shown in Figures 6¢ and d, constitutive expression of CD97 increased the rate for
development of vascular invasion and metastasis to the lungs.

In addition to an increased incidence of metastasis, 7/rt”Y”FV mice expressing the CD97
transgene displayed lung metastases with a more aggressive phenotype. CD97( +)
metastases were mostly extravasated into the surrounding lung parenchyma (Figure 6¢e)
whereas nontransgenic mice had lesions that were either minimally extravasated indicating
early metastasis or completely retained in blood vessels as tumor emboli. Seventy-two per
cent (28/39) of the total lung metastases in the 7Ar£°YPY CD97( + ) mice and 28% (5/18) in
ThrtPV/PY CD97(-) mice were completely extravasated (2= 0.0033). Unexpectedly, lung
metastases disclosed very low levels of endogenous CD97 with occasional CD97-stained
target cells in 74r6°V/PY CD97 transgenic mice (Supplementary Figure 4) indicating that
CD97 is not involved in metastatic colonization per se. It is also possible that differences
within the lung as compared with the thyroid microenvironment in the mouse may have
contributed to the decrease in CD97 expression. Because CD97 was clearly expressed in
tumor emboli within the thyroid vasculature and CD97 expression increased the number of
lung metastases, it seems that CD97 accelerated the development of invasive thyroid cancer.
Cells that eventually colonize the lungs seem to have been further selected for other
characteristics unrelated to CD97 expression. We conclude that CD97 promotes cancer
progression toward vascular invasion and consequently onset of metastasis. Overall survival
was not different between 7Ar”Y/PY mice with or without the CD97 transgene. The
majority of mortality and morbidity was secondary to the compression of the esophagus and
trachea by the primary tumor, which occurred as early as 18 weeks and as late as 64 weeks
and did not vary significantly with or without transgenic CD97 (Supplementary Figure 5).
CD97 transgenic mice lacking the 7Ar°V/PV mutation did not develop hyperplasia or show
any signs of progression toward abnormal thyroid epithelium indicating that CD97
expression alone was not sufficient to induce transformation in these cells.

CD97 promotes upregulation of signaling pathways in normal thyroid epithelium and
thyroid cancer cells

To begin defining the mechanism of CD97 action, we investigated signal transduction
pathways relevant to thyroid cancer development and progression. Immunohistochemical
analyses were performed on normal (N) thyroid sections taken from animals with and
without the CD97 transgene and on tissues at various stages of TFCT from 7hr6”YFY mice
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with or without the CD97 transgene. Retarded growth and larger thyroid follicle size were
reported for 74rb°V/* as compared with wild-type mice.20 However, on the mixed
background of mice used for our studies, there were no apparent differences in animal size
or thyroid follicle size between heterozygous ( 7/r6°Y/*) and wild-type ( 7/rb*/*) mice, with
or without transgenic CD97.

Tumors were categorized based on the presence or absence of vascular invasion.
Proliferation rate was analyzed using the Ki67 marker. Figures 7a and b, show that presence
of the CD97 transgene most dramatically increased the percentage of Ki67( +) cells in
hyperplasic thyroid and thyroid tumors before the onset of vascular invasion. These data
demonstrate a collaborative effect of CD97 and oncogenic signals on thyroid epithelial
proliferation. Abnormal proliferation is often accompanied by increased apoptosis, and the
percentage of cells displaying cleaved caspase-3 was increased in normal and hyperplasic
epithelium (Figure 7c¢). The combined increase in both proliferation and apoptosis in
developing tumors is consistent with no differences in the range of sizes or weights of
tumors with or without transgenic CD97 (Supplementary Figure 6).

We have shown previously that one pathway of CD97-initiated signal transduction is via
Ga/13 to RHOA and ERK.14 Staining for pERK in normal thyroid or 7/r6”Y/FV thyroids
at various stages of TFCC revealed that constitutive expression of CD97 in follicular
epithelium increased the level of pERK, even in normal epithelium (Figure 8a). Unscheduled
CD97-dependent ERK activation in normal epithelium may have led to the observed
increase in apoptosis (Figure 7c). Of interest, thyroid tumors isolated from 7Ar”Y/FY mice
expressing transgenic CD97 had numerous clusters of cells with a less differentiated
morphology. These cell clusters were rare in comparable CD97(-) tumors. Cells within
these clusters, which were interspersed with adenoma/carcinoma, were smaller and rounder
in morphology, were located in less differentiated follicular or papillary structures, and were
frequently positive for Ki67 (Figure 7b) and pERK staining (Figure 8b). These foci had
several morphological hallmarks of increased malignancy including increased nuclear and
cellular pleiomorphism, karyomegally, and increased nuclear to cytoplasmic ratio and
mitotic rate. AKT, another signaling component that regulates proliferation and apoptosis,
has been shown to promote thyroid cancer development and progression in 7/r”Y7FV mice.
26 Consistent with this, we observed increased pAKT during tumor initiation and
development (Figure 8c). However, constitutive CD97 expression did not appear to influence
the frequency of pAKT( +) cells. Western blots of whole thyroids verified increased pERK
and unchanged pAKT levels in CD97 transgenic thyroids (Figure 8d). Importantly, CD97
transgenic thyroid cancer organoids grown in culture demonstrated enhanced constitutive
and LPA-stimulated ERK activation relative to non-transgenic tumor organoids (Figure 8e).
In conclusion, transgenic CD97 expression in thyroid follicular epithelium correlated with
increased pERK signaling in these cells, implying a direct effect of CD97 expression upon
thyroid epithelium. In addition, CD97 expression coincided with a higher proliferative rate
in developing tumors and with the presence of pERK( + ), Ki67( + ) clusters of poorly
differentiated tumor cells.

To investigate whether clinical specimens of thyroid cancer demonstrate CD97-associated
signal transduction similar to that identified in cell lines and in the 7/r6”Y”PY mouse model,
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we analyzed coexpression of CD97 with Ki67, pERK and pAKT in the thyroid cancer tissue
microarray (TMA#1) described earlier (Table 1). Spearman’s analysis confirmed significant
positive correlation (P<0.0001) between CD97 expression and Ki67, pERK and pAKT when
comparing normal thyroid epithelial cells and various histotypes of thyroid tumors (Table 3).
Analysis of specific categories of progression indicated that, in samples of adenoma and
papillary carcinoma (PTC and FV-PTC), CD97 expression positively correlated with pAKT
and Ki67. Supplementary Figure 7a demonstrates that the majority of PTC cases in TMA #1
also followed the same pattern for CD97 expression and pERK, with 67% (26/38) of the
cases having positive or negative staining for both CD97 and pERK. Specifically, most of
the cases (25/38) displayed positive staining for both pERK and CD97. Although the low
number of follicular carcinoma specimens did not allow for accurate statistical analysis, the
expression patterns between CD97 and pERK or pAKT or Ki67 were usually parallel
(Supplementary Figure 7b). Overall these correlation data demonstrate the association
between CD97 and other markers of thyroid cancer aggressiveness in genetically
heterogeneous thyroid cancers.

To address the potential clinical relevance of our findings that CD97 heterodimerizes with
LPARL1 in human thyroid cancer cell lines to potentiate LPA-stimulated RHO activation and
invasion, we compared histological staining of LPAR1 and CD97 in a thyroid tissue
microarray (TMA#1). Immunohistochemical analysis revealed that LPAR1 was expressed in
86% (6/7) of normal thyroid epithelium cases with predominantly (71%) weak staining and
some (14%) moderate staining (Figure 9a and Supplementary Table 1). All PTCs and 92%
(12/13) of FTCs expressed LPAR1, and within these DTC samples, 460% of the tissue cores
were categorized as intensely stained. Statistical analysis revealed a positive correlation
between staining for CD97 and LPARL1 expression in TMA#1 (Spearman coefficient 0.4186,
£<0.0001). Immunostaining of normal mouse thyroids ( 74r6°V/*) and thyroid tumors from
ThrPVPY mice demonstrated that LPAR1 expression increased significantly in thyroid
tumors, similarly to human thyroid cancers. LPAR1 expression was not influenced by the
expression of the CD97 transgene (Figure 9b). Co-localization of CD97 and LPAR1 was
demonstrated by immunofluorescence in 7Ar°Y/PV mice (Figure 9c) and in organoid
culture of mouse thyroid epithelial cells (Figure 9d).

DISCUSSION

The identification of signaling pathways involved in thyroid cancer progression is critical to
facilitate development of therapeutic strategies and improve disease diagnostic and
prognostic markers. The need for therapeutics to treat PDCs and UCs is especially profound.
46,7 In the present study, we used human thyroid cancer cell lines and a preclinical mouse
model of TFCC to gain mechanistic insight into the role that the GPCR, CD97, has in
promoting thyroid cancer dedifferentiation and progression. Importantly, we determined that
constitutive expression of CD97 in thyroid follicular epithelium significantly accelerated
progression to vascular invasion and metastasis in a model of TFCC. The known mechanism
of CD97 signaling, through LPAR heterodimerization and LPA-initiated coupling to RHO,14
occurred in human thyroid cancer cells where depletion of CD97 resulted in decreased LPA-
mediated invasiveness. CD97 and LPAR expression increased in association with thyroid
cancer progression and these GPCRs demonstrated significant co-expression. Our findings
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suggest that the CD97-LPAR-LPA axis should be explored as a therapeutic modality for
high-risk and advanced thyroid cancers.

Aberrant expression of CD97 has been demonstrated in several epithelial cancers including
29 thyroid carcinomas.? Here, we show, in 263 clinical cases (805 samples) representing
various stages of TFCT, that CD97 is absent in normal thyroid, is occasionally expressed in
goiters, is expressed in a portion of adenomas, increases in expression with the development
of well-differentiated FTCs and PTCs, and increases even further both in numbers of cells
and level of expression as tumor cells progress to PDC and anaplasia. The fact that CD97 is
expressed in multiple types of carcinomas, including all stages and types of thyroid
carcinomas of follicular cell derivation, implies that CD97 induction is not associated with a
specific genetic mutation but rather is the consequence of several pro-tumorigenic signaling
pathways.

Similarly to carcinoma-induced CD97 expression, LPA receptors (LPAR1_3) have a broad
tissue distribution.18 LPAR1 was expressed at relatively low levels in normal thyroid
epithelium and benign pathologies, whereas the staining intensity significantly increased
with the development of PTCs and FTCs. Increased LPAR levels similarly have been
described for other carcinomas including the breast, ovarian, colon and gastric cancers.16

Early constitutive expression of CD97 protein in thyroid follicular epithelium of 7A6°V/FY
mice significantly accelerated carcinoma progression. Interestingly, we found that transgenic
CD97 expression, even in normal thyroid epithelium, resulted in a marked increase in the
number pERK + cells, consistent with previously observed CD97-mediated, RHO-
dependent ERK activation in prostate cancer cells.14 Importantly, it was possible to
demonstrate in cultured organoids derived from 7Ar”Y7FV thyroid tumors that serum and
LPA stimulation of the ERK pathway was enhanced by transgenic CD97 expression. It is
well recognized that activation of the MAPK pathway downstream of common genetic
alterations has a major role in thyroid carcinogenesis.! In addition, early unscheduled
expression of CD97 in 7ArtPYPY mice resulted in increased proliferative indices as assayed
by the number of cells expressing Ki67 in developing tumors. Elevated numbers of Ki67 +
cells in PTC is considered a risk factor for aggressive disease.2’ In the 7/r6°Y/PY model,
increased levels of pAKT were observed in the earliest epithelial lesions independent of
CD97 transgene expression, consistent with a direct effect of the 7/r6°Y/FV mutation on
AKT activation.28:29 |n genetically heterogeneous human thyroid cancers, however, CD97
expression significantly correlated with pAKT immunoreactivity. That CD97-dependent
signaling was observed in follicular epithelial cells suggests a direct effect of CD97
expression in TFCC.

Modeling the role of the LPAR-LPA pathway in oncogenesis has suggested that increased
LPAR expression collaborates with additional oncogenic events to promote tumorigenesis
and progression.18:30:31 Aytocrine signaling dependent upon elevated carcinoma LPAR
expression in combination with local ATX expression, leading to LPA production, has been
suggested as one mechanism promoting tumor progression.18:31 Interestingly, increased
ATX expression has been described for thyroid UC cell lines and tissue samples.32 Although
LPAR signaling occurs in the absence of CD97, CD97 has a significant effect upon
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potentiating downstream RHO and ERK signaling. Therapeutics targeting LPAR signaling
are currently being developed.33 Thus, it will be important to consider the role of CD97 in
modulating LPAR function and responses to LPA-LPAR targeted therapies.

In conclusion, CD97 seems to contribute to thyroid cancer aggressiveness as shown by its
expression profile relative to thyroid pathogenesis and the promotion of vascular invasion
and metastasis in a preclinical model of TFCT. As a GPCR, CD97 is anticipated to be
‘druggable’ with small molecules. Moreover, its large, antigenic extracellular region may
allow antibody directed therapeutics. Taken together, these findings suggest that CD97
should be evaluated as a potential therapeutic target, especially in combination with
oncogenic pathway targeting.

MATERIALS AND METHODS

Antibodies and reagents

Rabbit monoclonal antibodies against phosphoAKT1 S473 (pAKT), AKT1, pERK, and
cleaved caspase-3 were from Cell Signaling Technology (Beverly, MA, USA). Rabbit
polyclonal antibody directed against Ki67 was from Abcam (Cambridge, MA, USA). Anti-a
tubulin (DM1A) was from Sigma (St Louis, MO, USA). Anti-HA mouse monoclonal
antibody (12C5) was from Roche (Indianapolis, IN, USA). Anti-mouse CD97 goat
polyclonal antibody was from R&D Systems (Minneapolis, MN, USA). Anti-human CD97
rabbit polyclonal antibody was as described in Gray er a/® Anti-LPAR1 (EDG2) rabbit
polyclonal antibody (ab23698) was from Abcam. Biotinylated antibodies directed to rabbit,
mouse and goat were from Dako North America (Carpinteria, CA, USA).

Histology and immunohistochemistry

Immunohistochemical staining was carried out as before.14 The numbers of Ki67, pERK,
pAKT, and cleaved caspase-3 positive cells were counted in representative 200 x fields and
total numbers of cells were quantified using Axiovision software (Zeiss, Thornwood, NY,
USA). Eight fields from three separate animals were used to generate the average per cent
positive cells.

Thyroid tissue arrays

TMA#1 was generated in the laboratory of Dr Paul Meltzer (139 cases, 257 cores). Because
occasional cores were missing from some slides, the core number is not consistent between
the CD97 stained specimens and LPAR staining. TMA#2, a tissue microarray containing
124 PDC and UC cases (548 cores) was generated in the laboratory of Dr Ginesa Garcia-
Rostan.

Invasion assays

In vitro invasion assays were performed as described in Lagerstrom et a/1°

Proximity ligation assays (DuoLink)

Interaction between LPAR1 and CD97 was determined as described in Ward et a/14

Oncogene. Author manuscript; available in PMC 2020 October 15.
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Statistical analyses were done using Prism software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
CD97 is aberrantly expressed in thyroid carcinoma. (A) CD97 expression in three

representative cores from a human thyroid tissue array (TMA#1). Entire cores and higher
magnifications of the areas indicated by the boxes are shown. al Normal thyroid negative for
CD97; a2 and a3 Primary PTC and lymph node metastasis, respectively, disclosing strong
membrane positivity and some cytoplasmic reactivity. Arrows indicate membrane staining.
Scale bars, 20 uM (B) Intratumoral progression from differentiated FV-PTC to PDC. b1l
PDC component showing widespread, strong, cytoplasmic and membrane immunoreactivity.
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b2 FV-PTC component (on right) exhibiting primarily moderate cytoplasmic staining and
some membrane reactivity dedifferentiating toward PDC (on left). b3 Higher magnification
of area framed in B2. Arrows indicate membrane staining. (C) Intratumoral progression
from differentiated FTC to PDC. ¢1 PDC component featuring diffuse, intense, cytoplasmic
and membrane staining. c2 Invasive front of FTC component displaying distinctive
immunoreactivity. ¢3 Non-invasive front of FTC negative for CD97. (B) and (C) are
representative sections from TMA#2. All tissue arrays were immunostained with a rabbit
polyclonal antibody directed against human CD97.
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Figure 2.

()
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CD97 expression increases with intratumoral progression in a tissue microarray of PDC/UC
thyroid carcinomas (TMA#2). Twenty-six per cent of the PDCs and UCs analyzed (33/124)
disclosed a concurrent better DTC component with intratumoral progression/
dedifferentiation. CD97 expression levels in representative tissue cores of cases 3, 4, 27 and
28 are shown. The concurrent better DTC components present within PDCs and UCs
included well-differentiated follicular thyroid carcinoma (WD-FTC), follicular variant of
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papillary thyroid carcinoma (FV-PTC), classic papillary thyroid carcinoma (CL-PTC),
mixed papillary thyroid carcinoma (FV - PTC +CL - PTC), solid PTC, and tall cell PTC.
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Figure 3.

CD97 expression and function in human thyroid cell lines with known genetic alterations.
(a) Western blot showing CD97 expression in thyroid cell lines. Genetic mutations for
TTA-1 and WRO cells have not been completely characterized (b) Western blots showing
CD97 expression and RHO-GTP following starvation and stimulation with 5 uM LPA in
four human thyroid cell lines. Data is shown for parental cells (C) and cells with depleted
CD97 (Sh). (c) /n vitroinvasion of thyroid cell lines to FCS (10%), LPA (1 uM) or EGF (25
ng/ml). (d) Human thyroid cell lines permanently transfected with empty vector (=) or
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LPAR1-HA ( +) were subjected to /n situ proximity ligation assays. Results were quantified
using the Duolink Image Tool software. Average of three independent experiments is shown.
Error bars represent £s.e.m. ***/<0.0001, **/<0.001 at a 95% confidence interval.
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Thrb** Mouse
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Thyroid Carcinoma
ThrbPYPV Mouse

Mouse CD97 expression increases during progression from normal thyroid to carcinoma.
Immunohistochemistry using a polyclonal antibody directed against mouse CD97 was used
to demonstrate relative levels of CD97 in normal and malignant thyroid tissue. Boxed
regions are shown at higher magnification. Arrows indicate tumor cells with primarily
membrane staining and some cytoplasmic expression of CD97. Note high expression of
CD97 in stromal smooth muscle and endothelial cells intermingled with tumor cells. Scale

bars, 20 M.
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Figure 5.
Generation of a CD97 transgenic mouse model constitutively expressing human CD97 in

thyroid follicular epithelial cells. (a) A construct containing the human CD97-5EGF cDNA
clone downstream of the thyroglobulin promoter was generated. (b) Western blot showing
expression of human CD97 protein in transgenic mouse thyroid. (¢) Immunostaining of
normal and CD97 transgenic mouse thyroid. Boxed regions are shown at higher
magnification. (d) Immunostaining demonstrates transgenic CD97 expression in thyroid
carcinoma of 7/r6”Y/PV mice. (e) CD97 expression in cells that have invaded the
vasculature in a 7Arb”YPY CD97( + ) mouse. Arrows indicate tumor cells (1) and
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endothelial cell lining the blood vessel (2). Western blot analysis and immunostaining were
performed using a rabbit polyclonal antibody directed against human CD97. Representative
sections are shown. Scale bars, 20 uM.
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Figure 6.

ThrPVPY mice expressing constitutive hCD97 display more rapid progression to carcinoma
and develop metastatic lesions with a more aggressive phenotype than control animals. (a)
Relative incidence of vascular invasion (V1) and metastasis (M) in mice expressing
transgenic CD97 compared with control mice. Data shown are from 33 transgenic mice and
33 controls, *P=0.0132. Actual numbers of positive animals shown in parentheses. (b)
Relative occurrence of vascular invasion in mice between the ages of 24 and 44 weeks. Data
shown are based on 15 transgenic and 16 control mice, *£= 0.029. Actual numbers of
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positive animals shown in parentheses. (c) Rate of developing vascular invasion was
determined by the cumulative number of mice displaying tumor cells in blood vessels. The
two curves are significantly different, 7= 0.005. (d) Rate of occurrence of metastasis is
shown as the cumulative number of mice with lung metastasis. The slopes of the two lines
are significantly different, = 0.007. (¢) H&E staining of representative metastatic lesions.
Note minimal extravasation of CD97(-) cells (indicated by arrow) from the blood vessel
lumen (BVL) Scale bars, 50 uM. Eight CD97( + ) mice had a combined number of 39
metastatic lesions and four CD97(-) mice demonstrated a total of 18 lesions.
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Figure 7.
CD97 transgenic mice display increased Ki67 and cleaved caspase-3. (a) Per cent cells

expressing Ki67 in normal thyroid (N), hyperplasia (HP), and tumors with or without
vascular invasion (V). Error bars represent s.e.m. ***/<0.0001, **/<0.001, at a 95%
confidence interval. (b) Representative histology showing increased number of Ki67( +)
cells in thyroid carcinoma of 7/rt”YPY CD97( + ) mice. Tissue sections shown are from 53-
week-old mice. Note areas of colloid staining indicated by arrowheads. Scale bars, 50 pM.
(c) Per cent cells expressing cleaved caspase-3 as for Ki67 in (A). The tissues were collected
from mice at 7-68 weeks (N), 7-9 weeks (HP), 51-68 weeks (No V1), and 45-61 weeks
(vI).
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Figure 8.

Constitutive expression of CD97 in follicular epithelium leads to increased phosphoERK.
(a) Relative numbers of cells with pERK in normal thyroid (N), hyperplasia (HP), and
tumors with or without vascular invasion (V1) were determined by immunostaining with
anti-pERK rabbit monoclonal antibody. Error bars represent s.e.m. ***/<0.0001,
**P<0.001, at a 95% confidence interval. (b) Representative sections displaying pERK
staining. Note pERK staining was predominantly nuclear with some weak cytoplasmic
staining. Tissue sections shown are from 53-week-old mice. Scale bars, 50 uM (c) Per cent
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cells expressing pAKT was identified using anti-pAKT rabbit monoclonal antibody. The
tissues were collected from mice at 7-68 weeks (N), 7-9 weeks (HP), 51-68 weeks (No VI),
and 45-61 weeks (V1). (d) Western blot analysis of whole thyroids from 7Arb** CD97
transgene (-) or (+) mice. (e) Western blot demonstrating ERK phosphorylation in organoid
cultures of thyroid epithelial cells. Cells isolated from thyroid tumors of 24 week old
ThrbPV/PY CDYT transgene (+) or (=) mice were grown in 10% FCS (FCS), starved for 24 h
(Starve) or starved for 24 h and stimulated with 1 pM LPA for 10 min (LPA).
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Figure 9.

LPARZ1-staining intensity increases with malignant grade in human and mouse tissues. (a)
LPARL1 staining in three representative cores from a human thyroid tissue array (TMA#1).
Entire cores and higher magnifications of the areas indicated by the boxes are shown. (b)
LPAR1 expression in thyroids from 45-week-old mice. 7Art”Y/* appeared normal and
ThrtP VPV displayed advanced tumors. Entire thyroid sections are shown with higher
magnifications in boxes. A rabbit polyclonal antibody directed against LPAR1 was used for
immunostaining. (c) CD97 co-localizes with LPARL in mouse thyroid tumor cells. Normal
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mouse thyroids ( 7/r”Y7*) and thyroid tumors ( 7/rt”Y/FY) were stained with goat
polyclonal antibody directed against mouse CD97 and rabbit polyclonal antibody directed
against LPARL1. (d) Epithelial cell organoids grown from mouse thyroid tumors display co-
localization of CD97 and LPARL. Antibodies used were the same as those used in (c).
Arrows indicate co-localization of CD97 and LPARL on cell membrane. Scale bars, 20 uM.
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Table 3.

Correlation between CD97 expression and pERK, pAKT, and Ki67 expression in human samples representing
normal thyroids, benign thyroid pathologies, malignant, well-differentiated thyroid carcinomas of follicular

cell origin, and metastases (TMA #1)

Diagnosis Spearman correlation coefficient

CD97/pERK  CD97/pAKT  CD97/Ki67

Adenomas (47 cases) 0.2285 0.6148™"  0.5864™"
Papillary carcinoma (39 cases) ~ —0.03465 0.4745™  0.6794™
All cases in TMA #1 0.3244™ 06464 07168

Spearman correlation coefficients were calculated with a two-tailed P-value and a 99% confidence interval.

F<0.01,

Hook:

FV-PTC.

Oncogene. Author manuscript; available in PMC 2020 October 15.

*
FP<0.0001. Percentage of cells expressing pERK, pAKT or Ki67 was scored as for CD97 in Table 1. Papillary carcinomas included PTC and
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