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Summary

In mice, Nkx2-3 homeodomain transcription factor defines the vascular specification of secondary and tertiary lymphoid
tissues of the intestines. In human studies, polymorphisms in NKX2-3 have been identified as a susceptibility factor in
inflammatory bowel diseases, whereas in mice, its absence is associated with protection against experimental colitis
and enhanced intestinal epithelial proliferation. Here, we investigated the expression of NKX2-3 in normal, polyp,
and adenocarcinoma human colon samples using immunohistochemistry and quantitative morphometry, correlating its
expression with endothelial and mesenchymal stromal markers. Our results revealed that the expression of NKX2-3
is regionally confined to the lamina propria and lamina muscularis mucosae, and its production is restricted mostly to
endothelial cells and smooth muscle cells with variable co-expression of CD34, alpha smooth muscle antigen (aSMA),
and vascular adhesion protein-1 (VAP-1). The frequency of NKX2-3-positive cells and intensity of expression correlated
inversely with aging. Furthermore, in most colorectal carcinoma samples, we observed a significant reduction of
NKX2-3 expression. These findings indicate that the NKX2-3 transcription factor is produced by both endothelial and
non-endothelial tissue constituents in the colon, and its expression changes during aging and in colorectal malignancies.
(J Histochem Cytochem 72: 11-23, 2024)
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Introduction and, following embryonic specialization, undergo con-
tinuous renewal and specification from Lgr5* epithelial
stem cells, located at the bottom of intestinal crypts.>®
The muscle layers and other mesenchymal elements
providing tissue organization and contractility develop
from the splanchnic region of the lateral plate meso-
derm under the influence of Hedgehog signaling ema-
nating from the epithelium,”~® while the autonomous

The gut performs an extensive array of vital biological
functions, including digestion, nutrient absorption,
mucus secretion, fluid homeostasis, and immunologi-
cal defense of the intestines. This functional complex-
ity requires a highly organized tissue architecture, via
integrating divergent epithelial components, smooth
muscle layers, lymphatic and blood vasculature,
autonomous innervation, and mucosal lymphoid tis-
sues that can also maintain tissue integrity and a bal- Received for publication August 23, 2023; accepted November 6, 2023.
anced intestinal microbiome composition.'
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neural elements originate from the vagal and sacral
neural crest-derived progenitors, organized into the
submucosal and myenteric plexuses.’®' These neu-
ronal components (including glial cells) interact with
intestinal lymphoid tissues.'”? Of these, the pro-
grammed lymphoid tissues (such as the Peyer’s
patches [PPs] in the small intestine and colonic
patches in the colon, respectively) develop before
birth, while the microbe-induced transformation of
colonic cryptopatches (CPs) into isolated lymphoid fol-
licles (ILFs) takes place postnatally.’®'® In the human
intestines, altogether over 100 different types of cellu-
lar components have been identified from various ana-
tomical locations along the gut using high-throughput
single-cell RNA sequencing (scRNAseq).6-18

Several transcription factors regulating gut develop-
ment belong to the homeodomain-containing transcrip-
tion factor families.’®2° In a complex lineage-, cell-type,
and context-dependent fashion, these transcription fac-
tors act in a temporal and spatial pattern. Of these, the
Nkx family members create an “Nkx code” that can be
linked to various organ-specific developmental pro-
cesses, and they also participate in various malignan-
cies.?"?2 As an important regulator, Nkx2-1 has been
identified to influence rearranged during transfection
(RET) expression in enteric neural cells,?® whereas
Nkx2-3 acts as a critical mediator promoting intestinal
vascular patterning,2+2¢ also influencing PP high-endo-
thelial-venule (HEV) vascular addressin specification
and gut lymphocyte homeostasis.?*?® Lack of Nkx2-3
confers protection from colitis in a chemically induced
mouse model.2° Furthermore, Nkx2-3* pericryptal mes-
enchymal cells may also contribute to the colonic epi-
thelial stem cell niche, potentially influencing colonic
cancer progression.*°

The expression pattern of Nkx2-3 mRNA has been
previously characterized in murine embryos,' and
earlier immunohistochemical data in human samples
suggested a restricted display of NKX2-3 in colonic
lamina propria mesenchymal cells.?? However, the
colonic expression pattern of NKX2-3 protein has not
been thoroughly investigated yet. In the present work,
we report the postnatal and age-associated expres-
sion pattern in healthy human colon, as well as in
colorectal polyp and carcinoma (CRC) samples. We
also extend previous immunohistochemical analyses
using dual labeling for endothelial, smooth muscle,
and myofibroblast markers, which reveal a shared
non-epithelial/non-leukocytic expression of NKX2-3 in
a regionally restricted manner, but without clear identi-
fiable lineage affiliation.

Materials and Methods

Criteria for Sample Selection

Sample materials were selected from the diagnostic tis-
sue archive of the Department of Pathology, Clinical
Center of the University of Pécs. For the studies, we
established five categories, including (A) healthy neo-
nates and infants (0-3 years, average age 1.3 years,
n=10); (B) healthy adolescents (1520 years, average
age 17.9 years, n=5); (C) healthy adults and seniors (50—
80 years, average age 65.8 years, n=10); (D) patients
with colonic polyps (46-73 years, average age 62.5
years, n=10); and (E) patients with CRC (63-88 years,
average age 717 years, n=15; detailed in Table 1).
Tissue samples were considered healthy if they were
devoid of malignant, hypoxic/necrotic, or inflammatory
lesions, examined by experienced pathologists. The his-
topathological diagnosis of polyp samples was adeno-
matous polyp with low-grade dysplasia, while all tumors
were adenocarcinomas (Table 1). The ethical permit
under the license number 8578-PTE 2020 was issued
by the Regional Research Ethical Committee of the
University of Pécs Clinical Center.

Antibodies and Reagents

We used the following primary antibodies: anti-NKX2-3
(clone #5GAL454C) as a hybridoma supernatant,®
anti-CD34 (clone QBend 10, DAKO), anti-alpha smooth
muscle actin (aSMA, clone 1A4, DAKO), anti-CD45
(clones 2B11+PD7/26, DAKO), and anti-vascular adhe-
sion protein (anti-VAP)/AOC3 (VAP-1, clone 393112,
R&D). As secondary antibodies, InmPRESS horse-
radish peroxidase (HRP)-conjugated goat anti-rat IgG
(mouse absorbed) antibody (Vector Laboratories) and
BondTM Polymer Refine Red Detection kit were used.

Immunohistochemistry

Tissue sections at 4-pm thickness were cut from 4%
buffered formaldehyde-fixed and paraffin-embedded
blocks with a microtome and placed on positively
charged superfrost plus adhesion slides (Epredia; TS
Labor, Budapest, Hungary). Deparaffinization and
antigen retrieval were performed using DAKO PT Link
Pre-Treatment Modul with DAKO EnVision FLEX
Target Retrieval Solution, High pH (50x) reagent, and
sections were heated for 20 minutes at 97°C followed
by cooling to 65°C. Blocking and quenching of endog-
enous peroxidase activity were performed with an
EnVision FLEX Peroxidase-Blocking Reagent for 10
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Table |I. Characteristics of Samples Used: Age, Site of Sample, Type of Sample, and Histological Diagnosis.

Age (Years) Sample Location Sample Type Diagnosis
Normal neonates/infants 0.3 Rectum Biopsy Colon atresia
0.1 Rectum Excision Intact rectum
0.1 Rectum Biopsy Hirschsprung’s disease
2.7 Rectum Excision Hirschsprung’s disease
2.2 Sigmoid colon Biopsy Hirschsprung’s disease
0.4 Descending colon Biopsy Intact colon
34 Rectum Excision Intact rectum
0.1 Rectum Biopsy Hirschsprung’s disease
33 Rectum Biopsy Hirschsprung’s disease
0.1 Rectum Excision Intact rectum
Normal adolescents 18.2 Sigmoid colon Biopsy Intact colon
19.2 Sigmoid colon/rectum Biopsy Intact colon
16.3 Sigmoid colon Biopsy Intact colon
18.0 Sigmoid colon Biopsy Intact colon
17.7 Colon cascade (rectum) Biopsy Intact colon
Normal adults and seniors 589 Descending colon Polypectomy Intact colon
59.3 Sigmoid colon Polypectomy Intact colon
60.6 Sigmoid colon Biopsy Intact colon
65.3 Sigmoid colon Polypectomy Intact colon
65.7 Sigmoid colon Surgical Intact colon
65.9 Rectum Polypectomy Intact colon
68.8 Sigmoid colon Polypectomy Intact colon
69.8 Ascending colon Biopsy Intact colon
71.7 Sigmoid colon Polypectomy Intact colon
724 Sigmoid colon Surgical Intact colon
Polyp 504 Sigmoid colon Biopsy Adenomatous polyp
68.8 Transverse colon Biopsy Adenomatous polyp
62.2 Descending colon Biopsy Adenomatous polyp
56.3 Sigmoid colon Biopsy Adenomatous polyp
61.6 Cecum Biopsy Adenomatous polyp
71.7 Ascending colon Biopsy Adenomatous polyp
63.4 Sigmoid colon Biopsy Adenomatous polyp
71.7 Rectum Biopsy Adenomatous polyp
73.0 Ascending colon Biopsy Adenomatous polyp
45.9 Rectum Biopsy Adenomatous polyp
Colorectal carcinoma 65.7 Sigmoid colon Surgical Adenocc, LG
724 Sigmoid colon Surgical Adenocc, HG
72.6 Ascending colon Surgical Adenocc, HG
79.0 Cecum Surgical Adenocc, HG
64.2 Ascending colon Surgical Adenocc, LG
86.3 Ascending colon Biopsy Adenocc, LG
68.8 Sigmoid colon Biopsy Adenocc, LG
63.4 Rectum Biopsy Adenocc, LG
64.4 Rectum Biopsy Adenocc, LG
63.6 Descending colon Biopsy Adenocc, LG
87.8 Descending colon Biopsy Adenocc, HG
794 Rectum Biopsy Adenocc, LG
66.2 Rectum Biopsy Adenocc, LG
62.9 Rectum Biopsy Adenocc, LG
78.6 Transverse colon Biopsy Adenocc, LG

Abbreviations: Adenocc, adenocarcinoma; HG, high grade; LG, low grade.
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minutes followed by washing with DAKO washing buf-
fer for 3 x 5 minutes. Sections were processed using
DAKO Autostainer Link 48 and Leica BOND MAX
stainer instruments. For single-color labeling, sections
were incubated with anti-human NKX2-3 mAb for 1
hour at room temperature and washed, followed by
incubation with a goat anti-rat IgG-HRP conjugate.
Reactions were visualized using H,O,/diaminobenzi-
dine (DAB, DAKO, EnVision FLEX Substrate buffer,
EnVision FLEX DAB+Chromogen). For dual labeling,
sections were next incubated with anti-human mAbs
for 15 minutes. Reactions were detected with Bond
Polymer Refine Red Detection kit according to Bond
protocol. Nuclei were counterstained with Mayer’s
hematoxylin.

Digital Image Analysis

Sections were scanned using a Pannoramic Midi
scanner (3D Histech Ltd, Budapest, Hungary) and
were then analyzed using the QuPath-v0.2.3. software.
In the lamina propria layer of sections, we randomly
chose five different representative regions containing
approximately 150—200 nucleated cells, counted auto-
matically by the software. Cells were assigned into four
groups based on their nuclear DAB staining optical
density (OD)—negative: DAB OD mean <0.2; weakly
positive: DAB OD mean 0.2-0.4; moderately positive:
DAB OD mean 0.4-0.6; strongly positive: DAB OD
mean >0.6. During analysis, all nuclei were counted
and grouped according to their labeling intensities. For
the analysis of dual immunohistochemistry samples,
the red, brown, and blue reaction products were digi-
tally separated with color deconvolution of the RGB
images, followed by the manual counting of cells.
Samples were also evaluated according to their his-
toscore (H-score) feature, calculated as H-score = 1 x
% weak + 2 x % moderate + 3 x % strong nuclei, with
values ranging between 0 and 300.

Statistical Analysis

The statistical analysis of samples was performed using
GraphPad Prism9. Statistical significance was deter-
mined using Mann-Whitney U-tests or Fisher’'s exact
test. ns, p>0.05; *, p<0.05; **, p<0.01; ***, p<0.001; ****,
p<0.0001).

Results

Distribution and Ratio of NKX2-3* Cells in
Healthy Human Colon

First, we investigated the expression of NKX2-3
by analyzing normal human colon tissues with

immunohistochemistry. We considered the biopsy
samples normal if no inflammatory, necrotic, or neo-
plastic features were present. The majority of cells with
nuclear NKX2-3 staining were located in the tunica
mucosa and, to a lesser degree, also in the tunica
muscularis, while the nuclei of epithelial cells were
consistently negative for NKX2-3 (Fig. 1A-C).

As pericryptal NKX2-3* cells have been shown to
influence the intestinal stem cell niche,* in our subse-
quent studies, we focused on analyzing the NKX2-3-
positive cells within the lamina propria. Here we found
that the NKX2-3" nuclei were homogenously dispersed
along the crypts (Fig. 1A and B). Next, we quantified
the presence and the distribution of NKX2-3-positive
cells at various ages. We found that within the lamina
propria, the frequency of NKX2-3-positive nuclei was
highest in the 0-3 years age group (Fig. 1D and Q)
and was significantly lower in both the 15-20 years
age group and 50-80 years age group (Fig. 1E-G;
p=0.0127 and p=0.0039, respectively). The frequency
of NKX2-3-positive cells did not differ significantly
between the 15-20 years and 50-80 years age groups
(Fig. 1G).

The immunohistological stainings revealed various
nuclear NKX2-3 labeling intensities. Therefore, we
quantified the percentage of NKX2-3-positive cells
with weak, moderate, or strong expression (described
in detail in the Materials and Methods section and
demonstrated in Fig. 2A) and compared the frequency
(defined as percentage of counted NKX2-3* lamina
propria nuclei) of various labeling intensities between
different age groups. In general, we observed an over-
all dominance of strongly positive nuclei in each age
group (Fig. 2B), although the higher percentage of
strong NKX2-3-expressing cells reached statistical
significance only among the 15-20 years age group
(p=0.0079 compared to moderate and p=0.0079 com-
pared to weak intensities, respectively).

As a measure of overall NKX2-3 presence, we cal-
culated the H-score which combines the frequency of
NKX2-3* cells with the intensity of nuclear NKX2-3
expression. We observed a significantly higher H-score
in the 0—3 age group than in the 50-80 years group
(p=0.0185, Fig. 2C). Collectively, these findings con-
firm our previous results on the reproducible immuno-
histochemical detectability of NKX2-3 protein in human
biopsy samples? in the tunica mucosa and tunica
muscularis layers, also revealing the dominance of
strong labeling in all age groups, with the highest fre-
quency and H-score in the 0—3 years age group.

Characterization of NKX2-3* Cells

Due to the dispersed pattern of labeling described
earlier, we assumed that several cell types express
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Figure |. Restricted expression of NKX2-3 in the tunica mucosa and in the tunica muscularis. (A) Representative overview of NKX2-3
staining from healthy human colons. (B) Red insert from (A) showing NKX2-3 expression in the tunica mucosa. (C) Black insert from (A)

(continued)
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Figure |. (continued)

depicting NKX2-3 expression in the tunica muscularis. (D) Representative image showing colonic NKX2-3 expression in 03 years old
age group. (E) Representative image showing colonic NKX2-3 expression in adolescents (15-20 years old age group). (F) Representative
image showing colonic NKX2-3 expression in adults (5080 years old age group). (G) Quantification of percentage of cells expressing
NKX2-3. Scale bar in A represents 100 pm; in B and C, 20 um; in D—F, 50 pm. Abbreviation: LP, lamina propria. ¥p<0.05, **p=0.01.
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Figure 2. Variable staining intensities of NKX2-3 labeling during aging. (A) Representative staining illustrating the identification of cells
with negative, weak, moderate, or strong NKX2-3 expression. The red line in the middle panel indicates the region analyzed. The right
panel shows representative nuclei. (B) Frequencies of various staining intensities in the different age groups. Yellow, weak; orange, mod-

erate; red, strong. (C) H-(histo-)score of NKX2-3 expression in various age groups. Scale bars, 20 pm. ¥p<0.05, **p<0.01.

NKX2-3. Based on our previous dual labeling data for
Factor VIIl, CD34, muscle-specific actin (MSA), and
aSMA,22 we hypothesized that both endothelial and a
substantial fraction of non-endothelial mesenchymal cells
may share NKX2-3 production. In mice, a gp38* pericryptal
mesenchymal stromal subset also expresses CD34, in
addition to endothelial cells.®® For a more detailed charac-
terization of NKX2-3-positive mesenchymal cells in
human colonic samples, we investigated the presence of
NKX2-3 in subepithelial myofibroblasts that were previ-
ously found to express o SMA.3* Therefore, we next aimed
to define the lineage affiliation of NKX2-3 expression in
the pericryptal rim of the lamina propria. Due to the stron-
ger staining of NKX2-3, we used samples from healthy
0-3 years age group for the lineage analysis.

First, corroborating our previous observations, we
found that aSMA is expressed in the colonic pericryptal
rim, in addition to its expression in the deeper regions
of the lamina propria (Fig. 3A) and the smooth muscle;
however, its blurred staining pattern hampered the pre-
cise identification of the pericryptal region adjacent to
the epithelium.

To study the organization of this region in further
details, we used other mesenchymal markers. We found
individual CD34" pericryptal cells co-expressing NKX2-
3. Careful analysis indicated that these non-vascular
CD34* cells could be resolved into NKX2-3-positive and
NKX2-3-negative subsets (Fig. 3B), sometimes even
represented by two neighboring cells. Morphometric
analysis revealed that only 22.4% (234 out of 1045) of
Nkx2-3-positive pericryptal cells expressed CD34. In a
reverse fashion, 75% of CD34-positive cells (234 of
312) in this region displayed NKX2-3, while the remain-
ing 25% of CD34* cells (78 out of 312) were NKX2-3-
negative (Fig. 3C); in addition, CD45" leukocytes also
lacked NKX2-3 expression (Fig. 3D).

In mice, vascular adhesion protein-1 (VAP-1/AOC3)
has been reported to identify Nkx2-3* pericryptal
myofibroblasts,®® while in healthy human colon, it is
also expressed in the vasculature of lamina propria
and submucosa (in addition to the smooth muscle
cells of the lamina muscularis mucosae), thus prompt-
ing the analysis of its correlation with NKX2-3. In the
pericryptal regions, we could observe NKX2-3/VAP-1
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Figure 3. Heterogeneous expression of NKX2-3 in CD34-positive colonic pericryptal cells. (A) Representative image showing dual
immunohistochemical labeling for NKX2-3 (brown) and aSMA (red) (n=3). Black and white arrows indicate double positive cells and
aSMA single positive cells, respectively, in the pericryptal rim. Asterisk labels lamina propria mesenchymal cell cluster. (B) Representative
image of dual immunohistochemical labeling for NKX2-3 (brown) and CD34 (red) demonstrating partial overlap between the two mark-
ers (n=2). Black arrow indicates double positive, white arrow indicates single CD34 positive, and white arrowhead indicates single
NKX2-3 positive cells. (C) Quantification of the overlap between NKX2-3 expression and CD34 labeling in pericryptal cells (n=2
patients). (D) CD45-positive (red) leukocytes lack NKX2-3. Scale bar, 20 um. Abbreviation: aSMA, alpha smooth muscle antigen.

double-positive cells (Fig. 4A). Furthermore, in the
deeper regions of lamina propria, we also found vas-
cular endothelial labeling of VAP-1 (Fig. 4A). In the
pericryptal zone, the majority of local VAP-1-positive
cells also expressed NKX2-3 (Fig. 4B), and the com-
parison of the degree of overlap in NKX2-3/VAP-1 to
that of NKX2-3/CD34 revealed that a larger fraction of
NKX2-3-positive cells displayed VAP-1 (340 out of
669, 50.8%, Fig. 4B) than those expressing CD34
(Fig. 3C). A statistical comparison indicated that VAP-1
expression is more closely related to the production of
NKX2-3 than CD34, as only 5.1% of VAP-1-positive
cells (21 out of 361) lack NKX2-3 labeling, while as
shown earlier, 25% of CD34* lacked NKX2-3 (Fig. 4C,
p<0.0001).

To identify NKX2-3-positive lamina propria mesen-
chymal cells lacking all these endothelial/myofibroblastic

markers, we next performed dual labeling with a cocktail
of anti-CD34/VAP-1/aSMA antibodies visualized with
the same red precipitate and correlating it with NKX2-3
detection via brown DAB chromogen. We found that
although the majority of NKX2-3* cells also stained
positive with the anti-CD34/VAP-1/aSMA cocktail,
NKX2-3 single positive cells were still readily detect-
able (Fig. 4D). Similar to the extensive labeling observed
for evaluation of aSMA staining, our attempts to quan-
tify the overlap with NKX2-3 staining were futile. Taken
together, our results reveal that, although the majority
of histologically detectable NKX2-3* cells can be
assigned to various pericryptal myofibroblast lineages,
none of the markers employed appears to be able to
uniquely identify the NKX2-3* cells; in addition, a small
fraction of NKX2-3* cells do not display CD34, VAP-1,
or aSMA.



Gabris et al.

100

Bl NKX2-3
1 NKX2-3*

2

8 50

ks

c\o kkkk

0
CD34* VAP-1*

Total=690

VAP-1*/NKX2-3(21)
I VAP-17/NKX2-3*(329)
B VAP-1*/NKX2-3* (340)

Figure 4. Heterogenous expression of NKX2-3 in VAP-|-positive colonic pericryptal mesenchymal cells. (A) Representative images
showing dual immunohistochemical labeling for NKX2-3 (brown) and VAP-| (red) (n=3). Black arrow and white arrows indicate
pericryptal double positive cells and VAP-I single positive cells, respectively; arrowhead points to a capillary lined by VAP-1-positive
endothelial cells. (B) Quantification of the overlap between NKX2-3 expression and VAP-1 labeling in pericryptal cells. The measure-
ment was carried out at the distance of less than 20 pm from the crypt edge (n=2 patients). (C) Quantification of NKX2-3" (gray)
or NKX2-37 cells among CD34" cells (left) and VAP-1* cells (right). (D) A representative image of staining with Nkx2-3 (brown) and
CD34/0SMA/VAP-I (red) (n=2). White arrowhead indicates an NKX2-3 single positive cell. Scale bar, 50 um. Abbreviations: aSMA,

alpha smooth muscle antigen; VAP-1, vascular adhesion protein-1.

Distribution and Ratio of NKX2-3* Cells in
Colorectal Cancer Samples

Previous reports identified polymorphisms in NKX2-3 as
a susceptibility trait associated with inflammatory bowel
diseases,® and its absence in mice resulted in enhanced
epithelial proliferation in both homeostatic and inflamma-
tory conditions,?® thus raising its potential involvement in
epithelial proliferative conditions, including polyps and
adenocarcinomas. Therefore, next we examined the
expression of NKX2-3 in patients with either pre-malig-
nant adenomatous polyps or malignant adenocarcino-
mas (Table 1). The cohort of normal 50- to 80-year-old
samples was used as age-matched controls.

Similar to non-tumor samples, NKX2-3* cells were
homogenously distributed throughout the lamina propria
of polyp and adenocarcinoma samples (Fig. 5A and B).
Comparing the frequency of NKX2-3* nuclei relative to
the total number of nuclei, we observed a lower percent-
age in polyps than in non-tumor controls (p=0.0433),
and this frequency further decreased (p=0.0003) in

adenocarcinoma samples (Fig. 5C). On the other hand,
the difference between polyp and adenocarcinoma
samples did not reach statistical significance.

To dissect whether the reduction of NKX2-3-positive
nuclei is a general phenomenon or is related to a shift
in labeling intensity, we analyzed the distribution of
nuclei with various NKX2-3 expression levels. In gen-
eral, we found that in both polyp and adenocarcinoma
samples, weakly labeled NKX2-3* cells represented
the largest proportion of nuclei (Fig. 5D). The percent-
age of these cells was significantly increased com-
pared to healthy controls, coupled with significant
decreases in the moderately and strongly NKX2-3*
nuclei. This was in contrast to the findings in healthy
controls where intensely NKX2-3" cells represented
the largest fraction of cells.

In line with the reduced number and labeling inten-
sity of NKX2-3-positive nuclei, we also observed a sig-
nificantly lower H-score in both polyp and CRC
samples than those in healthy samples (Fig. 5E;
p=0.0288 and p=<0.0001, respectively). Moreover, in
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Figure 5. Decreased expression of NKX2-3 in pre-malignant and malignant colon tissues. (A) Representative image showing NKX2-3
expression in colonic polyps. (B) Representative image showing NKX2-3 expression in colon adenocarcinoma samples. (C) Frequencies
of NKX2-3* cells in non-tumor, polyp, and adenocarcinoma samples. (D) Frequencies of weak, intermediate, and strong NKX2-3* cells
in non-tumor, polyp, and adenocarcinoma samples. Yellow, weak; orange, moderate; red, strong. (E) H-score of non-tumor, polyp, and
adenocarcinoma samples. Scale bar in (A) and (B) represents 50 pm. Abbreviations: CRC, colorectal carcinoma, LP, lamina propria.

%5<0.05, *p<0.01, #p<0.001, #4<0.0001.

CRC samples, the H-score was significantly lower
(p=0.0096) than that in polyp samples.

Taken together, these findings establish the loss
of cells with strong NKX2-3 expression in patients
with adenomatous polyp or with defined colonic
adenocarcinoma.

Discussion

In our present work, we studied the presence and dis-
tribution of the NKX2-3 homeodomain transcription

factor in humans to define its course of expression
during aging and in colorectal malignancies. Our find-
ings demonstrate a heterogeneous expression pattern
shared between various endothelial as well as fibro-
blastic cell subsets and differential production affected
by both aging and malignant transformation.

First, we investigated the colonic expression pat-
tern of NKX2-3 at various ages from histologically
normal samples. Our findings reveal a more pro-
nounced expression in the youngest age group,
probably reflecting the organ growth in this period.
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The bulk of reactivity was observed in the subepi-
thelial region of the colonic lamina propria, where a
shared co-expression with mesenchymal stromal
markers was detected, including CD34, aSMA, and
VAP-1.

The endothelial expression of NKX2-3 may be
needed for the maintenance of capillary organization, as
its inherited mutation has been demonstrated to be
associated with intestinal varices.?* Furthermore, the
inhibition of NKX2-3 in ileal microvascular endothelial
cells in vitro led to the reduction of mMRNA expression
of Mucosal addressin cell adhesion molecule-1
(MAdCAM-1), AKR thymoma kinase (AKT), and
Vascular cell adhesion molecule (VCAM1) surface
molecules.®® These observations indicate endothelial
effects as well as possible communication (membrane-
associated or soluble) with other cells, including leuko-
cytes that can contribute to the hitherto unexplored
relationship between altered expression of NKX2-3 and
inflammatory bowel diseases.®® The endothelial effects
of Nkx2-3 in murine PPs HEVs involve the transcrip-
tional action of a composite recognition element in the
regulatory regions for Nkx2-3 and COUP-TFII proteins,
influencing the expression of MAdCAM-1 addressin
and St6Gall sulfotransferase enzyme defining the
addressin’s glycosylation characteristics.” While Nkx2-3
is also expressed in hematopoietic stem cells (HSCs)
influencing their homeostasis, in mature leukocytes,
Nkx2-3 is absent, in agreement with our immunohisto-
chemical observations in human samples. Although the
absence of Nkx2-3 in mice causes defective develop-
ment of PPs and isolated follicles and suppresses dex-
tran sulfate sodium (DSS)-induced colitis,?>2%2° this
deviation is likely be related to disrupted endothelial
specification affecting intestinal immunity.

While the (venous) endothelial expression of
NKX2-3 may contribute to leukocyte homing to the
intestines and inflammatory responses, the non-
endothelial production of NKX2-3 within the lamina
propria may be more closely related to the differentia-
tion of colonic epithelial cells, via establishing the
colonic niche for intestinal epithelial stem cells (IESCs)
expressing Lgr5.5% In our subsequent analyses
aimed at defining the lineage affiliation of NKX2-3-
positive colonic stromal cells, we consistently found
that the colonic epithelial cells themselves do not
express detectable amounts of NKX2-3 protein; on
the other hand, a significant fraction of the non-endo-
thelial lamina propria stromal cells expressing CD34,
aSMA, and/or VAP-1 produce NKX2-3. This arrange-
ment is similar to that in mice, where the proximity of
Lgr5* IESCs and CD34%/gp38* pericryptal mesenchy-
mal cells producing Wnt2b, Gremlin-1, and R-spondin1
appears to be a main factor in maintaining the

homeostasis of IESCs following tissue damage and
inflammation.®® The differential representation of
NKX2-3* cells among the VAP-1-positive and CD34-
positive pericryptal compartments, together with the
difference between the total NKX2-3-positive nuclei
and the sum of VAP-1 and CD34 expression, sug-
gests both a partial overlap for VAP-1 and CD34 (thus
the likely existence of VAP-1*/CD34- cells) and the
presence of VAP-1-/CD34- cells among the pericryptal
NKX2-3-positive cells. To clarify the distribution of
these presumed stromal subsets, the combination of
CD31 and CD34 with VAP-1 as surface markers cor-
related with NKX2-3 expression may offer a possible
approach to identify putative intestinal myofibroblastic
cells for further analyses, including their support func-
tions for epithelial differentiation of IESCs. This
approach may also confirm the existence of a putative
“triple negative” (i.e. CD34/VAP-1/aSMA-negative)
NKX2-3-positive subset demonstrated in our com-
bined immunohistochemical labeling that we assume
as a minor population.

Our immunohistochemical results demonstrating
the lack of clear lineage-restricted expression of
NKX2-3 is in line with recent scRNAseq analyses
revealing a wide range of mesenchymal cells tran-
scribing NKX2-3, including (but not limited to) myofi-
broblasts, ADAMDEC* stromal cells, CCL11* stromal
cells, CH25H" stromal cells, and others'® (www.gutcel-
latlas.org). Within the endothelial compartment,
NKX2-3 was transcribed in cycling (Ki67+*) endothelial
cells and capillary endothelium, but not in lymphatic
endothelium. Importantly, in this database, NKX2-3
was absent from epithelial cells and hematopoietic
cells, similar to our histological results.

Finally, in our immunohistochemical analysis of
NKX2-3 expression in polyps and CRC samples, we
found that NKX2-3 is downregulated in the connective
tissue. This raises the question whether the expansion
of cancer cells may alter the transcriptional profile of
cancer-associated fibroblasts (CAFs), or the initial
reduction of NKX2-3 may create a permissive environ-
ment for the emergence of CRC. CAFs contribute to the
expansion of carcinoma cells in several ways, and their
unequivocal identification is hampered by the lack of
universal markers and phenotype. Initially, CAFs may
emerge from local fibroblasts; however, at later stages,
epithelial as well as pericytes, endothelial cells, and
mesenchymal stem cells may also give rise to CAFs.®
The observed reduction of NKX2-3 suggests either
reduced production by the resident stromal cells or their
partial replacement by cells originally lacking NKX2-3
production. Although the effect of differential NKX2-3
mRNA and protein expression between various colonic
and/or rectal segments cannot be excluded, previous
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data reporting NKX2.3 expression in a Gene Expression
Omnibus data set involving cancer and normal mucosa
samples from the colon do not reveal significant differ-
ences when normal mucosa from left and right colon are
compared (GSE44076; hitps://www.ncbi.nim.nih.gov/
geo/query/acc.cgi?acc=GSE44076); however, expres-
sion is significantly reduced in cancer compared to nor-
mal mucosa. Our earlier findings on the enhanced
epithelial proliferation and intestinal regeneration in mice
lacking Nkx2-3 in DSS-induced colitis model®® can be
reconciled with the negative relationship between
NKX2-3 expression and epithelial cell expansion in
human colon. It remains to be investigated whether the
lack of Nkx2-3 enhances the propensity for colorectal
cancers in these mice. As suggested earlier, exploiting
the possible combination of CD31 (to specify endothe-
lial cells) with CD34 and VAP-1 (as shared endothelial/
mesenchymal markers) for cell sorting may also pro-
vide further data on the altered production of NKX2-3
between normal and CRC or polyp samples from
humans. It is yet unknown whether various CRC-
associated mutations (KRAS, NRAS, and BRAF)* or
fibroblast activation protein (FAP) production®® may
modify or correlate with the expression of NKX2-3. In
addition, follow-up studies of samples taken from vari-
ous stages of cancer progression and therapeutic
response and larger cohort may further pinpoint differ-
ential representation of the FAP-positive CAF compart-
ment with various degrees of NKX2-3 expression. As
the expression of NKX2-3 in the non-invasive adeno-
matous polyps (with preserved stromal composition) is
already reduced, it is likely that the downregulation of
NKX2-3 is associated with creating a permissive condi-
tion for subsequent transformation and malignant
expansion of cancer cells in CRC. Further studies with
lineage-specific targeted inactivation of Nkx2-3 in mice
may provide important clues on the role of this mesen-
chymal transcription factor in the propagation of epithe-
lium-derived colonic malignancies.
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