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Abstract

Obijective: Integrin ol I B1 is a collagen receptor specific to fibroblasts that regulates myofibroblast differentiation. We sought to
determine whether ol I 31 is expressed in myometrium and fibroids and whether tissue expression varies. Design: Comparison
of al I in human myometrium and fibroids using Western blot and RNA in situ hybridization. Materials and Methods: Spe-
cimens were obtained from fibroid and myometrium. For Western blots, we used a polyclonal antibody to integrin ol I. RNA in
situ hybridization was performed using a custom RNA probe for ol | subunit. Results: Myometrium and fibroids express al |
integrin, with expression 2-fold greater in fibroids. The RNA probe offers a more precise method compared to Western blot
using polyclonal human antibody. Conclusions: The difference in expression in myometrium and fibroids suggests that ol | is
involved in the formation of myofibroblasts and fibroid development.
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Background

Uterine fibroids are the most common tumors in reproductive-
age women and arise from uterine smooth muscle. There is an
abundance of collagen in these benign tumors'> and when
compared to collagen fibrils observed in myometrium, adjacent
fibroid tumors contain fibroid collagen with fibril structure
orientation consistent with fibrosis.! Several investigators have
described fibroblasts in the extracellular matrix (ECM) micro-
environment of the smooth muscle cells of fibroids.* These
fibroblasts demonstrated distinct protein expression as deter-
mined by immunostaining properties. Zaitseva et al* reported
that o-smooth muscle actin (xSMA)-negative fibroblast cells
have a different morphology compared to similar cells in the
myometrium. As demonstrated by coculture, fibroid-derived
fibroblasts stimulate fibroid cell proliferation, collagen type I
production, and activate both receptor tyrosine kinases and
transforming growth factor p (TGFB) receptor signaling® and
are thus profibrotic cells. Additionally, the cells in the Zaitseva
study did not stain with desmin, suggesting that they were of
nonmuscle origin. Together, these studies raise intriguing ques-
tions regarding the fibrosis observed in uterine fibroids.
Fibroid cells have striking characteristics that can be consid-
ered as myofibroblast-like cells.® Myofibroblasts are responsi-
ble for the overabundance of collagen noted in fibrotic tissue.
Fibroids appear to be resistant to apoptosis and contain a large
amount of disoriented collagen fibrils."® Interestingly, prior
studies using electron microscopy imaging of fibroids <3 mm
in size reported findings which suggested that 2 types of cells

were present, including cells that “closely resembled immature
smooth muscle cells or myofibroblasts.”” Myofibroblasts were
first observed in wound granulation tissue by electron micro-
scopy almost 38 years ago® and are involved in tissue regenera-
tion, tissue fibrosis, and other processes such as development.
Fibroids grow by a fibrotic process and contain a number of
myofibroblast-like cells and respond in a unique manner to
mechanical strain and compression and express active p.”'

Integrins are cell adhesion molecules consisting of o- and
B-chains that are noncovalently associated to form heterodi-
mers. Of the 24 integrin af-heterodimers, 9 contain an interac-
tive domain called the ol domain. There are 4 collagen-binding
integrins (a1B1, o2B1, a10B1, and al11p1),"" that interact with
the I domain of collagen at the collagen-associated glycine-
phenylalanine-hydroxyproline-glycine-glutamate-arginine motif.
As the 1 subunit is not involved in collagen binding, it is cus-
tomary for experiments to be conducted using 1 of the 4 o
subunits.
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Recent studies indicate that integrin a11B1 is a collagen
receptor specific to fibroblasts and regulates myofibroblast
differentiation. During tooth eruption, al1B1 is needed on
fibroblasts of the periodontal ligament and is also the major
collagen receptor on cultured mouse embryonic fibroblasts.'?
Furthermore, o111 has been shown to regulate the autocrine
secretion of insulin-like growth factor II in fibroblasts of
tumor stroma.'® Finally, a11p1 is regulated by mechanical
strain and by members of the TGF-B superfamily involving
activin A and Smad3, suggesting that a11p1 regulates profi-
brotic myofibroblast differentiation and mediates matrix
metalloproteinase 13-dependent collagen lattice contraction
by fibroblasts in mice.'*'®

Our research goal is to determine whether integrin o111 is
expressed in uterine fibroid tissue as well as in adjacent myo-
metrium. We surmise that the expression of integrin a1l in
fibroid and myometrial tissues differs and thus hypothesizes
that 11B1 is involved in the development of the fibroid cell
phenotype. Our ultimate goal is to provide evidence of the
presence of the collagen-binding integrin o11 in myometrium
and its differential expression in fibroids to stimulate further
research of its role in the development of these common
benign tumors that contribute to considerable morbidity and
health care costs.'’

Materials and Methods

Patients

The research protocol was approved by the institutional review
board of Duke University Medical Center and patients were
approached and enrolled prior to undergoing hysterectomy.
A total of 9 premenopausal patients undergoing hysterectomy
for symptomatic uterine fibroids were enrolled.

Tissue Isolation

Hysterectomy specimens were first evaluated by the Depart-
ment of Pathology. Following this, fibroid tissue and myome-
trium were obtained by careful sharp dissection as described
previously."'® Briefly, at the time of hysterectomy, tissue spe-
cimens were obtained at the edge of a single fibroid, taking care
to avoid the capsule and adjacent myometrium. The adjacent
myometrium was obtained 1 cm away from the fibroid capsule
to ensure that there would be no compressive force from the
fibroid on that tissue. We utilized tissue from 5 patients for
the Western blots and tissue from 4 patients for the RNA in situ
hybridization.

Western Blot

In order to initially determine whether uterine and fibroid tissue
expressed a1l integrin, Western blot analysis was performed.
The tissue specimens were pulverized, homogenized in radio-
immunoprecipitation assay buffer (50 mmol/L Tris-HCI, 150
mmol/L NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, and
0.1% sodium dodecyl sulfate), and then centrifuged at 12 000 rpm

for 15 minutes at 4°C. Protein concentrations were estimated
via Bradford protein assay. A total of 60 ug of protein from
each sample was separated via a 4% to 15% Tris-HCl polyacry-
lamide gel (BioRad, Hercules, CA) and transferred to a polyvi-
nylidene difluoride membrane. The blot was incubated with
polyclonal antibodies to integrin o1l (1:500) and glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH; 1:2500) at 4°C
overnight, then goat antirabbit horseradish peroxidase (HRP)
secondary antibody for 1 hour. The blot was incubated in
SuperSignal West Pico Chemiluminescent Substrate (Thermo
Fisher Scientific, Waltham, MA) and briefly exposed to film.
Quantification of the signals was performed using ImageJ soft-
ware.'” Integrin 11 band intensities were normalized to
GAPDH band intensities.

RNA In Situ Hybridization

The tissues were immediately fixed for 24 hours in 10%
neutral-buffered formalin at room temperature, embedded in
paraffin, cut in 5 um sections and placed on SuperFrost plus
slides. Tissue samples were fixed and slides were baked at
60° for 1 hour and then dried. The tissue sections were dewaxed
with xylene and rehydrated through an ethanol series. RNA in
situ hybridization for a11 integrin messenger RNA was per-
formed manually using RNAscope 2.0 FFPE reagent kit
(Advanced Cell Diagnostics, Inc, Hayward, California) and
RNAscope Probe specific to the sequence region spanning
2515-3465 of the gene encoding ITGA11 according to the man-
ufacturer’s instructions. Briefly, 5 um formalin-fixed, paraffin-
embedded tissue sections were pretreated with heat and protease
prior to hybridization with the target oligonucleotide probes.
Preamplifier, amplifier, and HRP-labeled oligonucleotides were
then hybridized sequentially, followed by chromogenic precipi-
tate development with 3,3’-diaminobenzidine. Each sample was
quality controlled for RNA integrity with a RNAscope probe
specific to PPIB RNA and for background with a probe specific
to bacterial dapB RNA. Gallbladder tissue was also used as a
control. Specific RNA staining signal was identified as brown,
punctate dots.

A total of 3 to 4 slides were processed for each tissue sam-
ple and 3 areas of each slide at a magnification of 10x were
chosen at random for staining quantification. Furthermore,
each chosen 10x area was subdivided into quadrants for accu-
rate cell counting. Data collected included total number of
cells per area, total number of stained cells, and staining score
of each cell. Staining quantification was performed using
standardized criteria of stained dots per cell correlating with
a staining score. Cells with no staining received a staining
score of 0; cells with 1 to 3 stained dots received a score of
1; 4 to 10 dots received a score of 2; and greater than 10 dots
received a score of 3. All slides were scrutinized by all 3
authors separately, with cell counting and quantification per-
formed by 1 author. Slides in which the staining process was
unsuccessful (defined as less than 2% of all cells stained) were
discarded from the analysis.
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Figure |. Western blot. Protein levels of al | in 5 patient-paired sam-
ples of fibroid (F) and myometrium (M), with values normalized to
GAPDH.

Statistical Analysis

Statistical analysis of the percentage of stained cells, intensity
of stained cells, and overall intensity of the total cells counted
was performed using a paired student ¢ test (GraphPad, Graph-
Pad software, San Diego, California). The averages, standard
error of the mean, and P values were calculated.

Results

Western Blot

Our findings demonstrated that integrin a1l is expressed in
both myometrium and fibroid tissue (Figure 1). In 2 paired
fibroid/myometrium samples (patient 1 and patient 4), the
expression of all was elevated or equivalent while in the
remaining paired samples (patients 2, 3, and 5), the expression
of a1l was decreased, which consistent with what is known
about differential protein expression during the growth and
development of uterine fibroids.*

RNA In Situ Hybridization

For RNA in situ hybridization, 35 slides from 3 different
patients were analyzed, with a total of 10 195 myometrial cells
counted and quantified. For the fibroid tissue, a total of 4686
fibroid cells from 20 slides were counted and underwent stain-
ing quantification. For our controls, 12 slides from 1 patient
were used for both the control for myometrium and fibroid tis-
sue, with a total of 1985 myometrial cells and 1941 fibroid cells
counted. A total of 2192 cells of gallbladder from 12 slides
were also analyzed. Representative sections of each tissue type
are presented in Figure 2A-E. All sections of fibroid (Figure
2A) and myometrial tissue (Figure 2B) that were processed and
analyzed stained positive for a1 1B1 as can be identified with
brown staining within the cells. There was no evidence of stain-
ing for o111 in either the fibroid control (Figure 2C) or in the
myometrium control (Figure 2D). Similarly, the gallbladder
tissue had no evidence of al1B1 staining (Figure 2E).

In the myometrium samples, 14.2% of total cells stained
positive for 1131 while more than twice the cells in the fibroid
tissue (31.3%) were stained, with a significant P value of <.005
(Figure 3A). Of the cells that were stained in each tissue type,
there was no statistically significant difference in the average
intensity as samples in myometrium had an average intensity
score of 1.52 compared to 1.66 in fibroid tissue. When the aver-
age intensity of all cells counted per tissue type was compared,
there was a 2-fold difference between myometrium and fibroid
(intensity scores of 0.22 and 0.53, respectively) although this
was not found to be statistically significant (P value = .12;
Figure 3B).

Discussion

This study is novel and the first to report that o111, a collagen-
binding integrin, is expressed in both human myometrial and
fibroid tissue. Although we were able to demonstrate the pres-
ence of a11B1 in both myometrium and fibroids via Western
blot, utilizing RNA probe in situ technology allowed us to obtain
a more precise method of analysis with less nonspecific binding
of the probe. The probe sets are hybridized to the oligonucleotide
probe in pairs, with each pair providing a binding site for the pre-
amplifier provided by the manufacturer. The temperature used in
our methods allowed hybridization for the target probe pairs but
not for individual target probes. This procedure is critical since it
prevents a signal from the unpaired target probes that might be
hybridized to a nonspecific RNA. We found that this technique
provides a highly sensitive and specific assay while preserving
the tissue and cellular architecture of the myometrium and
fibroids. With the specific RNA in situ probe, we were able to
demonstrate a 2-fold increase in a11B1 expression in fibroid tis-
sue relative to myometrial tissue in 3 patients. It is likely, how-
ever, that differential protein expression patterns within samples
exist due to the dynamic growth and degeneration patterns
observed in fibroids, and unfortunately, fibroid size and growth
pattern data were not available due to the nature of the tissue col-
lection protocol. As this is the first report of a1l 131 expression in
fibroid tissue, continued studies investigating the characteriza-
tion of a11B1 protein expression patterns during fibroid growth
and degeneration would be more informative. Additionally,
given the low number of patients from which samples were
obtained for this initial investigation, increasing both sample size
and patient number with future studies is merited now that
expression of this integrin in both myometrial and fibroid tissues
has been established.

In all tissue types studied previously, the collagen-binding
integrin a11B1 is expressed in fibroblasts and myofibroblasts
and is considered to be a marker for fibrosis.!>"'? Thus, we con-
clude the cells expressing al1B1 integrin in this study are
fibroblast-derived cells. We did not stain for aSMA as it was
not within our scope of this current study to determine the
expression patterns of ol 1B1 in a specific cell lineage or cell
type. However, future studies with colocalization of ¥SMA and
o111 staining would further determine expression of «111 in
both uterine fibroblasts and myofibroblasts. A previous study
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Figure 2. RNA in situ hybridization. Representative images of ol | staining in both fibroid (A) and myometrium (B) specimens, with brown
coloring within cells representing positive staining for a1 |. Fibroid and myometrium controls (C and D, respectively), as well as gallbladder tissue

(E) did not stain positive for ol I.

of uterine cervical tissue has shown expression of a11B1 integ-
rin in the uterine cervical tissue of nonpregnant and timed preg-
nant Sprague-Dawley rats. Importantly, in that study, al11p1
expression increased progressively through gestation until day
18 and then decreasing through day 22, seemly parallel to the
increase in progesterone levels during rat gestation.?' The cer-
vix during gestation and parturition undergoes dynamic remo-
deling and presumably a11B1 plays a role in the maintenance
of cervical resistance throughout pregnancy.?' Progesterone
appears to be the dominant sex steroid affecting the growth of
fibroids, a fact supported by increased mitotic rates in fibroids
during the secretory phase of the menstrual cycle as well as the

clinical response to progesterone antagonist, mifepristone, of
inhibiting fibroid growth.® It could be speculated that progester-
one modulation of a11B1in uterine tissue might contribute to
fibroid growth through a mechanism or mechanisms that could
cause the apoptotic resistance observed in these tumors.
Studies have demonstrated that a1, o2, o3, o4, o5, and a6
integrins were expressed in myometrial and fibroid cell lines.*?
The o6 integrin, a laminin-binding integrin, was increased
1.91 £ 11 in fibroid cells. The investigators did not examine
whether or not «10 or a11 was expressed in these cell lines.
They also report that the B1 integrin, the integrin subunit which
forms a heterodimer with the collagen-binding o subunits, was
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Figure 3. Quantification of ol | staining in myometrium and fibroid samples. Of 10 195 myometrial cells, |1 427 (14%) stained positive for al I,
while | 453 of 4 686 fibroid cells (31%) stained positive (A); *p-value < 0.05. The intensity of the stained cells was similar in both myometrium
and fibroid, and while the average intensity of all cells in each sample trended towards greater intensity in fibroid samples, this was not statis-

tically significant (B).

increased 2.25 + 0.32-fold in fibroid cells compared to myo-
metrium. It is interesting to speculate that the increase in B1
subunit may be due to an increase in o11.%>

Our findings are significant in that this is the first evidence that
a11 integrin is present in human uterine tissue in vivo, adding to
the growing body of literature demonstrating that uterine myome-
trial smooth muscle cells are a unique phenotype compared to
cells from other tissues. The distinct difference in expression of
a11B1 integrin in myometrial cells versus myofibroblasts-like
cells suggests that this integrin is involved in differentiation or
apoptosis pathways leading to formation of myofibroblasts.

These findings further support that integrin o111 is involved
in the regulation of myofibroblast differentiation. Fibroids are
composed of an abundance of altered poorly organized
collagen-rich matrix consistent with fibrosis formed by profibro-
tic myofibroblasts.'> A hallmark of fibroids is their increased tis-
sue stiffness as well as the attenuated response of fibroid cells to
mechanical clues.'® In mice, inhibition of o1 1B1-collagen inter-
action results in cell death suggesting that «11 may be a pivotal
molecule in promoting the apoptotic resistance noted in growing
fibroids.>* As the a11 integrin subtype acts as a mechanosensor
to promote the myofibroblast differentiation,' this suggests that
inhibitors of a1 1B1 integrin could be considered potential drug
targets for the treatment of uterine fibroids. Since the o subunit
determines in general the amount of the receptor that will bind to
the cell surface,”* our findings complete the fibroid integrin story
initiated by others.*?

Further work is indicated to determine the nature of these
cells in the myometrium and the mechanisms that cause their
increase in uterine fibroids. As we learn more about the
mechanical forces at play between fibroid cells and their sur-
rounding ECM, it is of interest to consider the phenomenon
of integrin switching, a process that is well known in wound
healing, development, and morphogenesis. In integrin switch-
ing, cells change the integrins expressed as they differentiate,

migrate, change polarity, and other properties.”**> This study
strengthens the findings that fibroid growth occurs primarily
from apoptotic resistance. Changes in expressed integrins
could explain why some fibroids grow, others are stagnant, and
others regress all within the same individual uterus. Although
limited by a small sample size, our compelling results suggest
that a1 1B1 integrin is involved in myofibroblast differentiation
in the myometrium and plays a substantial role in the fibroid
cell phenotype.
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